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Preface

The Nineteenth Annual Hanford Life Sciences Sympo-
sium, entitled Pulmonary Toxicology of Respirable
Particles, was held in Richland, Wash., from Oct. 22—
24, 1979. More than 40 papers on the pulmonary
toxicology of energy sources were given by experts from
the United States and several foreign countries. The
papers were divided between studies on nuclear fuel
radionuclides and studies on toxicants associated with
the production and combustion of fossil fuels, such as
organics, metals, fly ash, sulfates, and oxidant gases. The
symposium emphasized aerosol physics, dosimetry, mu-
tagenicity and in vitro assays, the pulmonary alveolar
macrophage, immunocompetency, histopathology, and
cocarcinogenesis with cigarette smoking.

The symposium program was developed by a com-
mittee composed of Drs. Fredrick Cross, Gerald Dagle,
Judith Ann Mahaffey, and Charles Sanders, who served
also as technical editors for the published proceedings.

We are especially grateful to Judie Rising and Patty
Bresina, the symposium secretaries, and to Mary N. Hill,
the manuscript editor, and to others of the editorial and
publishing staffs at the Department of Energy's Techni-
cal Information Center in Oak Ridge, Tennessee, for
their tireless service, goodwill, talent, and commitment
to publishing this volume.

Charles L. Sanders
Chairman

iii J



r

Contents

Preface iii

CHARACTERIZATION AND DEPOSITION
Session Chairmen: O. G. Raabe, University of
California, Davis, Calif., and D. F. S. Natusch,
Colorado State University, Fort Collins, Colo.

Physical Properties of Aerosols Affecting
Inhalation Toxicology 1

Otto G. Raabe

Mammalian Responses to Exposure to the Total
Diluted Effluent from Fluidized-Bed
Combustion of Coal 29

F. R. Kirchner, J. O. Hutchens,
P. C. Brennan, D. A. Haugen, H. E. Kubitschek,
D. M. Buchholz, R. Kumar, K. M. Myles, and
W. P. Norris

Quantification of Inhaled Coal Fly Ash in
Rat Lung 47

David Silberman, Gerald L. Fisher,
Otto G. Raabe, and Jerold A. Last

Scanning Electron Microscopy and Microanalysis
of Fly Ash—Lung Cell Interactions 57

T. L. Hayes, C. Lai, J. Bastacky, G. L. Fisher,
B. A. Prentice, and G. Finch

An Instrumental Inhaled-Smoke Dosimeter for
the Quantitative Characterization of Aerosol
Exposures 68

R. A. Jenkins and T. M. Gayle

Distribution and Retention of Beryllium in
Guinea Pigs After the Administration of
aBeCl2 Aerosol 87

Beth A. Hart, Paula C. Bickford,
Maureen C. Whalen, and David Hemenway



CONTENTS

Deposition of Thorium and Plutonium Oxides
in the Respiratory Tract of the Mouse . .

S. R. Moores, A. Black, B. E. Lambert,
P. J. Lindop, A. Morgan, J. Pritchard,
andM. Walsh

. 103

METABOLISM AND RETENTION
Session Chairmen: J. N. Stannard, Department
of Community Medicine and Department of
Radiology, University of California, San Diego,
Calif., and J. F. Park, Pacific Northwest as

Laboratory, Richland, Wash.

Effects of H2SO4 on Tracheal Mucus
Clearance

R. K. Wolff, R. F. Henderson, A. R. Dahl,
S. A. Felicetti, and R. H. Gray

Pathogenesis of Oxidant-Induced Respiratory
Disease in Reference to Respiratory Clearance
of Radiolabeled Particulates

Donald A. Creasia

Two-Phase Deep-Lung Clearance in Man . .
D. E. Bohning, S. H. Cohn, H. D. Lee,
and H. L. Atkins

Kinetics of Inhaled 54Mn and 6 0Co After
an Accidental Human Exposure

Masafumi Uehiyama, Yoshiyuki Shiraishi,
and Shigeru Akiba

13 +

149

162

The Dosimetry and Distribution of Whole Cigarette
Smoke Particles in Inbred Strains of Mice:
Comparison of a Large Smoke-Exposure Machine
(SEM) with a Small-Capacity Smoke-Exposure
Machine (Walton) 177

C. J. Henry, C. E. Whitmire, A. Lopez,
D. R. Dansie, M. D. Avery, J. E. Caton,
J. R. Stokely, R. W. Holfnberg, M. R. Guerin,
and R. E. Kouri

i
VI



CONTENTS

Simulation of the Retention and Dosimetry
of 2 3 2 U and Its Daughters After Inhalation in
ThO2 or UO2 Particles 193

W. C. Griffith, R, G. Cuddihy,
M. D. Hoover, and N. D. Stalnaker

Factors Affecting the Mobility of Actinide
Oxides and Their Influence on Radiological
Protection 209

G. N. Stradling, H. Smith, and J. R. Cooper

Effects of Plutonium Redistribution on
Lung Counting 224

K. L. Swinth, P. J. McGoey, and K. Rhoads
Absorption of Plutonium from the Gastrointestinal
Tract by the Neonatal Animal After Inhalation . 238

M. F. Sullivan, L. S. Gorham, and
E. F. Blanton

Pulmonary Distribution of Inhaled 2 J 9PuO2

in Dogs 248
J. F. McShane, G. E. Dagle, and
J. F. Park

PULMONARY CELLULAR INTERACTIONS
Session Chairman: A. R. Kennedy, Harvard School
of Public Health, Boston, Mass.

Flow-Cytometric Analysis of Respiratory-Tract
Cells Exposed to Oil-Shale and Silica
Particulates 256

John A. Steinkamp and Julie S. Wilson
Effects of Metallic Ions on Cellular and
Subcellular Properties of Rat Alveolar
Macrophages 266

V. Castranova, L. Bowman, M, J. Reasor,
and P. R. Miles

The Effect of Reaerosolized Fly Ash from an
Atmospheric Pressure Fluidized-Bed
Combustor on Murine Alveolar
Macrophage Function 279

Patricia C. Brennan, Frederick R. Kirchner,
and William P. Norris

VII



CONTENTS

Membrane Protein Changes in Rabbit Alveolar
Macrophages Induced by Particulates from
Fossil-Fuel Sources 289

James P. Crowley and Thomas J. Facklam

Macrophage Toxicology of Inhaled Coal Fly Ash
and Silica 298

G. L. Fisher, F. D. Wilson, R. Graham,
T. L. Hayes, K. L. McNeill, B. A. Prentice,
0. G. Raabe, and C. B. Whaley

Effects of Metallic Nickel Dust on Rabbit
Lungs 311

Anne Johansson and P. Camner

Phagocytosis, Toxicity, and Solubility of
AmO2 in Alveolar Macrophages 325

A. V. Robinson and R. P. Schneider

PATHOPHYSIOLOGV
Session Chairman: D. L. Coffin, Environmental
Protection Agency, Research Triangle Park, N.C.

Pulmonary Toxicology of a Coal Liquefaction
Distillate Product 338

W. M. Haschek, M. E. Boling,
M. R. Guerin, and H. P. Witschi

Influence of Chronic Inhalation Exposure to
Nickel Dust on Accumulation of Lung
Lipids 357

Margaret Casarett Bruce, Per Camner,
and Tore Curstedt

Pulmonary Effects of Inhaled Sulfuric Acid
Aerosols in Guinea Pigs 367

S. A. Silbaugh, R. K. Wolff,
J. L. Mauderly, and W. K. Johnson

The Use of Pulmonary Lavage Fluid in
Screening for Early Indicators of Lung
Injury 378

R. F. Henderson, A. H. Rebar,
D. B. DeNicola, and T. R. Henderson

VIII



CONTENTS

Pulmonary Connective Tissue Modifications
Induced in the Rat by Inhalation
of 2 3 9 PuO 2 Aerosol 392

H. Metivier, S. Junqua, R. Masse,
N. tegendre, and J. Lafuma

A Comparison of the Effects of Inhaled
Alpha- and Beta-Emitting Radionuclides
on Pulmonary Function in the Dog 404

J. L. Mauderly, J. A. Mewhinney,
and B. B. Boecker

Changes in the Respiratory Physiology of
Rats Exposed to Different Phases of
Cigarette Smoke 420

Christopher R. E. Coggins

MUTAGENESIS
Session Chairman: R. A. Pelroy,
Pacific Northwest Laboratory. Richland, Wash.

An Interlaboratory Comparison of Mutagenesis
Testing of Coal Fly Ash Derived from Different
Coal Conversion Techniques

Clarence Chrisp, Charles Hobbs,
Richard Clark, and Herbert E. Kubitschek

431

Comparative Mutagenic Activity of Organics
from Combustion Sources 453

Larry Claxton and Joellen L. Huisingh

Short-Term Assays for Risk Evaluation
of Alpha Irradiation 466

P. Fritsch, M. Beauvallet,
R. Masse, and J. Lafuma

Delayed SCE Frequency in Rat Bone-Marrow
Cells After Radon Inhalation 479

J. L. Poncy, C. Walter, P. Fritsch,
R. Masse, and J. Lafuma

IX



CONTENTS

Studies on In Vitro Dose—Response
Characteristics of Trace Elements (Zn, Se)
on Lyrnphohematopoietk Progenitors
Using Semisolid Culture Systems 486

F. D. Wilson, G. L. Fisher,
and B. A. Concoby

CARCINOGENESIS
Session Chairman: Roland Masse, Commissariat a
I'Energie Atomique, Montrouge Cedex, France

Histogenesis of Lung Tumors Induced
in Rats by Inhalation of Alpha Emitters:
An Overview 498

R. Masse

Lifetime Exposures of Rats to Cigarette
Smoke 522

Watden E. Dalbey, Paul Nettesheim,
Richard Griesemer, John E. Caton.
and Michael R. Guerin

The Effects of Immune Modulation on
Plutonium Dioxide Lung Carcinogenesis
in the Rat 536

D. Nolibe, M. Discour, R. Masse,
and J. Lafuma

C o m b i n e d E f f e c t s o f I n h a l a t i o n o f R a d o n
D a u g h t e r P r o d u c t s a n d T o b a c c o S m o k e . . . . 5 5 1

J. Chameaud, R. Perraud, J. Chretien,
R. Masse, and J. Lafuma

The Metabolic Characteristics of an
Industrial 2 3 8 PuO, Dust and Its
Effects in Rodent Lungs 558

H. Smith, J. W. Slather, A. C. James,
and G. N. Stradling

Respiratory-Tract Carcinogenesis Induced by
Radionuclides in the Syrian Hamster 575

David M. Smith, Robert G. Thomas,
and Ernest C. Anderson



r

CONTENTS

Tumors of the Tracheobronchial Lymph
Nodes in Beagle Dogs After Inhalation of
a Relatively Insoluble Form of Cerium-144 . . . 591

F. F. Hahn and B. B. Boecker

Pulmonary Carcinogenesis with Inhaled
Plutonium in Rats and Dogs 601

G. E. Dagle, C. L. Sanders, J. F. Pu,k,
and J. A. Mahaffey

Breathing Is an Old Habit 616
J. N. Stannard

Author Index 625

Subject Index 627

XI



Physical Properties of Aerosols
Affecting Inhalation Toxicology

OTTO G. RAABE
Laboratory for Energy-Related Health Research, University of California,
Davis, California

ABSTRACT

The various physical properties of airborne particles which contribute to their
potential toxicity if inhaled are described and discussed. These properties
include the linear dimensions of particles, their size and density distributions,
their shape, surface area, volume, mass, airborne number, mass and activity
concentrations, their electrostatic charge distribution, and physicochemical
characteristics such as solubility, deliquescence, and hygroscopicity. The
relationship of aerodynamic diameter and diffusive diameter is described
showing the greater importance of diffusive diameter for the very smallest
respirable particles. Particle size distributions are discussed with emphasis on the
distinctions between polydisperse, monodisperse, and heterodisperse aerosols.
Specific examples include aerosols of power plant fly ash and laboratory-
produced plutonium dioxide. Also defined is the meaning in inhalation
toxicology of the terms deposition, clearance, and retention. The regional
deposition values of inhaled particles predicted by the International Commission
on Radiological Protection (ICRP)Task Group on Lung Dynamics are compared
with available human data from controlled experiments with monodisperse
aerosols. The clearance and the retention of deposited particles are also affected
by their physical properties, especially by those that influence the rate of
dissolution in physiological fluids.

The physical properties of aerosols affect all phases of inhalation
toxicology including controlling the deposition of inhaled particles in
the various regions of the respiratory trac t, altering the clearance of
deposited particulate materials, determining the retention pattern of
toxic materials and associated transloca-ion to other organs, and
influencing the dose to sensitive tissues and its associated risk. The

I
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primary physical property of particles is commonly called particle
size, and essentially every aerosol characteristic or behavioral
property is a function of particle size. More generally, other physical
dimensions also are included in the effect of size. Such dimensions
are surface area, volume, and mass. These and the other physical
properties distributed among the particles in an aerosol will affect a:
their potential toxicity. i

Much of our current understanding of the biomedically relevant ;
properties of aerosols has been developed in industrial hygiene
associated with aerosols of toxic particles and in health physics for
radioactive aerosols. In this summary, information from both these
areas of toxicology will be merged since clear parallels exist in the
nuclear and nonnuclear aspects of the inhalation toxicology of
aerosols. In fact, it is useful to consider potentially toxic aerosols as
"active" aerosols whether they are radioactive or biologically active
(Mercer, 1973). This concept allows reference to particle activity
whether or not radioactivity is involved.

Although it is not strictly possible to separate the physical and
chemical properties of particles which affect their toxicology, this ;
review will emphasize primarily the physical aspects. There will,
however, be references directed to the influence of particle chemistry
since toxicity is also intimately related to the proportion rad _;

chemical forms of various particle components, their solubii: jy,
crystalline and amorphous properties, and biochemical activity and ;
fate.

AEROSOL PROPERTIES i

General Description

An aerosol may be defined as a gaseous suspension of fine solid
or liquid particles. A more scientifically precise definition would be a
relatively stable suspension in a gas of very small liquid droplets or
finely divided solid particles characterized as a particulate dispersion
with high surface-to-mass ratio. The noun particle denotes a very ;
small piece or part ancl may refer to either a liquid or a solid piece. {
The adjective particulate means related to, of, pertaining to, or j
formed of separate particles, and this adjective can be used to <
describe dispersions such as aerosols. A nvierial in an aerosol thus
may be called a particulate material; i.e., it consists of small particles
that may be either liquid droplets or solid pieces. \

If particles in an aerosol are smooth and spherical or nearly j
spherical in shape, their physical sizes can be conveniently described ij
in terms of their respective geometric diameters. Since aerosols of >
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solids rarely contain smooth, spherical particles, various conventions
for determining physical diameters have been defined which usually
depend upon available methods of observing and measuring particle
size. For example, the size of a particle may be described in terms of
its projected area diameter, defined as the diameter of a circle whose
area is the same as the area of the particle as outlined in two
dimensions, when lying on a collection surface, as seen with an
optical or electron microscope.

Other conventions for describing physical size can be based on
measurements of scattered light, surface area, electrical mobility,
diffusional mobility, or other physical or chemical phenomena.
Methods for physical sizing of aerosols have been discussed by Raabe
(1970) and by Mercer (1973).

The distribution of sizes, by using either the geometric diameter
(D) of spherical particles or the projected area diameter (Dp), is most
conveniently described as a mathematical function f(D) which is a
probability density with

/~f(D)dD = l (1)

One such function that has been generally useful in describing
aerosols is the lognormal distribution described in detail by Raabe
(1971). This is given in linear form as

(lnD-lnCMD)2l / o .J (2)
* in ag

where In = the natural logarithm
D = particle diameter

CMD = median (physical) diameter of the distribution (count
median diameter)

ffg = geometric standard deviation of the distribution (Raabe,
1978)

The cumulative function representing the fraction of particles smaller
than size D is given by

F=/?f(D)dD (3)

Other physical characteristics of the particles can be similarly
described (Figs. 1 and 2). For example, the surface area of the
particle is important to a number of particle properties including
adsorption and dissolution. A surface-area distribution with respect
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Diameter of average mass, 2.056

0 1 2 3
PARTICLE DIAMETER, t>m

Fig. 1 Linear form of a lognormal distribution of aerosol particle
sizes for count median (physical) diameter (CMD) equal to 1.0 fim
and geometric standard deviation (crf) equal to 2 (Raabe, 1971).

to diameter might be described as lognormal with an appropriate
surface-area median diameter (SMD) and og. If the volume or mass
distribution of this particles is being considered with respect to
diameter, these might be described with appropriate values for
volume median diameter (VMD) or mass median diameter (MMD)
and respective ag values. For aerosols consisting of potentially toxic
components or radionuclides, the activity distribution may be
similarly described in terms of an appropriate activity median
diameter (AMD). !

Use of the logjnormal distribution function to describe aerosol
property distributions with respect to size provides a number of
useful mathematical transformations (Raabe, 1971) including
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Fig. 2 Lognormal distribution of aerosol particle sizes (from Pig. 1)
plotted as the cumulative function on logarithmic probability
coordinates. Count median diameter (CMD), 1.0 jum. Geometric
standard deviation (o () , 2.

In VMD = In CMD + 3(ln ag)2

In SMD = In CMD + 2(ln ffg)
2

(4)

(5)

If the relationships between the volume, mass, and/or specific toxic
material activity of particles are known, Eq. 4 can be used to
calculate the MMD or AMD from the CMD and ffg.

Aerosols containing potentially toxic components may consist of
particles with a variety of physical and chemical properties. In
particular, a whole spectrum of physical sizes of particles is usually
present in a given aerosol even when all the particles have similar
chemical composition. Particles may be irregular in shape or nearly
spherical. Aerosols are called polyjdisperse to emphasize the various
sizes and types of particles that may be present. When an aerosol
consists of particles of but one size, shape, and type, it is referred to
as monodisperse. A practical definition of a monodisperse aerosol is
one having a coefficient of variation of the size distribution not
exceeding 20%; for a lognormally distributed aerosol, this is about
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equivalent to a distribution with as less than 1.2. Monodisperse
distributions are rarely found outside of controlled laboratory
experiments. Electron micrographs of samples of different aerosol
types are shown in Fig. 3.

• •

Fig. 3 Electron micrographs (Raabe et al., 1977) of aerosol
samples shadowed with chromium vapor showing (A) polydisperse,
nonspherical, porous aluminosilicate particles of montmorillonite
clay, (B) polydisperse, uniformly dense, fused aluminosilicate
spheres, and (C) monodisperse particles of fused aluminosilicate
spheres.
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Important properties, such as physical density, may vary with
particle size (Raabe et al., 1975). Hence the density distribution with
respect to particle size must be considered in characterizing an
aerosol. Similarly, the electrostatic charge distribution affects aerosol
behavior and needs to be considered. Also, the concentration or
specific activity of toxic components in particles such as power plant
fly ash (Fig. 4) may be different for different sizes (Natusch, Wallace,

Fig. 4 Scanning electron micrograph of coal fly-«*h aeroaol (Raabe,
1979b).

and Evans, 1974). Simplifying assumptions commonly made for
toxic aerosols which may serve to adequately describe general
characteristics include the assunlption that all particles in a given
aerosol under consideration are of the same chemical composition,
concentration or specific activity, and physical density. However,
serious errors can result for so'me aerosols such as combustion
products in which the potentially toxic agents coat the surface of
particles and are disproportionately concentrated on small particles.
Moreover, aerosols may be heterodisperse with morphologically
identical particles having totally different compositions (Pawley and
Fisher, 1977). Similarly, radioactivity or biological specific activity
may vary with particle size, or be associated with a subpopulation of
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particles, or be a trace component irregularly distributed. One
example of this variation is the worldwide fallout of plutonium
which probably consists of randomly distributed molecules of
plutonium oxide attached to or associated with individual nonradio-
active environmental particles. On the other hand, a laboratory-
produced aerosol of plutonium oxide can consist of particles of
relatively uniform chemical composition and physical density (Fig. 5;

Fig. 5 Tra—itortoa «Uctroa MfcrafMfii ot MTMOI
owed with chromium vapor of " ' P n O j with activity Median
atrodynunic <ti*MUr (AMAD) of M . 5 jum and ftonttrie ataadaid
deviation (of)
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Raabe, 1972). These variations in physical and associated chemical
properties of aerosol particles can have important effects on their
fate and potential toxicity if inhaled.

The most basic dispersion properties of aerosols are those that
relate to the particle concentration in air or other gaseous medium.
The number of particles per unit volume of gas (number per cubic
centimeter) provides information indicative of the coagulation rate
for an aerosol. The mass concentration (in milligrams per cubic
meter) or activity concentration (in milligrams of constituent per
cubic meter or microcuries per cubic meter) provides the quantitative
information needed for calculating inhalation exposure levels.

Dynamic Properties

Dynamic properties of aerosol particles depend upon a variety of
physical properties, including the size and shape of the particles and
their physical density. When particles are inhaled, it is their dynamic
properties in air combined with various aspects of respiratory
mechanics which determine their deposition in the respiratory tract
in terms both of fraction of those inhaled which are deposited and of
the location in the respiratory tract where they deposit.

TABLE 1

Average Diffusional Displacement in One Direction
and Gravitational Settling Distance at Terminal

Speed in 1 sec for Spheres with Density of
1 g/cm3 at 23°C in Air at Sea Level

Particle geometric
diameter, jum

0.002
0.004
0.01
0.02
0.04

0.1
0.2
0.4
1.0
2.0

4.0
10.0
20.0

Settling distance,
cm in 1 sec

1.31 X 10~ 6

2.62 X 10~ 6

6.63 X 10~ 6

1.37 X lO"5

2.91 X 1 0 - 5

8.64 X 1 0 ~ s

2.24 X 10~ 4

6.73 X 10~ 4

3.47 X 10~ 3

1.28 X 10~ 2

4.93 X 10~ 2

0.302
1.21

Average diffusive
displacement,

cm jn 1 sec

0.128
6.40 X 10~ 2

2.58 X 10~ 2

1.31 X 10~ 2

6.75 X 10~ 3

2.95 X 10~ 3

1.68 X 10~ 3

1.03 X 10- 3

5.90 X 10~*
4.02 X 10~ 4

2.78 X 10~ 4

1.74 X 10~ 4

1.23 X 1 0 - 4
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Two important dynamic properties of aerosol particles are the
inertial properties (describable in terms of the settling speed in air
under the influence of the earth's gravity under normal conditions)
and the diffusional properties (describable in terms of the diffusion
coefficient). Table 1 gives examples of the displacement in 1 sec for
various geometric diameters of spherical particles of unit density.

It has been customary to use an aerodynamic diameter to
describe the inertial properties of an aerosol particle. The aero-
dynamic diameter is an artificial diameter dependent on particle
shape, physical dimensions, and density, representing the inertial
behavior of an aerosol particle; it can be either (a) the aerodynamic
equivalent diameter, Da e , based upon an equivalent unit density
(p* = 1 g/cm3) sphere or (b) the aerodynamic resistance diameter,
D a r , based upon aerosol mechanics under Stokes' law. The aero-
dynamic equivalent diameter (Dae) was defined by Hatch and Gross
(1964) as "the diameter of a unit density sphere having the same
settling speed (under gravity) as the particle in question of whatever
shape and density." Raabe (1976) has recommended an aerodynamic
resistance diameter (Dar) based upon the terms used in physics to
describe inertial behavior. Under Stokes' law for viscous settling
conditions, the settling speed of a spherical particle is given by

V -
V t

with T? the gas viscosity, g the acceleration due to gravity, and D a r

the aerodynamic diameters given by Raabe (1976) as

. D [ P C ( D ) 1 V ,
(p*)'i uae IMUae)! I')

where D = physical (geometric) diameter of the sphere
p = physical density of the sphere

C(D) = slip correction of the sphere which depends on gas
temperature and pressure

Dae = aerodynamic (equivalent) diameter
Dar = Raabe's aerodynamic (resistance) diameter

C(Dae) = slip corirection associated with a unit density (p* = 1
g/cm3) sphere of diameter D M (Raabe, 1976)

Owing to the bombardment of gas molecules in air, aerosol
particles exhibit a random zigzag type of Brownian motion. If there
is a concentration difference in an aerosol, these random motions
tend to eliminate this difference. The mean square displacement of a
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large group of particles in a given time t is given by the Einstein
equation (Fuchs, 1964),

X2 = 2At (8)

where A is the particle diffusion coefficient, a function of the
particle physical diameter and independent of the particle physical
density. Smaller particles have larger diffusion coefficients because
they have less resistance to the influence of the impact of the gas
molecules in air. This property of particles can be described in terms
of a diffusive diameter. The diffusive diameter is an artificial
diameter dependent on surface characteristics representing the
Brownian motion of an aerosol particle; i.e., it is equal to the
geometric diameter of an ideal spherical particle with the same
diffusivity as the actual particle under identical conditions.

All dispersion characteristics described with respect to the
physical diameter can also be described with respect to aerodynamic
or diffusive diameters. For example, one can refer to the count
median aerodynamic diameter (CMAD) or the count median diffu-
sive diameter (CMDD), the mass median aerodynamic diameter
(MMAD) or the mass median diffusive diameter (MMDD), and the
toxicological activity median aerodynamic diameter (AMAD) or the
activity median diffusive diameter (AMDD). For example, an
environmental aerosol may consist primarily of (NH4 )2 SO4 particles,
but the distribution of lead among these particles may be of primary
concern. The aerosol size distribution can be described as lead
activity with respect to particles of different aerodynamic (or
diffusive) diameter with half the lead associated with particles bigger
than and half the lead associated with particles smaller than the lead
AMAD (or AMDD).

INHALED AEROSOLS

General Considerations
Inhalation into the respiratory airways is an important route of

possible adverse exposure of people to airborne particles. During
inhalation (and exhalation) a portion of the inhaled aerosols can be
collected by contact with airway surfaces or can be transferred to
unexhaled air. The remainder is exhaled. That portion transferred to
unexhaled air may be either collected by contact with airway
surfaces or later exhaled. These phenomena are complicated by
interactions that may occur between possibly deliquescent or
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hygroscopic particles and the water vapor present in the humid
airways.

In inhalation toxicology a specific terminology is applied to these
processes (Raabe et al., 1976). The term deposition can be defined as
the quantity or fraction of inhaled airborne particles which are never
exhaled but which are ultimately deposited on surfaces in the
respiratory airways; i.e., the initial collection and regional pattern of
the deposited particles. Clearance means the translocation, transfor-
mation, and removal of deposited particles from the regions of the
respiratory tract or from the body. Similarly, retention is the
temporal distribution of uncleared, deposited participate materials.
All three of these processes are affected by the physical properties of
aerosols.

The respiratory airways include the passages of the nose, mouth,
nasal pharynx, oral pharynx, epiglottis, larynx, trachea, bronchi,
bronchioles, and small ducts and alveoli of the pulmonary acini. The
lungs consist of two major parts, the left and right lungs, divided by
the two major bronchi of the trachea (Fig. 6). The left lung consists

EPIGLOTTIS
LARYNX

RIGHT MAIN BRONCHUS

UPPER LOBE
BRONCHUS

/
MEDIAL LOBE
BRONCHUS

I
LOWER LOBE
BRONCHUS

LEFT WALL
OF NASAL
CAVITY AND
TURBINATES

ORAL CAVITY

LEFT MAIN BRONCHUS

\
UPPER LOBE
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of two clearly separated lobes, the upper and lower lobes, and the
right lung consists of three lobes, the upper, middle, and lower lobes.
Each lobe is served by a bronchus from one of the two major
bronchi. For consideration of the mechanisms associated with
deposition and clearance of inhaled aerosols, these airways can be
divided into three functional regions [ICRP (International Commis-
sion on Radiological Protection) Task Group on Lung Dynamics
(1966)]: (1) nasopharynx (NP). the airways extending from the
nares down to the epiglottis and larynx at the entrance to the trachea
(the mouth might be expected to be included in this region during
mouth breathing); (2) tracheobronchial region (TB), the primary
conducting airways of the lung from the trachea to the terminal
bronchioles (i.e., that portion of the lung respiratory tract having a
ciliated epithelium); and (3) pulmonary region (P), the parenchyma]
air spaces of the lung, including the respiratory bronchioles, alveolar
ducts, alveolar sacs, atria, and alveoli (i.e., the gas-exchange region).
In reality the anatomical and physiological divisions between these
regions may be gradual and difficult to distinguish. However, the
formalized separation of the ciliated from the unciliated regions has
useful applications, particularly in consideration of particle clear-
ance.

Deposition of Aerosols

The behavior of inhaled airborne particles in the respiratory
airways and their alternative fates of either deposition or exhalation
depend upon aerosol mechanics under the given physiological and
anatomical conditions (Yeh, Phalen, and Raabe, 1976). Figure 7
illustrates the five primary physical processes that lead to particle
contact with the wall of the airways. Contact of a particle with those
typically moist surfaces results in irreversible collection of the
particle. Electrostatic attraction is probably a minor mechanism of
deposition in most circumstances. Interception consists of noniner-
tial incidental meeting of a particle and the lining of the airway and
thus depends on the physical size of the particle. This process would
have a zero probability if the particles were only points rather than
extended bodies. This mechanism of deposition is important pri-
marily for particles with large aspect ratios, such as long, fibrous
particles of asbestos (Harris and Fraser, 1976).

Impaction dominates deposition of particles larger than 3 pm in
Dar in the nasopharyngeal and tracheobronchial regions (Pattle,
1961; Bohning et al., 1975). In this process, changes in direction or
magnitude of air velocity streamlines or eddy components are not
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Fig. 7 Representation of five major mechanisms of deposition of
inhaled airborne particles in the respiratory tract (Raabe, 1979a).

duplicated by airborne particles, because of their inertia. For
example, if air is directed toward an airway surface (such as a branch
carina) but the velocity is suddenly reduced because of change in
flow direction, inertial momentum may carry larger particles across
the air velocity streamlines and onto the surface of the airway.

Deposition by gravitational settling of particles can occur in all
airways except those very few that are vertical. Both deposition by
inertial impaction and gravitational settling are characterized in terms
of the particle aerodynamic diameter. Deposition by diffusion is
most important for the particles whose physical diameters are smaller
than 0.5 jum and is most prevalent in the lung bronchioles and
parenchyma. The magnitude of this property is related to the particle
diffusive diameter.

The most widely used models of regional deposition vs. particle
size were developed by the ICRP Task Group on Lung Dynamics
(1966) under the chairmanship of P. E. Morrow. Although the
purpose of these models was the determination of radiation exposure
from inhaled radioactive aerosols, their aerosol deposition and
clearance models are broadly applicable to other toxic aerosols. They
calculated deposition with respect to size for unit density spheres for
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0.01

DIAMETER OF SPHERICAL PARTICLE WITH DENSITY EQUAL TO 1 gem3. «

Fig. 8 Total and regional deposition fractions for various sizes of
inhaled airborne spherical particles with physical density of 1 g/cm3

in the human respiratory tract as calculated by the International
Commission on Radiological Protection Task Group on Lung
Dynamics (1966) for a breathing rate of 15 breaths per minute
(BPM) and a tidal volume of 1450 cm3 (Raabe, 1979a).

a breathing rate of 15 breaths per minute (BPM) for three tidal
volumes (TV): (a) TV, 750 cm3, at rest; (b) TV, 1450 cm3, for
moderate activity (Fig. 8); and (c) TV, 2150 cm3, for fairly
strenuous activity.

Since original calculations of the Task Group, the deposition in
people of monodisperse, insoluble, stable aerosols of different sizes
has been measured under different breathing conditions. The most
extensive of these studies are those of Lippmann and Albert (1969),
Heyder et al. (1975), and Giacomelli-Maltoni et al. (1972). Addi-
tional useful data are reported by Palmes and Wang (1971); Shanty
(1974); George and Breslin (1967); Altshuler et al. (1957); Altshuler,
Palmes, and Nelson (1967); Hounam, Black, and Walsh (1971a,
1971b); and Foord, Black, and Walsh (1976); and others [Muir and
Davies, 1967; Palmes, Altshuler, W Nelson (1967); Taulbee, Yu,
and Heyder, 1978; Laurenco, Klimek, and Borowski, 1971; Hounam,
1971; Heyder, 1971; Heyder and Davies, 1971; Fry and Black,
1973].

Selected portions of the available data on total and regional
aerosol deposition have been compared with the calculated deposi-
tion values of the ICRP Task Groujp on Lung Dynamics (1966) (Figs.
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9 to 13).* In these comparisons the ICRP (1966) values either agree
well with or represent the upper limit of the observed deposition
values. The greatest overall discrepancy between actual and calcu-
lated values occurs for particles smaller than 0.2 nm; fractional
pulmonary deposition measured for those particles during mouth
breathing is-: about 0.1 to 0.2, as compared, with the 0.3 to 0.6
predicted by the ICRP. However, actual data for these smaller
particles are based on only a few experiments, and future studies
may modify this discrepancy.

Since many data concerning inhalation toxicology are collected
with, beagle dogs or small rodents, it is important to consider the
comparative regional... deposition in these experimental animals.
Cuddihy et al. (1973) measured the regional deposition of poly-

Tidal volume, 750 cnr*

I I I I
1.1 0.2 0.3 0.5 0.7 1 2 3 5 7 10

DIFFUSIVE DIAMETER, ixrn | AERODYNAMIC DIAMETER (D^), pm

Fig. 9 Selected data (Raabe, 1979a) reported for the deposition in
the entire respiratory tract of monodUpene aerosols inhaled by
persons through the nose compared with predicted values calculated
by the International Commission on Radiological Protection Task
Group on Lung Dynamics (1966). o, 1500 cm3 at 12 breaths per
minute (BPM) (Giacomelli-Maltoni et al., 1972). n, 1000 cm3 at IS
BPM (Heyderetal., 1975). A, 550 to 760 cm3 at 14 BPM (George
and Breslin, 1967). • , 1150 cm3 at 18 BPM (Shanty, 1974).

*In these figures aerodynamic resistance diameter, D u , is used to describe
particles bigger than 0.5 fJm and the diffusive diameter for the smaller particles.
An apparent discontinuity! occurs at the junction only for particles having very
high physical densities since the deposition values tend to plateau at or near 0.5
fim; a comparison between! diffusive and aerodynamic diameter deposition values
is desirable for dense subtrJicrometer particle*.
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AERODYNAMIC DIAMETER (D^l.jum

0.5 0.7 1.0 1.5 2 3 4 5 6 8 10
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2
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4000 10.000

Fig. 10 Selected data (Raabe, 1979a) reported for the deposition
fraction of monodisperse aerosols in the human nasopharyngeal (NP)
region of the respiratory tract plotted against the characteristic term
(D*tQ) that controls inertia! impaction. , for reference, the
calculated value (International Commission on Radiological Protec-
tion Task Group on Lung Dynamics, 1966) is shown for 15 breaths
per minute (BPM) at 1450 cm3 tidal volume. X, Hounam, Black, and
Walsh (1971a, 1971b). A, Lippmann (1970).

disperse aerosols in beagles. Raabe et al. (1977) have measured the
regional deposition of 0.1- to 3.15-/xm Da r monodisperse aerosols in
rats (TV about 2 ml at 70 BPM) and Syrian hamsters (TV about 0.8
ml at about 40 BPM). Their results are summarized in Fig. 14.

Most deposition studies and models tend to focus on insoluble
and stable test aerosols whose properties do not change during the
course of inhalation and deposition. However, some toxic aerosols
consist of deliquescent or hygroscopic particulate matter that may
cause particle growth in the humid respiratory airways. Such growth
will affect deposition properties and must be separately considered.

Factors Affecting Clearance and Retention

Particulate material deposited in the respiratory tract may
eventually be cleared via the gastrointestinal tract, the lymphatic
system, or by transfer to the blood. During the deposition of inhaled
particles in the respiratory tract, the deposited material comes into
contact with the moist surfaces of! the airways, and various reactions
and responses can occur: For example, movement of the deposited
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Fig. 11 Selected data(Raabe, 1979a), reported for the deposition in
the respiratory tract of monodisperse aerosols inhaled through the
mouth by persons, compared with predicted values calculated by the
International Commission on Radiological Protection Task Group on
Lung Dynamics (1966). o, 1000 cm3 at 12 breaths per minute
(BPM) (Giacomelli-Maltoni et al., 1972). •, 500 cm3 at 15 BPM
(Altshuler et al., 1957). Q, 1000 cm3 at 15 BPM (Heyder et al.,
1975). A, 760 cm3 at 11 BPM (George and Breslin, 1967). 0,1000
cm3 at 10 to 15 BPM (Foord, Black, and Walsh, 1976). •, 1140 cm3

at 18 BPM (Shanty, 1974).
and Albert, 1969).

A, ~1400 cm at 14 BPM (Lippmann

material out of the initial site of deposition is one aspect of the
clearance of inhaled particles. Since respiratory tract clearance may
begin immediately after the initial deposition, the dynamics of
retention can become quite complicated with additional deposition
superimposed on initial clearance phenomena.

The importance of clearance depends in an important and critical
way on the physical and chemical characteristics of the deposited
particles. If the particles are very soluble in body fluids, their
deposition in the nasal turbinates with subsequent absorption into
the blood may be more important than pulmonary deposition and
total deposition may be more important than regional deposition. On
the other hand, for relatively inert and insoluble particles, the most
important deposition would probably be that associated with the
deposition of respirable dusts into the pulmonary regions where they
can be tenaciously retained. In this region, uptake by pulmonary
alveolar macrophages (PAM's) and other clearance processes are
affected by physical properties of particles, especially their size
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Tidal volume, 750 cm3

Tidal volume, 1450 cm3
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Fig. 12 Selected data(Raabe, 1979a), reported for tracheobronchial
(TB) deposition of monodisperse aerosols inhaled through the
mouth by persons, compared with predicted values calculated by the
International Commission on Radiological Protection Task Group on
Lung Dynamics (1966). o, 1000 cm3 at 10 breaths per minute
(BPM) (Foord, Black, and Walsh, 1976). • , 1000 cm3 at 15 BPM
(Foord, Black, and Walsh, 1976). A, ~750 cm3 at 14 BPM
(Lippmann and Albert, 1969). *, ~1500 cm3 at 14 BPM (Lippmann
and Albert, 1969).

(Hahn, Newton, and Bryant, 1977). Particles deposited in the ciliary
surfaces of the tracheobronchial airways are cleared to the throat
with flowing mucus; this process may also be dependent on particle
size and density. If the particles are chemically reactive with body
fluids, chemical transformation can lead to new transformed states of
the material which can introduce intermediate control over further
clearance. Consequently, careful consideration must be given to the
relative importance of physiological processes and the inherent
properties of the deposited particles. In all regions the dissolution of
particles competes with other clearance processes with respect to
temporal advantage.

Because of the relative slowness in the deep lung of the various
mechanical clearance pathways, dissolution and associated physical
and biochemical transformation ate the prominent mechanisms of
clearance from the pulmonary regibn. In this context "dissolution" is
usually taken in its broadest contfext to include whatever processes
cause material in a discrete particle to be dispersed into the lung
fluids and the blood. At the normal lung fluid pH of about 7.4
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Fig. 13 Selected data (Raabe,1979a), reported for pulmonary (P)
deposition of monodisperse aerosols inhaled through the mouth by
persons, compared with predicted values calculated by the Interna-
tional Commission on Radiological Protection Task Group on Lung
Dynamics (1966). • , 500 cm at 15 breaths per minute (BPM)
(Altshuler, Palmes, and Nelson, 1967). A, 760 cm3 at 11 BPM
(George and Breslin, 1967). a, 1000 cm3 at 15 BPM (Foord, Black,
and Walsh, 1976). • , 1140 cm3 at 18 BPM (Shanty, 1974). A, 1400
cm3 at 14 BPM (Lippmann and Albert, 1969).

(Kanapiliy, Raabe, and Boyd, 1974), many chemical compounds
deposited in the lung in particulate form are mobilized faster than
can be explained by known chemical properties. Fleischer and Raabe
(1977) and Raabe et al. (1978a, 1978b) suggested that the apparent
dissolution of highly insoluble PuO2 may be the result of fragmenta-
tion to particles small enough to move readily into the blood (smaller
than 100 A in diameter) rather than true dissolution. The resulting
observed clearance may not be distinguished from chemical dissolu-
tion.

Mercer (1967) developed an analysis of pulmonary clearance
based upon particle dissolution under nonequilibrium conditions.
According to Mercer, film diffusion kinetics do not control the
dissolution of sparingly soluble materials, but, rather, the dissolution
rate for a single particle or particle size is given by

dM
d t " k S (7)
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AERODYNAMIC DIAMETER (DDIFFUSIVE DIAMETER, Jim

Fig. 14 Deposition of inhaled monodisperse aerosols of fused
aluminosilicate spheres in small rodents, showing the deposition in
the nasopharyngeal region, the tracheobronchial region, the pulmo-
nary region and in the total respiratory tract, from data based upon
Raabe et al. (1977). A, rat, nasopharyngeal (NP) region; A, hamster,
NP region, a, rat, tracheobronchial (TB) region; a, hamster, TB
region, o, rat, pulmonary (P) region; • , hamster, P region.

where M = particle mass
S = particle surface area
t = time
k = dissolution rate constant of specific solubility having units

of mass dissolved per unit of surface area of the particle
per unit of time

From this, Raabe (1972) calculated the fractional dissolution rate,

dF
dt D (8)

where F is the mass fraction, D is the particle physical diameter, and
k' is a constant equal to ka s /pam , with k the dissolution rate
constant, as the particle surface shape factor, am the particle mass
shape factor, and p the physical density, Hence the apparent
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dissolution rate expressed as a fraction of the mass will depend
inversely on the particle size, with smaller particles dissolving faster.

If the dissolution rate constant, k, is shown for the particulate
material, the time required to dissolve half the mass of (mono-
disperse) particles of initial physical diameter Do is given by

O)

with p the physical density of the particles and av and as the
volume and surface shape factors, respectively; for spherical particles
as/av = 6. The particles would be expected to be completely
dissolved at a time, tf, given by

(10)

Mercer (1967) also calculated the expected dissolution half-time for
polydisperse particles when their mass median (physical) diameter
(MMD) in the lung is known,

Further, he showed that the resulting apparent lung-retention
function could be described as the sum of two exponentials of the
form

(12)

where f, = (1 — f2), 0 = askt/av p (MMD), and f,, f2, \ x , and X2
are functions of the geometric standard deviation.

For dissolution-controlled pulmonary clearance, the clearance
rates will therefore be a function of the particle size distribution of
particles in the lung with smaller particles exhibiting proportionately
shorter clearance half-times. When the dissolution half-times are
much shorter jthan the approximately 1-year half-times associated
with the translat ions of particles to the tracheobronchial region or
to lymph nodes, dissolution will dominate retention characteristics.
It is important to note that materials usually thought to be relatively
insoluble may have high dissolution rate constants and short
dissolution half-times for the small particles found in the lung. For

_J
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example, the computed clearance half-times for dissolution of Pyrex
glass spheres are given in Table 2.

TABLE 2

Hypothetical Pulmonary Clearance by Dissolution of
Deposited Aerosols of Glass Spheres of Different

Monodisperse Sizes*

Geometric
diameter (D),

fim

0.001
0.01
0.05
0.1
0.2
0.5
1.0
2.0

Aerodynamic
diameter (Dar),

fim

0.27
0.44
0.91
1.7
3.3

Half-time,
days

0.07
0.7
3.7
7.4

15
37
74

150

Total dissolution
time, days

0.4
3.6

18
36
72

180
360
720

*p = 1A1 g/cm3 ; k = 3.44 X l O " 7 g cm" 2 day" 1 at 37°C.

A practical example involves evaluation of the clearance of
actinide oxides from the lung by dissolution. Most of the pertinent
values of the apparent dissolution rate constant are available
(Table 3). From these values the effective dissolution half-time can
be predicted for a given form and particle size distribution. Besides a
chemical dependence of the values of rate constant, there is also
specific activity effect on the fragmentation process (Fleischer and
Raabe, 1978). For this reason the dissolution rate constant measured
by Raabe, Kanapilly, and Boyd (1973) by an in vitro method with
simulated lung fluid (Kanapilly, Raabe, and Boyd, 1974) for
2 3 8 P U Q 2 i s a b o u t 200 times the rate constant for 2 3 9PuO 2 in that
the 2 3 8PuO 2 used had a specific activity about 200 times that of
2 3 9 PuO 2 . Hence in this unusual case boih the specific activity and
the size are physical properties affecting clearance.

An additional way in which physical properties of particles affect
inhalation toxicology is in modification of the dose to sensitive
tissues, especially in the lung. Raabe and Goldman (1979) showed
that the activity per particle for plutonium oxide particles affects the
observed biological effectiveness. Hence j both the size of particles
deposited in the lung and the specific activity of those particles will
affect the pattern of interaction with living cells and ultimately the
biological effects. The same holds for toxic nonradioactive particles
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TABLE 3

Solubility Rate Constants for Selected Actinide Oxides

Oxide
calcined

2 3 8PuO2

1150°C

" ' P u O 2
1150°C

2 4 l A m O :

1050°C

1050°C

1050°C

1050°C

600°C

2 4 4CmOx

~500°C

Aerosol

AD or
AMAD,

Urn ag

Several <1.2

Several <1.2

1.2 1.6

1.5 <1.2

1.5 <1.2

1.7 <1.2

0.9 ~1.5

0.5 1.6

Dissolution
conctant (k),

gem"2 day"'

1.2 X 10- 8

6.5 X 10" ' '

1.1 X 10- 6

7.8 X 10 - 7

7.9 X 10" 7

2.8 X 1 0 - 6

2.3 X 1O~6

1.1 X 10" 6

System

In vitro (lung
fluid simu-
lant)

In vitro (lung
fluid simu-
lant)

Beagle dog

Beagle dog

In vitro (lung
fluid simu-
lant)

In vitro (lung
fluid simu-
lant with
DTP A)

Beagle dog

Beagle dog

Reference

Raabe, Kanapilly,
and Boyd (1973)

Raabe, Kanapilly,
and Boyd (1973)

Boyd, Raabe, and
Peterson (1974)

Boyd, Raabe, and
Peterson (1974)

Boyd, Raabe, and
Peterson (1974)

Boyd, Raabe, and
Peterson (1974)

Thomas et al.
(1972)

McCIellan et al.
(1972)

whose chemical constituents or surface interaction properties affect
tissues local to the particles. Similarly, the particle dispersion
characteristics will determine the number of living cells affected and
the local concentrations of toxicants. Also, the extent to which the
particulate properties of particles alter their translocation to other
tissues of the bckly will impact on the response in organs other than
the lung.

SUMMARY

Along with the chemical properties, the physical properties of
aerosol particles] affect all phases of inhalation deposition, clearance,
retention, and dose to sensitive tissues. Therefore an evaluation of
the physical properties of aerosols is essential to understanding the
potential toxicity for both radioactive and chemically reactive
particulate materials.
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ABSTRACT

The Division of Biological and Medical Research, in collaboration with the
Division of Chemical Engineering at Argonne National Laboratory, has designed
and constructed a system for exposing laboratory animals to the whole diluted
effluent from an experimental, process-development-scale fluidized-bed coal
combustor. In two 500-hr axperiments B6CFj /Anl mice were exposed for a
total of 500 or 1000 hir to a 20-fold dilution of the effluent which was "aged" in
an atmospheric effects simulator wherein the effluent was exposed to simulated
sunlight. Physical and chemical analyses and Ames mutagenicity assays were
performed on the fly ash.

Following termination of the exposure, functional tests performed on the
alveolar macrophages indicated an impaired ability of exposed macrophages to
engulf and phagocj'ti-ze a challenge dose of Staphylococcus aureus. Hemopoietic
stem cells were evaluated by the method of Till and McCulloch, and the data
suggest a decreased number of pluripotential stem cells in the bone marrow of
exposed animals. Histological examination of the lungs of the exposed animals
revealed pulmonary hyperemia, hyperplasia of the bronchioles and alveolar
epithelium, areas of edema, and a moderate lymphoid reaction. Several exposed
and control animals died during the course of the exposures, but the cause of
death remains unclear at this time.

Concurrent with the development and improvement of coal combus-
tion technologies, toxicological evaluation of their effluents is
needed. Previously, most emphasis hajs been placed on the particulate
emissions of combustion. Many investigators have collected repre-
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sentative samples of particulate emissions (fly ash) for redispersion in
the laboratory for inhalation-exposure studies. Although these types
of studies are valuable for particulate toxicity evaluations, they do
not subject the target organism to the complete effluent produced
during the combustion process. Thus possible interactions between
gaseous and particulate components cannot be assessed. In addition,
the photochemical and nonphotochemical reactions known to occur
in the atmosphere (Cleveland and Graedel, 1979; Pitts et al., 1978)
cannot be studied in simple reaerosolization experiments.

This paper describes a system for exposing laboratory animals to
the whole effluent from an experimental, process-development-scale,
atmospheric pressure fluidized-bed coal (AFBC) combustor. Also
described are the initial effects on laboratory mice of 500- and
1000-hr continuous exposures to steady-state combustion effluents.

MATERIALS AND METHODS

Source of Combustion Effluents

The Chemical Engineering Division at Argonne National Labora-
tory operated an experimental, process-development-scale, atmo-
spheric pressure fluidized-bed coal combustor (AFBC). The combus-
tion chamber, 6 in. in diameter, was fired by high-sulfur (5.5%)
bituminous coal (Sewickley) (at 2 kg/hr with 3% excess O2), with
calcitic limestone (Grove) used as the SO2 sorbent. The linear airflow
through the combustion chamber was 3 ft/sec. The exhaust gases
were passed through two cyclones (centripetal particle separators) in
series which were designed to remove, at the flow rates used, 50% of
the particulates with aerodynamic diameters greater than 10 jum.
Final filters were located downstream from the cyclones. They were
made of fine-mesh woven stainless steel (Paul Trinity Corp.,
Cortland, N. Y.) and had a surface area of 888 in.2 and an initial
collection efficiency of 98% for particles with diameters greater than
11

Animal Exposure System

Effluent Dilution

Approximately 1 cfm of the 13-cfm total effluent stream (exhaust
gases and entrained particles) was taken at a point upstream from the
final filters via a 2-in.-ID pipe (Fig. 1). The flow rate through the
pipe was controlled by a flow-control orifice with a diameter of % in.
A high-pressure air jet placed inside the pipe just above the orifice
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Fig. 1 Schematic of fluidized-bed combustor and associated efflu-
ent delivery and exposure system. AES, atmospheric effects simula-
tor. AFBC, atmospheric pressure fluidized-bed combustor. HEPA,
high-efficiency participate, absolute.

was activated in short bursts once every hour during the exposures to
dislodge impacted particles from the flow-control orifice. The flow
rate was monitored by measuring the pressure drop across a 12-ft
section of V2^

n- piPe with a photohelix gauge (0.0- to ±0.5-in. H2O
range; sensitivity, 0.02 in. H2O; model 3301, Dwyer Instrument Co.,
Dwyer, Ind.). The gauge also served as a safety device and could be
set to shut off the flow of effluent automatically if a reverse flow
occurred. The temperature of the exhaust stream was maintained at
175 ± 25°C by means of electrically operated heating cable wound
spirally around the exhaust pipe. The 1 cfm of exhaust effluent was
cooled by diluting it 20-fold in two stages with air at ambient
temperature prior to entering the atmospheric effects simulator
(AES). In the first stage the effluent was diluted fivefold by passing •
it through a primary diluter consisting of an outer tube surrounding a
concentric, porous stainless-steel inner tube (Fig. 2). The dilution air,
at 4 cfm, was directed through the wall of the porous inner tube. The
exhaust gases were further diluted fourfold with 15 cfm of
high-efficiency particulate, absolute (HEPA) filtered room air by
using a similarly designed, larger diluter to achieve a 20-fold dilution.
This porous dilution system served three functions: (1) it prevented
particles from accumulating on the wall of the relatively cool diluter,
(2) it reduced the dew point of the effluent to below ambient
temperature, and (3) it simulated typical stack-mouth conditions in
which an immediate 20-fold, or greater, dilution occurs, and
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Fig. 2 Schematic of concentric effluent dilution system. The same
design is used in the two stages of the dilution system, with the
second diluter larger than the first.

volatilized materials (e.g., hydrocarbons) condense on the surface of
the particles as the effluent cools. Dehumidified conditioned air
(piped from the animal enclosure) was fed to the secondary diluter
by means of a blower. The filtered airflow in the secondary diluter
was monitored by measuring the pressure drop across a%-in. orifice
with a magnehelix gauge (0 to 10 in. H2O range; sensitivity, 0.2 in.
H2O; model 2010, Dwyer Instrument Co., Dwyer, Ind.). A bypass
bubbler was used to limit the pressure to 2 in. of water downstream
from the secondary diluter. A design feature of the exposure system,
not used in the experiments reported here, enables further dilution,
if required, by mixing the effluent with HEPA-filtered air through
proportional flow-control orifices just before the effluent enters the
exposure chambers (Fig. 3).

Atmospheric Effects Simulator

After the dilution, the effluents were delivered to the top of an
atmospheric effects simulator (AES) (Fig. 4) through approximately
35 ft of 4-in.-ID stainless-steel pipe. The AES is a 300-ft3 rectangular
stainless-steel box with Vin.-thick Py*ex glass windows on two
opposite sides. The simulator was illuminated with 40 Vitalight
T12-48 fluorescent light bulbs that provide the equivalent of
approximately 10% of noonday light intensity, with a spectrum that
closely approximates sunlight. The light fixtures were mounted on a
movable rack near the windows on one side of the AES. Polished-
aluminum reflectors were mounted on the outside of the simulator
on the opposite side. The reflectors increased the light intensity
inside the AES and were mounted % -in. away from the glass to aid in
heat dissipation. The residence time of the effluent in the AES was
approximately 15 min. The effluent stream exited the bottom of the
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Fig. 3 Animal exposure system (center) and atmospheric effects
simulator (right).

til
Fig. 4 Atmospheric effects simulator (ACS) with one of the
protective covers holding the aluminum reflectors removed. Note on
far side of the chamber the sample ports used for collecting gaseous
and particulate samples from the AES.
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AES at a temperature of 28°C and was then directed to the animal
exposure chambers through about 20 ft of 4-in.-ID stainless-steel
pipe.

Animal Exposure Chambers

Six animal exposure chambers (Fig. 5) were assembled inside of
an aluminum-walled enclosure (Fig. 3). The exposure chambers were
identical to those described elsewhere {Kirchner et al., 1980). Each
was a stainless-steel box with a volume of 3 ft3. Airflow through the
chambers was maintained at a constant 2.5 cfm by means of an
exhaust fan connected to a common exhaust duct. Excess effluent
from the AES chamber was directed into the building exhaust. The
rate of airflow through the chambers was monitored by measuring
the pressure drop across a calibrated % -in.-diameter orifice with a
magneheiix gauge (0.0 to 1.0 in. H2O range; sensitivity, 0.02 in.H2O;
model 2001, Dwyer Instrument Co., Dwyer, Ind.).

The effluents enter the exposure chamber at the top through a
header that distributes the flow along the midline from front to
back. Within the chamber the airflow moves to right and left toward
a false bottom where take-out slots on the sides direct the flow

Fig. 5 Animal exposure chamber. The access door of the chamber is
open, and one of the cages is shown partially removed. Note the
effluent ductwork between the exposure-chamber racks.
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below the false bottom to a central exhaust port in the bottom of
the chamber. Exposure chambers contained two mouse cages, each
equipped with a central food hopper and an automatic watering
system and each holding 22 mice in individual compartments. The
six chambers were housed in a 320-ft3 enclosure with four
removable, windowed, sliding doors on one side. The temperature in
the entire enclosure was maintained at 21 ± 2°C by a thermo-
statically controlled air conditioner.

Effluent Analyses

The levels of CO, NO—NOX, and total hydrocarbons as well as
the relative humidity and temperature were monitored in the cham-
bers throughout the experiments. Samples of gaseous and particulate
effluents were obtained only during steady-state burn conditions,
unless specifically stated otherwise. [Steady-state is defined as (1) at
least 12 hr after initiation of coal feed; (2) SO2 concentrations in
undiluted off gas at a constant 700 ± 50 ppm; (3) a bed temperature
of 850 ± 5°C; and (4) CO, NO, and total vapor phase hydrocarbon
levels stabilized at their individual plateaus.] Spark-source emission
spectroscopy was used to determine the elemental composition of
the fly ash obtained from the AES sample ports. Since the error
associated with this analysis is between a factor of 2 and 10 and
emission spectroscopy is insensitive to low concentrations of some
trace metals, several toxic trace metals were analyzed by atomic
absorption spectrometry. Particulate samples obtained from the
primary and secondary cyclones, the final filters, and the AES
chamber were tested for mutagenicity in the Ames, Lee, and Durston
(1973) tests. The specific surface area of particles from the AES
chamber was measured by the nitrogen adsorption technique of
Brunauer, Emett, and Teller (1938). Particles in the AES chamber
were examined by scanning electron microscopy of samples collected
in a point-to-plane electrostatic precipitator.

The mass mean aerodynamic diameter (MMAD) and the dis-
persity of the particles inside the exposure chambers were measured
according to the technique of Lippman and Kydonieus (1970j. Six
flow rates, controlled by orifices, determined the various 50%
particle aerodynamic cutoff diameters as the particles were pulled
simultaneously through six 10-mm nylon cyclones (Dorr-Oliver,
Oak Brook, 111.) in parallel. Particles that passed the cyclones were
trapped on 25-mm-diameter 0.8-jum-pore-size Millipore filters. The
net weights of the particulates in each size fraction were plotted on
log probability paper against their cutoff diameters, and the MMAD
and dispersity were determined graphically.
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Particle concentrations and size distributions in the animal
exposure chambers in the respirable size range (0.1 to 3.0 nm) were
measured by optical and electrical aerosol analyzers. For the very
smallest diameters (0.01 to 1.0 (xm), the TSI electrical aerosol
analyzer (Thermo-Systems Inc., St. Paul, Minn.) was used. For
particles in the range of 0.3 to 3.0 jum or greater, the Royco (Royco
Instruments Inc., Menlo Park, Calif.) forward light-scattering particle
counter was used.

Experimental Animals

In experiment 1, 176 male B6CF, /Anl mice, 120 days old, were
exposed for 500 hr (approximately 21 days). At the same time, 88
similar control mice were placed in identical chambers through which
only high efficiency particle, absolute (HEPA) filtered air was passed.
In experiment 2, 88 previously exposed mice were exposed again for
500 hr for a total exposure of 1000 hr. In addition, 88 previously
untreated mice were exposed for 500 hr. In experiment 2 there were
also two control groups, one consisting of 44 mice that had served as
controls in experiment 1 and another group consisting of 44
previously untreated mice. The animals were maintained on a 12-hr
light—dark cycle. They had access to food (Wayne Lab-Blox, Allied
Mills, Chicago, 111.) and water ad libitum. The condition of the
animals was checked daily until the first animal deaths occurred,
then twice daily thereafter. The chambers were cleaned three times a
week; this required interrupting the exposure for only 15 min/day.

Biological Analyses

Immediately after the exposure termination, two randomly
selected animals from each group were sacrificed by cervical
dislocation. Tissues from lung, liver, kidney, spleen, and small
intestine were fixed, stained with hematoxylin and eosin, and
examined histologically.

Four days after termination of the exposures, several functional
tests were performed on tissues or organs believed to be at risk. The
ability of alveolar macrophages to engulf and phagocytize a challenge
dose of Staphylococcus aureus was determined by a modification of
the method of Tari, Watanahunakorn, and Phair (1971) as described
by Brennan et al. (this volume). Toxic effects on the pluripotential
hemopoietic stem cell compartment colony-forming units (CFU's)
were evaluated by the spleen colony assay of Till and McCulloch
(1961). The levels of the liver microsomal cytochrome P-450-
dependent biphenyl hydroxylase were measured as an index of
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exposure to cytochrome P-450-inducing agents, by the technique
described by Burke and Prough (1977).

Also, the mutagenicity of several samples of fly ash collected
from different points along the exhaust train during the 500- and
1000-hr exposures was determined by the Ames, Lee, and Durston
(1973) Salmonella histidine reversion test.

RESULTS

Effluent Analysis

The composition of fly ash trapped on the final filter during
steady-state operation of the AFBC is shown in Tables 1 and 2. The

I

TABLE 1

Emission Spectroscopic Analysis of Particles
from the Atmospheric Effects Simulator

Element

Al
B
Ba
Be
Ca
Co
Cr
Cu
Fe
K
Li

Concentration, %

>10
0.01
0.15
0.02
8.0

Trace
0.03
0.01

10
1
0.03

Element

Mg
Mn
Mo
Na
Ni
Rb
Si
Sr
Ti
V
Zn

Concentration, %

1
0.07

Trace
2
0.008

1.0 to 0.01
>5

0.3
1
0.01
0.05

TABLE 2

Atomic Absorption Analysis of Particles
from the Atmospheric Effects Simulator

Combustor
burn condition

Start-up

Steady state

Concentration,

Mercury Lead

8.8 24.0

13.0 13.0

ppm

Cadmium

0.4

0.4
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specific surface area of the fly ash collected on a 25-mm-diameter
0.8-Mni-pore-stee Millipore filter drawn from the atmospheric effects
simulator sample port was 14.6 ±0.001 m2/g (i.e., the mean of
three observations ± 1 standard error). Scanning electron micro-
graphs of fly-ash participates are shown in Fig. 6. The particles

Fig. 6 Scanning electron micrograph of fly a*h collected in a
point-to-plane electrostatic precipitator from the bottom of the
AES. (Magnification, 5550 X.)

ianged from small spheres (<0.1 jum) to larger irregular shapes (0.1
to 5.0 jum).

Table 3 indicates typical concentrations for particles of various
diameters, and the average concentrations of the combustion gases.
The particles that reached the exposure chambers had an MMAD of
1 Mm with a dispersity of 6. The total particle loading varied between
15 and 25 mg/m3.
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TABLE 3

Concentration in Atmospheric Effects Simulator of Gaseous
and Participate Effluents During 500-hr Exposure*

Particulate effluents

Particle size range,
jum

0.010 to 0.018+
0.018 to 0.032
0.032 to 0.056
0.056 to 0.100
0.100 to 0.178
0.178 to 0.136
0.052 to 1.00

0.3 to 0.5f
0.5 to 0.7
0.7 to 1.4
1.4 to 3.0

>3.0

Particle concentration,
106/ft3t

2858 + 167
5462 + 289
377 + 61
421 ±52
376 + 38
255 + 19
88 ±11

252 ±33
49 ±7
43 + 8
15 ±2
1.4 ±0.3

Gaseous effluents

so2t
co§
NO§

Total §
hydrocarbons

Concentration,
ppm

33 + 11

18 ±9

21 + 5

20 ±6

•Concentrations are averages of readings taken every 4 hr during the 500-hr
exposure (±1 standard error).

tMeasured by TSI (Thermo-Systems Inc.) electrical aerosol analyzer.
|Determined by dividing undiluted concentration of the effluent by dilution

ratio of 20.
§ Determined by instrumental gas analyzers.
^Measured by Royco Instruments Inc. forward light-scattering instrument.

Biological Analyses

A number of mice died midway through the exposures. In
experiment 1, 27 experimental and 4 control mice (15 and 4.5% of
the animals entering the experiment, respectively) died over a 7-day
period beginning at 9 days (after about 200 hr). In addition, seven
moribund animals (five exposed and two control) were removed
from the exposure chambers during the 7-day period. Of these, two
exposed mice were sacrificed for histological specimens, four (two
mice exposed and two control) recovered after being placed in
standard mouse "shoe-box" cages, and one exposed mouse died. The
only significant histological finding in the sacrificed moribund
animals was hyperemia of the lungs (Fig. 7).

In experiment 2, seven effluent-exposed mice died, six from the
500-hr exposed group (over a 7-day peribd starting at day 7) and one
from the 1000-hr exposed group at day 10. These mice represent 7
and 1% of the animals entering the Experiment, respectively. In
addition, three moribund exposed mice (all from the 500-hr
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Fig. 7 Light micrograph of lung from expoced mouae (aacrificed
when moribund 9 day* after beginning of experiment 1), showing
hyperemk veasels. (Magnification, 442 X.)

TABLE 4

Alveolar Macrophage Function 4 Days After
In Vivo Exposures to Effluents*

Experiment

1

2

Group (duration
of exposure, hr)

Control (500)
Exposed (500)

Control (500)
Exposed (500)
Exposed (1000)

Stapkylococcus aureus

Phagocytized
and killed, %

96.5
30.4

96
0

94

Not
phagocytized,

3
69

4
99

6

Phagocytized
but not killed,

0.5
0.6

0
1
0

* Pooled alveolar rhacrophages from 12 mice per group. Results are expressed
as the percent of a challenge dose of bacteria killed, phagocytized, or not
phagocytized.
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exposure group) were removed from the exposure chamber during
the episode. Of these, two recovered and one died.

Alveolar macrophages obtained 4 days after the termination of
experiment 1 killed only 30% of a challenge dose of S. aureus,
compared with a value of 97% for macrophages from controls
(Table 4). However, in experiment 2, pulmonary macrophages from
the 500-hr-exposed mice were able to engulf only 1% of the bacterial
challenge, whereas the macrophages from the 1000-hr-exposed mice
were no different from controls (Table 4).

The number of hemopoietic colony-forming units (CFU's) in the
spleen in effluent-exposed mice 1 to 4 days after termination of each
500-hr exposure was decreased to about 70% of the control values,
and the 1000-hr exposure resulted in a further decrease to 19% of
control values (Table 5).

TABLE 5

Hemopoietic Colony-Forming Units (CFU's) 4 Days After
Termination of Exposures to AFBC Effluents*f

Duration of expowre, CFU's/105 nucleated
Experiment hr Nodules per spJeenf cells, % of control

1 0 (Control) 76.35 + 0.57 100
500 50.35 ± 0.78 67

2 0 (Control) 34.00+0.59 100
500 23.50 + 0.47 69
1000 6.50 + 0.60 19

*For each determination, 2.0 X 104 pooled femoral bone-marrow cells from
two effluent-exposed or control donor mice were injected intravenously into 15
previously irradiated (1100 R) recipient B6CF, /Anl mice.

tResults are presented as the mean values ± 1 standard error.

Four days after the termination of both experiments 1 and 2,
histological examination of the lungs of the exposed mice showed
accumulation of particulate matter in the alveolar spaces and
hyperemia of the lung capillaries, whereas lung tissue from control
mice was normal in appearance and particle free. There was also
hyperplasia of bronchiolar and alveolar epithelium, with mono-
nuclear infiltration of all portions of the lung. The hyperplastic
changes were most conspicuous proximal to the bronchioles, but
they were also of significant proportions in the isolated alveolar
spaces. These hyperplastic changes were most severe in the animals
exposed for 500 hr in experiment 2. There were a few areas of edema
and a mild-to-moderate lymphoid reaction consisting of aggregates of
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lymphocytes cuffing bronchioles and vessels. The pulmonary
macrophages in the exposed animals were engorged with intracellular
particles (Fig. 8). The gross and histological appearances of all other
organs were normal.

3?l *>

Fig. 8 Light micrograph of mouse lung 4 days after termination of
exposure in experiment 1, showing alveolar macrophages with
engulfed particles and hyperemic vasculature. (Magnification,
442 X.)

Before the animals were placed in the chambers, they weighed
31.4 ± 1.3 g (mean ± standard error). Four days after the termination
of experiment 1, the exposed mice weighed 21.2 ± 1.1 g and the
controls weighed 28.4 ± 0.9 g. Weight loss was also noted 4 days
after the termination of exposures in experiment 2. After 500 hr of
exposure, the mean body weights were 24.7 ± 0.4 g and 29.3 ± 0.6 g
for the exposed and control mice, respectively, and after 1000 hr
were 27.0 ± 0.7 g and 30.3 ± 0.8 g. During experiment 1 it became
apparent that the exposed animals ate less than the control animals.
This was verified quantitatively in experiment 2, wherein the average
total food intake over the 500 hr was 154 and 113 g per mouse in
the control and exposed mice, respectively.

The levels of biphenyl hydroxylation immediately after termina-
tion of the exposures (Table 6) indicated that the exposure to the
effluent was accompanied by an increase in the rate of in vitro
metabolism of biphenyl by liver microsomes. Specifically, for each
exposure period the cytochrome P-450-dependent monooxygenase
activity was altered so that formation of 3-hydroxybiphenyl and
4-hydroxybiphenyl was increased about 25 to 50% relative to
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control, whereas the rate of formation of 2-hydroxybiphenyl
remained unchanged.

The Ames Salmonella assays of fly-ash mutagenicity showed little
activity (Table 7).

TABLE 6
Liver Microsomal Biphenyl Hydroxylase Activity

Exposure,

Specific activity*
(Exposed/Control)

Experiment hr 2-OH 3-OH 4-OH

1 500 0.95f 1.281 1.34§
2 500 0.85f 1.53« 1.4lf
3 1000 0.98f 1.26** 1.25**

*The control values were (nanomoles per minute per
milligram of protein; mean values for three assays):
2-hydroxybiphenyl (2-OH), 1.35; 3-hydroxybiphenyI
(3-OH), 0.641; and 1-hydroxybiphenyl (4-OH), 8.55.

fNot significantly different from control.
iSignificantly different at 0.2 < P < 0.4.
§Significantly different at P < 0.05.
•iSignificantly different at P < 0.001.
**Significantly different at P < 0.005.

TABLE 7

Mutagenicity as Measured in the Ames Test
of Particulate Effluents Collected

at Different Sites

Location of
sampling point

Cyclones
Primary
Secondary .

Final filter

Cyclones
Final filter
AESf chamber

Burn condition
of combustor

Start-up*
Start-up
Start-up

Steady statef
Steady state
Steady state

Net revertants
per milligram

of fly ash

0
124
380

0
73
12

*Start-up conditions assumed for 12 hr after
initiation of coal feed.

fSteady-state condition of combustbr is defined
in the text.

XAtmospheric effects simulator.
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DISCUSSION

The elemental composition of the particulate effluent, the large
surface area of the fly ash, and the morphology of the particles were
similar to those found in other samples (Kirchner et al., 1980)
obtained during steady-state operation of the AFBC. The specific
surface-area values (13 to 15 m2 /g) indicated a large potential for
adsorption of volatilized materials. The particle concentrations
indicated that the greatest number of particles were in the very
smallest size ranges (<0.3/im) with an MM AD of 1 /un. These
particle size distributions may have been skewed toward the smaller
size fractions because of the settling and impaction of the larger
particles in the delivery system. The mass loading of the airborne
particles was very high (15 to 25 mg/m3), which is three to five times
the human threshold limit values for a 40-hr workweek (according to
"Threshold Limit Values for Chemical Substances in Workroom Air
Adopted by ACGIH for 1977," American Conference of
Governmental and Industrial Hygienists, 1977).

Alveolar macrophages provide the first line of defense against
airborne toxicants. Fly-ash particles, especially those that have toxic
combustion products adsorbed on their surfaces, have the potential
for impairing the normal phagocytic processes of the macrophage.
After 500 hr of continuous exposure to the AFBC effluents, the
ability of the macrophages to engulf S. aureus was seriously
impaired. However, after a 2-week hiatus followed by a second
500-hr exposure, there' was an apparent accommodation by the
macrophages. Macrophages obtained from animals exposed for
1000 hr were able to engulf and kill bacteria as well as those from
control mice.

Pluripotential hernopoietic stem cells were also affected by
exposure conditions. After each of the 500-hr exposures, the number
of CFU's per -10s nucleated femoral bone-marrow cells was reduced
about 30%, which indicated that similar stresses had been placed on
the blood-forming stem cells in both groups. Furthermore, after
1000 hr of total exposure, there was an even greater reduction of
CFU's relative to control mice, which probably indicated a cumula-
tive toxic effect and little, if any, recovery or adaptation as shown by
the alveolar macrophages.

The histologic changes in the lungs are not remarkable when the
high level of particulate exposure is considered. The cellular
response, consisting
some giant cells, is

of macrophages, other mononuclear cells, and
considered typical of the reaction to foreign

particulates. Hyperplasia of the broncheolar and alveolar epithelium
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is also associated with chronic lung irritation and has been related to
physical, chemical, and infectious agents. Infections ranging from
viruses and bacteria to both protozoan and metazoan parasites can be
logically eliminated from the study. In this case it would be difficult
to separate the physical irritant (foreign particles) from a chemical
irritant that might be solubilized from the particulates. The greater
severity of the changes at 500 hr as compared with 1000 hr is
consistent with an accommodation, followed by later recovery and
repression of the changes.

The magnitude and pattern of the increases in the enzymatic
activity in the cytochrome P-450 system of the liver, although not
yet fully understood, indicate that the liver microsomal mono-
oxygenase system might have been altered both quantitatively and
qualitatively in the exposed animals as a result of the inductive
effects of exogenous chemicals associated with the effluent. Because
of the reduction in food intake and body weight in the 500-hr
exposure groups from both experiments, it is possible that at least
some of the difference observed might have been due to nutritional
factors. The effect persisted, however, for the 1000-hr group for
which the body weights were only slightly less than the control
values.

Because mutagenicities are larger and more variable during
start-up conditions, animals were exposed only to steady-state
operating conditions of the AFBC. This dependence of mutagenicity
upon operating conditions is described elsewhere (Kubitschek and
Williams, 1980). In recent studies (Brennan et al., this volume), the
hydrocarbon loading on the fly ash has been related to its biological
activity. The results of the Ames mutagenicity test confirm that the
mutagenic activity of the fly ash obtained from the AES chamber
was extremely low. The activities were significantly lower than those
measured in the stack breech of a coal-fired electric power plant
(Chrisp, Fisher, and Lammert, 1979).

These initial long-term exposures of mice to the diluted effluent
of an AFBC disclosed some biological effects in the end points
measured (i.e., increase in liver cytochrome P-450 enzyme levels,
partial depletion of bone-marrow stem-cell levels, and partial
dysfunction of alveolar macrophages). The histological changes in the
lung were typical of changes seen following high levels .->* exposure to
particulates. The reasons for the deaths of the mice midway through
the exposures remain unclear. All these observations, and particularly
the deaths in the control mice, collectively suggest that the mice did
not die as a result of acute toxic effects of the effluent.
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Quantification of Inhaled Coal Fly Ash
in Rat Lung
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ABSTRACT

A technique has been developed and applied to the measurement of lung
burdens of inhaled coal fly ash. Rats that were chronically exposed to
aerosolized coal fly ash (0.67 mg/m ; mass median aerodynamic diameter
(MMAD), 1.8 fim; og, 2.1) were sacrificed after 7, 50, and 90 days of exposure.
Lung homogenates were wet and dry-ashed in platinum crucibles and the
HF—HCI residues were dissolved in HNO3 and diluted with a solution of CsNO3.
Aluminum in the residues was analyzed by atomic absorption spectroscopy by
using a nitrous oxide—acetylene flame. Separate studies using this technique and
samples spiked with known quantities of aluminum resulted in aluminum
recoveries of 96.7 ± 7.2%. Biochemical analyses of lung tissue were performed to
evaluate toxicological factors that might have affected inhaled particle deposi-
tion and clearance.

The total masses of coal fly ash inhaled during the exposure periods were
calculated by using measurements of aerosol mass concentrations and estimates
of respiratory minute volumes based upon rat body weights. The actual lung
burdens of coal fly ash were calculated from the measured masses of aluminum
in lung tissue. Calculated deposition fractions were consistent with reported
studies using rats.

In our studies of the potential health significance of effluents from
energy-producing technologies, we have emphasized evaluation of the
toxicological responses associated with inhalation of fine particles.
To this end, we are performing detailed physical, chemical, and
biological studies of the effects of exposure to coal fly ash. Previous
efforts have quantified the physical and chemical properties of

tPresent address: Battelle, Columbus Laboratories, Columbus, Ohio.
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size-classified stack-collected fly ash. A quantitative morphogenesis
scheme for fly-ash particles on the basis of light-microscopic analysis
was derived which related particle shape and degree of opacity to
exposure conditions within combustion boilers (Fisher et al., 1978).
These studies indicated that fine fly-ash particles (<3jum) are
predominantly spherical and thus aerodynamic properties may be
readily determined from density considerations (Raabe, 1976). Bulk
elemental analyses have demonstrated enhanced concentrations of
many biologically active trace elements, i.e., Cd, Zn, Se, As, Sb, Mo,
Pb, V, U, Cr, Cu, Be, and Mn, in finer fly-ash size-fractions (Fisher
etal., 1977; Coles et al., 1979). Surface crystal formation was
hypothesized to result from sulfuric acid interaction with fly-ash
components (Fisher, Chang, and Brummer, 1976). Crystal formation
is of potential biological significance because of (1) increased surface
area for direct biological interaction and (2) increased availability of
toxic trace elements by conversion of refractory oxides to biologi-
cally available sulfates. Individual particle analysis by SEM X-ray
analysis has demonstrated extreme matrix heterogeneity of coal fly
ash (Pawley and Fisher, 1977) and has resulted in the hypothesis that
particle heterogeneity may provide a unique toxicological model for
lung phagocytes (Hayes, Pawley, and Fisher, 1978).

Biological studies with fly ash have demonstrated the bacterial
mutagenicity of stack-collected material (Chrisp, Fisher, and Lam-
mert, 1978), whereas fly ash collected by the power plant's
electrostatic precipitator (ESP) and subsequently size-fractionated
was not mutagenic (Fisher, Chrisp, and Raabe, 1979). Inhalation
studies with stack fly ash have been limited to acute exposures in
mice as reported in this symposium (Fisher et al., this volume).
Chronic, long-term inhalation studies have also been performed with
size-classified, ESP-collected fly ash (Raabe, McFarland, and Tarking-
ton, 1979). In these studies, an accurate analytical technique for
quantification of inhaled fly ash was needed. This paper describes
such a technique based on analysis by atomic absorption spectros-
copy (AAS) of fly-ash aluminum in rat lungs. Studies of mucous
secretion by tracheal explants and lung DNA and moisture content
were performed to evaluate the effects of fly-ash inhalation on lung
function and anatomy.

MATERIALS AND METHODS

Rats were killed 7, 50, and 90 days after the start of a chronic
exposure, 8 hr/day, to aerosolized fly ash with an average concentra-
tion of 0.67 mg/m3 with mass median aerodynamic diameter
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(MMAD) of 1.8 jum and geometric standard deviation (ag) of 2.1
(Raabe, McFarland, and Tarkington, 1979). After the 90-day
exposure period, a group of exposed rats were permitted to breathe
clean air for 23 days to allow for early clearance prior to determina-
tion of their lung fly-ash contents. Appropriate controls were killed
with each exposure group. In a second study rats were killed 90 days
and 180 days after chronic exposure to 4.2 mg/m3 (MMAD of
2.0 jum and ag of 1.5). The methodology for the chronic rodent
exposures to the size-classified ESP-collected fly ash used in this
study has been previously described (Raabe, McFarland, and Tarking-
ton, 1979). Rats were killed with an overdose of pentobarbital, and
lungs were excised after perfusion in situ with isotonic saline as
described by Cross et al. (1979). Rat lung homogenates were
prepared in a pH 7.6 buffer of 50mM Tris-HCl in 0.1 mM EDTA.

Rat lung homogenates were added to 10-ml platinum crucibles
with 1 ml each of double-distilled water and redistilled HNO3

(15.9M). The solutions were digested overnight in a drying oven at
90°C with the crucible cover ajar. Samples were then dried at 125°C
for 0.5 hr. The crucibles with covers ajar were heated in a muffle
furnace at 200°C for 0.5 hr and then ashed overnight at 600°C. After
cooling, the crucibles were examined for incomplete ashing. Those
crucibles containing dark residue were exposed to the full heat of a
Meker burner until the ash was white or yellow, with no dark ash
remaining.

After samples were ashed, 0.25 ml of redistilled 40% HF
(vol./vol.) and 0.25 ml of redistilled HC1 (6M) were added to all
crucibles. The acids were evaporated in a drying oven at 95°C to
dryness. To the cooled crucible 0.50 ml of redistilled HNO3 (15.9Af),
4.0 ml of double-distilled H2 O and 0.50 ml of an aqueous solution of
cesium (as CsNO3, 20 mg/ml) were added. Each sample was swirled
to mix the contents and wet the upper wall of the crucible. .
Aluminum standards, samples, and procedural blanks contained 10%
(vol./vol.) HNO3 (15.9M) and 2000 jug Cs/ml; these samples were
analyzed for aluminum at 309.3 nm by atomic absorption spectros-
copy with a nitrous oxide—acetylene flame.

Biochemical assays were performed to measure potential toxico-
logical changes relevant to particle deposition and clearance that
might be occurring in the rats exposed to fly ash. As an index of
putative pulmonary edema, we evaluated the wet/dry weight ratios
of the right apical lobes from lungs of all animals studied (Last and
Cross, 1978). Glycoprotein secretion rates and tissue glycoprotein
levels of tracheal explants incubated with radioactively labeled
precursors of these macromolecular components of tracheobronchial
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mucus were measured by the techniques of Last et al. (1977). As an
index of putative inflammatory and reparative changes in lung-cell
populations, we measured total lung homogenate levels of DNA (Last
and Cross, 1978).

RESULTS

Aluminum Analyses

To evaluate the sensitivity of aluminum analysis in the HNO3—
CsNO3 matrix, aliquots of 1.0 jug Al/ml were analyzed by AAS with
a variety of recorder setting and signal enhancements (Fig. 1). A
10-fold expansion of the input signal with a 1-mV full-scale recorder
sensitivity provided excellent sensitivity with acceptable baseline

BASELINE SIGNAL

Fig. 1 Recorder traces re-
sulting from analyses of 1
j^g/ml aluminum solutions
containing 10% HNO3 and
2000 jug Cs/ml. Full-scale
recorder settings and expan-
sions of recorder input sig-
nals, respectively, were: A, 2
mV and 0 X; B, 1 mV and
0 X; C, 2 mV and 3 X; D, 1
mV and 3X; E, 5 mV and
30 X; F, 2 mV and 10 X; G,
2 mV and 30 X; and H, 1
mV and 10 X. The relative
intensity of the signals after
baseline subtraction is pre-
sented parenthetically. The
baseline signal is offset for
illustrative purposes.
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noise. Addition of aluminum standards to the HNO3—CsNO3 matrix
resulted in recoveries of 97 ± 7% (± SD) for solutions with final
aluminum concentrations ranging from 0.10 to 1.00 jug/ml. Addition
of fly ash to whole mouse lungs and to rat lung homogenates resulted
in fly-ash recoveries of 101 ± 4% and 96 ± 4%, respectively, on the
basis of the analysis of aluminum.

Rat lung homogenates were prepared from animals exposed to
fly ash for 7, 50, or 90 days without clearance, or 90 days followed
by 23 days' clearance in the first study, and 90 or 180 days in the
second study. The average aluminum content per lung is presented in
Table 1. The exposed rats had progressively increasing aluminum
contents in their lungs at 7, 50, and 90 days of exposure. After the
23-day clearance period, the exposed rats contained essentially the
same level of aluminum per lung as they did after 90 days of
exposure. The calculated lung contents of aluminum, and subse-
quently of fly ash, were based on the assumption that experimental
animals maintain aluminum background concentrations similar to
their corresponding controls. Control animals in the second study
sacrificed at 90 or 180 days had measurable but low aluminum levels
of 0.7 ± 0.7 jug/lung (± SD) and 3.0 ± 1.8 Mg/lung, respectively.

TABLE 1

Aluminum Content of Rat Lungs and Calculated
Deposition Fraction After Inhalation Exposure to

Coal Fly Ash

Exposure
time,
days

7
50
90

90 + 23 clearance

90
180

Lung
XT , aluminumNumber . . *

nf content,* ,ug

animals it SD

Study I

4 6.8 2.9
4 34.1 10.2
4 54.2 19.4
6 40.0 18.5

Study II

6 218 57
6 545 167

Calculated
deposition
fraction, %

x SD

11.8 4.8
8.3 2.4
6.9 2.4
5.0 2.4

4.2 1.0
5.2 1.5

"'Net aluminum content after subtraction of
appropriate control values.
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Biochemical Analyses

Lung wet/dry weight ratios and DNA content, tracheal explant
secretion rates of glycoprotein, and tissue glycoprotein levels were
measured to determine potential toxicological changes in lung tissue
which might affect particle deposition and clearance. The small but
significant increase in lung water content (Table 2) observed after
7 days of exposure suggests the presence of a mild inflammatory
edema in these acutely exposed rate; longer periods of exposure did

TABLE 2

Effects of Chronic Fly-Ash Inhalation on Rat Body
Weight and on Lung Moisture and DNA Contents

Lung wet/dry weight
ratio, % of control
value

Average body weight
of rats, % of
control value

Lung DNA content,
% of control value

7

105f

96

108

Duration of exposure, days

50

98

97

105

90

99

112

100

90 + 23*

99

98

108

90

103

105

114

180

102

98

101

* Animals killed 23 days after cessation of exposure.
tSignificantly different from controls (Student's I test),

P < 0.05.

not seem to be associated with continued increased levels of lung
water. No gross effects of exposure to fly ash on rat body weight
were observed. No significant changes were observed in the DNA
content at any time evaluated, but the trend toward higher levels of
DNA after 7 days of exposure is consistent with a mild inflammatory
response suggested by the increased wet/dry weight ratios at this
time.

In the first exposure study, we observed a progressively decreas-
ing rate of glycoprotein secretion by cultured rat trachea after 50
and 90 days of exposure; the decrease after 90 days was significant
(Table 3). Since the tissue levels of glycoprotein in exposed rats (as
percent of control) remained approximately constant over this
interval, the decreased rate of secretion suggests functional impair-
ment of the secretory apparatus of the tracheal epithelial cells. The
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data from the second study (Table 3) suggest that glycoprotein
secretion rates of exposed rats were increased above control rates in
rats exposed for 6 months to higher levels of fly ash.

TABLE 3

Effects of Fly-Ash Exposure on Tracheal Mucus
Glycoprotein Levels in Tissue and on Glycoprotein

Secretion Rate

Secretion rate,
% of control value

Tissue level, %
of control value

Day* of exposure of rats to fly-ash aerosol

7

103

103

50

88

96

90

72*

104

90 + 23

112

74*

90

93

110

180

114*

93

•Significantly different from controls (Student's t test), P< 0.05.

Calculation of Lung Deposition

The body weights of the rats taken during exposure were used to
estimate the total volume of fly-ash aerosol breathed during the
exposure periods by use of the formula for minute volume given by
Guyton (1947). Minute volumes were used in conjunction with the
average measured aerosol mass concentrations to estimate the total
mass of fly ash inhaled. The lung burden of fly ash determined from
the measured masses of aluminum in the lungs (assuming 12.6%
aluminum in fly ash; Fisher, Silberman, and Raabe, 1980) was
divided by the calculated total mass of inhaled fly ash to yield the
apparent deposition fraction. For purposes of this calculation,
clearance is assumed to be negligible. Hence any clearance that did
occur during exposure is reflected by a lower apparent deposition
fraction. These results are summarized in Table 1.

DISCUSSION

In our preliminary experiments to quantify the fly-ash content of
rodent lungs, it became clear that only aluminum and silicon would
be appropriate indicator elements. These elements occur in relatively
low concentrations in normal lung, they are distributed evenly
through size-classified fly-ash fractions (Fisher and Natusch, 1980;
Fisher et alM 1977; Coles et al., 1979), and their solubility
behavior parallels that of the mass of fly ash (G. L. Fisher,



54 SILBERMAN. FISHER, RAABE, AND LAST

unpublished observation). Atomic absorption spectroscopy was
chosen as the analytical method of choice for silicon and aluminum
because it is readily available at most laboratories, is quantitative, has
few spectral interferences, is highly specific, and both elements can
be analyzed in similar solution digests (Silberman and Fisher, 1979).
Preliminary work, using lung samples with added weights of fly ash
(0 to 300 jug), indicated that aluminum analysis by AAS was superior
to silicon analysis. Aluminum by AAS is ~3.4 times as sensitive as
silicon (~1.7 jug Si/ml vs. 0.5 jug Al/ml at 1% absorption) even
though the silicon concentration in fly ash is twice that of the
aluminum. Ionization of aluminum in the N2O—C2H2 flame
(Perkin-Elmer Corporation, 1971; Parker, 1972) and silicon
interference (Ferris, Jepson, and Shapland, 1970) have been re-
ported to suppress aluminum absorbance. In our study cesium
(2000 fJig/ml) was added to the analyte to suppress aluminum
ionization. The presence of silicon was eliminated from all samples
by the addition of 0.25 ml of redistilled HF and subsequent heating
to dryness to volatilize SiF4. Ihnat (1976) reported that aluminum
analysis by atomic emission spectroscopy (AES) of digested bovine
blood plasma was more sensitive than AAS with a detection limit of
0.05 jug Al/ml. The author aspirated solutions of 0.5, 1.0, and 1.5 jug
Al/ml and recorded signals on chart paper which gave 2.3, 4.3, and
6.3 scale divisions by AAS and 21.9, 42.4, and 62.5 scale divisions by
AES, respectively. Analyte emission was monitored at 396.15 with
necessary corrections for background emission caused by sodium,
potassium, and calcium obtained from measurements several tenths
of a nanometer on both sides of the aluminum. However, as
demonstrated in our work (Fig. 1), a solution of 1.0 fig Al/ml (0.009
absorbance unit) can be amplified at 10 x absorbance on a recorder
with 1 mV full scale to generate a signal of 88 of 100 arbitrary scale
units with a detection limit of 0.025 jug Al/ml. When the relatively
low level of baseline noise is considered, our data suggest a twofold
greater sensitivity for aluminum analysis by AAS than by AES.

Biochemical studies indicated a small but significant increase in
lung water after 7 days of exposure. Increased lung water and DNA
contents suggestive of a mild inflammatory response were observed
at 7 days in the first study and at 90 and 180 days in the second.

A decreased rate of glycoprotein secretion was observed in
cultures of tracheal explants from the first exposure. Such a
functional impairment might be anticipated to be associated with a
decreased rate of mucociliary clearance occurring over this interval.
During the subsequent recovery period of 23 days of breathing
filtered air, the rat tracheae appeared to recover completely their
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secretory function, at the same time apparently depleting tissue
stores of the glycoproteins. These results are different from those
observed in rats exposed to ozone for 90 days (Last et al., 1977),
whereupon tissue levels also remained fairly constant, whereas
glycoprotein secretion rates were increased to about 140% of the
control values.

The data from the second study suggest that glycoprotein
secretion rates are increased above the rates of control tracheae in
rats exposed for 6 months to levels of fly ash higher than those in the
first experiment. From these results it is not clear whether
tracheobronchial clearance rates were increased or decreased, for
reasons discussed in detail elsewhere (Last, 1980). Further studies at
various levels and durations of exposure are necessary to draw
definitive conclusions as to the toxicological implications of the
inhalation of fly-ash aerosols at the levels we are currently studying.

In terms of quantification of deposited fly ash, the expected
mean lung-deposition percentage for an aerosol with an MMAD of
1.8 Mm is about 8% (Raabe et al., 1977). The values for all exposed
groups as well as the 90-day-plus-23-day clearance group are not
significantly different from this predicted value. Thus, although
significant changes in lung water content and glycoprotein secretion
rates were observed, these changes apparently did not affect the
deposition of inhaled fly ash.
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ABSTRACT

The scanning electron microscope (SEM) provides several unique advantages for
the evaluation of toxic effluents from coal-burning power plants. Fly ash
produced from coal combustion has been shown by bulk analysis techniques to
contain many elements toxic to the lung system, but the exposure of individual
cells of the lung depends on the chemistry of individual particles and on the
number of phagocytized particles taken up or associated with the surface of that
cell. For accurate microdosimetry it is necessary to know the segregation of
elements among the various types of fly-ash particles and the response of
individual lung cells to a specific set of particles.

Individual particle chemistry has been determined by SEM with character-
istic X-ray analysis and exposed-cell morphology by SEM secondary electron
imaging. Correlative light microscopic classification of the same particle allows
elemental characterization of major categories of fly-ash particles on the basis of
visible light characteristics.

SEM analysis of biological material exposed to fly ash and maintained in the
frozen—hydra ted state (where drying artifacts and particle relocation are
minimized) is accomplished by using a cryofracture chamber attached to the
SEM and a low-temperature SEM stage equipped for characteristic X-ray
analysis.

The scanning electron microscope (SEM) provides both chemical and
morphological information concerning the micron-size particles of

^ ; f Present address: Battelle, Columbus Laboratories, Columbus, Ohio.
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coal-related fly ash and is one of the most useful instruments in
visualizing the lung cells that interact with these particles. The
microchemical analyses can relate moderately low concentrations
(0.1% and above) of the chemical elements to very precise
localization in space, and many of the sensitive structural details of
the biological system can be clearly visualized.

Single-particle single-cell studies by scanning electron microscopy
(SEM) with energy dispersive X-ray analysis provide data on
single-particle morphology and elemental composition. The heteroge-
neity of matrix elemental composition between individual particles is
evident even with the limited number of particles analyzed to date.
Individual particles of fly ash can be mapped on and within
pulmonary alveolar macrophage cells. The exposure level of single
cells to foreign elements existing at high concentration in single
particles can be several times the exposure level estimated on the
basis of a fairly narrow spread of particle composition around the
mean value determined by multiparticle methods.

The SEM can also be applied to the study of biological and
particle specimens held in the frozen—hydrated state. The frozen
specimen helps to preserve the chemical properties of the fly-ash
particles by reducing the number of solvent steps needed during
preparation. The biological surface can also be maintained in the
frozen specimen with the possibility of either retaining hydration
during SEM analysis in the form of ice or removing the water by
freeze-drying techniques. Since we are concerned with the chemistry
of the fly-ash particles as well as their morphology, the freeze-etch-
replica technique is often complemented by X-ray analysis of
frozen—hydrated material.

In SEM studies of lung specimens, microdissection helps to solve
the problem of identifying the location of morphological informa-
tion with respect to distance along the airpath with more precision
than has been possible in the past. A better understanding of several
problem areas (collateral ventilation, alveolar fenestrae, contractile
element distribution,; and alveolar configuration) can be gained
through this analysis of positional microstructure in specially
prepared SEM specimens.

I
INDIVIDUAL-PARTICLE MAJOR ELEMENT ANALYSIS

Individual-particle chemistry plays an important role in the
exposure of lung cells to the foreign elements contained in fly ash
(Hayes, Pawley, and [Wisher, 1978). The SEM with energy dispersive
X-ray analysis provides individual-particle morphology and elemental
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analysis of major elements (those occurring in concentrations above
1%) which make up the matrix of the particle. Studies on the
sorptive behavior of trace metals on fly ash (Theis and Wirth, 1977)
indicate that matrix element composition is important in the uptake
and release of biologically significant trace metals. If elements are
concentrated in certain particles, a cell that interacts with a relatively
small sample of these pollutant particles (e.g., a pulmonary macro-
phage) may be exposed to an element at concentrations greatly
exceeding the concentrations that would be calculated on the basis
of a homogeneous composition among the particles. Analysis of
individual-particle elemental composition was carried out with a
modified JEOL-JSM scanning electron microscope equipped with
energy dispersive X-ray analysis (Nuclear Equipment Corporation
detector, KEVEX 5100C, and Digital Equipment Corporation PDP
11V03). The instrument had been converted to a digital scan mode
with a light pen for scan-stop function' to improve the speed of
locating individual particles (Pawley and Fisher, 1977). The develop-
ment of a rapid method for elemental characterization of single
particles by simultaneous three-color mapping of fly-ash particles in
pulmonary macrophage cells (Pawley and Hayes, 1976) has allowed
individual particles of interest to be selected from a field of particles
on the basis of their location on the color map and has substantially
increased the speed of locating and analyzing such particles.

The elemental concentration is estimated from peak-to-back-
ground ratios (Statham and Pawley, 1978), and the system is
calibrated by using micron-size spherical particles of known salts.
Scanning electron microscopy of the calibration particles of potas-
sium sulfate showed the 2-jum-diameter particles to be made of
subcomponents approximately 0.5 to 1.0 jum packed into a spherical
shape. Analysis of the X-ray spectrum from the particles yielded a
minimum detectable limit of 0.5 wt.% for potassium. Minimum
detectable peak was defined as 3 standard deviations above back-
ground. When the SEM beam was moved to an adjacent area of
substrate filter, the Ka peak of potassium was reduced to )4oo of
the size measured when the beam was on the particle. Copper sulfate
2-jum particles yielded similar results with the counting time of 5 min
and low beam current (specimen current = 3 x 10— 1 ' A). Even with
a thin layer of gold used to improve conduction, the copper Ka ratio
on and off the particle was more than 100. Minimum detectable
limits in this range were considered acceptable for measuring
individual fly-ash-particle matrix elements (elements existing in a
particle in concentrations greater than 1%), but such limits would
r̂ ot be suitable for direct evaluation of the particle's trace elements
(elements existing in the particle at concentrations less than 1%).
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Elemental analyses of individual particles representing the eleven
morphological classes of fly ash have been performed (Fisher etal.,
1978a; Fisher, Chrisp, and Hayes, 1979). Scanning electron micros-
copy in combination with energy dispersive X-ray analysis was used
to study the light-microscopically determined particle types (Fisher
et al., 1978b). The amorphous opaque particles and angular, lacy
opaque particles were composed of low-atomic-number matrices as
determined from measuring total count rates and characteristic X-ray
production. The total count rates of these classes are significantly
(P < 0.001) less than class I, a major morphological class. Class I is
composed of nonopaque, solid spheres that appear to have alumino-
silicate matrix composition. Eight other elements were found to
demonstrate segregation to individual particles with greatly enhanced
concentration as compared with the values from multiparticle bulk
analysis (Table 1). The heterogeneity of matrix elements among
individual particles may lead to concentrations of trace elements in
specific particles as well. Many trace elements have been shown to be
associated with specific oxide sinks on fly-ash particles (Theis and
Wirth, 1977). Iron and manganese oxides in particular were
correlated with the trace elements arsenic, cadmium, chromium,
copper, nickel, lead, and zinc.

TABLE 1

Examples of Increased Content of
Eight Elements in Individual

Fly-Ash Particles

Element

Mg
P
S
K

Ratio*

11
31
18

5

Element

Ca
Ti
Mn
Fe

Ratio*

9
24
30
19

•Ratio of concentration in selected
particles to average concentration from
bulk analysis.

If it is true that toxic trace elements are concentrated on or in
certain fly-ash particles, the consequences to the pulmonary macro-
phage cell that phagocytizes only a relatively small number of
particles are quite different from the effects predicted on the basis of
a fairly uniform distribution of the trace elements among all
particles. The alveolar macrophage is known to be sensitive to toxic



ANALYSES OF FLY ASH-LUNG CELL INTERACTIONS 61

trace elements (Waters etal., 1975). The level of such elements that
can be delivered to the cell when phagocytosis involves one or more
high-concentration particles formed by segregation of the trace
elements among specific matrices can be several times that calculated
on the basis of a uniform trace-element distribution among all
particles. Other cells of the airway and alveolar surfaces may also be
exposed to these high-concentration particles. The final biological
result may be the death of the small number of cells so exposed and
a reduction of long-term hazards associated with possible cell
mutagenesis and carcinogenesis. Such a reduction in hazard would be
similar to the effect of the "hot particle" of radioactive material. An
alternative model would suggest that the concentration of elements
in individual particles would deliver a greatly increased but still
nonlethal dose to the few cells involved and that the end result
would be to increase long-term risk. More information is needed
relating to the concentration of toxic elements in individual fly-ash
particles and to the concentration in individual lung cells that
produce lethal and long-term effects. The SEM with energy dispersive
X-ray analysis is well suited for such investigation. Particle morphol-
ogy, frequency of occurrence of particles with detectable amounts of
various elements, and elemental ratios in individual particles provide
information not available from bulk analysis techniques.

FROZEN-HYDRATED SPECIMENS FOR SEM ANALYSIS

The ability to observe and analyze SEM specimens in the frozen
state permits direct study of surfaces within the cell or tissue (Hayes,
1977; Hayes, Pawley, and Hook, 1978). Chemical analysis by SEM
X-ray spectroscopy is available since it is the actual sample, not a
replica, which is used. The technology for the preparation and
maintenance of such low-temperature samples is rigorous. Echlin and
Moreton (1973) reported on a complete system for the preparation,
coating, and examination of unfixed and noncryoprotected material.
X-ray microanalysis of labile ions was possible in addition to
morphological pxamination. Care was given to keep the specimen
protected from frost during transfer from preparative units to the
SEM, and the entire process could be carried out while the specimen
remained below —130°C. Hayes and Koch (1975) used a commercial
low-temperature SEM stage to carry out micromanipulation on
frozen—hydrated plant material held at —150°C. Our current system
for analysis of frozen—hydrated specimens is a separately pumped
high-vacuum preparation chamber developed by the AMRay Corp.
of Bedford, Mass. (Pawley and Norton, 1978). It communicates with
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the multiport specimen chamber on an AMR-1000 SEM through a
gate valve. Frozen samples can be inserted into this chamber through
an air lock by using a holder that prevents condensation of
atmospheric water vapor onto the sample. This air lock is also used
to attach carbon or metal evaporating devices to the system and
permits them to be removed to recharge their evaporants at any time.
During evaporation the sample and the source can be viewed through
windows, and the sample can be tilted (0 to 80°) and rotated while
mounted on a shuttle attached to a copper block. The shuttle can be
moved by an insulated pushrod between stations for coating/
insertions, fracturing, and SEM examination. In the fracturing
position atop the liquid nitrogen reservoir, a cold knife, whose height
can be adjusted in 5-/im increments, moves horizontally across the
sample surface. Its action can be viewed with a 10 to 100 x stereo-
microscope.

The SEM cold stage, which constitutes the examination position,
has X (+12, —25 mm), Y (±6 mm), and Z (8 to 45 mm working
distance) motion, rotation (±175°), and single-axis eucentric tilt
(—5, +90°). It is cooled by a Joule—Thomson refrigerator that
permits high-pressure (1500-psi) nitrogen gas to expand in a
countercurrent heat exchanger. The temperature of the shuttle can
be measured and controlled (by using ohmic heating) in the
fracturing and examination positions. The temperature of the cooling
block is also monitored, and an alarm sounds when any selected
reading exceeds a preset limit. Sample temperatures need not rise
above —170°C during the entire preparation of a freeze—fracture
sample, and temperatures as low as —196°C can be attained in the
SEM. The present system incorporates an ion-pumped LaB6 electron
gun that has demonstrated 5-nm resolution. With this integrated
system it is possible to subject a frozen sample to all the preparative
steps associated with freeze—fracture and then to observe the coated
fracture surface directly in the SEM (Pawley and Hayes, 1977). A
cold, protected sample, attached to a copper stub and held by a
special insertion tool can be introduced through an air lock into a
separately pumped, high-vacuum (<4x 10~7 torr) preparation
chamber. This stub is screwed onto a small cooled copper shuttle,
which can in turn be moved in a straight line by a control rod
between stations for (1) insertions and removal or tilting/rotating
during vacuum evaporation; (2) fracture with a cold knife and
observation with a dissecting microscope; (3) radiant heat for deep
etching; and (4) observation in the SEM. Provision has been made to
keep the stub temperature <—170°C during all the procedures. We
have used the yeast Saccharomyces cerevisiae as a test sample,
although freeze—fracture SEM will eventually have greater applica-
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tion to the studies wherein the large continuous fracture plane will
facilitate the identification of cells of interest.

Yeast cells from a 24-hr culture were fixed in glutaraldehyde for
30 min and then rinsed and placed in 30%. glycerol for 24 hr before
rapid freezing in a liquid—solid nitrogen slush or liquid Freon. The
results obtained by direct SEM analysis of the frozen—hydrated
surface can be compared with the standard transmission electron
microscope techniques of freeze—fracture replication. Although it
permits high-resolution (2.5-nm) study of replicated specimens,
freeze—fracture has always had certain technical limitations: (1) The
carbon and platinum replicas are extremely fragile, and much care
and patience are required to prepare them for electron microscope
observation. This is particularly true when large areas must be
replicated or when complementary replicas are required. (2) The
carbon and platinum replica, despite its very "real" appearance, is
not the actual sample. The sample itself has been completely
destroyed in preparing the replica and can neither be subjected to
chemical element analysis nor reprocessed for any sort of subsequent
study. (3) The investigator can neither monitor the fracture process
nor make a subsequent fracture of the same sample.

The replication step can be completely eliminated and these
three limitations can be greatly reduced if the freeze—fracture
surface is studied directly in the scanning electron microscope. In
this way, large fracture surfaces can be viewed, the sample itself is
present for X-ray analysis, and the second or third fracture planes
can be made by using the same specimen after examination of the
initial surface.

In addition to the frozen—hydrated specimen technique, two
other low-temperature SEM techniques have proved useful in our fly
ash—lung cell studies (Hayes, 1977). Freeze-drying and ethanol
cryofracture provide additional data on particle and tissue character-
istics. The freeze-drying of specimens for SEM analysis pioneered by
Boyde (1974) allows removal of water without the damaging effects
of surface-tension forces. Pulmonary alveolar macrophage cells
obtained from the dog by lung lavage were incubated with particles
of 2 nm diameter. After the cells had phagocytized the foreign
material, they were placed in modified Karnovsky's fixative and then
washed three times with distilled water. The cells, still on their
coverslips, were freeze-dried according to the procedure developed
previously for peritoneal macrophage cells (Warfel and Elberg, 1970).
Particles attached to the cell surface or surrounded by the veil-like
membranes could be seen at high tilt angle. When the cell was viewed
with the beam at 90° to the surface (0° tilt), some indication of
particles within the cell could be seen even with the short-range
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secondary electron signal. The removal of some 90% of the cell mass
by freeze-drying allows increased beam penetration and signal
extraction. Multielement X-ray mapping was carried out at rapid
television rate (Pawley and Hayes, 1976), and the color-coded images
showed discrete particles within the cell. As with the stack-collected
sample, the fly-ash particles were very heterogeneous with respect to
matrix and minor element composition. The X-ray signal is not
attenuated appreciably in leaving the cell, and X-ray maps of
individual particles within the cell could be made in 1 to 2 min. The
freeze-drying itself was carried out at — 60° C for 17 to 24 hr.

If tissue in which 100% ethanol has been substituted for water is
fractured at liquid-nitrogen temperature, a very flat surface is
produced (Humphreys, Spurlock, and Johnson, 1974). Such surfaces
are useful for the analysis of fly-ash particles in the lung where the
very open and porous nature of the tissue makes a cut surface rough
and distorted. An additional advantage of the ethanol cryofracture
technique is the lack of ice-crystal artifacts during the freezing step
itself. After the tissue is fractured, it is placed in room-temperature
alcohol and then carried through critical-point drying. Even the
delicate septa between the lung alveoli are maintained in position to
a much greater extent than in a cut surface.

POSITIONAL MORPHOLOGY ANALYSIS OF THE LUNG

Knowledge of the position of SEM morphological structure with
respect to distance along the airpath can improve our understanding
of collateral ventilation, alveolar fenestrae, contractile element
distribution, and alveolar configuration. The basic structural design
of the lung can be represented as a tube that branches. A single
continuous path consisting of one branch from each bifurcation
along this tube from hilus to pleura constitutes the unit airway. This
unit airway can be represented topologically as a straight tube with
each morphological region of the airway arrayed in sequence. This
type of schematic illustration is widely used to show the essential
structure of the airway and as an aid in integrating information from
each segment, but the unit airway is not generally viewed directly.

In the past it has not been possible to view, analyze, and
photograph an entire unit airway intact. Since the morphological
features of the airway change gradually from region to region, since
physic gical functions vary along the airway, and since disease
proce; & may localize to one region and spread characteristically,
valuable information relating each microscopic morphological feature
to its position along the airway could be obtained from analysis of



J

ANALYSES OF FLY ASH-LUNG CELL INTERACTIONS 66

such an intact unit airway. Collection of such microstructural
information as a function of position in the past required serial thin
sectioning and light or transmission electron microscopy of separate
sample blocks. Demonstration of such information required con-
struction of a model or composite diagram. Accurate determination
of the position of each bit of information with respect to distance
along the unit airway on single sections or single block surfaces has
been difficult because of the presence of many interwoven unit
airways in each section or block. One could look at single sections or
block faces and see closely packed surfaces from various levels along
the airway. Identification of the precise level of a given surface has
been difficult unless the plane of sectioning happened to follow an
airway over a considerable distance. This happens infrequently and,
at best, offers only a part of the unit airway for examination. The
basic difficulty with sectioning techniques is that the continuity of
the unit-airway structure is not maintained during preparation for
microscopy.

Our preliminary work has shown that entire unit airways can be
microdissected and viewed with SEM techniques. In contrast to the
body of microstructure literature to date, oiir work has enabled us to
see one or more continuous airways from bronchus to pleural alveoli
in each human sample. We can show progressively higher magnifica-
tions of areas of interest along the entire airway. Accessibility to
these higher magnification, high-resolution images without the loss of
identification of location along the airway is a prime contribution of
this approach.

The normal human lung has been dissected to expose the surface
of the intact airway from bronchus through bronchiole, alveolar
duct, and alveolar sac to the pleura. This continuous surface is
analyzed by light microscopy and scanning electron microscopy.
Precisely located segments can be removed for correlative transmis-
sion electron microscopy.

The presence, location, and pattern of distribution of broncho-
alveolar communications (Canals of Lambert), the numbers of
alveolar fenestrae and pores of Kohn per alveolus and the distribu-
tion of fenestrated alveoli, the continuity of contractile elements in
the bronchiole and distal ducts and sacs, and the configuration of the
mouths of unsectioned alveoli will be better understood as a function
of position along the airway unit. This microdissection preparative
technique, when combined with the frozen—hydrated specimen
viewing described above, allows direct analysis of the entire frozen
surface of the airway. Loss or translocation of particles is minimized,
and even delicate surfaces high in water content (such as the mucous
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layer) are maintained intact for morphological or elemental analysis
in the SEM.
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ABSTRACT

A model being used by the National Cancer Institute for tobacco-smoke
inhalation bioassay involves passive, intermittent exposure of male beagle dogs
to 100% cigarette smoke. Whole smoke is deposited into the head of a stand
tube located downstream of an inspiration valve. The animal withdraws smoke
from the tube via a cuffed tracheal cannula. Such systems are potentially
applicable for exposure to a wide variety of concentrated aerosols. As part of
our tobacco-smoke dosimetry studies, we have been developing instrumental
approaches to the determination of the quantity of smoke particulates inhaled
and/or retained by the exposed animal.

The instrumentation package uses a smoke-concentration sensor and a
laminar-flow meter. The light-emitting-diode—phototransistor aerosol sensor is
mounted at the entrance to the animal's tracheal cannula and relates
backscattered infrared light to smoke concentration in the cannula. Response of
the sensor is linear over a wide range of aerosol concentrations (10 jUg/liter to
100 mg/liter). Inhaled flow is measured at the inspiration valve of the
smoke-exposure system. This configuration permits visualization and quantita-
tion of animal breathing patterns during smoke exposure. Amplified signals are
multiplied electronically so that smoke registers as being inhaled only when it is
drawn into the cannula. The integral of the product of smoke concentration and
instantaneous flow rate is directly related to the inhaled-smoke dose.

Evaluation of the system under a wide range of inspiratory flows and
simulated breathing patterns indicates that the relative standard deviation of the
integrated response per unit of particulate matter is about 4% for the smoke of a
standard experimental blend cigarette. Observations made during field tests with
beagle dogs indicate that animals seldom overrange the linear range of the flow
system and that fogging of the sensor by exhaled breath is not a significant
problem. Animals were observed to inhale 23 to 100% of the tobacco smoke
made available for inhalation, with most animals averaging 90%.

68
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In the search for a "relevant" procedure to assess the biological
impact of chronic tobacco-smoke exposure, several investigators have
used inhalation bioassays (Auerbach et al., 1967; Binns and Wilton,
1978; McGill et al., 1978; Coates and Richardson, 1978). One model
being used by the National Cancer Institute's Smoking and Health
Program (NCI S&HP) involves exposure of male beagle dogs to whole
cigarette smoke. The smoke is generated under standard puffing
conditions (Pillsbury et al., 1969) by an ADL/II smoke-exposure
system (Arthur D. Little, Inc., Cambridge, Mass.) at two puffs per
minute. The animals are connected to the exposure system through a
large-bore flexible tube and a cuffed tracheostomy tube as depicted
in Fig. 1. Since the only pathway of air into the lungs is through the
stand tube, puffs of smoke injected into the head of the stand tube
ought to be rapidly cleared into the lungs in the course of the
animal's normal respiration. Such an animal model—exposure system
is of potential utility for a wide variety of concentrated aerosol
exposures because it can offer the animal discrete, defined amounts
of aerosol over a wide range of breathing patterns.

Since the smoke is machine generated under well-characterized
conditions, the amount of smoke offered each animal for inhalation
is fairly constant (Guerin and Stokely, 1976). The irritation of the
tobacco smoke, however, causes the animals to attempt to avoid
deep inhalation. For this and other reasons, radiolabeled tracer
studies have indicated large animal-to-animal variations in the
amount of smoke particulates deposited in the respiratory tracts of

ADL/II
EXPOSURE SYSTEM

TRACHEA

CUFF

CANNULA

EXHALED
AIR AND SMOKE

• # • •

Fig. 1 Schematic of system for chronic exposure of beagle dogs to
whole tobacco smoke.
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dogs (R. A. Jenkins, unpublished results). Presumably, interpretation
of pathology resulting from the bioassays depends on the quantity of
smoke retained by the animal. Clearly, it would be desirable to assess
this dose level (without sacrifice of the animal) on a routine basis
throughout the course of the bioassay. Although analytical pro-
cedures for biochemical markers of smoke exposure [such as
nicotine—cotinine in urine (Maskarinec, Harvey, and Caton, 1978) or
serum thiocyanate (Butts, Kuehneman, and Widdowson, 1974)]
exist, their utility as quantitative indicators of retained dose has yet
to be validated. As part of Oak Ridge National Laboratory's (ORNL)
analytical and instrumental support for the NCI S&HP, we have been
investigating instrumental methods for tobacco-smoke dosimetry.

Ideally, such instrumentation would quantitatively determine the
amount of smoke aerosol inhaled and retained by the individual
animal while exhibiting the following characteristics:

1. The instrument system would be completely noninvasive to
the experimental animal.

2. The system would interfere with neither the smoke generation
nor the inhalation process.

3. The system should be rugged and capable of extended use
under field conditions.

The purpose of this paper is to describe the design and
performance of an instrument package that has been used to
quantitatively determine the amount of cigarette smoke inhaled by
experimental animals under chronic exposure conditions.

EXPERIMENTAL DESIGN

Design and operation of the noninvasive instrumental dosimeter
is based on the following equation:

D = / £ C F d t (1)

where D = smoke dose inhaled or exhaled, mg of total particulate
matter (TPM) per cigarette

C = concentration of smoke particulates entering or exiting
the tracheal cannula, mg/liter

F = flow rate of air—smoke mix into or out of the cannula,
liters/min

t = time required to consume one cigarette

In practice the dosimeter designed to quantitate the amount of
particulates retained by the animal is constructed according to the
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scheme depicted in Fig. 2. Smoke concentration is then measured at
the tracheal cannula; inhaled flow is measured upstream of the
cannula, whereas exhaled flow is measured downstream. The work
reported here involves development of that part of the entire system
which is designed to quantitate the amount of smoke inhaled. Since
only the product of the smoke and the flow signals is integrated as
dose, an integrated response is obtained only when smoke is present
in front of the sensor and is flowing into the animal. Whenever the
smoke concentration is zero or the flow into the cannula is zero,
dose is registered as zero.

FLOW
INHALED

I
SMOKE

CONCENTRATION

|

FLOW
EXHALED

MULTIPLIER

>
MULTIPLIER

» INTEGRATOR

INTEGRATOR

TOTAL SMOKE
INHALc n

DIFFERENCE
AMPLIFIER

SMOKE DOSE
RETAINED

EXHALED

Fig. 2 Schematic of a noninvasive smoke-particulate dosimeter.

Measurement of Smoke Concentration

Smoke-particulate concentrations were determined with a com-
bination light-emitting diode—phototransistor device (Optron model
OPB-710, Optron Inc., Carrollton, Tex.). The operation of the device
and supporting circuitry and its use as a smoke-concentration sensor
have been described in detail elsewhere (Higgins, Gayle, and Stokely,
1978). Briefly, the sensor measures instantaneous smoke concentra-
tion by monitoring infrared light backscattered from the smoke
particulates. The sensor is mounted in a small plastic tube at the
entrance to the tracheal cannula, as shown in Fig. 3. Such a
mounting permits rapid changing of the sensor among animals. The
positioning of the sensor downstream of the T-tube allows only those
smoke particulates which are drawn out of the stand tube to be
registered as having been inhaled. In addition, the sensor is in a
proper position for measuring exhaled smoke particulates. From the
data in Table 1, the response of the smoke sensor is essentially linear
over the range of aerosol concentrations (100 Mg/liter to 100 mg/
liter) which would normally be encountered in smoke exposures of
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Fig. 3 Smoke-p«rticul»t« tenaor connected to the head of a cuffed
tracheai cannula.

i
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TABLE 1

Response of the Smoke-Concentration Sensor:
Comparison with Calculated Smoke Concentrations

73

Smoke
concentration, %

lOOf
76.3
58.3
44.4
33.9
25.9
19.8
15.1
11.5

Sensor
response*

100
73.5
55.7
41.5
31.4
23.6
18.2
13.2
10.2

Smoke
concentration, %

8.7
5.83
3.39
1.98
1.15
0.67
0.22$
0.077

{

Sensor
response*

7.8
5.86
3.42
2.01
1.17
0.68
0.203
0.055

•Normalized to 100%.
t Approximately 100 mg/liter.
$ Approximately 220 (Xg/Uter.

this type. In addition, it is sufficiently sensitive to be of use in
quantitating aerosols as dilute as 10 Mg/Hter.

As expected, response of the sensor is somewhat dependent on
particle size because of the greater backscattering efficiency of larger
particulates. For example, in dilute (~10%), stirred smoke, response
of the sensor will increase a few percent over 30 sec. However, in the
ADL/II stand tube, this increase is apparently mitigated by other
factors. Figure 4 depicts the typical response of the sensor system to
a puff of smoke introduced into the ADL/II stand tube. Once the
entire puff is stationary in the tube, response of the sensor is
essentially constant over the next 10 to 12 sec, the maximum period
of time which the smoke might be expected to remain in the stand
tube before being withdrawn by the animal. Settling of the smoke
particulates may act to offset the increase in sensor response caused
by coagulation.

Measurement of Inhalation Flow Rates

An 80 liter/min pneumotachograph (model 7319-1, Medical
Products, Blue Bell, Pa.) with a high-sensitivity differential pressure
transducer was chosen to measure inhaled flows. Within the designed
operating range of the pneumotachograph, pressure drop is directly
proportional to flow rate, which simplifies the supporting electronic
circuitry. In addition, pressure drop across the pneumotachograph
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Fig. 4 Sensor response to cigarette smoke, representing a 35-cm3

puff injected into the head of an ADL/II stand tube.

even at the high flow rates is very low (~1 cm H2 O at 80 liters/min,
a small fraction of the total system pressure drop at that flow),
which is essential if the animal's breathing pattern is to remain
unaltered. The pneumotachograph was installed immediately up-
stream of the inhalation valve on the ADL/II exposure system as
shown in Fig. 5. This positioning protected the pneumotachograph
from whole smoke generated by the ADL/II and permitted con-
venient transfer of the pneumotachograph—pressure transducer
among machines. The differential pressure transducer used to
measure the pressure drop across the pneumotachograph was a
variable reluctance unit (model MP45, Validyne Engineering Corp.,
Northridge, Calif.), and it is used with the carrier demodulator unit
of the same company. In the final field-use model, the pneumotacho-
graph and pressure transducer will be incorporated into a single
plug-in module.

Since the animal is exposed with a cuffed tracheal cannula, the
total volume of air drawn past the sensor into the cannula is the same
as that flowing through the inhalation valve, except for the two
35-cm3 puffs per minute. However, owing to the volume and
distance between the pneumotachograph—inhalation valve and the
smoke sensor, the instantaneous flow rate measured at the inhalation
valve is only an estimate of the flow rate past the sensor. The
magnitude of the time lag between achievement of identical flow
rates is important to the accuracy of the multiplied smoke—flow
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Fig. 5 Pneumotachograph—pressure transducer attached to inhala-
tion valve of an ADL/H smoke-exposure system.

response. The time lag was estimated to be that resulting from the
speed of sound through the system (~1 msec/ft or ~2 msec total).
For determining if such an estimate was correct, flow rates from
matched pneumotachographs placed at the cannula entrance and at
the ADL/II inhalation valve were compared on oscillographic traces
when the system was exposed to a rapid inspiratory flow. Such a
comparison is shown in Fig. 6. These comparative data indicated a
time delay of ~4 msec between initiation of flow through the
cannula and flow through the ADL/II inhalation valve. Since the
most rapid breathing cycle observed (see section on Field Evaluation
Trials) had a period of ~200 msec, the ~4 msec time delay was not
thought to cause a significant inaccuracy in the system response.

Instrumental Configuration

A schematic diagram of the inhaled-smoke dosimeter is presented
in Fig. 7. Details of the electronic circuitry are found in Fig. 8. Input
circuitry for the smoke-particulate sensor provides power for its
light-emitting diode as well as span and zero controls for the



76 JENKINS AND GAYLE

'e ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ H ADL/II
INHALATION

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 1 VALVE

P
IE

^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 1 CANNULA

15 T
liters/min J_

TIME, msec
10 msec

Fig. 6 Response of flow-measurement system to rapid inspiratory
flow. Dual-trace oscillograph compares responses measured simul-
taneously at the tracheal cannula (bottom curve) and at the ADL/II
inhalation valve (top curve).

phototransistor sensor output. Both the particulate and the flow-rate
signals are amplified to provide levels of 0 to 10 V prior to
multiplication. The input amplifiers are differential input-
instrumentation types for superior common mode rejection and high
stability.

The analog multiplier accepts the two 0- to 10-V signals and
delivers a 0- to 10-V output signal representing the product of the
two inputs divided by 10. The multiplier selected is of the
log—antilog type in which the input voltages are converted to
logarithmic signals, added together, and passed through an antilog
circuit. Accuracy of the multiplier is better than 0.2% with
low-output offset and frequency response flat to 50 kHz. Although
these parameters are vital, a critical feature in this application is low
"feedthrough"; i.e., the output product signal must be zero when
either input signal is zero, even though the other signal is near
maximum and/or rapidly changing. In the system described the flow
signal is almost constantly varying, whereas the particulate signal
increases only once per 30-sec interval. The particulate level may stay
at an elevated value since smoke is temporarily immobile in the stand
tube. Under these conditions a zero output is vital, and in practice
this proved to be attainable. The external trim potentiometers for
the multiplier as shown in Fig. 8 are absolutely necessary, and their
careful adjustment is a prerequisite for good performance. Small
output zero (OZ) shifts in the multiplier were experienced during
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Fig. 8 Circuit schematic for an inhaled-smoke dosimeter.

extended operation, but readjustment of the OZ trim potentiometer
was infrequently necessary.

The 0- to 10-V multiplier output signal, representing dose rate, is
connected through a selector switch to a voltage-to-frequency (V/F)
converter. The converter output frequency is 0 to 10 kHz and is
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linear within 0.01% over five decades of voltage input. The output
continuously tracks the 0- to 10-V input signal and responds directly
to changes in the input signal; external clock synchronization is not
required. The output pulse train is adjustable from 5 to 12 V and
drives a miniature seven-digit solid-state counter with integral
light-emitting diode (LED) display. Counting speed is in excess of 20
kHz. The accumulated or integrated ddse is read from the seven-digit
display of the counter on the front of the instrument housing. A
reset switch is incorporated on the face of the counter, and an
external hold switch is mounted adjacent to the counter.
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Several meters have been incorporated in the instrument design
to aid in initial operation of the system. The digital voltmeter is used
primarily to accurately set zero for both the smoke and the flow
channels prior to operation and to observe any multiplier OZ shift.
The three small analog meters are used to observe the average smoke,
flow, and dose signals (simultaneously) during operation. Output
jacks have been provided such that all three signals of interest may be
monitored externally or interfaced to computing systems. In the
exposures described a dual-trace storage oscilloscope was connected
to these outputs to monitor phase relationships of the signals, and a
strip chart recorder was connected io the flow signal output to
record animal breathing patterns.

In addition, for virtually all our studies, the output of the
differential pressure transducer was attenuated such that a full-scale
response was achieved with peak flows of 40 liters/min. This acted to
bring low flow signals into a more central portion of the dynamic
range of the amplifier electronics. It was suspected that animals
would achieve peak inspiratory flows of greater than 40 liters/min
infrequently and that occasional overranging of the system would
not significantly alter inhaled-dose determinations.

RESULTS AND DISCUSSION

Laboratory Evaluation

The performance of the inhaled-smoke dosimeter was evaluated
in our laboratory to determine the consistency of response to given
amounts of smoke under both constant and intermittent flows. For
various constant-flow conditions, a vacuum source was used to
withdraw smoke from the exposure-system stand tube. To simulate
animal breathing patterns, a variable-phase large-animal ventilator
(Harvard model 613, Harvard Apparatus Co., Mills, Mass.) was used
to produce intermittent flows. The ADL/II generated smoke from
experimental cigarettes, the particulate matter of which was col-
lected immediately downstream of the cannula on a standard 44-mm
Cambridge Filter Corp. (Syracuse, N. Y.) filter-pad assembly (Wart-
man, Cogbill, and Harlow, 1959). After collection the filter pads
were extracted with ethanol, and an aliquot of the extract was
analyzed for nicotine gas chromatographically (Wagner and Thag-
gard, 1979). The amount of nicotine collected was taken
as a more accurate indicator of the total amount of smoke passing
through the cahnula than the weight of TPM collected. At
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high-collection flow rates, loss of more volatile constituents of the
TPM can lead to a substantial reduction in the apparent weight of the
particulate matter collected. Results of these evaluation studies are
presented in Table 2. Under constant-flow conditions at flow rates
less than 40 liters/min, the response of the dosimeter per milligram
of nicotine is fairly constant. The apparent elevated response at the
highest flow rate is due to a reduced nicotine collection efficiency.
For the intermittent-flow measurements, the mean normalized
dosimeter response for Code 32 cigarettes (weight and pressure drop
selected) was 2004 ±77 counts per milligram of nicotine or less than
4% relative standard deviation. This level of variability approximates

TABLE 2

Inhaled-Smoke Dosimeter: Response as a Function of
Smoke-Collection Parameters* for Code 32 Cigarettes

Cannula
flow rate,
liters/min

2
5

10
20
40

Respirator settings, Dosimeter
strokes/min

ml/stroke

10 X 100
20 X 100
30 X 100
50 X 100

5X 200
10 X 200
20 X 200
30 X 200
50 X 200

5X 400
10 X 400
20 X 400
30 X 400

X response,
integrator counts

Constant Flowt

4469 ±185
4727 + 167
4579 ±158
4355 ±181
4039 ± 220

Intermittent Flow*-

4696 + 119
4623 + 246
5128 + 356
4766 + 354

4221 + 360
4073 + 260
4343 + 440
4081+446
4777+776
4830 + 192
4954 + 167
4849 + 325
4781±191

Nicotine
collected,

mg/cigarette

2.37 ± 0.28
2.60 ±0.13
2.36+0.32
2.26 ± 0.12
1.90 ± 0.30

2.36 ±0.14
2.26 ± 0.06
2.62 ± 0.06
2.53 ± 0.35

2.06 ± 0.08
2.05 ± 0.11
2.16 ±0.18
2.00 ± 0.08
2.18 ± 0.07

2.44 ± 0.19
2.54 ± 0.06
2.54 ± 0.20
2.33 ± 0.08

Response,
counts/mg
nicotine

1886
1818
1940
1927
2126

1990
2046
1957
1884

2049
1987
2011
2040
2191

1980
1950
1909
2052

*ADL/II exposure system generated smoke at two puffs pel- minute.
fSmoke was withdrawn from cannula under constant-flow conditions.
| Harvard large-animal respirator was used to withdraw smoke from cannula

under intermittent-flow conditions.
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that of smoke constituent deliveries from cigarettes smoked under
standard conditions and suggests that any variation in response of the
dosimeter would not make an important contribution to inaccuracy
in estimated inhaled-smoke dose.

Field Evaluation Trials

Since laboratory evaluation of the dosimeter had indicated that
response was proportional to the amount of smoke passing by the
sensor over a wide range of flow conditions, the purpose of the field
evaluation trials was to assess the magnitude of potential, problems
which might be associated with use of the dosimeter on live animals.
The field testing of the system was performed with male beagle dogs
undergoing chronic tobacco smoke exposure at Borriston Research
Laboratories (Temple Hills, Md.). This inhalation bioassay, which is
being sponsored by the NCI S&HP, is designed to assess the relative
importance of nicotine levels and an anticiliastatic agent in cigarette
smoke. Dosimeter measurements were made on the animals as part of
their daily exposure routine.

One of the questions to be answered by the animal evaluation
studies concerned the frequency at which smoke-exposed animals
would exceed peak inhaled flow rates of 40 liters/min. Figure 9
presents some selected chart-recorder tracings of animal breathing
patterns during actual smoke exposure. Note the diversity of
breathing patterns. For example, dog 5083 was a very shallow
breather who was succeeding in pumping smoke past the cannula and
out the exhalation valve without inhaling much smoke. The
dosimeter measurement confirmed the visual observations (Table 3).
Dog 5228 is typical of the dogs that would occasionally overrange
the arbitrary ceiling of 40 liters/min. Although the strip chart
recorder pen response was not sufficiently fast to exactly follow
some of the more rapid breathing patterns, oscilloscope traces
confirmed that only occasional flow overranging was occurring. Of
course, overrange will only result in an error when smoke is present
at the entrance to the cannula. Since this represents a fairly small
fraction of the total smoke-exposure cycle and since an overranged
condition would be in error only by the fraction of the total flow
above 40 liters/min, the occasional peak respiratory flows above 40
liters/min which were observed were not thought to contribute
significantly to inhaled-smoke dose-measurement error.

Another potential concern was the fogging of the sensor by
exhaled breath, such as occurs when a person cleaning eyeglasses
deliberately fogs them by rapid exhalation. Such fogging would cause
a zero shift in the smoke sensor and would result in a false positive
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smoke signal if the fogging remained during inhalation. Occasional
fogging of the sensor did occur but only to the extent of 0.1 to 0.2%
of the full-scale response, essentially an insignificant amount.

Table 3 presents some of the estimated inhaled-particulate doses
determined during the course of the evaluation studies. The
equivalent total particulate matter (TPM) inhaled has been estimated
by relating the dosimeter response to nicotine and TPM collected
during calibration runs at ORNL for each cigarette type used. A
number of observations should be noted. First, even with a given
exposure group (cigarette code), there was considerable variation in
the amount of smoke inhaled. Some of the animals were determined
to be fairly consistent smoke inhalers (such as dog 5042), whereas
others (such as dog 5313) exhibited a greater run-to-run variability.
Presumably, there were similar variations in the amounts of smoke
exhaled, and thus retained, by the exposed animals. Some of this
variability was due to differences in the way in which individual dogs
breathe, but the remainder was due to differences in the amounts of
smoke generated by the exposure systems. For example, dogs 5291
and 5273 (code 67) were exposed with one machine, whereas
dogs 6002 and 6028 were exposed with another. Judging from visual
observation of the distance the fire cone traveled on each puff, the
first machine was producing considerably less smoke than the
second. This difference was most likely responsible for the dif-
ferences in the estimated inhaled dose, since independent measure-
ment of inhalation flow rates during the exposures suggested few
differences among the breathing patterns of the four animals.

Inhaled-dose measurement can be used to document and correct
exposure errors. For example, the low inhaled-dose measurement and
unusual breathing pattern on run 1 with dog 5334 led us to check
the dog's cannula. We discovered that the cuff on that cannula had
become deflated. Readjustment of the cannula after the sixth puff of
the second cigarette led to a somewhat higher inhaled-smoke dose on
that cigarette. On the third cigarette, when the cuffed cannula was
performing properly during the entire run, the amount of smoke the
animal inhaled was still greater. Overall the animals were observed to
inhale 23 to 100% of the smoke particulates made available for
inhalation, with most animals averaging 90%.

CONCLUSIONS

Because it can be used repeatedly and noninvasively with animals
under chronic exposure conditions, we believe that this type of
instrumentation will serve as an important extension of current
procedures for defining aerosol exposure in chronic inhalation



TABLE 3

Estimated Inhaled-Smoke Doses for Selected Animals at Borriston Research Laboratories

Dog No. Run No.

Dosimeter
response,

counts

Equivalent
TPM* inhaled,

mg/cigarette

Code 13 Cigarette Exposure Group

5041

5083

5334

5211

2300
2376

761
1803
1160

2161
3025
4053

3517
3669
3981

25.1
26.0

8.3
19.7
12.7

23.6
33.1
44.3

38.4
40.1
43.5

Code 32 Cigarette Exposure Group

5042

5228

5110

1
2
3

1
2
3
4
5

I
2

3239
3439
3295

4069
4148
5041
3291
3400

3381
4108

25.1
26.7
25.5

31.5
32.2
39.1
25.5
26.4

26.2
31.8

Dog No. Run No.

Dosimeter
response,

counts

Equivalent
TPM* inhaled,
mg/cigarette

Code 11 Cigarette Exposure Group

5165

5148

5196

5313

6002

6028

5291

5273

1 25 IS
2226
3000

2722
2454
2502

4879
3898

3919
2847
4360

21.2
18.7
25.2

22.9
20.6
21.0

41.0
32.8

32.9
23.9
36.6

Code 67 Cigarette Exposure Group

1 5152 46.0
50.0

5152
5600
5200

4559
53110
5193

2954
3810
3140

2137
2133
29 5»

46.4

40.7
47.6
4G.4

26.4
31.0
28.0

21.8
21.8
26.4
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*Total particulate matter.
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bioassays. Also, it may be used for animal selection prior to the
chronic phase of a study, to weed out animals that are more likely to
avoid the smoke insult. Currently the exhaled-smoke dosimeter—the
second half of the retained-dose instrument package—is under
design. Some preliminary experiments have indicated that 100%
smoke can be exhaled through a second 80 liter/min pneumotacho-
graph with no significant smoke-condensation problems.
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ABSTRACT

Toxicity of soluble beryllium salts is well established, but little is known about
their distribution after inhalation exposure. In a nose-only exposure facility,
male Dunkin—Hartley guinea pigs were exposed for 55 min to a dried, deionized
aerosol of 7BetH2 generated from an aqueous solution by a collision jet
nebulizer. The concentration within the chamber was 230 jug Be/m3; particles
were in the respirable range. Distribution of 7Be was determined at 0, 3, 48, and
336 hr postexposure. A whole-body counter and a gamma scintillation counter
were used to quantitate 7Be. Approximately 50% of the beryllium was deposited
in the soft tissue, predominantly in the lung and the gastrointestinal tract, with
trace amounts in the liver, kidney, and trachea. Half of the animals had a
beryllium concentration in the right lung which was twice that of the left; in
others, the concentration was similar. Beryllium content in the lobes of the right
lung was in the order of caudal > middle > cranial > accessory, whereas in the
left lung beryllium was predominantly localized in the cranial and caudal lobes.
Significantly more beryllium was in the upper portion of the caudal lobes of
both lungs and the middle lobe of the right. These relationships remained the
same over the course of the experiment. By 48 hr, the whole-body beryllium
burden was decreased by approximately 40%; reduction in the beryllium content
of the gastrointestinal tract accounted for 70% of this decrease. This study
indicates that inhaled BeCl, is not uniformly deposited in the lung and that the
gastrointestinal tract plays a major role in its excretion.

Beryllium is a lightweight metal that is widely used in the
manufacture of fatigue-resistant alloys, nuclear reactors, space
vehicles, and missile parts (Reeves, 1916). Inhalation exposure during
the mining, processing, manufacturing, or utilization of beryllium
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compounds is known to cause chronic pulmonary damage. One type
of response is a nonnecrotizing granuloma indistinguishable from
sarcoidosis. A second type of response, which proceeds to pulmonary
fibrosis, is a more diffuse interstitial chronic inflammatory reaction
(Morgan and Seaton, 1975). The mechanisms by which beryllium
causes these pulmonary lesions are not known.

There have been a few reports describing the distribution and
retention of beryllium in experimental animals. In some studies the
beryllium was administered by intravenous injection (Hard, Skilleter,
and Reiner, 1977; Skilleter and Price, 1978). In other studies the
route of administration was through the inhalation of beryllium
aerosols (Reeves and Vorward, 1967; Sanders et al., 1975), but in
our experiments the whole body was exposed to the aerosol stream.
To avoid some of the inherent problems associated with whole-body
aerosol exposure (e.g., the deposition of beryllium on the fui of the
animals) and to make the experimental conditions as physiologically
real as possible, we have undertaken to study the distribution and
retention of beryllium aerosols in the guinea pig by using a nose-only
exposure facility. At each time of sacrifice, the amount of beryllium
in the whole animal, nasopharyngeal—skull region, and muscula-
ture—skeleton region as well as the beryllium content in the lung,
trachea, gastrointestinal tract, heart, esophagus, spleen, liver, kidney,
and blood were quantified. Metabolic studies, in which urine and
feces were collected and measured for beryllium content, were also
performed.

MATERIALS AND METHODS

Animals

The animals used in this study were Dunkin—Hartley guinea pigs
purchased from Camm Laboratories (Wayne, N. J.). Only males were
used, with body weights between 265 and 299 g. Animals were
maintained in air-conditioned quarters in Acme cages and fed Purina
Guinea Pig Chow ad libitum. For the first 7 days after arrival, the
tap-water source was supplemented with tetracycline, but at times
thereafter the animals drank nonmedicated water. In experiments
that required the collection of feces and urine, animals were housed
in metabolic cages.

Radioactivity Measurements

The BeCljjj used in this study was purchased from Apache
Chemicals. Amersham/Searle Corp. served as the source of carrier-
free 7Be, which was supplied in the chloride form. A Beckman
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Biogamma scintillation counter and a Picker Corp., Nuclear
Marketing, Dynacamera whole-body counter were used to quantitate
7 Be. Corrections to account for the differences in counting
efficiency between the two machines were made for each
experiment. Corrections were also made to acount for the decay
of7 Be.

Exposure Chamber

The chamber was designed to allow only the nostrils of the
animal to protrude into the aerosol stream. Animals were restrained
in enclosures that mounted directly into one of the 18 exposure
ports (Fig. 1). The inner exposure unit and the animal enclosures
comprised a sealed unit around which an outer protective unit was
fashioned (Fig. 2); the complete exposure chamber was placed within
a conventional laboratory hood (Fig. 1). During operation of the
chamber, the system was maintained under negative pressure.
Personnel wore protective clothing and respirators.

Aerosol Generation

The test aerosol was produced by forcing filtered, pressurized air
through a collision jet nebulizer containing an aqueous solution of
0.1% BeCl2 to which 1 mCi of 7Be (as the chloride) had been added.
The fine mist produced by the nebuiization process was then passed
through a deionization chamber that served to remove residual
electrostatic charge as well as to dry and mix the aerosol. After
passing through the laminar-flow exposure chamber, the beryllium
was removed from the airflow by clean-up filters. The clean air,
pulled through two rotameters by a vacuum pump, was released into
the laboratory hood (Fig. 1).

Determination of Particle Size of BeCI2 Aerosol

To determine the particle size of the BeCl2 aerosol, we collected
samples of the aerosol on Nucleopore filters for a 20-min period
during operation of the chamber. After exposure the filters were
mounted on carbon stubs and coated with gold—palladium. The
image obtained by scanning electron microscopy was then photo-
graphed, and the size of the particles was measured.

Determination of Particle Uniformity in Exposure Chamber

All sampling was accomplished by mounting open-faced mem-
brane filter holders at t ie end of nine of the animal restrainers. The
restrainers were then positioned in exposure ports selected to give
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Fig. 1 View of nose-only exposure chamber. The chamber has 18
ports; 16 can accommodate animals and two are used to sample the
radioactive aerosol during exposure.

Iftg. 2 View of exposure chamber.
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adequate representation of the three rows and six columns in the
chamber. A fluorescein—cesium chloride solution (0.1%) was aerosol-
ized for 30 min. The dye was eluted from the filters with distilled
water. The fluorescence of the dye eluted from each filter was
measured with a Turner model 111 fluorometer, using the 2A and
47B primary filters and the 8 and 65A secondary filters. Similar
particle-distribution studies were performed using a 7BeCl2 solution.

Determination of BeCI2 Concentration Within Exposure Chamber

The concentration of BeCl2 within the chamber was checked
during each exposure. The protocol was essentially the same as was
used to determine the uniformity in particle distribution within the
chamber except that the 7BeCl2 aerosol was collected on filters
affixed to only two of the 18 ports. By knowing the specific activity
of the 7 BeCl2 solution in the nebulizer, the counts per minute of
7 Be collected on each filter, and the airflow, expressed as liters per
minute, we could calculate the concentration of beryllium within the
chamber.

Protocol for Studying Beryllium Distribution in the Guinea Pig

A total of 16 guinea pigs were exposed for 55 min to a 7 BeCU
aerosol at a concentration of 230 jug Be/m3. Animals were dis-
tributed uniformly with respect to weight in the three rows and six
columns of the chamber. Immediately after exposure, and at 3, 48,
and 336 hr postexposure, four animals were sacrificed by an
overdose of sodium pentabarbital administered intraperitoneally; 100
units of heparin was also injected intraperitoneally to prolong
clotting time. The chest cavity of each of the four animals was
opened; tracheas of all animals were clamped off within 20 min. The
beryllium present in the blood (removed by heart puncture), was
estimated by counting a 4-ml sample. Lungs, trachea, esophagus,
liver, spleen, heart, and gastrointestinal tract were removed from
each animal. The right lung was separated from the left lung; the
lobes of the right lung (i.e., caudal, cranial, middle, and accessory)
and the lobes of the left lung (i.e., caudal, cranial, and middle) were
also isolated. The radioactivity present in all soft tissue except the
gastrointestinal tract was determined with the Beckman Biogamma
counter. After the soft tissue was removed from the animal, the head
of the animal was severed. A whole-body counter (Picker Corp.,
Nuclear Marketing) was used to determine the radioactivity present
in (1) the whole body, (2) the gastrointestinal ttact, (3) the naso-
pharyngeal region—skull, and (4) the remaining carcass which was
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assumed to represent the musculature and skeleton of the animals.
By knowing the specific activity of the BeCk in the nebulizer, we
could calculate the picomoles of beryllium present in the various
tissues and anatomical parts of the animal. Wet and dry weights of
organs and/or parts of organs were determined on a Mettler
analytical balance. Tissue was dried at 110°C, cooled in a desiccator,
and then weighed to an accuracy of 0.1 mg. Beryllium content in
soft tissue was expressed as picomoles per organ, picomoles per gram
of wet weight, or picomoles per gram of dry weight. The four
animals selected for the 336-hr sacrifice time point were maintained
in metabolic cages. The total urine volume and fecal weight were
determined daily. The radioactivity in 1 ml of urine or 1 g of feces
was measured to calculate the picomoles of beryllium excreted.

RESULTS

Characterization of Nose-Only Exposure Chamber

The fluorescein—cesium chloride aerosol procedure was used
initially to check for leaks and to determine the uniformity of
particle distribution within the chamber. The variability in the
amount of dye collected on the nine filters was less than 6%, and the
variation from run to run, with the same settings, was less than 10%.
Subsequent experiments with an aerosol of 7BeCl2 yielded essen-
tially the same results. Particle-size analysis indicated that the mean
projected area size of the BeCl2 aerosol was 0.6 jrni; no particles
larger than 3 jum were observed.

Deposition of Beryllium in Guinea Pig Bodies

As indicated in Table 1, of the total amount of beryllium
deposited in the animals immediately after exposing them to the
BeCl2 aerosol, 26% of the beryllium was deposited in soft tissue,
56% in the nasopharyngeal—skull region, and 18% in the remaining
carcass (i.e., musculature—skeleton). By 3 hr postexposure, however,
a significant redistribution of beryllium occurred between the
nasopharyngeal—skull region and soft tissue; beryllium present in the
nasopharyngeal—Skull region was reduced by almost half; and there
was a concomitant increase in concentration of beryllium in soft
tissue. As time passed, the beryllium content decreased continuously
in all major anatomical regions of the body, with the exception of
the musculature and skeleton of the animals.
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TABLE 1

Distribution and Retention of Beryllium in Guinea Pig Bodies
After Administration of a BeCl2 Aerosol

Time after
exposure,

hr*

0

3

48

336

Soft tissue

63.58
(9.80)
n = 4t

123.8
(7.02)
n = 4

31.04
(2.22)
n = 4

11.32
(1.93)
n = 4

Beryllium,t pmcA
Nasopharyngeal

skull region

137.1
(6.29)
n = 4

67.87
(20.61)
n = 4

49.25
(4.68)
n = 4

9.21
(1.00)
n= 4

Remaining carcass Whole body

43.14
(6.08)
n = 4

41.88
(5.10)
n = 4

46.28
(2.64)
n = 4

45.83
(2.51)
n = 4

252.6
(10.33)
n= 16

137.7
(5.69)
n = 4

89.96
(3.08)
n = 4

*At various times over the course of 336 hr, four animals were sacrificed,
and the whole-body beryllium level was determined.

tFigures in parentheses indicate the standard error of the mean.
iFor whole-body beryllium content, n values vary from 4 to 16 as indicated.

Distribution of Beryllium in Guinea Pig Soft Tissue

The major percentage of beryllium deposited initially in soft
tissue of the animal was found in the lungs (51%) and the
gastrointestinal tract (34%); of the remaining beryllium found in the
other organs, beryllium content in the liver > kidney > heart >
trachea > spleen > esophagus (Table 2); no beryllium was detected
in the blood. Normalizing the beryllium concentration for the weight
of each organ, however, showed that beryllium present per gram of
lung tissue > trachea > esophagus > heart > spleen > kidney >
gastrointestinal tract > liver.

Significantly more beryllium was initially deposited in the right
lung than in the left lung. A nonuniformity in beryllium distribution
between lungs was observed when the beryllium concentration was
normalized with respect to wet or dry weight, but these differences
were not statistically significant (Table 3). Analysis of beryllium
content in the lobes of the lung (Table 4) indicated that the amount
of beryllium in the right caudal lobe > right middle lobe > right
accessory lobe > right cranial lobe, whereas beryllium content in the



TABLE 2

Beryllium Distribution in Guinea Pig Tissue After Administration of a BeCl: Aerosol*

Time after
exposure.

hr

0

3

48

336

0

3

48

336

Total
lung

32.65
(2.13)$
31.06
(4.56)
14.49
(1.33)
8.60
(0.86)

16.89
(1.06)
17.29
(2.98)
7.29
(0.41)
4.22
(0.63)

Gastro-
intestinal

tract

21.71
(9.90)
85.85
(9.18)
10.65
(2.13)
0.0
(0.0)

0.45
(0.21)
1.82
(0.11)
0.20
(0.04)
0.0
(0.0)

Liver

4.88
(0.57)
4.21
(0.60)
4.28
(0.16)
1.67
(0.09)

Beryllium concentration,t pmol

Spleen

Beryllium

0.47
(0.14)
0,18
(0.05)
0,09
(0.06)
0.03
(0.01)

Kidney

per Organ

1.90
(0.52)
1.11
(0.11)
1.24
(0.13)
0.35
(0.02)

Trachea

0.86
(0.82)
0.03
(0.02)
0.18
(0.03)
0.08
(0.01)

Beryllium per Gram of Wet Weight

0.36
(0.05)
0.33
(0.07)
0.33
(0.03)
0.12
(0.01)

0.70
(0.22)
0.30
(0.09)
0,12
(0.07)
0,06
(0.01)

0.63
(0.16)
0.53
(0.04)
0.45
(0.05)
0.33
(0.22)

5.43
(5.09)
0.14
(0.08)
0.93
(0.23)
0.40
(0.08)

Esophagus

0.18
(0.05)
0.93
(0.21)

0.03
(0.01)

1.19
(0.36)
7.15
(1.53)

0.16
(0.04)

Heart

0,95
(0.21)
0.17
(0.05)
0.11
(0.05)
0.02
(0.01)

0.80
(0.19)
0.16
(0.05)
(0.05)
(0.01)
0.02
(0.01)

Soft
tissue

63.60
(9.80)
123.8:5
(7.02)
31.04
(2.22)
10.78
(1.93)
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Beryllium per Gram of Dry Weight

48

336

80.67
(•1.50)
80.71
(12.15)
35.73
(3.01)
21.67

2.3-1
(0.87)
U.80
(0.78)
1.27
(0.2-1)
0.0

1.78
(0.35)
1.32
(0.28)
1.21
(0.14)
0.44

3.04
(0.94)
1.29
(0.34)
0.53
(0.33)
0.26

2.64
(0.68)
2.18
(0.16)
1.86
(0.20)
0.17

19.10
(17.95)
0.55
(0.33)
3.50
(1.01)
1.21

r..;>i
(174)
30.85
(6.85)

0.74

3.92
(0.97)
0.77
(0.22)
0.22
(0.03)
0.11

00
m
31
-<
r

c

(4.02) (0.0) (0.03) (0.05) (0.03) (0.20) (0.02) (0.01) m
^

*A total of 16 animals were exposed to the BeClj aerosol. At the times indicated, four animals were sacrificed and 5
the organs removed. z

tResults at each time point are the average of Be present in the various organs obtained from four animals. z
iFigures in parentheses indicate the standard error of the mean. n
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Time after
exoosuro

h n

0

3

48

336

TABLE

Beryllium Distribution Between Right

In lung,

Right

19.42
(1.23)
18.63
(2.5J)

8.39
(1.08)
4.75
(0.73)

Administration of a

pmolf

Left

13.21
(1.35)
U.67
(2.38)

6.10
(0.44)
3.84
(0.18)

In whole lung, %

Right Left

59.5 40.5

61.7 38.6

57.9 42.1

55.3 44.7

3

and Left Guinea Pig Lungs After
BeCl2 Aerosol*

Beryllium

Wet weight, pmol/gt

Right

IS. 28
(1.63)
18.50
(2.53)

7.59
(0.71)
4.23
(0.87)

Left

15.13
(0.73)
14.74
(3.72)

6.92
(0.42)
4.23
(0.32)

Dry weight.

Right

S7.25
(7.33)
89.52
(12.22)
37.78
(5.02)
20.59
(4.36)

pmol/gt
Left

72.50
(4.34)
65.26
(11.84)

33.45
(2.36)
23.12
(3.69)

•At 0, 3, 48, and 336 hr, four animals were sacrificed. The beryllium present in right and left lungs
was determined by gamma scintillation counting.

tResults ± .standard errors of the mean, which are presented in parentheses, represent the average
obtained from the various lobes of four animals.
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TABLE 4
Initial Deposition of Beryllium in Lobes of Right and Left

Guinea Pig Lungs After Administration of a BeCl2 Aerosol*

Lobe of
lung

Right
Cranial
Middle
Accessory
Caudal

Left
Cranial
Middle
Caudal

Per lobe.
pmolt

1.90 ±0.29
6.43 ± 0.83
3.23 ±0.06
7.86 ±0.42

4.69+ 1.45
3.53 ± 0.86
4.46 ± 0.86

1Beryllium

Percent in right Per gram
or left lung

9.7
33.1
16.6
40.5

37.0
27.8
35.2

wet wt., pmolf

17.69 ± 2.53
20.83 ± 2.53
26.66 ± 1.83
14.54 ± 1.28

12.90 + 3.90
120.9 ± 33.67
10.58+ 1.59

Per gram
dry wt., pmolf

86.44 ± 12.59
101.2 ± 10.37
130.7 ±7.71
71.07 ±5.44

63.05 + 19.93
499.9 + 250.0
51.24 ± 7.88

*Immediately after exposure, four animals were sacrificed and the lungs
were removed. The cranial, middle, accessory, and caudal lobes were separated
from the right lung andthe cranial, middle, and caudal lobes were separated
from the left lung. The Be in each lobe was determined by gamma scintillation
counting.

tResults ± standard errors of the mean, which are presented in parentheses,
represent the average obtained from the various lobes of four animals.

lobes of the left lung was quite similar. In all but one case, these
differences were minimized and were not significant when beryllium
concentration was expressed as picomoles per gram of wet or dry
weight. The exception was the left middle lobe; this lobe was the
smallest of all the lobes, and yet, on a per-gram-weight basis, it had
the greatest concentration of beryllium of any of the lobes in either
the right or left lung (Table 4).

Clearance of Beryllium from Soft Tissue

Between 0 and 3 hr postexposure, no significant changes
occurred in beryllium concentrations in any of the soft-tissue
components except the gastrointestinal tract and the esophagus. In
these two tissues beryUium concentration at the 3-hr time point was
higher than the concentration present immediately after exposure
(Table 2). These increases could be accounted for by the shift in
beryllium distribution from the nasopharyngeal—skull region of the
animals into the soft tissue (Table 1).

The beryllium content initially deposited in all soft-tissue
components decreased, albeit at different rates, over the course of
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the 14-day experiment. Clearance from the gastrointestinal tract was
rapid and complete; 48 hr after inhalation of the BeCl2 aerosol, 88%
of the beryllium present in the gastrointestinal tract at 3 hr
postexposure had been cleared and by 14 days no beryllium could be
detected. In the case of the lung, more than 50% of the original
beryllium deposited was removed after 48 hr (Table 2). The rate of
beryllium clearance from the right and the left lungs appeared
comparable (Table 3). The lungs still retained 26% of their initial
burden 14 days postexposure. The beryllium present in the lung on
day 14 accounted for approximately 80% of the beryllium remaining
in all soft tissue (Table 2).

Reduction in Beryllium Body Burden

The greatest change in beryllium body burden occurred in the
first 48 hr after inhalation of the BeCl2 aerosol (Table 5 and Fig. 3).
By 2.5 days postexposure, the beryllium body burden was decreased
by 50%. Between 90 to 100% of the change in body burden could be
accounted for by the excretion of beryllium in the feces and, to a
much smaller extent, in the urine; the loss of beryllium in the
expectorate during this time period is not known. Over the course of
the 14-day experiment, a total of 105.6 pmol Be was excreted, 91%
of which was in the feces. By 4 days postexposure the whole-body
counts had begun to level off (Fig. 3); by day 14, 34% of the
beryllium initially deposited in the animals still remained, almost
70% of which was found in the musculature and skeleton (the
remaining carcass) of the animal (Fig. 3 and Table 1).

DISCUSSION

In this investigation we undertook to determine the distribution
and retention of beryllium in guinea pigs after a single administration
of an aerosol of BeCl2. We decided that the method of exposing the
whole animal to ii the generated aerosol, used traditionally in
inhalation toxicology studies, would not be acceptable, because of
the extreme toxiciiy of beryllium and the potential health hazards to
personnel who would be handling the animals after exposure.
Furthermore, any
exposure could be:
himself and would
beryllium content
nose-only exposure
the capacity of ger

beryllium deposited on the fur after such an
wallowed when the animal subsequently groomed
contribute, to an unknown extent, to the overall
in the gastrointestinal tract. For these reasons, a

facility was designed and used. This facility has
erating a highly respirable aerosol of BeCl2 (i.e.,
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TABLE 5

Beryllium Retention and Excretion in Animals
After Administration of a BeCl2 Aerosol*

Time after
exposure,

days

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

Beryllium

Body burden,
pmol

256.3
(11.17)
187.8
(9.62)
140.4
(6.65)
120.5
(6.93)

111.2
(6.71)
109.1
(7.21)
103.8
(6.55)
99.34
(3.55)

97.64
(4.48)
102.8
(18.48)
90.45
(1.93)
89.99
(3.39)
89.56
(2.05)
89.56
(4.08)
87.84
(3.24)

retained

Percent

100.0

73.3

54.8

47.0

43.4

42.6

40.5

38.8

38.1

40.1

35.3

35.1

35.0

34.9

34.2

Beryllium excreted.
pmol

In feces

44.71
(6.50)
24.41
(2.95)
9.73
(1.75)

5.21
(1.75)
1.70
(0.29)
2.26
(0.27)
2.29
(0.55)
1.23
(0.29)
1.32
(0.25)
1.24
(0.26)
0.78
(0.17)
1.00
(0.10)
0.45
(0.22)
0.13
(0.13)

In urine

2.47
(0.55)
1.38
(0.68)
0.31
(0.16)

0.55
(0.33)
0.40
(0.06)
1.81
(0.90)
0.42
(0.08)

0.66
(0.20)
0.0
(0.0)
0.18
(0.04)
0.33
(0.06)
0.45
(0.20)
0.39
(0.41)
0.04
(0.03)

Total

256.3
(11.11)
235.0
(12.13)
166.0
(9.56)
130.8
(6.59)

117.8
(8.01)
112.2
(6.53)
108.6
(6.04)
102.3
(3.14)

99.59
(4.62)
104.1
(18.6)
93.35
(3.5)
91.10
(3.41)
88.90
(2.11)
84.83
(4.12)
83.99
(3.55)

*Results ± standard errors of the mean, which are presented in parentheses,
represent the average obtained from four animals.
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4 6 8 10
TIME AFTER EXPOSURE, days

12 14

Fig. 3 Beryllium retention in guinea pigs after exposure to a BeCl2
aerosol.

mean particle size of 0.6 jum). The distribution of particles from port
to port in the chamber varied by less than 6%, and the reproduci-
bility of the BeCl2 concentration within the chamber from run to
run, using the same settings, differed by less than 10%. Thus we feel
that the variability observed in the body deposition of beryllium can
be primarily attributed to differences in breathing patterns among
animals during the exposure. The role of stress on the breathing rate
of these animals was not determined.

The initial deposition of a large percentage of beryllium in the
head region of the animal suggested that the aerosol had localized in
areas corresponding to the nasal passages and oral pharynx. It is
likely that the beryllium was binding to mucus and that this binding
was enhanced by the solubility of the BeCl2. The presence of
beryllium in the gastrointestinal tract of animals sacrificed immedi-
ately after aerosol exposure suggested that clearance of the inhaled
aerosol was taking place even while the 55-min exposure period was
still in progress (Cuddihy and Boecker, 1973). Thus some of the
material originally deposited in the nasopharyngeal region was being
swallowed and passed into the gastrointestinal tract.

Although the lung contained the greatest concentration of
beryllium immediately after exposure, a significant amount of
beryllium was found in the gastrointestinal tract. Expressing the
results in picomoles of beryllium per gram of wet or dry weight
revealed that the amount of beryllium in gastrointestinal tissue was
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lower than all the tissues except liver. We found in our study that
there was significantly more beryllium originally deposited in the
right lung than in the left lung. It is possible that beryllium is
somewhat more likely to enter the right rather than the left bronchus
because the left bronchus is slightly longer than the right and, as a
consequence, is not in such a direct line with the trachea. Although
the total amount of beryllium in the right lung was greater than in
the left, the amount of beryllium per gram of lung tissue was
comparable. The various lobes of the right and left lungs were also
found to contain different amounts of beryllium; but, with only one
exception, differences between the beryllium content in the various
lobes were minimized when beryllium concentration was expressed
on the basis of the weight of the lobe, which suggests that beryllium
deposition within the tissue of the lobes was uniform.

By 3 hr after exposure, approximately 50% of the beryllium in
the most anterior portions of the respiratory tract had moved
backward toward the oral pharynx and had subsequently appeared in
the esophagus and in the gastrointestinal tract. By 48 hr postexpo-
sure, however, the bulk of the beryllium in the gastrointestinal tract
was no longer present. Furthermore, more than 50% of the beryllium
initially deposited in the lung had been removed by mucociliary
action and/or by alveolar clearance mechanisms.

The gastrointestinal tract played a major role in the reduction of
the beryllium body burden in the guinea pig; the kidney also
contributed but to a far lesser extent. Excretion of beryllium in the
feces and urine was maximum on the first day after the animals had
inhaled the BeCl2 aerosol. Most of the reduction in body burden
could be accounted for by beryllium in the urine and feces. It is
possible that some of the beryllium initially deposited in the animal
was expectorated; further experiments will be required to confirm
this.

Although there was a 50% reduction in the total beryllium body
burden in 2.5 days, after 14 days 34% of the original beryllium was
still present in the animals. By this time no beryllium could be
detected in the gastrointestinal tract. The fact that 75% of the
beryllium remaining in all the soft tissue after 14 days was found in
the lung suggested that the lung might be preferentially retaining
beryllium.

Experiments are currently under way to determine how the
concentration of beryllium aerosol affects deposition, clearance, and
retention patterns. In addition, we intend to compare the results
obtained with BeCl2 aerosols with patterns that would be obtained
when the more soluble beryllium citrate and the insoluble beryllium
oxide aerosols are used.
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ABSTRACT

Studies are being made of the early and late effects of plutonium oxide
(2 3 9PuC>2 ) deposited in the mouse lung and of the dependence on particle size
and dose. A system has been developed for preparing discrete size fractions of
PuO2, by using water sedimentation, for their aerosolization and administration
to mice by inhalation. Experiments were carried out, to commission the
exposure system, with sized thorium oxide (ThOj ) particles labeled with 2*3¥a.
(half-life, 27 days) by neutron activation. Regional depositions of particles with
activity median aerodynamic diameters(AMAD's) of 1.4, 1.6, and 2.0/urn were
measured. Although deposition in the respiratory tract increased with particle
size, deposition in the alveolar region decreased. Alveolar-deposition data from a
number of PuC<2 inhalation exposure experiments are also presented. Some
inconsistencies were shown between the alveolar deposition of ThC>2 and of
PuOa. Lobar distributions of alveolar-deposited ThCK and PuO2 were not
homogeneous. The inhomogeneities increased with particle size. Data obtained
from ThC<2 experiments indicated that the clearances of dust from the nasal
passages, airways, gastrointestinal tract, and pelt were quite rapid. Levels of pelt
contamination were soon reduced, by the animals' own preening, to levels that
would be safe for personnel involved in PuO2 experiments.

It is proposed to study the pathological effect of particles of
plutonium oxide (PuO2) deposited in the rodent lung and, in
particular, the significance of particle size. Although the current
program is concerned with the effect on the lung of inhaled PuO2,
thorium oxide (ThO2) was used in initial investigations of deposition
and clearance. Its physical properties are very similar to those of
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PuO2, but, since its specific activity is only 10~~6 that of 2 3 9PuO 2 ,
ThO2 is much less toxic. It is also convenient for studies of
deposition and clearance because, on irradiation with thermal
neutrons, protactinium-233 is produced in the 232Th(n/y)
2 3 3 Th A . 2 3 3 P a r e a c t i o n . The 2 3 3 Pa has a half-life of 27 days and
emits a 0.30-MeV gamma ray in 42% of its disintegrations, which
facilitates radiometric assay of the ThO2.

This paper describes initial experiments in which ThO2 was used
to obtain data for the mouse on the deposition of inhaled insoluble
particles, on their distribution within animals, and on their clearance.
The data obtained will be compared with those accruing from
subsequent experiments involving PuO2 aerosols.

MATERIALS AND METHODS

The mice used, the preparation of ThO2, and the techniques
developed for exposure of mice to ThO2 aerosols have been
described previously (Black et al., 1979). In brief, after neutron
irradiation of ThO2 in the Harwell DIDO reactor, three discrete size
fractions with activity median aerodynamic diameters (AMAD's) of
1.4, 1.6, and 2.0 jum were separated by using a water sedimentation
technique (Black et al., 1978). Similar techniques have been used to
produce aerosols of PuO2 with AMAD's of 1.5 and 2.1 /um. A
fraction with an AMAD of 0.7 jum has also been prepared (Walsh
et al., 1980), but inhalation exposures to this material have not yet
commenced.

Aerosols of ThO2 were generated from aqueous suspensions,
dried, and then passed to an exposure chamber that permitted the
nose-only exposure of up to 60 mice (Walsh et al., 1979). Groups of
mice were killed at various times after exposure. One inhalation
experiment was performed with each of the three particle sizes of
ThO2, and groups of animals were killed from 0 to 72 hr after
exposure to provide information on the distribution of ThO2 at
different times. An additional exposure to 1.4-pm ThO2 particles
was carried out to analyze the effect of aerosol dose on alveolar
deposition and clearance of ThO2 up to 126 days after exposure.
Measurement of ThO2 in tissue samples was by radiometric counting
of the gamma activity of the associated 2 3 3 Pa.

Mice have also been exposed to aerosols of PuO2 with AMAD's of
1.5 and 2.1 Mm to produce initial alveolar depositions (IAD's) ranging
from 0.1 to 25 nCi. The determination of 2 3 9 Pu in tissue samples
was by a solvent extraction and liquid scintillation counting
technique based on that described by Keough and Powers (1970).
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DEPOSITION

ThO2 Inhalation Experiments

The amounts of ThO2 associated with various tissues of animals
killed immediately after exposure are given in Table 1. For conve-
nience the mean value for each tissue is also expressed as a
percentage of the mean total ThO2 associated with each group of
animals. Increasing the AMAD of the ThO2 did not change the
proportion deposited in either the skinned head (nasal passages) or
the trachea—bronchi (airways external to the lung up to the level of
the larynx). With increasing aerodynamic size, however, there was a
decrease in the proportion of ThO2 found in the lung. Approxi-
mately 60% of the ThO2 in the animals immediately after exposure
was in the gastrointestinal (GI) tract. This represented material
cleared from the respiratory tract before death, together with
material ingested by the animal during preening (McMahon, Brain,
and Lemott, 1977). The apparent increase in the proportion of ThO2
associated with the carcass was not statistically significant. It was
mostly associated with the pelt of the animal.

The amounts of ThO2 deposited in the total respiratory tract,
the lower respiratory tract (LRT), and the alveolar region of the lung
are summarized in Table 2. LRT deposition was defined as the
amount of ThO2 in the lung and external airways immediately after
exposure. Total deposition also included ThO2 in the nasal passages
(skinned head) and the GI tract. Alveolar deposition was defined as
the ThO2 left in the lung at 48 hr, by which time material deposited
in the conducting airways should have been removed by mucociliary
clearance.

Data for total deposition in the respiratory tract (normalized to
an aerosol dosage of 100 jug liter"1 min~') indicate that the
proportion of respired ThO2 deposited in this region increased with
particle size. The normalized alveolar depositions of 1.4- and 1.6-jum
particles were relatively similar, whereas considerably less deposition
occurred at 2.0 /im. As would be expected, LRT deposition was
invariably greater than alveolar since it included material deposited in
the conducting airways. With the 1.4-/im particles, normalized LRT
deposition was about 20% greater than alveolar deposition, but with
2.0-/xm particles it was 60% greater.

The alveolar deposition of lA-flm ThO2 particles was investi-
gated with respect to aerosol dosage. As can be seen from Fig. 1, there
was a linear relationship (r = 0.96) over the range investigated, with
an intercept (0.2) that was not significantly different from zero.
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TABLE 1

Distribution of ThO2 in Various Tissues Immediately After Exposure* (Mean ± SE)

AMAD
of ThO 2 ,

jum

1.4

1.6

2.0

Aerosol
dosage, jug

liter ' min~'

648

413

990

No. of
mice

10

11

10

Skinned
head

1.1 ±0.2
(3.3)

0.8 ± 0.1
(2.4)

3.5 ±0.9
(3.8)

Amount in tissues

Trachea-
bronchi

0.13 ±0.02
(0.4)

0.13 ±0.02
(0.4)

0.3 ±0.1
(0.3)

Lungs

2.8 ± 0.3
(8.2)

1.7 ±0.1
(5.3)

3.3 + 0.2
(3.6)

GI tract

22.0 ± 1.
(64.7)

20.4 ± 0.
(62.2)

55.4 ± 3.
(60.1)

2

6

8

Carcass

S.O ± 1.2
(23.5)

9.7 ± 1.2
(29.8)

29.8 +1.1
(32.3)

m
to

* Figures in parentheses indicate percentage of total ThO2 associated with animal.



Region of
respiratory

tract

Total

Lower

Alveolar

AM AD
of ThO2 ,

Mm

1.4
1.6
2.0

1.4
1.6
2.0

1.4
1.6
2.0

•Normalized to an

TABLE 2

Regional Deposition

Mean
No. of wpiirtit
mice

10
11
10

10
11
10

10
10
10

aerosol

g

21.3
22.9
22.9

21.3
22.9
22.9

22.2
23.9
21.6

Exposure
time,
min

48
43
48

48
43
48

48
43
48

dosage of 100 jug liter"1

of ThO2 Inhaled by Mice

ThO2

concentration,
Mg/liter

13.5
9.6

20.6

13.5
9.6

20.6

13.5
9.6

20.6

min" 1 .

Aerosol
dosage, M8

liter*"1 min"1

648
413
990

648
413
990

648
413
990

Mean

26.1
23.0
62.5

2.8
1.7
3.3

2.4
1.4
2.1

Deposition.
• Mg

± SE Normalized*

+ 1.4
±0.6
±3.1
± 0.3
+ 0.1
± 0.2
±0.1
±0.1
±0.2

4.02
5.6
6.3

0.43
0.42
0.34
0.36
0.33
0.21

O
mPO

S
ITI

O
Z

o•n
-i

Z

o

p
z
so
to
m
35
m
TJ

55
>HO
33

-1
30A

C
T
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AEROSOL DOSAGE, fig l i t e r ' mm '

800

Fig. 1 Correlation between alveolar deposition of ThO2 and aerosol
dosage for 1.4-ftm AMAD particles (mean ± SE).

PuO2 Inhalation Experiments

Comparisons between ThO2 and PuO2 experiments were limited
to data for alveolar deposition because it was not felt advisable to
handle potentially contaminated carcasses within 2 days of the PuO2

exposures. As shown in Table 3, the normalized alveolar deposition
of 2.1-jum PuO2 particles was in general agreement with the trend
shown earlier for the several ThO2 exposures. The alveolar deposi-
tion of 1.5-j-tm PuO2 particles, however, was higher than that
predicted from the ThO2 data.

LOBAR DISTRIBUTION

The distribution of the alveolar deposited material in the three
main ThO2 experiments was expressed as relative lobar concentrations
(RLC's) in which the relative amounts of material in the various lung
lobes were corrected for the appropriate weight of tissue (Raabe
et al., 1977). In Fig. 2 RLC's are plotted against AMAD together
with additional data which extend the range of aerodynamic size on
the distribution of 9 9 m Tc-labeled monodisperse polystyrene
particles (AMAD, 2.5 ixm) obtained in earlier experiments. Figure 2
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TABLE 3

Alveolar Deposition of ThO2 and
PuO2 Particles (Mean + SE)

Material

ThO2

PuO;

AMAD,
Jim

1.4 (4 ft
1.6(1)
2.0(1)
1.5(19)
2.1 (15)

*N<>rmatizetl lo
100 lie liter""' min

fFiKU
number
ments.

res in |

N'ormalized alveolar
deposition,* fig

0.41 ±0.03
0.33
0.21

0.58 + 0.03
0.17 + 0.01

an aerosol dosage of
i

parentheses indicate
of separate exposure experi-

2 —

o
o

8

*
.j

©

o
e
9
A

Mi

i

Left lung

R. apica> lobe

R. diaphragmatic lobe

R cardiac lobe

R. azygous lobe

PoO2 {R. apical lobe)

Z^z

i

iA

4

1 —

1 0 1.5 2 0 25
ACITIVITY MEDIAN AERODYNAMIC OIAMETER (AMADI,

Fig. 2 Effect of aerodynamic diameter on the distribution of ThO?
and PuO: between lobes of the mouse lung in animals killed 2 days
after exposure (mean ± SE).
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shows that for 1.4-ptm ThO2 particles the RLC's were in the
following order: right apical lobe > left lung > right diaphragmatic
lobe • right azygous lobe > right cardiac lobe. The disproportion
between the upper and lower lobes of the right lung increased with
particle size over 2.0 y.m in AMAD. The left lung, having both apical
and basal portions, had an RLC of about 1.0 throughout the range of
aerodynamic diameters investigated.

Data obtained from exposures of mice to PuO2 aerosols of 1.5-
and 2.1-tim particles showed very similar changes. For clarity only
data for the right apical lobe have been included in Fig. 2. The
increase in the proportion in this lobe between 1.5- and 2.1-/im
AMAD was statistically significant (P < 0.02) and fitted the ThO2
data quite closely.

CLEARANCE

Full data for the clearance studies are, at the moment, available
only for the ThO2 experiments. For comparison of data from
animals with different initial body burdens, a normalization proce-
dure was adopted. Errors, caused by variations in response of animals
exposed at the same time, were reduced by expressing the amount of
ThO2 associated with each tissue as a fraction of the total in the
body. These fractions were then corrected by a factor corresponding
to the clearance of ThO2 with time from the whole animal. These
normalized clearance data (NCD) were related, therefore, to the total
amount of ThO2 in those animals killed immediately after exposure.
The main advantage of the procedure was that it did not require
initial burdens of ThO2 to be known for all the mice. These values
were not obtainable for animals killed some time after the exposure.
(The method of analysis is described in full in the Appendix.)

The NCD for the long-term clearance of 1.4-jum particles of
ThO2 are plotted in Fig. 3 for the lung over a 126-day period. Data
from animals used in the short-term clearance study (1.4-jum
particles), which were killed at 0 and 48 hr, are also included. These
last results show that the proportion of ThO2 associated with the
lung was very reproducible from experiment to experiment. There
was a relatively rapid clearance of the ThO2 particles over the first
72 hr. Similar rates were obtained for the 1.6- and 2.0-jum size
particles.

The distributions of ThO2 in other tissues, with time, have been
normalized to give NCD and are shown in Fig. 4 for the GI tract and
nasal passages (skinned head). The amount of ThO2 in the GI tract
fell by a factor of 100 by 48 hr and then declined more slowly as
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Fig. 3 Clearance of 1.4-/um ThO; particles from the lung over a
period of 126 days (mean ± SE). X. short-term experiment. ,
long-term experiment.

material continued to reach the GI tract from the alveolar region of
the lungs. The ThO2 present in the nasal passages (skinned head)
declined very rapidly because of mucociliary clearance, but there did
appear to be a slower clearance phase, possibly due to the removal of
particles deposited in the nasal sinuses. Although there were
significant deviations from the mean at various times, these could not
be correlated with particle size. The amount of ThO2 found in the
trachea—bronchi also declined rapidly during the fiifst 24 hr.

The amount of material associated *ith the carcass is shown in
Fig. 5. It is possible that at later times some of the 2 3 3 Pa activity
associated with the carcass might be systemic as a result of
dissolution of this radionuclide from tM ThO2 particles. In the few
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100

0.01
12 24 36 48 60

TIME AFTER EXPOSURE, hr

Fig. 4 Clearance of 1.4-, 1.6-, and 2.0-/um ThO2 particles horn the
GI tract and nasal passages (skinned head) over 3 days (mean ± SE).

cases in which the pelt was separated from the carcass, however,
most of the activity was associated with the former. There was a
rapid removal of some of the contaminating particles, for after 24-hr
contamination levels had fallen by a factor of 10. Subsequent
removal was much slower and might have been due to particles
deposited on the pelt in areas that were inaccessible to the mouse
during preening. At 1 week after exposure, the contamination of the
pelt was about 2% bf the initial value and after 1 month, 0.2%.

DISCUSSION j

Deposition and Distribution
As had been reported by Black et al. (1978), the proportion of

the dust originally present in the nebulizer which reached the
exposure chamber (decreased with increasing aerodynamic size of the
particles; this was [found to be particularly marked for the 2.1 -nm
PuO2 particles (Walsh et ai., 1980). This effect was due to a
combination of reduced efficiency of aerosolization and greater losses
due to impaction in the exposure system. As a result, to achieve the
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Fig. 5 Clearance of 1.4-/im ThO2 particles from the carcass over a
period of 63 days (mean ± SE).

highest IAD of 2.1-jum PuO2 particles, we had to increase both the
concentration of dust in the nebulizer and the exposure time.

As can be seen in Table 3, however, these difficulties were not
reflected in anomalies in alveolar deposition for the largest PuO2
particles. Moreover, the 1.5-jum size fraction gave consistently higher
depositions than were predicted from the ThO2 experiments. Even
after considerable investigation, the source of this discrepancy has
not been revealed.

By techniques similar to those described above, values for the
deposition of fibrous and nonfibrbus particles have been obtained for
the rat (Morgan, Evans, and HdWs, 1977; Morgan, 1979). In the
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rat, alveolar deposition increased slightly over the range of aerody-
namic sizes used in these experiments. In mice, however, normalized
alveolar deposition declined throughout this range. It appears,
therefore, that the maximum in alveolar deposition, which cor-
responds to an aerodynamic diameter of 2.0 to 2.5 jum in the rat,
occurs at a smaller diameter in the mouse. This may be related to
differences in the caliber of the airways, a suggestion which is
supported by the studies of Sikov et al. (1977) on the deposition of
2 3 9PuO2 aerosols in newborn and adult rats.

Total deposition in the respiratory tract increased with particle
size, but, since it included the material associated with the GI tract,
the deposition may have been overestimated because of ingestion of
ThO2 deposited on the pelt. However, as shown in Table 1, there was
no positive correlation between the proportion of ThO2 in the GI
tract with that on the carcass. It is thought that material ingested
from pelt preening during exposure did not contribute significantly
to that in the GI tract.

Figure 2 shows that the distribution of alveolar-deposited
material in these experiments was markedly heterogeneous. The
effect of particle size on RLC's was similar to effects reported by
other workers, both for rats and for hamsters (Phalen et al., 1977;
Raabe et al., 1977), except that the disproportion between lobes
appeared to be even greater in the mouse than in larger rodents.

CLEARANCE

The NCD method of analysis was particularly relevant for the
ThO2 experiments. For the PuO2 inhalation experiments, however,
where data are not available for animals killed immediately after
exposure, more empirical methods have been adopted. Fundamental
to the NCD method are the suppositions (1) that a relationship exists
which links the values for the lung with those for the whole body
and (2) that a mean rate could be used to describe the clearance of
ThO2 from all the animals. For this series of experiments, in the mice
killed immediately after exposure, there was a positive correlation
between the amount of ThO2 in the lung and of that in the whole
animal (r = 0.68). This can be shown to differ significantly from zero
(P < 0.001). After 2 days, when the ThO2 deposited in the lungs
represented the majority of the ThO2 still associated with the
animals, the correlation coefficient (r) was greater than 0.95.

No data were available on clearance rates from individual animals
in these experiments. James et al. (1976) have shown that, after a
single exposure df other rodents to actinides, differences between
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individual clearance rates were small in relation to those between the
amounts of material deposited. The present data support the latter
point, with initial burdens differing by a factor approaching 2, which
was not exacerbated by clearance.

What information there is in the literature on the clearance of
insoluble particles from the mouse lung indicates that it can be
described by the sum of three exponentials. The one with the
shortest half-time represents the clearance of material deposited in
the small airways of the lung, which is virtually complete within
48 hr. The second component has a half-time in the region of
20 days (Bair, Willard, and Temple, 1961; Lundgren, Hahn, and
McClellan, 1976). The half-time of the third compartment is
measured in hundreds of days. Data obtained in the ThO2

experiments described here do not permit the accurate estimation of
the half-time of clearance from the third compartment, but in Fig. 3
the amounts of ThO2 in the lung at various times have been fitted by
assuming that 99% of the material remaining after 150 days is
accounted for by a third compartment with a half-time of 200 days.
Hence lung retention (R) with time (t) can be described by

Rt = 1.5e-°-99 t + 4 . 2 5 e - ° - 0 3 7 t + 2.45 e - ° - O O 3 5 t

The half-times of the first and second compartments are 0.7 day and
18.5 days, respectively. Although the assumption of a half-time for
the third compartment affects the relative sizes of the other two, its
magnitude affects the other half-times only marginally.

CONCLUSIONS

In both the ThO2 and PuO2 experiments, alveolar deposition
decreased with increase in AMAD, with the maximum deposition
occurring at a smaller diameter in the mouse than in the rat.
Inhomogeneities were found in the distribution of this material in
the lung, with the right apical lobe having the highest relative lobar
concentration. LRT deposition in the ThO2 experiments always
exceeded alveolar deposition, with this excess increasing with particle
size presumably related to increased deposition in the conducting
airways. Total deposition in the respiratory tract increased with
particle size.

In the ThO2 experiments, over the range of aerosol concentra-
tions investigated, there seemed to be linearity between aerosol dosage
and the amount of ThO2 deposited in the alveolar region of the lung.
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An improved method (NCD) has been developed for expressing
distribution and clearance patterns with time. NCD has been used to
describe the effects of clearance on the amount of ThO2 retained in
the lung, in terms of a three-component exponential. By assuming a
value of 200 days for the third component, we could derive
half-times of 0.7 day and 18.5 days for the first and second,
respectively.

The two most important points arising from the study of the
distribution of ThO2 in other tissues with time were (1) that the
material present in the nasal passages declined rapidly during the first
24 hr, which indicated that airway clearance would have been
virtually complete by 48 hr, at which time alveolar deposition was
determined, and (2) that the material associated with the pelt
(carcass) was removed quite effectively by the animal during the first
few days after exposure.

In general, it has been found possible by using the ThO2 data to
predict the approximate concentrations of PuO2 suspensions re-
quired to give IAD's ranging from 0.1 to 25 nCi. The data could not, \
however, be used predictively with great precision. Empirically, the i
aerosol dosages have proved more useful, which is backed up by pilot
experiments involving the exposure of just a few animals. The less
toxic ThO2 has been an invaluable analogue of PuO2 in the
commissioning of the exposure system and in predicting contamina-
tion levels. The exposure system has been used successfully over an
18-month period with an animal mortality of less than 0.05% (i.e.,
one mouse in more than 2000 exposed).
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APPENDIX

Calculation of Normalized Clearance Data (NCD)

The amount of ThO2 associated with any organ can be expressed
as a fraction of the total amount in that animal at death. A slow
clearance from an organ, however, could result in the fraction of
ThO2 for that organ becoming proportionately greater with increas-
ing time after exposure. Hence it is necessary to correct the average
of these ratios by a factor corresponding to the clearance of material
from the animals in general. This can only be estimated by taking the
ratio of the mean animal burden at that particular time to the mean
animal burden immediately after exposure.

Thus the normalized clearance data (NCD) consist of the average
percentage amount of ThO2 associated with an organ at that instant
of time, corrected by the overall clearance in that time. When this is
expressed mathematically,

mc=i c °

where T = time after exposure when means were evaluated
m = number of animals measured immediately after exposure,

T = 0
n = number of animals measured at T

(A)T = total amount of material associated with the animal at T
(X)T = amount of material associated with organ or tissue at T
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ABSTRACT

Groups of eight rats were exposed to concentrations of 1, 10, or 100 mg/m3 of
sulfuric acid mist for 6 hr or to 10, 50, or 100 mg/m3 for 0.5 hr. Particle size
was 0.4- to 0.8-/im mass median aerodynamic diameter. Tracheal mucus clearance
measurements were made serially in the same rats 1 week prior to exposure and
then 1 day, 1 week, and 3 weeks after exposure. Rats were anesthetized with 5%
halothane to a level sufficient to allow oral intubation. A 1-/̂ 1 droplet containing
about 5 /uCi of 99mTc-labeled macroaggregated albumin was deposited in the
distal trachea. Rats were then placed in plastic restraining tubes and allowed to
regain consciousness. Profile scans of activity were obtained in the awake state
with a slit-collimated Nal detector 0.5, 2, 4, 6, 8, 10, 15, 20, 30, 40, 50, and
60 min after initial instillation. For the 6-hr exposures, significant increases in
clearance were seen at 1 and 3 weeks for 100 mg/m3, at 1 day for 10 mg/m3,
and at 3 weeks for 1 mg/m3 (P < 0.05). Increases in clearance generally
correlated with increased mucus production as measured by sialic acid levels in
lavage fluid. The 0.5-hr exposures also resulted in dose-related increases in
clearance. Depressed mucociliary clearance was not observed in rats as it has
been in dogs or humans. Data from this laboratory for dogs and from others for
humans have shown depressed clearance at 1 mg/m3 H2 SO4 and below.

Sulfur oxidation products result from the burning of fossil fuels and
are widely present in urban atmospheres. Sulfuric acid mist may be
the most irritating of these products, at least with respect to effects
on pulmonary function (Amdur, 1971; Amdur et al., 1975), and so
the study of potential health effects is of considerable interest. The
mucociliary clearance system provides a sensitive indicator of lung
injury after exposures to irritant gases and aerosols. Alterations in
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mucociliary clearance have been observed in man, donkeys, and dogs
after sulfuric acid mist exposures (Leikauf et al., 1979; Schlesinger,
Lippmann, and Albert, 1978; Wolff et al., 1978; Wolff, Muggenburg,
and Silbaugh, 1979).

Reports on effects of inhalation exposures to H2SO4 on mucus
clearance in small animals have been very limited. The objective of
this study was to provide clearance data in rats exposed to H2 SO4
and to compare changes observed with biochemical indicators of
mucus production. Sialic acid was chosen since it is a constituent of
acid glycoprotein in the mucus. A second objective was to develop
techniques appropriate for utilization in chronic exposures of small
animals to H2SO4. A third objective was to compare results in rats
with data that have been obtained in other species, including
humans.

MATERIALS AND METHODS

One hundred eighty-four Fischer-344 rats, 12 to 14 weeks old,
from the Inhalation Toxicology Research Institute (1TR.J) breeding
colony were used in this study. All sacrifice and exposure groups had
equal numbers of males and females. Prior to and after exposure, the
animals were housed in filter-capped polycarbonate cages (two
animals per cage) with aspen bedding; they were fed and watered ad
libitum. Cages were changed weekly; water bottles were changed
twice weekly. The feed was Lab Blox (Allied Mills, Chicago, 111.).

Animals were exposed for either 0.5- or 6-hr periods. For the
6-hr exposures, animals inhaled the sulfuric acid aerosol in a 54-in.
Laskin-type exposure chamber. Control animals were sham-exposed
in 27-in. chambers of a similar design. During exposures all animals
were caged individually in wire-mesh cages and given water ad
libitum. Chamber temperature and relative humidity during
exposures in the 54-in. chamber were maintained at 23°C (±1°C) and
82% (±10%), respectively. In the 27-in. chamber temperature and
humidity were 25°C (±1°C) and 80% (±10%). For the 0.5-hr
exposures, a nose-only exposure unit was used. The exposures were
carried out at 23°C (±1°C) and 80% (±10%) relative humidity.

The aerosol-generation methods utilized controlled self-
nucleation and condensation processes. The sulfuric acid aerosol was
generated by the condensation of sulfur trioxide (SO3) and water
vapor as diagrammed in Fig. 1 (Carpenter, 1976). This is an
adaptation of the method of Chang and Tarkington (1977). Dry N->
was passed over the cooled surface of stabilized SO3 (Sulfan, Allied
Chemical Corporation), and the N2—SO3 mixture was injected into a
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Fig. 1 Diagram of sulfuric acid aerosol generation system. Aerosol
was generated by mixing the components of the self-nucleating
system, i.e., H :O + SO3 -*H2SO4. Water vapor levels were set by
mixing humid and dry air in the humidification section of the
system, and SO3 was added to the humid airstream in the central
generator section.

humid airstream. The resulting H2SO4 aerosol was aged in a flask,
combined with filtered diluting air in a mixing chamber, and then
passed into an exposure chamber. Filtered air was drawn through the
mixing and the exposure chambers at 10ft3/min. Humidity was
controlled by steam injection into the mixing chamber. A BR101D
humidity sensor, which was calibrated with a 4AB-1 psychrometer
(both units from Thunder Scientific Co.), was used to continuously
monitor exposure-chamber relative humidity.

Exposure

Experiments were carried out with 0.5-hr exposures to levels of
0, 10, 50, or 100 mg of H2SO4 per cubic meter and also 6-hr
exposures to levels of 0, 1, 10, or 100 mg/m3. Groups of eight
animals were used at each exposure level for tracheal mucus
clearance measurements. For the 6-hr exposures an additional
30 animals were used at each exposure level. In each sacrifice group
of 10, six animals were used for biochemical studies and four were
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used for histopathologic evaluation (R. F. Henderson et al., this
volume).

Aerosol concentration was determined by analysis of filter
samples taken at 30-min intervals during exposure. Particle size was
determined at hourly intervals by quantitation of H2SO4 on the
stages of a cascade impactor (Mercer, Tillery, and Newton, 1970).
Both the filter samples and also the impactor stages were analyzed by
either of two methods: (1) H2 SO4 was washed from the filters or the
impactor stages into a known water volume, and the conductivity of
the resulting solution was compared with a standard curve; or (2) the
filters and impactor stages were analyzed for H2SO4 by a barium
chloranilate method (Barton and McAdie, 1971). Both methods were
in agreement. The conductivity measurements were more suited to
routine determinations of concentration, and their values are shown
in Table 1. Table 1 also enumerates the sizes and geometric standard
deviation for each exposure. Sizes ranged from 0.4- to 0.8-fim mass
median aerodynamic diameter.

Biochemical and Histopathologic Analyses

Lavage fluid was obtained by the method of Mauderly (1977).
Biochemical and cytological indicators, including sialic acid, were
measured in lavage fluid by the method of Henderson et al. (1979;
this volume).

Animals used for histopathologic study were sacrificed via
exsanguination while under sodium pentobarbital anesthesia (60 mg
intraperitoneally). All tissues to be examined were fixed in 10%
buffered formalin solution for light microscopic evaluation or in
Karnovsky's fixative for scanning electron microscopic (SEM) evalua-

TABLE1

Exposure Aerosol Parameters

Duration
of

exposure, hr

6
6
6

0.5
0.5
0.5

Sulfuric acid
concentration,*

mg/m"1

98.2 ± 12.0
9.5 + 0.7
1.5 ± 1.2

106.3 + 3.1
48.0 ±7.1

9.6 ±0.6

Particle size
(MMAD).t

fim

0.8
0.7
0.6

0.5
0.4
0.6

°g
1.5
2.9
2.6

1.4
1.4
1.3

'"Mean value plus or minus standard deviation.
fMass median aerodynamic diameter.
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tion. The lungs were perfused intratracheally with the appropriate
fixative. All tissues for histologk- interpretation (i.e.. nasal lurbinates,
larynx, trachea, all lung lobes) were sectioned at 4 to 6 jum and
stained with hematoxylin and eosin. Two tracheas from each of the
100. 1, and 0 mg m3 exposure groups in the mucus clearance study
were prepared for SE.M studies immediately after the last measure-
ment at 3 weeks.

Tracheal Mucus Clearance Measurements

Four males and four females in each exposure group were used
for tracheal mucus clearance (TMC) measurements. Baseline measure-
ments were made 1 week prior to exposure, and then TMC was
measured 1 day. 1 week, and 3 weeks after exposure. (Measurements
were not made 5 weeks after the 0.5-hr exposures.) Rats were
anesthetized with 5" halothane to a level of deep anesthesia
sufficient to allow intubation.

A 16-gauge plastic catheter was passed into the trachea, and
tracheal placement was verified by the ability to ventilate the animal
with a glass syringe through the mouth and larj'nx (Maiiderly, 1977).
A 1-pl droplet of saline, containing approximately 10 juCi of
'''""Te-labeled macroaggregated albumin, was deposited via a micro-
syringe attached to 0.015-in.-ID (PE 20. Intramedic) tubing. This was
inserted through 0.055-in.-lD (PE 200, Intramedic) tubing that was
passed through the intubation catheter. The droplet of radioactivity
was deposited approximately 0.5 cm above the bifurcation, the inner
catheter was then withdrawn into the outer catheter, and lx>th were
removed from the trachea.

Each rat was placed in a plastic restraining tube, allowed to
regain consciousness, and driven past a slit-collimated Nal detector to
produce a profile scan of the labeled material in the trachea. Profile
scans were taken of the awake rats at 0, 2. 4, 6. 8. 10, 15, 20, 30, 40,
50, and 60 min after initial instillation. The percentage of activity
remaining at the instillation site after 1 hr was the principal measure
of clearance. Tracheal mucus velocities were also determined by
measuring the movement of the leading edge of material. Two-tailed
paired t tests were used to determine statistically significant changes
in clearance.

RESULTS

Profile scans obtained from mucus clearance studies in rats are
shown in Fig. 2. Significant amounts of material remained at the
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INITIAL DEPOSITION, 0 min

MARKER | CARINA
LARYNX STOMACH

DISTANCE

Fig. 2 Profile scans of tracheaJ-mu-
cus clearance in rats after instillation
of 1 jul of 99mTc-Iabeled macroag-
gregated albumin. Serial scans were
made up to 1 hr after instillation.

initial deposition site after 1 hr, and they averaged 71% over all
baseline studies in the total of 64 rats. The percentage of material
retained after 1 hr was less variable than tracheal-mucus velocities.
For this reason percentage retention is used exclusively in the
analyses that follow.
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In Table 2 results from the 0.5-hr exposures are summarized. No
changes were observed for the control group, but dose-related
changes were observed for the exposed groups. Significant speeding
of clearance was observed after both 1 day and 1 week following the
100 mg/m3 exposure. Following the 50 mg/m3 exposure, a moderate
speeding of clearance was observed after 1 week. Following the
10 mg/m3 exposure, a speeding in clearance was observed 1 week
after exposure.

Results from the 6-hr exposures are also summarized in Table 2.
Again dose-related speeding in clearance was observed, with the most
striking results at the highest exposure level of 100 mg/m3. Clearance
was enhanced at 1 and 3 weeks postexposure for the 100 mg/m3

level, at 1 day for the 10 mg/m3 exposure, and at 3 weeks for the
1 mg/m3 exposure. Xo significant changes were seen in the control
group, and clearance results were reproducible. Clearance effects
were consistent for the two sexes except at 1 day after the
100 mg/m3 exposure. At that time speeding was observed for
females but not for males.

Biochemical response in lavage fluid and in lung tissue was
minimal. In lavage fluid the only detectable response to any level of

TABLE 2

Mucociliary Clearance After 0.5- and 6-hr
Exposures

Exposure J i m e ( r e l a t i v e t o e x p o s u r e )

mg/m3 — 1 Week +1 Day +1 Week +3 Weeks

0.5-Hr Exposures*
100 64 ±18 13+15+ 41±]6f
50 54 ± 18 75 ±20 37 ± 8t
10 59 ±24 43 ± 18 47 ± 24f
0 64 ±21 52 + 26 72 ± 26

6-Hr Exposures*

100 85 ±30 74±25t 52 ± 361 62 ± 25i
10 87 ±23 49 + 231 77+18 66+16
1 87 ± 18 76 ± 16 67 ±16 59 ± 26±
0 71 ± 19 62 + 18 68 ±32 67 ± 29 '

•Figures represent percentage of initially deposited
9 9 m Tc-laheled macroaggregated albumin remaining 1 hr
after instillation.

fP < 0.05.
IP = 0.05 for females only.

I
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exposure at 1 day was an elevation in sialic acid (Table 3). All
exposure groups showed some increase over controls in sialic acid at
1 day after exposure, but, in the high-level group, females showed an
increase, whereas males showed a decrease. As for mucus clearance,
there was a difference in response of the sexes at this level. At
1 week, only the 10 mg/m3 group showed no increase in sialic acid,
and at 3 weeks all groups were back to control levels.

TABLE 3

Changes in Sialic Acid in Lavage Fluid
from Rats Exposed to H2 SO4 *

Mist Aerosol

Days after exposure
mg/m'

100

10
1

1

131 +23f
(Female)
76 ±2+
(Male)

117 + 14f
108 ± 26

114

96
121

7

±13f

+ 11
±11

21

90 +

133 +
89 ±

21

50
11

*Data are given as percent of controls (the
percent of mean values of the experimental
group over the control group plus or minus the
percent, of the standard deviation for the
experimental group over the mean value of the
control group).

tStatistically significant (P < 0.05) by
Mann—Whitney U test.

Some changes occurred in other biochemical parameters in lavage
fluid and lung tissue, but rto striking or consistent patterns emerged
(R. F. Henderson et al., thijb volume).

No cytological changes were observed in the lavage fluid. On
histopathological examination no significant changes were noted.
Sections of tracheal cilikted epithelium examined under light
microscopy showed no differences between control and exposed
groups. No denudation of the epithelium or other pathological
changes were observed. Scanning electron micrographs (Figs. 3a
to 3c) showed cilia matted with what appeared to be mucus
in tracheas taken from animals exposed to H2SO4. The matting
was more extensive in samples from rats exposed to 100 mg/m3 than
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from those exposed to 1 mg/m3; it was nonexistent in control
samples. There appeared to be larger nonciliated regions in the tissues
from rats exposed to 100 mg/m3 than in control samples or in those
from rats exposed to 1 mg/m3 .

DISCUSSION

Speeding in mucus clearance has been observed in dogs,
donkeys, and man, but only during or soon after low-level (1 mg/m3

Fig. 3(a) Scanning electron micrograph of tracheal epithelium 3
weeks after exposure to 0 mg/m3.
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Fig. 3(b) Scanning electron micrograph of tracheal epithelium 3
weeks after exposure to 1 mg/m3.

or less) exposures (Wolff et al., 1978; Wolff, Muggenburg, and
Silbaugh, 1979; Leikauf et al., 1979; Schlesinger, Lippmann, and
Albert, 1978). The speeding in clearance which was observed in rats
after both 0.5- and 6-hr exposures to sulfuric acid mist occurred at
levels up to 100 mg/rn3, which is 100 times the industrial threshold
limit value. This observation was somewhat surprising, and the
reasons for the observed speeding in clearance are not clear. Figure 4
conceptualizes the disparities observed between the rat and the other
three species that have been studied extensively. Speeding was
observed in rats at all levels; in the other species, however, clearance
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Fig. 3(c) Scanning electron micrograph of tracheal epithelium 3
weeks after exposure to 100 mg/ffi .

was generally increased at low levels but depressed at higher levels
(1 mg/m3 and above). These results are quoted for aerosols in a
similar size range (0.5- to 0.9-jum MMAD).

Speeding in mucus clearance in man during 1 mg/m3 exposures
was hypothesized to occur through reflex mechanisms (Wolff et al.,
1978). It was felt that irritant receptors were activated which
resulted in an increase in secretions and a resulting speeding in
clearance in response to an increased demand on the system. We feel
that this is the mechanism respohsible for the speedings in clearance
observed in man, donkeys, and dogs at levels below 1 mg/m3. The
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Fig. 4 Conceptualization of the differences observed in tracheal
mucus velocities after acute exposures to sulfuric acid mist aerosols
in the 0.5- to 0.9-/im size range.

depression seen after exposures of 1 mg/m3 could have resulted
either (1) from overload of secretions, change in mucus composition
(e.g., altering in viscosity or elasticity), or decreases in ciliary activity
or (2) from some combination of these factors since the irritant
stimulus became more intense at the higher level.

Changes in response with time were evident in the other studies.
As mentioned above, a general speeding in clearance was observed in
man during exposures of 1 mg/m3 (Wolff et al., 1978), but depres-
sions were observed in five of eight subjects after an exposure of
1 mg/m3. In the dog studies, depressions in clearance after exposures
of 1 mg/m3 persisted for up to 1 week. The speeding originally
observed after exposures of 0.5 mg/m3 changed to a depression after
1 week. These observations probably relate to changes in mucus
properties, ciliary activity, or percentage of ciliated cells which were set
in motion by the original stimulus. Such changes could take hours or
days to express themselves and could then persist for a period of weeks.
The observed depression in mucus clearance can easily be associated
with impairments in function since it is obvious that inhaled bacteria
and toxic materials will have longer residence times and hence a greater
chance to exert their influence. It is also probable there would be a
greater chance of plugging by mucus of small airways and of the
initiation of events that contribute to chronic obstructive pulmonary
disease. Since depressions in clearance were not observed in the rat. it
is not clear that real impairments existed. Speeding in clearance is
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probably not a sign of improvements in the system, but it is, rather,
an indication of an irritant response.

Rats are less susceptible to sulfuric acid (Treon et al., 1950) than
other species and do not appear to have a strong reflex response,
since acute bronchoconstriction is not observed even at high levels.
Acute bronchoconstriction is a hallmark of the response of the
guinea pig to inhaled sulfuric acid mist aerosols (Amdur, 1971; Wolff
et al., 1979); it also is a major feature of the human response
(Amdur, Silverman, and Drinker, 1952). Since the rat lacks the
bronchoconstrictive response, somewhat different mechanisms may
come into play in altering mucus clearance as compared with the
other species. The observations on sialic acid levels offer some clues
since they provide a direct correlate of acid glycoprotein production.
The speedings in mucus clearance were observed either coincident
with or following an elevation in sialic acid levels. This general
association may indicate a mild stimulation of total mucus produc-
tion resulting in the faster clearance since the system responds to
clear a greater load (i.e., the acute irritation mechanism). Sialic acid,
however, may not be a totally reliable indicator of mucus produc-
tion, since it is a component of acid glycoprotein only. Because
changes in patterns of glycoprotein production have been observed
after irritant gas exposures (Lamb and Reid, 1968; Jones and Reid,
1978), we must be cautious about making a direct correlation with
total mucus production. In any case at least the acid glycoproteins
are increased for prolonged periods after exposure, and the clearance
can remain elevated as well, sometimes for even longer periods.

Sulfuric acid appears to produce minimal tissue damage in the
deep lung. The view is supported both by the lack of histopathologi-
cal findings and also by the absence of any definitive increases in
enzyme levels measured in the lavage fluid. Correlation of functional
changes with sialic acid levels indicates that, of the factors measured
in lavage fluid, this parameter may best indicate the effects of an
upper-airway irritant.

This measurement technique has made it possible to make serial
measurements of tracheal mucus clearance in rats and other small
animals (Felicetti, Wolff, and Muggenburg, 1979). The technique is
preferable to tracheostomies for use in chronic exposures so that
exceedingly large numbers of animals are not required because of
sacrifice requirements. It also means there is less variability since
animals can be used as their own controls. We plan to use this
method to measure mucus clearance changes in guinea pigs after
both acute and chronic exposures to H2 SO4.
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Pathcgenesis of Oxidant-Induced Respiratory
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of Radiolabeled Participates
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ABSTRACT

The potential hazard from inhalation of noxious airborne particles depends on
many factors. In addition to the inherent toxicity of the material, other
important considerations are the pattern of deposition and the retention time in
the respiratory tract. The residence time of any material deposited in the
respiratory tract is governed in part by the respiratory clearance mechanism,
which studies have shown can be upset by various noxious agents, including air
pollutants. Some air pollutants produce prolonged impairment of respiratory
clearance, whereas others cause only a transient impairment. Prolonged
impairment of respiratory clearance is usually associated with induction of
permanent damage to respiratory-tract tissue. Oxidant air pollutants (e.g., NO2,
Oj), however, are known to induce a tolerance to their edematogenic effects in
the respii'atory tract, and, depending on the mode of exposure, they may also
produce tolerance to their cytotoxic effects in the respiratory tract. This paper
reports on the pulmonary edema and histopathology of the lungs of mice
exposed to various concentrations of NO2 and the effect on the rate of
respiratory clearance of inhaled s ' Cr2 O3 particles. At NO2 concentrations that
produced minimal or no edematogenic or histopathological effects, respiratory
clearance of s ' O2O3 was similar to that in unexposed mice. At concentrations
of NO2 that produced permanent tissue damage, a prolonged impairment of the
clearance rate of s ' Crj O3 was observed even with the resolution of the edema-
togenic effects. In mice repeatedly exposed to concentrations of NO2, which
produced marked edematogenic and histopathological effects, there was an
initial impairment of clearance of Cr2O3, followed by an accelerated rate of
clearance and then a clearance rate similar to that in unexposed mice. The
initiation of the accelerated clearance correlated well with the resolution of the
histopathological lesion but not with the resolution of the edematogenic effect.

•Present address: Frederick Cancer Research Center, National Cancer
Institute, Frederick, Maryland.
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The potential hazard associated with inhaled particles depends not
only on the inherent toxicity of the particle but also on the residence
time of the particle in the respiratory tract. Past studies (Creasia,
Nettesheim, and Hammonds, 1973a, 1973b) have shown that
pulmonary edema and hyperplastic lesions in the lung resulting from
respiratory infection drastically—and perhaps permanently—
impaired deep lung clearance of inhaled 5 1Cr2O3 particles. It
therefore became evident that further studies were needed to better
define the role(s) of pulmonary edema and hyperplasia in the
impairment of deep lung clearance.

Inhalation of nitrogen dioxide (NO2) characteristically results in
pulmonary edema and pronounced hyperplasia of the terminal
bronchioles, alveolar ducts, and adjacent alveoli in the lungs of small
laboratory animals. These lesions have been extensively studied
(Blair, Henry, and Ehrlick, 1969; Creasia, Nettesheim, and Kim,
1977; Evans, Stephens, and Freeman, 1971; Evans et al., 1973;
Freeman et al., 1969; Hine, Meyers, and Wright, 1970; Parkinson and
Stephens, 1973; Stephens, Freeman, and Evans, 1972; and Yuen and
Sherwin, 1971), and it is known that edema and/or hyperplasia can
regress under certain conditions of NO2 exposure. Therefore,
because lesions may be predictably varied by NO2-exposure condi-
tions, it was decided that NO : would be an ideal agent to use in
studying the effects of edema and/or hyperplasia on pulmonary
clearance.

MATERIALS AND METHODS

Animals

Female DBA/2BP mice were used in this study. The animals were
obtained from a specific-pathogen-free mouse colony (Brick, Newell,
and Doherty, 1969) and maintained 5 to 10 per cage with free access
to food and water. The mice were 12 to 15 weeks old at the start of
the investigation.

Aerosol Exposure

The inhalation chamber used for 5 l Cr 2 O 3 exposure has been
previously described in detail (Creasia, 1974). Briefly, the chamber is
a hexagon of approximately 0.5-m3 volume, with four ports, on each
of the chamber sides, for nose-only exposure of rodents. The
chamber is operated dynamically with 10 changes of filtered air per
hour. The 5 ' Cr2 O3 aerosol was generated by atomizing a suspension
of ^ 'Cr2O1 particles in distilled water with a Lovelace atomizer
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(Mercer, Tillery, and Chow, 1968). The mass concentration of the
5 ' Cr2O3 aerosol ranged from 1.8 to 2.2 mg/m3, and the geometric-
mean diameter was 0.12 nm. The mass concentration was determined
gravimetrically from grab samples taken on a PF-type Millipore filter.
The particle size was optically determined from electrostatic pre-
cipitator samples.

The amount of 5 I Cr 2 O 3 particles initially deposited and the
amount retained in the respiratory tract of the mice was determined
by whole-body counting (Creasia, Nettesheim, and Hammonds,
1973b). To compensate for upper respiratory tract deposition and to
allow for 5 l Cr 2 O 1 particles to be cleared from all portions of the
respiratory tract except the alveolar region, we initiated NO;
exposures 2 days after the 5 ' Cr2O, exposure. Other studies (Brain
and Valberg, 1974; Task Group on Lung Dynamics, 1966) have
shown that in 2 days 95% of the particle deposited in the nasal
turbinates, larynx, and bronchiotracheal portion of the respiratory
tract are cleared. Thus the amount of radioactivity retained in the
mice 2 days after s ' Cr2O3 exposure (the first day of NO2 exposure)
is considered to be deep lung deposition. The data are expressed as
percentages of the amount of radioactivity measured just prior to the
first NO2 exposure (i.e., the deep lung burden of 5 ' Cr2O3 particles)
and have been corrected for physical decay.

N0 2 Exposure

The inhalation chambers used for NO2 exposure have been
previously described in detail (Nettesheim, Creasia, and Mitchell,
1975). Briefly, the chambers are constructed of stainless steel and
plexiglass. They were operated as dynamic systems with 15 changes
of filtered air per hour at 70 ± 2°F and 55 ± 5% relative humidity.
The NO2 concentrations used in this study were produced by
appropriately diluting (with flowmeters) commercial preparations of
10% NO2 (Matheron Gas Products; high purity, dry) into the filtered
chamber air. In addition, chamber concentrations of NO2 were
continuously monitored with a chemiluminescence-type detector.
Three groups of 60 animals each were randomly chosen for exposure
to NO2 from those animals previously exposed to 5 'Cr2O3 aerosol.
One group of 60 animals was exposed to 30 ppm NO2 for 5 hr/day,
5 days/week for 2 weeks. The second group was similarly exposed,
except to an NO2 concentration of 60 ppm. The third group was
exposed only once to 170 ppm NO2 (repeated exposures to this
concentration of NO2 will kill the animals). Eight animals from each
group were sacrificed sit 1 hr or at 3, 5,12, 26, and 47 days after the
first NO2 exposure. Of the eight animals three were processed for
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TABLE 1

Average li2 O Content* of Lungs of Mice Exposed to NO2

137

Time after
initial \O i
exposure

1 hr
3 davs
5 days

12 dav*
26 davs
17 days

L'nexposed

80.4 ±
80.4 i
99.2 ±

122.G ±
125.7 ±
12-1.6 ±

3.7
10.2
10.4

H.I
3.1
8.3

Water content, mg

30 ppmt

98.6
117.2
152.4

131.6
121.1
122.8

± 2.5
+ 5 0
± 3.8

+ 2.4
± 1.9
+ 5.2

NO;-exposed

60 ppmt

238.5 ± 46.5
220.9 ± 30.7
170.6 ± 17.3

161.1 ± 16.7
125.7 ± 3.4
128.6 ± 12.0

i70ppm$

370.9 ±
389.8 ±
357.9 ±

314.2 +

90.1
28.0
10.2

13.3

•Data from each time point represent the mean of five animals plus or minus
the standard deviation.

"fTen daily exposures, 5 hr/day.
SOne exposure, 5 hr.

auto radiography and histological evaluation of the respiratory-tract
lesion induced by NO2. For the remaining five animals, the amount
of lung edema was determined. The extent of lung edema was
estimated by weighing the lungs before and after 24 hr of drying in
an oven at 220 F. The remaining 12 animals from each exposure
group were- monitored by whole-body counting at designated
intervals for respiratory clearance of 5 ' Cr2O3 particles.

RESULTS

Pulmonary Edema

Anin:als exposed for 2 weeks to 30 ppm NO2 showed slight but
progressively increasing pulmonary edema throughout the first week
of exposure (Table 1). After the first NO2 exposure, a 23% increase
over controls in the average water content in the lungs was observed
in these mice. This edematous response increased to 54% by day 5 of
exposure. By the end of the second week, the water content in the
lungs of the NO2-exposed and the control mice was not significantly
different.

Exposure to 60 ppm NO2 also produced edema. However, in
contrast to the progressively increasing edematous response of
animals exposed to 30 ppm, animals exposed to 60 ppm showed
maximum pulmonary edema as compared to controls after the first
NO2 exposure. Thereafter, with repeated NO2 exposures, the
amount of pulmonary edema found in the animals declined. It
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*£'<;^m«
Fig. 1 Section of lung from mouse exposed to 30
5 hr/day, 5 days/week for 2 weeks.

ppm

was not until 26 days after the first NO2 exposure, however, that the
water content of NO2-exposed lungs was similar to observed levels in
control animals.

Mice that received one 5-hr exposure to 170 ppm NO2 im-
mediately developed pronounced edema. The edema developed
within 2 hr of the NO2 exposure and was evident externally at the
animals' nares throughout the remaining exposure time. Water content
in the lungs of these mice immediately after exposure was twice that
found in mice exposed to 60 ppm for 5 hr and was nearly four times
that of control animals. Twelve days after the single NO2 exposure,
average water content of exposed lungs was about 2.5 times that of
lungs in control mice.

Histology

The histopathology of the lungs of mice exposed for 2 weeks to
30 ppm NO2 did not differ significantly from that of control
animals. The terminal-bronchiole—alveolar-duct (TB—AD) region of
the lung, the region which is most affected by NO,, is comparatively
free from any but the mildest indications of injury (Fig. 1).
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Fig. 2(a) Section of lung from mouse sacrificed immediately after
exposure to 60 ppm NO2 5 hr/day, 5 days/week.

Marked, focal hyperplasia in the TB—AD region of the lung was
observed in mice exposed to 60 ppm NO2. This hyperplasia increased
with the number of days of NO2 exposure, resulting in a pronounced
hyperplastic lesion by day 5 of exposure [Fig. 2(aj]. The hyper-
plastic lesions persist through day 10 of exposure (12 days after the
first NO2 exposure) with only slight change [Fig. 2(b)]. However, by
day 7 postexposure (19 days after the first NO2 exposure), there is
marked regression of the hyperplasia [Fig. 2(c)]. Qualitatively, there
may be regions of the lung showing early focal emphysema. By 40
days after exposure, the lesion has regressed almost completely
[Fig. 2(d)]. There is minimal residual scarring and little evidence of
the marked, focal hyperplasia so pronounced early in the exposures.

Mice that have received one 5-hr exposure to 170 ppm NO2 also
develop marked, focal hyperplasia in the TB—AD region of the lung
(Fig. 3). Development of this hyperplasia progresses through day 14
postexposure similarly to that in mice exposed to 60 ppm NO2.
However, in contrast to the lung lesion seen in mice exposed to
60 ppm NO2 for 5 days, the lesion induced by a single exposure to
170 ppm NO2 did not regress for at least 70 days (Fig. 4). The early
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Fig. 2(b) Section of lung from mouse sacrificed immediately after
exposure to 60 ppm NO2 5 hr/day for 10 days.

hyperplastic lesion observed during the first 2 weeks after NO2
exposure can be characterized as focal fibrotic nodules at 70 days
after NO2 exposure.

Pulmonary Clearance of S I C r 2 0 3 Particles

The pulmonary clearance rates in mice exposed to 30 ppm NO2
for 10 days were similar to the pulmonary clearance rates in control
animals [Fig. 5(a)J. Of< the 5 1 C r 2 0 3 particles, 50 and 75% was
cleared from the lungs of NO2 -exposed animals after 18 and 60 days,
respectively, and fromii control animals after 13 and 48 days,
respectively. Differences! were not statistically significant.

The rate of respiratory clearance of s ' Cr2O3 particles from the
lungs of mice similarly exposed to 60 ppm NO2 is summarized in
Fig. 5(b). Initially, the (exposed animals had a slower pulmonary
clearance rate than unexposed animals. At 13 days, when control
mice have cleared approximately 50% of the 5 ' Cr2 O3 particles, mice
exposed to 60 ppm NO2 have cleared only 20 to 25% of the
5 1Cr 2O 3 . Between 18 and 30 days after s l C r 2 O 3 deposition, the
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Fig. 2(c) Section of lung from mouse exposed to 60 ppm NO2 5
hr/day for 10 days and sacrificed 1 week after last exposure.

NO2 -exposed animals had an accelerated clearance rate. By 30 days
after S JCr 2O 3 deposition, NO2 -exposed and control animals both
had similar clearance rates and both had cleared 75% of the 5 ' Cr2 O3
particles at 50 days after s ' Cr2 O3 deposition. It should be noted
that the period of accelerated clearance immediately antecedes the
time at which the NO2 -induced lesion regressed, leaving little residual
scarring [Fig. 2(c)].

A single 5-hr exposure to 170 ppm NO2 produces a long-lasting,
if not permanent, inability of the lung to clear inhaled particles
[Fig. 5(c)]. This reduced pulmonary clearance is discernable within 1
week after NO2 exposure. At this time the NO2-exposed animals
have cleared approximately 12% of the initial 5 ) Cr 2 O 3 deposition
vs. 38% for control animals. Fifty percent of the s l C r 2 O 3 in
NO2-exposed animals is not cleared until 55 days. At 72 days the
same animals had cleared only 60% of the initial s ! Cr2 O3 deposition,
whereas control animals had cleared 85%. Note, however, that after
the first week following NO2 exposure the clearance rate was the
same for both the NO 2 -exposed and the control animals. The



142 CREASIA

Fig, 2(d) Section of lung from mouse exposed to 60 ppm NO2 5
hr/day for 10 days and sacrificed 27 days after last NO2 exposure.
(Hematoxylin and eosin stain. Magnification, 120 X.)

difference between groups in percent of s J Cr2 O3 cleared is
maintained at approximately 25% after the first week. This is in
contrast to the altered rates of pulmonary clearance of 5 ' Cr2 O3
observed in mice exposed to 60 ppm for 10 days. In those mice both
an initial retardation of clearance and a decreasing rate of clearance
of s 1 Cr2O3 particles were observed during the first 25 to 30 days of
the study.

DISCUSSION

Pulmonary clearance of inhaled s ' Cr2 O3 particles, pulmonary
edema, and histopathology of the lungs of mice exposed to different
concentrations of NO2 were studied. A definite relationship was
found to exist between (1) the extent and/or type of injury induced
in the respiratory tract by exposure to NO2 and (2) the respiratory
clearance rate of inhaled s ' Cr2O3 particles.
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Fig. 3 Lung section from mouse exposed to 170 ppm NO2 for 5 hr
and sacrificed 5 days after NO2 exposure. (Hematoxylin and eosin
stain. Magnification, 80 X.)

Fig. 4 Lung section from mouse exposed to 170 ppm NO2 for 5 hr
and sacrificed 70 days after NO2 exposure. (Hematoxylin and eosin
stain. Magnification, 80 X.)
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30 ppm NO,
5 hr/day
5 days/week
2 weeks

I I I I
Exposure 60 ppm NO,

5 hr/day
5 days/week
2 week 5

10
12 24 36 48 60 72

TIME AFTER INITIAL NO2 EXPOSURE, days

Fig. 5 Pulmonary clearance of inhaled 5 ' Cr2 O3 particles by mice
exposed to NO2. Animals were exposed to NO2 2 days after
5 ' Cr2 O3 exposure. Data, corrected for physical decay, are expressed
as percentages of the radioactivity measured just prior to NO2
exposure. A, the mean of 12 control animals. • , the mean of 12
animals 'exposed to NO2 as indicated. Shaded areas represent high to
low range.
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Fig. 6 Autoradiogram from lung of mice exposed to 170 ppm NO2
2 days after inhaling s l Cr 2 O 3 and sacrificed 72 days after N02
exposure. Note the retention of Cr2O3 particles is not within the
NO,-induced lesion. (Hematoxylin and eosin stain. Magnification,
80 X.)

When mice were exposed to 30 ppm 5 hr/day, 5 days/week for 2
weeks, no histopathology was evident, and there was little, if any,
effect on the long-term pulmonary clearance rate of s ' Cr2 O3
particles. Thus it is concluded that inhaling NO2 at concentrations
which produce minimal injury to the respiratory tract does not
significantly impair long-term pulmonary clearance of particles. The
similarity of the clearance rates between the NO2 -exposed mice and
controls also implies that the NO2 exposure had a minimal effect on
the mobility and phagocytic ability of alveolar macrophages.

When mice are exposed to 60 ppm NO2 5 hr/day, 5 days/week
for 2 weeks, pulmonary edema is induced and marked, focal
hyperplasia in the lung is observed. However, both these NO2-
induced lesions are transient. The edema decreased 2 days after the
first NQ2 exposure and completely disappeared by 21 days after-
ward. The hyperplastic lesion increases after the first NO2 exposure
and is most pronounced after day 5 of NO2 exposure. Ten days after
the first exposure, the lesions have become less extensive. By 48 days
there is little evidence of the earlier hyperplasia and minimal residual
scarring.



146 CREASIA

The effect of exposure to 60 ppm NO2 on pulmonary clearance
of 5 ' Cr2 O3 and induction of lesions was transient. During the first
20 days after the first NO2 exposure, a decreasing rate of pulmonary
clearance was observed. This time interval coincides with that during
which maximum tissue injury from NO2 exposure is evident.
Thereafter the pulmonary clearance rate accelerates and coincides
with regression of the NO2 -induced lesion. At times when the lung
has minimal residual lesion and appears to be recovered, clearance of
5 ' Cr2 O3 particles is similar between NO2 -exposed and unexposed
animals.

The transient impairment of pulmonary clearance cannot be
attributed solely to toxic effects of NO2 on alveolar macrophages. If
macrophage toxicity were the sole factor, then, soon after cessation
of NO2 exposure, new presumably unaffected macrophages would
repopulate the lung and pulmonary clearance would return to
normal. Pulmonary clearance, however, does not return to control
values until 15 to 20 days after the last NO2 exposure. In addition,
when mice are exposed only once to a 170-ppm concentration of
NO2, impaired pulmonary clearance is observed to persist for at least
70 days.

The data from this study suggest a direct relationship between
the degree of efficiency of the pulmonary clearance mechanism and
of both the type and the progression of pulmonary disease. With the
three different regimens of NO2 exposure used in this study, varying
degrees of pulmonary edema were produced. When the NO2
concentration was 30 ppm, pulmonary edema increased slightly with
the number of NO2 exposures, but the effect on pulmonary
clearance was minimal. Certainly the pattern of pulmonary clearance
did not reflect the pattern of edema formation. With 60-ppm NO2
exposures, maximum edema was found after the first exposure, but
it decreased thereafter. In contrast, the rate of retention of 51 Cr2 O3
particles increased during the period of decreasing edema. The
amount of edema produced by 170-ppm NO2 exposures was twice
that produced by 60 ppm, but pulmonary clearance was initially
similar in both groups.

There is a correspondence between the pattern of pulmonary
clearance and the progression of the cellular pathology produced by
the NO2 exposure. With a 30-ppm NO2 exposure, there was minimal
histopathology and minimal effect on clearance. A 60-ppm NO2
exposure produced a strong cell-proliferative response that was
observed to increase during NO2 exposures and to regress, with
minimal residual effects, some 10 to 15 days after cessation of NO2
exposures. During the period of increasing hyperplasia, pulmonary
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clearance of 5 i Cr2 O3 particles was reduced. Pulmonary clearance
then returned to normal at times similar to times at which the
hyperplastic lesion was observed to regress. Exposure to 170 ppm
NO2 produced a hyperplastic response that persisted for at least 70
days. Accordingly, a reduced pulmonary clearance rate also persisted
for 70 days. Autoradiograms show, however, that the retained
5 ' Cr2 O3 particles are not associated with the primary NO2 lesion
(Fig. 6). Therefore the explanation that the hyperplastic lesions trap
the 5 ' Cr2 O3 particles and, upon dissolution (as observed with
60-ppm exposure), free the s l C r 2 0 3 , allowing the particles to be
cleared by an intact pulmonary clearance mechanism, cannot be
assumed.

The clue to the reason for the impaired pulmonary clearance may
lie in the site of the hyperplastic NO2 lesion. It is possible that the
increased cellularity in the terminal-bronchiole—alveolar-duct region,
together with edema fluid, hinders or prevents the transport of
b ' Cr2 O3 particles from the peripheral alveoli to the mucociliary
escalator of the tracheobronchial tree. If the hyperplasia regresses, as
seen with 60-ppm exposure, the 5 ' Cr2 O3 particles could be more
readily transported to the mucociliary escalator. If the lesion persists,
as with 170-ppm NO2 exposures, passage of the 5 I Cr 2 O 3 particles
would remain hindered.

Although this proposed hypothesis is speculative at this time, the
explanation is consistent with the observed data. These data indicate
an initially decreasing rate of pulmonary clearance with 60-ppm NO2

exposure and, with 170-ppm exposures, a slower but steady rate of
pulmonary clearance.
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Two-Phase Deep-Lung Clearance in Man
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ABSTRACT

For toxicological as well as physiological considerations, it is important to
determine whether the long-term clearance of particles from the lungs of man
takes place in more than one temporal subphase. Although long-term retention
can be characterized with a single exponential, the existence of two distinct
components would significantly alter estimates of overall residence times and
hence potential effects of inhaled particulates. Physiological interpretations of
the mechanisms of long-term particle clearance depend on the identification and
quantification of such temporal subphases.

A highly sensitive whole-body counter was used to measure the long-term
retention of inhaled particles in man. After inhalation of <0.4 mg of biologically
inert 3.6 ± 1.6-|Um-diameter polystyrene particles tagged with 4.9 fiCi of the pure
gamma-emitting isotope 8SSr, lung retention was monitored in eight volunteers
for periods ranging from 197 to 399 days. Their pulmonary-function values fell
within normal limits, and they reported no symptoms of lung disease. Four of
the individuals had never smoked, and four had not smoked for a minimum of
5 years. Single exponential representation half-times for the long-term retention
were comparable between the two groups and were combined to give a mean
half-time of 197 ± 32 days. A better fit to the data was obtained, however, with
a double exponential model. Mean half-times of 29 ± 19 days and 298 ± 114
days for the fast and slow subphases, respectively, were estimated for this model.
Of the particles deposited in the deep lung, 75 ± 13% were cleared via the longer
half-time subphase.

From the first study of lung clearance in man, almost 25 years ago
(Albert and Arnett, 1955), it has been apparent that there are two
major temporal phases of particle removal. The first phase, measured
in hours, has been identified with the removal of particles deposited
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on the ciliated epithelium of the tracheobronchial tree (Albert et al.,
1973; Bohning et al., 1975). The particles are swept up and out of
the tracheobronchial tree by mucociliary action, to be swallowed and
eliminated via the gastrointestinal tract. The second phase is much
slower and is often treated as a constant background underlying the
rapid first-phase tracheobronchial clearance. Estimates of normal
half-times in man range from 60 to 70 days (Albert and Arnett,
1955; Morrow, Gibb, and Gazioglu, 1967; Cohen, Arai, and Brain,
1979) to 150 to 300 days (Booker et al., 1967; Bohning et al., 1979)
to 500+ days (Cool et al., 1979). Long-term clearance, usually
referred to as alveolar clearance, is associated with the removal of
particles that have penetrated deep into the lung to the gas-
exchanging regions, the respiratory bronchioles and alveoli.

Long-term clearance in man has not been well characterized. In
fact, because of the radiation dose constraints on long-term
radiotracer studies in man, few experimental studies have been
attempted, even though such data are essential for assessments of
health effects from inhaled particulates. Even with the studies that
have been done, it is often difficult to distinguish actual biological
clearance from particle solubility (Mercer, 1967), changing counting
geometry, and radiotracer leaching. The studies by Albert and Arnett
(1955) and Cohen, Arai, and Brain (1979) used iron oxide particles;
Booker et al. (1967) and Bohning et al. (1979) used polystyrene; and
most of the studies reporting very long half-times, i.e., 500+ days,
were of accidental inhalations of radioactive metals or metal oxides
[ I 9 2Ir , in the case of Cool etal. (1979)]. Morrow, Gibb, and
Gazioglu (1967) have used all three. Particle solubility is clearly size
and material dependent, but long-term clearance is also particle size
and composition dependent. It is not clear to what extent the
differences in observed half-times can be attributed to one or the
other of these two factors or differences in experimental technique.

The physiological mechanism or mechanisms responsible for the
clearance of particles from the deep lung are unclear. Phagocytosis
by macrophages that move onto the mucociliary escalator of the
tracheobronchial tree is probably the most important (Brain, 1970),
but movement through lymphatic channels and interstitial spaces
either as free particles or via macrophages has also been described
(Green, 1973). Mechanical translocation of both free particles and
particle-laden macrophages on the alveolar fluid could also play a
role, if only in support of the other mechanisms. Nowhere, however,
has a relation between observed alveolar clearance half-times and one
or more of these mechanisms been defined, and it is unlikely that
any physiological interpretation can be quantitated until the un-
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certainty with regard to the actual clearance half-times is resolved
with additional studies.

It is the purpose of this paper to present long-term clearance data
obtained from eight healthy volunteers which show qualitative and
quantitative evidence for the existence of at least two temporal
subphases in the removal of polystyrene particles from the deep lung.
The past failure to separate these two subphases might be a factor in
the variation among reported alveolar clearance half-times. Single-
component model half-times would change as a function of the
relative proportions of particles clearing via the two subphases.

METHODS

Eight healthy volunteers were chosen for this study. Four of the
volunteers had never smoked. The other four were ex-smokers,
having given up smoking for at least 5 years. All were given a series of
standard pulmonary function tests (by H.S.), which were reviewed by a
physician (J.C.A.) to be certain they had no pulmonary dysfunction
or symptoms of lung disease. Personal data, including smoking
history if applicable, and the results of their pulmonary function
tests are presented in Table 1 for all eight volunteers. Smoking
history has been characterized in terms of the average number of
"packs/day" smoked and the number of years of smoking, followed
by the number of years since the subject stopped smoking, in
parentheses. Pulmonary function characterization (Comroe et al.,
1962) is in terms of four volumes and four flow rates and the
corresponding percentages of normal. The four volumes reflect the
dynamic allocation of total lung volume sensitive to changes
associated with structural and functional abnormalities. They are
(1) vital capacity (VC), (2) residual volume (RV), (3) functional
residual capacity (FRC), and (4) closing volume divided by vital
capacity (CV/VC). The four flow rates are (1) forced expiratory flow
in 1 sec divided by forced vital capacity (FEVi /FVC), (2) maximal
mid-expiratory flow (MMF), (3) peak flow (PEAK), and (4) maxi-
mum expiratory flow at 50% of vital capacity (MEF50%). These flow
rates characterize the individual's ability to move sir out of his lungs
at various levels of lung inflation and help to detect obstructive
disease in large (PEAK and FEV,/FVC) and small (IV"IF and
MEF50%) airways.

Polystyrene particles, 3.5 jum in diameter, available presized and
pretagged from the 3M Company (Minneapolis, Minn.) were used for
these tests. The particles are extremely insoluble and biologically
inert (Katz and Laskin, 1976). Strontium-85 was chosen for the



TABLE 1

Personal and Pulmonary-Function Data

Subject
No.

20

1

23

29

16

9

7

17

Age /sex

33/male

39/male

50/female

60/male

56/male

56/male

57/male

25/male

Height/weight
(cm/kg)

183/99.5

175/76.4

163/70.4

177/96.4

178/81.8

186/124.1

178/75.9

175/81.8

Packs/
day

1

3

%

1

Yeats*

12(27)

15(21)

33(7)

5(5)

Volume.f liters

VC RV

(Percent

Nonsmokers

6.1
(113)
6.1
(129)

3.9
(122)
4.3
(100)

1.6
(78)
1.5
(76)

1.6
(89)
2.0
(82)

Smokers

4.8
(113)
4.1
(85)

5.2
(121)
5.4
(106)

1.7
(72)
1.8
(70)

1.6
(66)
1.1
(62)

FRC CV/VC

of normal)

2.7
(94)
3.5
(131)

2.8
(106)
2.6
(93)

3.4
(124)
3.2
(105)

3.4
(122)
2.5
(94)

10.1
(85)
16.3
(113)

20.8
(108)
22.0
(94)

22.4
(103)
20.5
(94)

15.1
(68)
12.3
(146)

Flow rate.f liters/sec

FEVi /FVC MMF PEAK

(Percent of normal)

76.3
(93)
84.5
(103)

79.1
(108)
79.4
(103)

81.3
(104)
86.7
(113)

77.0
(100)
80.0
(95)

4.5
(101)
6.1
(153)

3.6
(123)
3.4
(108)

3.1
(114)
4.8
(140)

3.8
(116)
4.3
(93)

14.9
(142)
12.2
(124)

8.7
(134)
10.9
(119)

12.5
(136)
10.6
(110)

14.4
(156)
14.2
(136)

MEF50

5.1
(83)
7.4
(129)

6.7
(160)
4.1
(7S)

4.2
(79)
7.1
(129)

5.0
(95)
5.6
(91)

S
z
o
o
o

z
m
rn
>

>

•Number of years the subject smoked and, in parentheses, number of years since subject stopped smoking.
t F o r explanation of terms, see section on Methods.
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radiotracer because of its 64-day half-life and its single 0.514-MeV
photon emission with no betas. Less than 0.4 mg of the polystyrene
particles tagged with 4.9 fid of 8 s Sr is inhaled for each test. With
tracheobronchial clearance the first day taken into account, the lung
radiation dose to the volunteers is less than 0.5 rad. This is y30 of the
annual organ dose approved for radiation workers by the Federal
Drug Administration.

For each study, an aliquot of the particles suspended in 5 ml of
saline solution was nebulized for inhalation by means of a Bird
Mark 8 Respirator and standard Bard-Parker No. 5053 therapeutic
compressed-air nebulizer. So that the size distribution of particles
nebulized for inhalation could be determined, samples were drawn
from the mouthpiece and fed to a CLIMET particle-size analyzer.
The particles were normally distributed with a mean of 3.6 ± 1.6 /mi.
This compares well with the 3.5-//m diameter specified by the 3M
Company.

A whole-body counter (Cohn et al., 1969) was used to externally
monitor the clearance of the radioisotope-tagged particles. The
system consists of 54 15-cm-diameter by 7-cm-thick Nal(Tl) crystals
arranged in two 3 by 9 arrays, one above and one below a bed on
which the volunteer lies while being counted. The entire assembly is
located inside a steel-lined concrete room designed to reduce
background radiation. The system is shown in Fig. 1. Data are
collected by a pulse-height analyzer, on-line to a digital computer.
They are corrected for background and counting geometry effects
and then stored on magnetic tape for subsequent spectrum analysis
to determine the number of counts in the channels corresponding to
the 8 5 Sr peak. This number divided by the initial number of counts
gives the fraction of particles retained at the time of the measure-
ment and constitutes one point on the lung retention curve. In the
present study, only counts from the detector rows above and below
the subject's chest (upper and lower rows 7) were used.

After an initial background measurement in the whole-body
counter, the volunteer, breathing normally, inhales particles from the
nebulizer for an average of 10 min and then returns to the
whole-body counter for his initial count. He is counted every 30 to
60 min for the remainder of the working day, and a 24-hr count is
taken the following morning. He is also counted on the third and
fifth days. Three measurements are made; the following week and
then two per week for the next 2 weeks. After 1 month the subjects
are measured once a week, and after 3 months they are measured
every 2 weeks. After 6 months one measurement per month is taken
for as long as sufficient activity remains.
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Fig. 1 Whole-body counter at Brookhaven National Laboratory.

RESULTS AND ANALYSIS

A sample particle retention curve, for the first day [Fig. 2(a)J
and for the first week [Fig. 2(b)], shows percent of initial activity
retained as ja function of time after inhalation. The fall in the
retention curie during the first few hours [Fig. 2(a)] reflects
tracheobronchial clearance. In the case shown, this was completed by
approximately! 6 hr after the inhalation, the curve stabilizing at 65 to
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70% of initial activity. This is deceptive, however, because there is a
considerable contribution to those counts from activity in the
gastrointestinal tract. The detectors composing the two arrays of the
whole-body counter are uncollimated; and, even though only upper
and lower rows 7 are used, the lung-clearance data contain sub-
stantial numbers of counts from particles passing through the
gastrointestinal tract. The "increased" retention at 24 hr compared
with the level observed the previous afternoon is likely due to
material moving through the arch of the large bowel and back into
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the field of view of the detectors over the chest. Only by the fourth
day has the gastrointestinal tract cleared, as shown in Fig. 2(b).

The highly variable rate and the unpredictable counting geometry
of material moving through the gastrointestinal tract cause difficul-
ties in the interpretation of the data from the first few days. Hence
long-term clearance half-times have been found by fitting only the
data recorded 1 week or more after the particle inhalation. By that
time, the significant amounts of activity coming from the rapid
clearance of particles initially deposited on the tracheobronchial tree
have passed through the gastrointestinal tract and been eliminated.
Although this might cause loss of precision in the determination of
possible very short alveolar clearance phases or possibly might result
in their being overlooked completely, no alternative has been found
to date.

The computer program used to fit the data was DISCRETE
(Provencher, 1976). It is based upon the Fourier convolution
theorem and was developed especially for the analysis of data
composed of sums of exponential decay functions. It does not
require initial values and is particularly useful when the number of
terms is not known. Standard nonlinear least-squares fitting routines
require that the number of exponential terms be specified in
advance. As a check, the data were refit to both single and double
exponential models with a nonlinear least-squares fitting routine
from the Statistical Package for the Social Sciences (SPSS) package
(Nie et al., 1975) with the use of values close to those found by
DISCRETE as starting values. The least-squares routine rapidly
converged to the same values estimated by DISCRETE. The
corresponding single and double exponential fitted curves have been
superimposed on the data for one individual in Fig. 3 . .

The model coefficients, in terms of percent of initial activity, and
half-times for the single and double exponential fits for all eight
volunteers are presented in Table 2. Mean values have been calculated
for the nonsmokers and ex-smokers separately as well as for all eight
subjects combined. Model parameter means were tested for differ-
ences between nonsmokers and ex-smokers by using t tests. No
significant differences were found between the two groups for any of
the model parameters. Because of the uncharacteristically large value
of the long subphase half-time for subject 7 and its large error,
overall means have also been computed without subject 7. Finally, an
overall weighted mean was found by using inverse variances as
weights.

The probability that the two-component fit is better than the
one-component fit is shown as P(2/l). This probability was deter-
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Fig. 3 (a) Single exponential clearance model, (b) Double exponential clearance
model.

mined by the F test for the ratio of the residuals resulting from the
two fits adjusting for nonlinearity with Beale's correction factor
(Beale, 1960). The last column, % L/(L+S), gives the percent of
alveolar deposit in the longer half-time "compartment" for the
two-component fit.

DISCUSSION

Visual comparisons of the single and double exponential models
with the retention data for subject 20 in Fig. 3 clearly favor the
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TABLE 2

Single and Double Exponential Model Clearance Half-Times

Subject
No.

20

1

23

29

16

9

7

17

t
Type

N

N

N

N

Mean±

X

X

X

X

Mean ±

Mean + SD

Days
followed

373

197

373

268

SD(N)

255

296

303

399

SD(X)

(N+X)

Mean + SD (N+X)
(without subject 7)

Weighted mean (N+X)

Single

%

34 ± 1

64 ± 1

26 + 1

17 ± 1

35 ± 2 0

29 ± 1

47 ± 1

51 ± 1

17 ± 1

36 + 16

36 ± 17

33 ± 17

36

155 ±5

209 ± 5

250 ±8

206 ± 15

205 ± 39

155 ±6

194 ±3

190 ± 5

216 ± 10

189 ± 25

197 ± 32

198 ±40

190

%

24 ±
13 ±
62 ±
12±
24 ±

Double

2
2
1
4
2

4 ± 2
14 ±

5 +

31 ±
9±

25 ±
9±

44 ±
5±

27 ±
28 ±
15 ±

5±

28 ±
12 +

1
1

21
5

1
1
2
2
6
6
1
1

12
11

257 ± 3 2
42 ±8

232
7

301
35

327
22

± 6
±2
±39
±26
± 6 0
± 10

279 ± 43
27

216

±15

± 14
17±3

214
27

561
67

278
17

317
32

298
29

261
24

246
14

±13
±16
±269
+ 12
± 7
± 2

± 165
±24

± 114
± 19

±43
± 12

(P2/1)*

> 0.999

> 0.999

0.989

> 0.999

>0.999

0.997

> 0.999

> 0.999

% L/(L+S)1

65

84

86

74

77 ± 10

74

90

49

75

72 ± 17

75 ± 13

78 + 9

•Probability that the two-component fit is better than the one-component fit.
•Percent of alveolar deposit in the longer half-time "compartment" for the

two-component fit.

two-component model. This conclusion is objectively confirmed in
Table 2. The probability that the two-component fit is better than
the one-component fit is no less than 0.989 for any of the eight
subjects.

Although the present data provide the first report of fast and
slow subphases for alveolar clearance in man, so-called fast alveolar
clearance has been observed in animals. Jammet et al. (1970)
reported two subphases to alveolar clearance in the cat, rat, and
hamster, the first subphase with a half-time of 10 to 12 days and the
second with a half-life exceeding 100 days. Studies in dogs (Bair and
Dilley, 1966; Cuddihy and Hall, 1971) have also demonstrated the



TWO-PHASE DEEP-LUNG CLEARANCE IN MAN 159

existence of a 1- to 3-week alveolar clearance subphase. The short
subphase half-time determined in the present study for man is very
similar in length, although the fraction of deep-lung particles clearing
via that route (~25%) is less than the 50 to 75% seen in dogs (Bair
and Dilley, 1966). Casarett (1972) has proposed that this "fast"
alveolar clearance subphase is associated with macrophage clearance,
and Gore and Thorne (1977) estimated that the clearance half-time
for material entering the tracheobronchial tree in macrophages to be
approximately 16 days. Estimates of macrophage lifetimes also range
from 1 week (Bowden, Davies, and Watt, 1968) to 5 weeks (Shorter,
Titus, and Divertie, 1966).

An attempt was made to relate the observed deposition fractions
and clearance subphase half-times to pulmonary function values by
multiple linear regression. With only seven subjects (subject 7 was
excluded because of the large error in that individual's long subphase
half-time), the results are inconclusive. However, the % L/(L+S)
tended to be positively correlated with MEF50% and MMF, measures
of small-airway patency. Because increased airway patency could
imply increased particle penetration, such a correlation could be
explained by two distinct anatomical regions, the one associated with
the long half-time subphase more distal than that associated with the
short half-time subphase. Confirmation of this would be important
with respect to physiological interpretations but will require addi-
tional studies. There was no significant correlation between the
subphase half-times and any of the pulmonary function values.

The establishment of the presence of two temporal subphases in
human alveolar clearance is important for health effects estimation.
Impairment of alveolar clearance, manifested either by lengthened
half-times or by the disappearance of either clearance subphase
(Le Bouffant, 1971), could expose an individual to greater health
risks from environmental pollution. The close agreement between the
"fast" alveolar clearance half-times determined in the present study
for man and those seen in a number of animal species also supports
the applicability of animal models to the study of alveolar clearance.
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Kinetics of Inhaled 54Mn and 60Co After an
Accidental Human Exposure

MASAFUMl UCHIYAMA, YOSHIYUKI SHIRAISHI, and SHIGERU AKIBA
National Institute of Radiological Sciences, Chiba, Japan

ABSTRACT

A male researcher inadvertently inhaled 60Co and 5 Mn which were incorpo-
rated in dried, powdered algae. The dose was not over 300 Bq of each nuclide.
The burdens were followed for more than 300 days by measuring the total body
and some of its segments with a whole-body counter equipped with two
8-in.-diameter Nal(Tl) crystals and by bioassay of the excreta. An appreciable
amount of 60Co was present in both the chest and the lower abdomen at all
times, and the relative content of Co in the lower abdomen increased with
time. Although S4Mn was always detected in the chest, the existence was
obscure in other segments. In the first 14 hr after inhalation, a total of 62% of
the 60Co was excreted, 66% of which appeared in the feces. The burden of 60Co
in the total body and chest could be fitted with three-component exponential
functions with effective half-lives of 326 and 173 days for the longest
component, respectively. A two-component exponential function expressed the
60Co burden in the lower abdomen with the longer effective half-life being 231
days. Manganese-54 in the chest was eliminated with a three-component
exponential function with an effective half-life of 347 days for the longest
component. The fu values of both radionuclides increased with time.

A male researcher inhaled an airborne mixture of 54Mn and 6 0Co in
powdered algae while preparing the algae in a draft chamber. The
dried algae were prepared from 20 g of fresh algae (Eisenia bicyclis
Setchell) and subsequently dried at about 30 to 40°C. Approxi-
mately 175 kBq each of 54MnCl2 and 60CoCl2 had been added to
the algae. The accidental contamination by radionuclides was
checked by both a survey meter and a hand—foot—clothing monitor.
The monitors indicated activity in the nose of less than three times
background. The researcher washed his nostrils with warm soapy
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water to remove possible contaminants. After such treatment, no
nasal contamination was detected. The chest burden was first
measured by a whole-body counter about 5hr after intake. The
resulting in vivo measurements indicated that the subject had
accumulated a small amount of 54Mn and 6 0Co in the chest through
inhalation (Fig. 1). The systemic body burdens of 54Mn and 6 0Co
were estimated to be less than 0.03 and 0.1% of the maximum
permissible body burdens, respectively, with the liver considered as
the organ of reference for 54Mn (International Commission on
Radiological Protection, 1959). Therefore no early therapeutic
action was taken.
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Fig. 1 Spectrum of gamma ray in the chest in the first measure-
ment.

Excreta analyses and additional in vivo measurements were
conducted through 310 days after intake to investigate the disposi-
tion of both the nuclides. All urine and feces were collected from the
subject during the period between the time of the first and the time
of the second chest-burden measurements. Thereafter, 24-hr excreta
collection was intermittently continued until day 310 after intake.
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METHOD

The male subject was measured with a whole-body counter at the
National Institute of Radiological Sciences (Eto etal., 1962). The
counter was equipped with two 8-in.-diameter by 4-in.-thick Nal(Tl)
crystals. The detectors could be slid along the longitudinal axis of the
body at a constant rate by remote control. The counter was housed
in an iron-sheathed room with a wall thickness of 20 cm. The upper
detector was positioned at a height of 30 cm above the bed, i.e.,
about 10 cm above the chest of a supine subject, whereas the other
detector was positioned 15 cm below the bed.

For measurement of radionuclides in the total body, the subject
was scanned longitudinally at a rate of 5 cm/min except for day 2
after inhalation when a scanning speed of 10 cm/min was chosen
because of the high radioactivity remaining in the subject. The
amount of radioactivity was too low to be quantitated with a
collimated profile scanner. However, a stationary method in which
uncollimated detectors were positioned on opposite sides of body
segments was utilized to get information about the retention and the
distribution of radionuclides throughout the body.

Four body segments were investigated. They are defined as
follows: (1) The chest is the region covering 20 cm toward the feet
from the collarbone and includes the lung, the trachea, and most of
the liver. (2) The upper abdomen includes the kidney, the stomach,
and about one-half of the intestines. (3) The lower abdomen includes
the rest of the intestines, the pelvis, the gonads, and part of the thigh
area. (4) The remainder of the legs comprises the fourth segment.
The measuring time was usually 2000 sec for one segment.

The body burdens of radionuclides for the total body and the
body segments were estimated by using man-equivalent phantoms. In
addition to the contaminants, the subject contained two gamma-ray-
emitting radionuclides from 4 ° K, a natural radionuclide, and ' 3 7 Cs
from worldwide fallout. Therefore four phantoms incorporating the
different radionuclides were prepared to determine all four radio-
nuclides in the subject. Another phantom filled with distilled water
was prepared to determine total-body background radiation. These
phantoms were measured in the same geometry and manner as used
for the subject.

The man-equivalent phantoms were composed of head, chest,
upper abdomen, lower abdomen, arms, and legs. Radionuclides in
aqueous solution were added in segments on the supposition that the
radionuclide distributed uniformly in a segment and that the
concentration in the legs was the same as that in the head and that in
the arms.
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The water phantom representing the total body contained
radionuclide concentrations according to the relative change of
counting rate in the various segments with time. For the estimation
of the burden of a radionuclide in any body segment, a body
segment of the phantom incorporating a known amount of the
radionuclide of interest and the water phantom were set together to
comprise the total body. The detectors were then positioned above
and below the phantoms to measure the radioactivities. In this way,
16 counting efficiencies were estimated for the body segments for
each of the four energy ranges used to determine the burdens of
137Cs, 54Mn, 6 0 Co,and 4 0 K.

The counting rate was determined by summing the four pairs of
products of radioactivity and counting efficiencies for each of the
radionuclides. By solving the simultaneous linear equations for the
four different unknown variables, we obtained the amount in
becquerels of radioactivity (for ' 37Cs, 54Mn, 6 0Co, and 4 0K) in a
segment and in the entire body. The energy ranges used for
count-rate determinations were 0.55 to 0.74 MeV for ' 37Cs, 0.72 to
0.94 MeV for S4Mn, 1.00 to 1.24 MeV for 6 0Co, and 1.31 to 1.62
MeVfor4 0K.

The amounts of 60Co and 54Mn in the excreta were also
determined with the same whole-body counter. After measuring the
volume, an untreated 24-hr urine sample was placed in an acrylic
container 9 cm in height and 19 cm in diameter. The container was
sandwiched between the lower and upper detectors. Standard
samples of S4Mn, 60Co, and 4 0 K were prepared for calibration
purposes and measured in the same geometry as the urine sample. A
container of distilled water was also prepared as a background
sample.

A feces sample was also collected over 24 hr, weighed, and then
ignited in a crucible in an electric muffle furnace at 450°C. The
resulting ash was transferred after weighing to an acrylic container
1.5 cm in height and 5 cm in diameter. The method of measuring and
calibrating the radioactivity in the sample was the same as for urine.

RESULTS

Figure 1 gives the spectrum of gamma rays in the chest of the
subject immediately after removal of the contaminants from the
surface. The photopeak of 4 0 K is close to that of 6 0Co. The
photopeak of 54Mn (0.835 MeV) is more distinct. Figures 2(a) and
2(b) show the body burdens of 6 0Co in the total body and in the
chest, respectively. The early measurement data are expanded at the
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top of the figures. On the first measurement the 6 ° Co burden in the
chest was estimated to be 268 ± 5 Bq. The burdens for both total
body and chest were expressed by the sum of three exponential
terms as follows:

R(t) . lm9 exp £<M»») t 66.2 exp ( ^ )
^%||3-£) (1,

for the total body, and

E(t, - 177.2 exp (=&§«) + 47.8 exp

+55.9 exp y 1 ? 3 J (2)

for the chest. About 20% of the cobalt in the whole body was
eliminated with an effective half-life of 326 days.

The upper abdomen indicated a fairly large fluctuation of 6 ° Co
burden as shown in Fig. 3(a). An appreciable peak of 6 0Co was
observed at all measurement times. It was found, however, to be an
artifact that resulted from the relatively high radioactivity in the
chest and lower abdomen. In the method of measurement used (i.e.,
with uncollimated detectors), the contribution of activity from one
segment to another could not be neglected. For example, the
counting rate for 6 0Co in the upper abdomen was estimated to be
increased 60% by each of the burdens in the chest and the lower
abdomen. Relatively high radioactivity in the upper abdomen was
observed at days 1, 5, 11, 14, and 17 but not at other times. Almost
the same amount of 6 0 Co was detected in the segment on day 310 as
was detected in the chest and the lower abdomen.

In the lower abdomen there was accumulation of 6 0Co as
indicated in Fig. 3(b). The burden is expressed by a two-component
model as follows:

R(t) = 34.8 exp ( = ^ p ) + 28.2 exp ( = ^ ^ ) (3)

For S4Mn the segmented burden could not be followed
accurately except in the chest. It was concluded that no activity of
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5 4 Mn accumulated in the upper abdomen and that there was always
a small amount of the nuclide in the lower abdomen. Figure 4
indicates the burden of 5 4 Mn in the chest; the early stage is indicated
in the expanded scale. The initial burden was estimated to be
167 Bq. The burden was expressed by the sum of three exponentials,

R(t) = 116.6 exp 31.3 exp

(*)

The distributions of both radionuclides were determined for
segments for which relatively accurate counts could be obtained. The
ratio of the burden in the lower abdomen to that in the chest is
shown in Fig. 5(a) for 6 0Co and in Fig. 5(b) for 54Mn. The ratio
increased with time for both radionuclides. The ratio for 6 0Co,
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however, was lower than for s 4 Mn and less than unity even at day
310 after intake. The ratio for 54Mn exceeded unity by day 155.
The shape of both curves is approximately the same as retention
curves composed of two exponential terms with rate constants
different from each other. This supports the existence of uniquely
different effective half-lives in these two segments for each of the
radionuclides.

Excretion of 6 ° Co is shown in Fig. 6(a) for the feces and in
Fig. 6(b) for the urine. In the period of about 14 hr between the first
and second determinations of the chest burden, ~140 Bq of 60Co
was excreted; 66% was four,d in the feces. The reduction of 6^Co in
the chest was estimated to be ~80 Bq. Therefore, the 60Co excreted
in the feces can largely explain the decrease in chest burden. In
contrast, about 20% of the initial 6 ° Co in the chest was probably
transferred into the blood and excreted into the urine. A two-
component exponential model could follow the change of 60Co
excretion in the feces as follows:

R(t) - 15.3 exp i = ^ ) + 0.81 exp ( = ^ ) + 0.09 (5)

The ratio of the quantity of 60Co excreted into urine to that into
both feces and urine, fu, increased with time and was about 0.9 at
day 310 after intake as shown in Fig. 8.

The excretion of 5 4 Mn was not as clear. The body burden in the
chest determined on day 2 suggested that as much as 110 Bq was lost
from this segment. However, only 18 Bq was found in the lower
abdomen on day 2 and about 7 Bq was detected in the feces. The
later excretion of s4Mn ranged from 0.1 to 5 Bq as shown in
Fig. 7(a) for feces and Fig. 7(b) for urine. Therefore most of the
54Mn deposited in the chest was lost during the first 2 days. The
increasing fu ratio with time (Fig. 8) suggests that the radionuclide
became increasingly soluble in body fluids and was transferred into
the blood to be excreted into the urine. Figure 7 indicates that both
radionuclides behaved metabolically as radionuclides classified as
slightly soluble.

DISCUSSION

The retention burden of 60Co has been expressed as the sum of
three or four exponentials, and the term with the longest effective
half-life of a few thousand days could be estimated only after many
years of measurement (Sill, Anderson, and Percival, 1964; Newton
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and Rundo, 1970; Gupton and Brown, 1972). In this study, for up
to 310 days the retentions in the chest and the total body were
described by three-component models. The decreased excretion rate
of 6 0Co, however, indicates another possible component with a
longer half-life. The effective total-body half-life of 6 0Co in our
study for the third component of 326 days is apparently shorter than
the approximately 2 years reported by Sill, Anderson, and Percival
(1964). The short duration of observation was a probable cause of
this difference.

In this work the effective half-life for 6 ° Co in the chest for the
third component was 173 days. This is comparable to 180 days in
the case of 6 0Co inhaled as corrosion products (Edvardsson, 1972).
A longer half-life of 493 days was reported by Hodge, Thakker, and
Bhat (1979) and by Gupton and Brown (1972) who observed an
effective half-life of about 30 months for inhaled 6 0Co oxide. In the
study by Gupton and Brown, the half-life appeared to increase with
time of observation. On the other hand, Cofield (1963) reported
shorter half-lives ranging from 10 to 90 days. The physicochemical
state of inhaled 6 0Co may be partly responsible for the various
values of effective half-lives reported in the literature. The location
within the body and the duration of observation may also influence
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the half-life. Edvardsson (1972) observed that the excretion of
inhaled 6 ° Co was over 80% during the first 24 hr. About 60% was
excreted in the same period in our study.

In the early stage after inhalation, 6 0Co was found in the
stomach (Edvardsson, 1972). However, about 20% of the 6 0Co in
the total body was estimated to be in the liver for a period of 1000
days when 6 0Co was given intravenously or orally as 60CoCl2

(Smith, Edmonds, and Barnaby, 1972).

In our study a significant amount of 6 0Co was located in the
lower abdomen. An appreciable amount of 6 0Co was found in the
knee several years after the inhalation of 6 0Co in the form of metal
or its oxides (Newton and Rundo, 1970). Therefore the 6 0Co in the
lower abdomen in our work may represent deposition in the bones.

The effective half-life in the chest for 54Mn for the third
component was 347 days. Differences in the stability of binding
between the radionuclide of concern and the constituents of algae
may be partly responsible for the longer effective half-life of 54Mn
observed in this study. A preliminary experiment in which algae
containing 6 0Co and 54Mn were dialyzed against distilled water
supports this hypothesis.

Mahoney and Small (1968) reported that retention of 54Mn in
the total body was expressed by the sum of two exponentials for 60
days after injection and that the longer effective half-life was about
39 days in the normal subjects. The subjects with iron deficiency had
longer half-lives (as much as 90 days). In this study the effective
half-life of s 4Mn in the total body could not be determined.
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The Dosimetry and Distribution of Whole
Cigarette Smoke Particulates in Inbred Strains
of Mice: Comparison of a Large Smoke-Exposure
Machine (SEM) with a Small-Capacity
Smoke-Exposure Machine (Walton)
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•Department of Experimental Oncology and Department of Biochemical
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ABSTRACT

The disposition and the internal distribution of total particulate matter (TPM) of
cigarette smoke were examined under conditions of high TPM deposition in the
lungs of mice. Two different smoke-exposure systems were used. The smoke-
exposure machine (SEM II) is a large-capacity (480 mice) dynamic system in
which smoke is routed through the animal containment unit as a continuously
flowing stream. Mice are restrained about the neck in stock-type holders for
nose-only exposure. The Walton Horizontal Smoking Machine (Walton) is a
small-capacity (12 to 20 mice) static system where the smoke is introduced into
exposure chambers into which mice (restrained in either stock-type holders or
whole-body tubes) respire directly. Both machines were operated under
standardized conditions for puff duration (2 sec), average puff volume (35 ml),
puff frequency (once per minute), and butt length of cigarette (23 mm).

A radioactive tracer (14C-labeled dotriacontane) was used to quantitate the
deposition of TPM in tissues of the mouse after exposure to smoke. When the
Walton machine was used, the deposition of TPM for 2A1 Kentucky reference
cigarettes increased with increasing smoke concentration and smoke-exposure
time but was independent of sex or strain of mouse. Detectable levels of TPM
were found in the head, larynx, lungs, and stomach. The distribution of TPM
among these tissues did not change as the total exposure time increased to 300
sec or as the smoke concentration was increased to 14.1% (vol./vol.). Regardless
of total exposure time or smoke concentration, 73 to 77% of the TPM was found
in the lungs and 88 to 91% of the TPM was contained in the entire respiratory
tract. Thus the conditions of 10% (vol./vol.) smoke concentration for 300 sec of

^Present Address: National Cancer Institute, Bethesda, Maryland.
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total exposure were chosen for comparison of the deposition and distribution of
TPM from the two smoke-exposure systems. The average deposition of TPM in
the lungs of BC3F1/Cum mice was 123 and 134 ,ug after exposure on the Walton
and the SEM II machines, respectively. Coefficients of variation for a total of 40
mice exposed on the Walton and a total of 120 mice exposed on the SEM II
were 0.20 and 0.09, respectively. The percent of total body distribution of TPM
for animals exposed on the Walton was 80% in the lungs and 86% in the entire
respiratory tract; for animals exposed on the SEM II, 70% was found in the lungs
and 88% in the respiratory tract.

Several systems have been developed for the study of the effects of
cigarette smoke on the respiratory tissues of laboratory animals. If
the results obtained from experiments using these systems are to be
extrapolated to humans, the smoking machine must simulate human
smoking under reproducible conditions and the particulate phase of
the smoke aerosol generated must reach the lungs of the animal.
Human smoking can be simulated by a machine if representative
smoking conditions are chosen. These conditions are the averages of
several human smoking variables that influence both the total
particulate matter (TPM) of tobacco smoke and the individual smoke
constituents. Four variables have been standardized for machine
smoking: puff volume, puff frequency, puff duration, and butt
length. Under standardized conditions a cigarette is puffed once per
minute, which generates a puff 35 ml in volume during a 2-sec
period. The cigarette is smoked to a 23-mm butt length (Wynder and
Hoffman, 1967).

Dosimetry studies were performed and compared for two types
of smoking machines, the Walton Horizontal Smoking Machine
(Walton) and the smoke exposure machine (SEM II). These cigarette
smoke inhalation dosimetry studies are presented to document and
quantitate deposition and distribution of smoke TPM in certain
inbred and hybrid strains of mice as well as to determine which
factors influence deposition and distribution.

MATERIALS AND METHODS

Smoke Generation

Walton Horizontal Smoke Exposure Machine (The Walton). Figure 1,
parts a and b, shows the Walton, which is manufactured by Process &
Instruments Corp., Brooklyn, N. Y. This machine, designated the
Walton, was designed to expose a small number of experimental
animals to cigarette smoke under the conditions of a 2-sec puff of
35-ml volume once every minute. The features of this machine are
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Fig. l(a) Walton Horizontal Smoking Machine. Mice are shown
restrained in the cylindrical tubes.

completely described by Guerin et al. (1979). The Walton provides
exposure to standing or static smoke from a single puff that is
uniformly mixed by a rotating fan. The animals breathe the smoke
for a preselected time ranging from 5 to 45 sec. The particle size of
the smoke aerosol has been measured by methylcyanoacrylate
fixation. Data indicated that the geometric mean diameter of a 10%
2A1 cigarette smoke aerosol (see section on Dosimetry) increased
from 0.40 to 0.63 jLim during 30 sec in the exposure chamber
(Holmberg, 1979). The chamber is flushed with fresh air between
puffs. The smoke concentration can be varied by changing either the
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Fig. l(b) Walton exposure chamber. One side plate has been
removed to show the inside of exposure chamber (CH) with the
conical-shaped exposure holes (H) visible. During an exposure the
cigarette dome (D) moves forward and automatically ignites the
cigarette (C), and 35 ml of puff air is forced through the cigarette
into the chamber. A continuously rotating fan (F) is required to
ensure rapid and uniform mixing of the smoke. At the end of an
exposure interval, smoke is vented through the exhaust port (E).

chamber volume (between 384 and 1150 ml) or the number of
cigarettes (1, 2, or 3) simultaneously smoked. For example, in using
the 384-ml chamber, smoke concentrations of 10, 20, or 30% will be
generated by simultaneously burning 1, 2, or 3 cigarettes. Total
smoke exposure is represented by total exposure time; e.g., 30 sec of
smoke exposure per minute for 10 consecutive minutes results in 300
sec of total smoke exposure.

Automatic Smoke Exposure Machine (The SEM II). The SEMII
machine (Process & Instruments Corp., Brooklyn, N. Y.) and
animal-containment unit are shown in Figs. 2 to 4. The SEM II
(described by Moneyhun, Stokely, and Florant, 1979) automatically
and sequentially loads, lights, puffs, ejects, and extinguishes a series
of 30 cigarettes. The smoking conditions chosen are: puff frequency
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Fig. 2 Automatic smoke-exposure machine (SEM II). Cigarettes
(C) are loaded from a hopper (HO) into a rotating drum holder
(DH). The lighter (L) automatically ignites the cigarette, and puff air
is forced through each cigarette in turn. Flow is caused by a
constantly held differential pressure provided by the positive
pressure in the dome (DO) between the ignited end and the butt end
of the cigarette. Dilution air (DA) is introduced at the butt end of
the cigarette.
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Fig. 3 SEM II exposure module and stock-type animal holder. Each double-sided module has the capacity to expose 60 mice at
one time. Modules when on the exposure rack are held closed by electromagnets (EM) (Fig. 4). An air seal is provided by the
O-ring (O) so that either smoke or air is delivered through the channel (CH). The animal holders ate provided with chin rests
(CR), neck spring clips (SC), and metal foot grids (FG).
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Fig. 4 SEM II exposure rack with eight exposure modules. The
system has the capacity to expose 480 mice at one time. One side is
visible In this photograph.

(one per minute), puff duration (2 sec), average puff volume (35 ml),
and butt length of cigarette (23 mmj). Thirty cigarettes are loaded
into holders fitted on the surface of a rotating drum (Fig. 2). The
drum advances one holder position eVery 2 sec, which results in all
30 cigarettes being sampled every 60 sec. Air is forced through
cigarettes by a constantly held differential pressure between the
ignited end and the butt end of the cigarette. Variable amounts of air
for diluting smoke can be introduced at the butt end of the cigarette,
thereby producing a range of smoke concentrations from 5 to 100%
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which can be offered to test animals. The diluted smoke flows at a
predetermined rate through a programmable distribution valve that
sequentially directs the smoke, at precise time intervals, into one of
four channels leading to the animal-containment units or to an
exhaust system. Air is provided to the channels in the absence of
smoke. Each of the four channels has the capacity to provide smoke
or air to 120 mice at one time. Cigarette smoke is delivered to the
test animals within 2 sec after generation. The particle size has been
determined by methylcyanoacrylate fixation and was found to be
lognormally distributed with a geometric mean diameter of 0.34 jum
(Holmberg, 1979).

In the studies presented here, two of the four channels were
used. Smoke was provided to one channel for 30 sec while air was
provided to the second channel. At the end of 30 sec, the smoke and
air were reversed by the distribution valve. Smoke was vented to an
exhaust system for exposures of less than 30 sec. Total smoke-
exposure time was 300 sec (30 sec of smoke exposure per minute for
10 consecutive minutes).

Animals

Male and female BC3F1/Cum, B6C3F1/Cum, C57B1/6 Cum, and
C3H/Anf Cum mice were purchased from Cumberland View Farms
(Clinton, Tenn.) at 4 to 6 weeks of age. Male and female DBA/2J
mice, 4 to 6 weeks old, were purchased from The Jackson Laboratory
(Bar Harbor, Maine). They were housed 5 animals/cage (stainless-
steel cages equipped with plastic fronts and filter bonnets) on
corncob bedding (Bed-O-Cob, Chesapeake Feed Co., Beltsville, Md.)
and were allowed free access to Purina Lab Chow and water. Racks
containing the animal cages were kept in a room at 70 to 74° F with a
cycle of 12 hr light from fluorescent lights and 12 hr dark. The
animals were initially exposed to 120 sec of 10% 2A1 Kentucky
reference cigarette smoke (see section on Dosimetry) twice a day
with a 10-min rest between exposures. Each day both sessions were
increased by 30 sec each until a total exposure of 600 sec/day was
achieved. Mice were exposed daily for 600 sec for at least 8 to 14
weeks before any dosimetry studies were scheduled.

Animal Holders or Restraints

In the Walton machine, mice are held in cylindrical tubes that
align the heads of the animals with the conical-shaped openings cm
the expos ire chamber [Fig. l (b)] . The nose of each animal
protrudes into the chamber [Fig. l (a)] . Twenty mice, 12 hamsters,
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f or 6 rats can be exposed to smoke simultaneously by using this
!j restraint system.

f: The animal containment system for the SEMII is shown in
f Figs. 3 and 4. Animals are held in a stock-type holder (Pig. 3) with a
| neck slot and restraining spring. A chin rest ensures that the nose of
I the animal is aligned with the conical-shaped opening of the exposure
i module (Fig. 3). The nose of each animal protrudes through a dental
i rubber dam diaphragm (Process & Instruments Corp., Brooklyn,
I N. Y.) which forms a seal to prevent body exposure. When adequate
I; air and/or smoke is provided to the exposure module, restraint twice
[1 daily for up to 3 hr results in no mortality and no obvious ill effects
I to the animals.

I
: Oosimetry

! Kentucky reference 2A1 cigarettes (University of Kentucky,
;'. Lexington, Ky.) were used throughout these studies. Each 2A1

cigarette delivered 40 mg TPM, 0.5 mg nicotine, and 22.8 cm3

carbon monoxide (Guerin et al., 1979). Cigarettes were selected for
use on the basis of weight Q.12±0.10g) and resistance to draw
(85 ± 5 mm H2O). Cigarettes were labeled with [ l4C]dotriacontane
([ ' 4C]DTC, American Radiochemical Corp., Tanford, Fla.) either at
Oak Ridge National Laboratory (ORNL) or at Microbiological
Associates (MA) by previously published procedures (Caton, 1979).
For the Walton studies the 2A1 cigarettes contained 1 to 2 juCi of
[14C]DTC per cigarette, whereas those for the SEM II studies
contained 0.25 to 0.5 fid of [J 4C]DTC per cigarette.

For dosimetry studies using the Walton, three radiolabeled
cigarettes were used for each exposure condition. The first and third
cigarettes were burned in the smoking machine equipped with a
Cambridge filter (Cambridge Filter Corp., Syracuse, N. Y.) to collect
the generated TPM. The filters were weighed immediately after
exposure. The two Cambridge filtets were placed in 20 ml of
pyridine, the TPM was eluted, anjd an aliquot was taken for
determination of radioactivity and fpr analysis of nicotine content.
The measured specific activity for the radiolabeled smoke generated
on the Walton was 50 to 100 dpm (disintegrations per minute)
[14C]DTC per microgram of TPM. The second cigarette was burned
to expose the animals to radiolabeled smoke. As a check of the
reproducibility of the animal exposure from the labeled cigarettes, a
sample of smoke was withdrawn during each puff (20 ml total). This
was collected onto a Cambridge filler, the TPM was eluted with
pyridine, and the amounts of radioactivity and nicotine were

J
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determined. In each instance the TPM and nicotine values deter-
mined in these grab samples were within 10% of the expected values
for 2A1 reference cigarettes.

For dosimetry studies on the SEM II, the smoke TPM was
determined with an optical scattering sensor (Higgins, Gayle, and
Stokely, 1978; Jenkins and Gayle, this volume) placed in the smoke
line immediately preceding the animals. Total radioactivity associ-
ated with the TPM was determined by withdrawing known volumes
of smoke from the sampling port built into the optical sensor,
collecting the smoke particulates onto a Cambridge filter pad, eluting
the TPM with pyrldine, and counting the pyridine sample. The
counting employed a liquid scintillation spectrometer which used
simultaneous internal standards to correct for quenching and
counting efficiency. The measured disintegrations per minute per
TPM specific activity for the radiolabeled smoke generated on the
SEM II was 15 to 25 dpm of [ '4 C] DTC per microgram of TPM.

After 8 to 14 weeks of adaptation to 2A1 cigarette smoke, the
deposition of TPM in the animals was determined. From the
['4 C] DTC-labeled cigarette, mice were exposed to 2A1 cigarette
smoke and then were sacrificed by carbon dioxide asphyxiation.
Selected tissues were removed, trimmed, blotted to remove excess
blood and fluids, and frozen at —20° C. All tissue samples were coded
at MA and shipped to ORNL at —20° C for radioactivity determina-
tion. Tissues were thawed and solubilized in an alcoholic potassium
hydroxide solution, as described previously by Caton (1979). Tissue
samples from mice exposed to nonradiolabeled smoke were used to
determine background values. Background values varied among the
various tissues and averaged 165 dpm for lungs, 155 dpm for larynx,
83 dpm for head, 113 dpm for stomach, 60 dpm for hide, 55 dpm
for liver, and 88 dpm for remaining internal tissues. Because
backgrounds were variable, deposition was considered not significant
unless tissues were found to have radioactivity levels three times
above background and a dose-dependent increase in radioactivity was
observed. The only tissues that met these criteria were the head, the
larynx and upper trachea, the lungs and lower trachea, and the
stomach and esophagus. The measurements on the larynx and upper
trachea had the highest inherent variation after exposure to either
radiolabeled or nonradiolabeled smoke. This unreproducibility may
be a funition of the solubilization procedure. The [ I4C]DTC
measurements on the lungs were at least ten times above background.
All radioactive samples were corrected for background and • for
quenching; and counting efficiency, and data are presented as
micrograms of TPM deposited per tissue.
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RESULTS

The effect of total exposure time on the deposition of TPM in
mice exposed on the Walton is shown in Table 1. Female C3H/Anf
Cum mice exposed to 10% 2A1 cigarette smoke for a total of 100,
200, 300, and 400 sec showed that deposition of TPM in all tissues
increased with increasing exposure time. Such exposure times
resulted from 10-, 20-, 30-, and 40-sec smoke-exposure intervals per
minute for 10 consecutive minutes. Deposition was nonlinear; when
exposure time was doubled, deposition increased more than twofold.
The coefficient of variation for deposition in the lungs from 10
animals exposed at four different times was between 0.10 and 0.20
(interanimal variation). Repeated exposures performed at separate
times yielded a coefficient of variation of 0.10 to 0.15 (interassay

TABLE 1

Effect of Time on Deposition and Distribution of Total
Particulate Matter (TPM) in C3H/Anf Cum Mice After

Exposure to 10% 2A1 Cigarette Smoke

Total smoke exposure,* sec

Tissue 100 200 300 400

Deposition of TPM.f fig

Lungs 32(0.19) 83(0.18) 148(0.14) 226(0.17)
Larynx 1 1 3 22
Head 5 8 22 56
Stomach 6 9 24 53

Total 44 101 197 357

Percent of Total Body Distribution $

Lungs
Larynx
Head
Stomach
Respiratory

tract

73
2

11
14

89

82
1
8
9

91

75
2

11
12

88

63
6

16
15

85

•Total smoke exposures of 100, 200, 300, and 400 sec resulted
from 10, 20, 30, and 40 sec of smoke followed by 50, 40, 30, and
20 sec of air, respectively, each minute for 10 consecutive minutes.

fData are given in terms of mean TPM deposited for 40 mice;
coefficients of variation are in parentheses.

iPercent of TPM deposited per given tissue is calculated from
the mean total from 40 mice.

J
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variation). At exposure times of less than 300 sec, the distribution of
TPM in the body was 73 to 82% in the lungs and 89 to 91% in the
entire respiratory tract.

The effect of smoke concentration on deposition and distribu-
tion of TPM in mice exposed on the Walton is presented in Table 2.
Female C3H/Anf Cum mice were exposed to four different 2A1
cigarette smoke concentrations (vol./vol.), i.e., 5.9, 10.1, 14.1, and
23.3%, for a total exposure time of 300 sec. The total quantity of
TPM deposited in the respiratory tract increased with increasing
smoke concentration. In the lungs the increase was linear, with a
correlation coefficient of 0.98. The distribution of TPM in the body
was similar at all smoke concentrations except 23.3%. Some
particulate aggregation may occur at this concentration since

TABLE 2

Effect of Smoke Concentration on Deposition and
Distribution of Total Particulate Matter (TPM) in
C3H/Anf Cum Mice After 300-sec Exposure to

2A1 Cigarette Smoke*

Percent of smoke concentration (vol./vol.)

Tissue 5.9 10.1 14.1 23.3

Deposition of TPM,t jug

Lungs
Larynx
Head
Stomach

75(0.13)
2
9

12

Total 98

127(0.14)
2

17
20

166

156(0.16)
5

28
25

214

298(0.20)
54

123
40

515

Percent of Total Body Distribution!

Lungs
Larynx
Head
Stomach
Respiratory

tract

77
2
9

12

88

77
1

10
12

88

73
2

13
12

88

58
10
24
8

92

•Smoke exposures of 300 sec resulted from 30 sec of smoke
followed by 30 sec of air each minute for 10 consecutive minutes.

•fDita are given in terms of mean TPM deposition from 40 mice;
coeffici mts of variation are in parentheses.

$Pe -cent of TPM deposited per given tissue is calculated from
the mean total front 40 mice.
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relatively higher deposition was observed in the larynx and head. For
the four concentrations, 58 to 77% of the TPM was found in the
lungs and 88 to 92% in the respiratory tract. The conditions of
23.3% (vol./vol.) smoke concentration and 300-sec exposure time
was the maximum tolerated nontoxic dose of smoke. Approximately
40% of the mice died when exposed to 26.6% (vol./vol.) smoke
concentration for 300 sec (data not shown).

Data for deposition and distribution of TPM in three inbred and
two hybrid strains of mice after exposure on the Walton are
presented in Table 3. Twenty female and 20 male mice of each strain
were exposed to 10% 2A1 cigarette smoke for a total of 300 sec.
Deposition was similar in all strains, as was the percent of TPM found
in the lungs and respiratory tract. Some differences were observed
between male and female mice; male mice appear to have higher TPM
deposition. The differences, however, may be related to the higher
body weight in males.

TABLE 3

Pulmonary Deposition of Total Particulate Matter (TPM)
in Five Strains of Mice After 300-sec Exposure to 10%

2A1 Cigarette Smoke*

Mouse strain

C3H/AnfCum Female
Male

C57BL/6 Cum Female
Male

DBA/2J Female
Male

BC3F1/Cum Female
Male

B6C3F1/Cum Female
Male

Body
weight,

f

20.6
23.2

16.6
19.4

19.5
22.9

17.1
19.9

19.8
22.4

Pulmonary
deposition

of TPM,fjug

88(0.29)$
129(0.16)

108(0.16)
123(0.22)

94(0.22)
125(0.14)

113(0.22)
133(0.17)

80(0.14)
89(0.11)

Percent of total body
distribution

Lung

72
67

64
69

69
65

80
79

81
80

Respiratory
tract

84
87

78
80

79
84

85
82

90
88

•Exposure conditions as in Table 2. Forty mice from each strain were
exposed to smoke on the Walton machine.

f Deposition has been normalized to 10% smoke concentration based
upon the actual smoke concentration measured during these exposure
conditions.

$ Coefficients of variation are in parentheses.
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The deposition and the distribution of TPM in BC3F1/Cum mice
after 300-sec exposure to 10% 2A1 cigarette smoke generated on the
Walton (40 mice) or the SEM II (120 mice) are found in Table 4. The
deposition is similar, particularly in the lungs and respiratory tract.
The distribution of TPM is a!ao similar; 70 to 80% of the TPM was
found in the lungs and 86 to 88% in the respiratory tract after
exposure on either machine. The only difference between animals
exposed on the Walton and on the SEM II was observed in the
larynx. However, the high unreproducibility associated with measure-
ments of radioactivity in the lnrynx makes this difference difficult to
assess. More-detailed results of dosimetry studies performed with the
SEM II are presented elsewhere (Henry et al., in press).

TABLE 4

Deposition and Distribution of Total Particulate Matter (TPM)
in BC3F1/Cum Mice After 300-sec Exposure to 10% 2A1

Cigarette Smoke Generated in the Walton or SEM II Machine*

Machine

Walton
SEM II

Walton
SEM II

Lung*

123(0.20)t
134(0.09)f

Larynx

Deposition i

2
29

Tissue

Head

of TPM,/if

7
11

Stomach

I

22
18

Percent of Total Body Distribution

80
70

1
15

5
6

14
12

Respiratory
tract

156
174

86
88

* Exposure conditions as in Table 2. Data are given in terms of mean
TPM deposited per given tissue for a total of 40 mice (20 males, 20
females) exposed on the Walton machine and of 120 mice (30 males, 90
females) exposed on the SEM II machine.

•{•Coefficient of variation.

DISCUSSION

Although the Walton and the SEM II generate and deliver
cigarette smoke in different ways, the amount of smoke taken up
and its distribution within the mouse are remarkably similar.
Standard smoking conditions were used for exposure, and the
resultant deposition and tissue distribution of smoke particulates
were determined. Table 5 summarizes the factors examined for
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TABLE S

Factors Examined for Possible Effect on
Deposition and Distribution of Total Particulate
Matter (TPM) in Mice after Exposure to Smoke

Experimental Deposition
Factor system used dependent

Smoke concentration
Smoke-exposure time
Cigarette type
Strain of mouse
Sex of mouse
Age of mouse
Prior exposure of mouse

to smoke

Walton; SEM II
Walton; SEM II
SEM II
Walton

Walton; SEM II
SEM II

SEM II

Yes
Yes
No
No

No
No

No

possible effects on deposition and distribution of TPM in inbred
mice. The deposition of these smoke particulates in inbred strains of
mice was dependent on the time of smoke exposure (Table 1) and
the concentration of smoke aerosols (Table 2) but was unaffected by
the strain of mouse (Table 3), sex of mouse, age of mouse, or prior
exposure to smoke (Henry et al., in press). Moreover, under similar
exposure regimens, deposition of TPM was shown to occur primarily
in the respiratory tract of the mouse (80 to 90%), with the
deposition in the lungs representing 70 and 80% or 134 and 123 jug
TPM per mouse (Table 4), respectively, for the SEM II and the
Walton.

An apparent difference in deposition between the two smoking
machines seemed to be higher levels of TPM observed in the laryngeal
tissues from animals exposed to smoke generated on the SEM II.
However, the high background radioactivity and the large interanimal
variation make this difference difficult to assess. It may be that this
difference in laryngeal deposition is related to the apparent differ-
ence in particle size observed on the Walton as compared with the
SEM II.

Deposition data for mice exposed to cigarette smoke in these
studies can be compared with data for other species, including man.

I Data for humans are frequently given as cumulative TPM deposition
after the smoking of 20 cigarettes. In making such a comparison
(Binns, 1977), the amount of TPM deposition in mice in these

I studies was approximately the same as the TPM deposition «n a
human who has smoked 20 cigarettes (1 pack). That is, approxi-
mately 6.8 mg TPM/kg body weight has been estimated to be
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deposited for a human smoking 20 cigarettes. The studies presented
here for three inbred and two hybrid mouse strains exposed on the
Walton estimate that between 5 and 8 nig TPM/kg body weight is
deposited after exposure to one cigarette (Table 4).

Recent data from our laboratories suggest that at least 3000 sec
of exposure to 2A1 cigarette smoke per day (10%, vol./vol.) can be
presented to BC3F1/Cum mice with little resulting toxicity. This
exposure would represent a deposition of approximately 1.0 mg TPM
lung""1 day" 1 . Long-term toxicity studies with this regimen of
smoke exposure are currently in progress.

ACKNOWLEDGMENT

The authors gratefully acknov/ledge the support of The Council
for Tobacco Research—U.S.A., Inc.

REFERENCES

Binns, R., 1977, Inhalation Toxicology Studies on Cigarette Smoke. IV. Expres-
sion of the Dose of Smoke Particulate Material Applied to the Lungs of
Experimental Animals, Toxicology, 7: 189-195.

Caton, J. E., 1979, A Method for the Determination of Tobacco Smoke
Inhalation Dosimetry Using ' 4 C-Labeled Dotriacontane, in Tobacco Smoke
Inhalation Bioassay Chemistry, M. R. Guerin, J. R. Stokely, and C. E.
Higgins (Eds.), DOE Report ORNL-5424, Oak Ridge National Laboratory,
NTIS.

Guerin, M. R., J. R. Stokely, C. E. Higgins, J. H. Moneyhun, and R. W.
Holmberg, 1979, Inhalation Bioassay Chemistry—Walton Horizontal Smok-
ing Machine for Inhalation Exposure of Rodents to Cigarette Smoke, J. Natl.
Cancer Inst, 63(2): 441-448.

Henry, C. J., et al., 1980, Deposition and Distribution of the Total Participate
Matter of Cigarette Smoke in Mice Generated by a High Capacity Smoke
Exposure System, Toxicology and Applied Pharmacology, in press.

Higgins, C. E., T. M. Gayle, and J. R. Stokely, 1978, Sensor for Detection of
Tobacco Smoke Particulates in Inhalation Exposure Systems, Bcitr.
Tabakforsch. Intern., 9(4): 185-261.

Holmberg, R. W., 1979, Determination of Particle Size in Tobacco Smoke
Inhalation Devices Using Methylcyanoacrylate Fixative and Scanning Micros-
copy, in Tobacco Smoke Inhalation Bioassay Chemistry, M. R. Guerin, J. R.
Stokely, and C. E. Higgins (Eds.), DOE Report ORNL-5424, Oak Ridge
National Laboratory, NTIS.

Moneyhun, 3. H., J. R. Stokely, and L. Florant, 1979, Process and Instruments
Corporation Automatic Smoke Exposure Machine—SEM II, in Tobacco
Smoke Inhalation Bioassay Chemistry, M. R. Guerin, J. R. Stokely, and C. E.
Higgins (Eds.), DOE Report ORNL-5424, Oak Ridge National Laboratory,
NTIS.

Wynder, E. L., and D. Hoffman, 1967, Tobacco and Tobacco Smoke.
pp. 94-120, Academic Press, New York.



Simulation of the Retention and Dosimetry
of 2 3 2U and Its Daughters After

Inhalation in ThO2 or UO2 Particles
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Inhalation Toxicology Research Institute, Lovelace Biomedical and
Environmental Research Institute, Albuquerque, New Mexico

ABSTRACT

Uranium-232 is an important by-product in the thorium fuel cycle because of its
high activity in reprocessed fuel. The 2 3 2U decay chain may present a unique
inhalation hazard because of the short half-lives of the daughter radionuciides
and the six alpha-particle emitters in the chain. In this study, possible
radionuclide retention patterns were simulated to estimate the doses received by
internal body organs of humans exposed to spherical UOj and ThO2 particles
containing 2 U. Lung clearance of the radionuciides was projected as being
composed ot competitive processes, including mechanical clearance of particles
to the gastrointestinal tract, dissolution of particles, recoil emanation of
daughter products produced by alpha-particle decay, and diffusion emanation of
2 2 0Rn from particles. In the model it was assumed that radionuciides of the
2 3 2U decay chain dissolving from or recoiling out of the particles were absorbed
into the systemic circulation and translocated to other organs or excreted. The
simulated retention patterns of the radionuciides in an organ were used to
estimate dose commitment to the organ. Results of a sensitivity analysis showed
that the organs receiving the largest doses depended heavily upon the recoil
range of the daughter radionuciides, (he rate of dissolution of the particles, and
the mass median diameter of the aerosol. Determination of these parameters will
be important in the evaluation of health risks from inhalation exposures to
particles containing U.

The thorium—uranium fuei cycle may supplement future require-
merits for nuclear reactor fuels by converting abundant supplies of
fertile 2 3 2Th to fissile 2 3 3 U (Shapiro, Rec, and Matzie, 1977). The
cycle is also of interest because of its potential for reducing the risks
of unwanted diversion of fuel materials for fabrication of nuclear

193
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weapons. The presence of high-energy gamma-emitting daughter
products of 2 3 2 U in irradiated thorium fuels makes its detection
easy and requires remote handling to prevent radiation injury.
Evaluation of health hazards as a result of inhaling respirable-size
particles of 2 3 2 U fuel material is complicated by the presence of
gamma-emitting daughters along with a series of six alpha-emitting
daughters of 2 3 2 U. Distribution of radiation dose to the lung and
other critical organs will depend on the location of daughter
radionuclides in the body at the time of their decay. Dosimetry of
single, inhaled alpha-emitting radionuclides has been studied in
laboratory animals and in humans, principally with 2 3 9Pu, 2 3 8 Pu,
and 2 3 8 U. This information is applicable to 2 3 2 U inhaled in aerosol
particles but is not adequate for evaluating the radiation doses from
the 2 3 2 U daughter radionuclides. Since the daughter radionuclides
contribute the largest radiation doses from inhaled 2 3 2 U, retention
in the lung and translocation to other organs must be determined
(Meyer and Dunning, 1979).

Uranium-232 and its daughter radionuclides are represented in
Fig. 1 along with the 2 3 2 Th decay chain. These two chains are
included since both 2 3 2 U and 2 3 2 Th are present in thorium fuel and
both contribute to the activity of the daughters. However, for
thorium—uranium fuel cycles now under consideration, 2 3 2 U will
predominate on an activity basis although its total mass will be small
in comparison.

With the assumption of a spherical particle model, this study
predicts 50-year dose commitments from inhalation of 2 3 2 U in
particles with slow rates of dissolution. It was assumed that the 2 3 2U
was contained in relatively insoluble particles of ThO2 or UO2 and
that the aerosol at time of inhalationexposure did not contain any
of the 2 3 2 U daughter prbducts.

The dosimetry and retention of 2 3 2 Uand daughter products was
simulated with aomod^l that incorporates parts of the model
implemented in the INREM II computer code (Killough, Dunning,
and Pleasant, 1978; Dunning et al., 1979). The INREM II computer
code consists of two parts: (1) a particle deposition and lung
retention model adapted from the Task Group on Lung Dynamics
(International Commission on Radiological Protection 30,1979) and
(2) a metabolism and dosimetry model developed by Dunning et al.
(1979). The lung retenti
emanation of daughter r
alpha-particle decay and

>n model in this study also simulated recoil
idionuclides in the decay chain produced by
diffusion of 2 2°Rn from the particles. The

lung retention model was altered to account for recoil emanation of
radionuclides; this mechanism accounts for a much higher absorption
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1.47 x 101° years V S 6 7 years

2.6 MeV

Fig. 1. Decay chains for 2 3 2 U and 2 3 2 T h with principal emissions
and half-lives.

of daughter radionuclides from the lung than is predicted on the
basis of considering only the chemical solubility of ThC>2 or UO2
particles. Other parts of the dosiniietry and retention model were
implemented as in the INREM II computer code.

The predicted dose commitments to organs depend upon the
mass median diameter (MMD) of the inhaled aerosol, the rate of
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TABLE 1

Lung Retention Model for Study of the Importance of
Various Lung Clearance Mechanisms f or 2 3 2 U

and Its Radioactive Decay Products

Region

Nasopharyngeal

Tracheobronchial

Pulmonary

Pulmonary lymph nodes

Fraction

0.01
0.99

0.01
0.99

0.4
0.6*

l.Ot

Half-times,
days

0.01
0.4

0.01
0.2

1.0
Variable

Variable

•Fraction of the pulmonary burden cleared by competing
pathways of mechanical clearance to the gastrointestinal tract,
clearc.ce to the pulmonary lymph nodes, dissolution, recoil
emanation, and diffusion.

tPulmonary lymph nodes cleared by competing pathways
of dissolution, recoil emanation, and diffusion.

dissolution of particles deposited in the lung, and the recoil range of
daughter radionuclides produced by alpha-particle decay. Diffusion
of 2 2 0 Rn from particles in the lung and the distribution of particle
sizes in the aerosol as indicated by the geometric standard deviation
(ffg) were shown to have a lesser effect on the predicted dose
commitments.

METHODS

The lung retention model and modifications to the metabolism
model for internal organs will be described in this section. The lung
retention model characterized in Table 1 is similar to the lung
retention model for Class Y materials of the Task Group on Lung
Dynamics (International Commission on Radiological Protection 30,
1979). The model used for this simulation differs in clearance of the
pulmonary compartment in that the 60% of deposited material
retained for a long period of time is assumed to be a common pool
which is cleared by competing mechanisms. The mechanisms are:
mechanical clearance of particles to the gastrointestinal tract and
lymph nodes, dissolution of particles, absorption of radionuclides
after recoil emanation, and exhalation of 2 2 0 Rn diffusing from

L.
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particles. The two mechanical clearance mechanisms were assumed to
clear the deposited particles with half-times of 750 and 2000 days,
respectively. The other three mechanisms are described subsequently.

The fraction of daughter radionuclides emanating out of a
particle by recoil during alpha decay of the parent depends on
particle size and recoil range. This probability of recoil emanation
was derived by Fliigge and Zimens (1939) as follows:

F 3R_lfRf
E R " 2 d 2LdJ if d > R

E R = 1 i f d < R (1)

where R is recoil range and d is particle diameter. The fraction of
daughter nuclides that emanates by recoil from an aerosol with a
distribution of particle sizes described by a lognormal distribution
with mass median diameter (MMD) and geometric standard deviation
(oe) was calculated with the following expression derived by
integrating Eq. 1 over the distribution of particle sizes:

ER = 2 K i X ( 2 7 r F " e x p ^ f ~ ) d y

K3 =1

In (R/MMD)
+

In 0g

In (R/MMD)
0:3 " Wo~e

Equation 2 can be evaluated with the aid of tables of the normal
distribution function. Radionuclides emanating from particles by
recoil were assumed to be absorbed into the circulation and
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translocated to the internal organs except for daughter nuclides with
half-lives of less than 1 sec. Because 2 ' 6Po and 2 ' 2Po have short
half-lives, i.e., 0.145 and 0.3 x 10~6 sec respectively, it was assumed
that, when these radionuclides were dissolved from particles or
emanated by recoil, they decayed in the lung and their daughters
were absorbed into the circulation to be transported to other organs.

An analysis of inert-gas diffusion was first reported by Flugge
and Zimens (1939). More-recent analyses (Kapustin and Zaborenko,
1974) have adapted their models for different physical conditions
but have not made major changes in the original concepts. The
Flugge and Zimens (1939) equation for calculating the fraction of an
inert-gas daughter that emanates by diffusion from particles of one
size is:

E D =
6D
d2X

2D
'Rd

d
2R

w
cosh

d sinh Is-~RJ

2R sinh g- (g

(l R 2 D )
V d RdXy

(I-*) (hf
sinhf (*)*

d /xV

(3)

where d is the particle diameter; X is the radioactive decay constant
of the inert gas; R is the recoil range; and D is the diffusion
coefficient of the inert gas. The equation for diffusion from an
aerosol described by a lognormal distribution cannot be solved in
terms of elementary functions and was evaluated by numerical
analysis by Eq. 3. Radon-220 diffusing out of particles was assumed
to have a residence half-time of 7.1 sec (Dunning et al., 1979), and
its daughter,2 ' 6Po, was assumed to redeposit in the lung.

Dissolution of radionuclides from respirable-size particles is an
important mechanism of lung clearance and interorgan translocation.
A major factor controlling the rate of dissolution of particles in the
lung is the total surface area of the particles. For a single
physicochemical form of a substance, the dissolution rate is generally
thought to depend on surface area according to the relationship,
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(4)
Utr

where m is the particle mass, t is time, S(t) is the total surface area of
the particles at time t, and k is the dissolution-rate constant for the
specific physicochemical form of the particles. The equation for the
mass dissolving from an aerosol described by a lognormal distribution
was derived by Mercer (1967). Daughters produced in a particle
which do not leave by recoil or diffusion are assumed to dissolve at
the same rate as the matrix of the particle.

RESULTS

The retention and dosimetry model used to calculate 50-year
I" dose commitments is characterized in Tables 2 to 6. Values of the
[••• parameters used in these calculations are shown in Table 7. The
f recoil ranges were estimated by linear extrapolation based on the
\ recoil energy of the daughter products and the known recoil ranges
'i for 2 2 2 Rn and 2 2 ° Rn. Values of the solubility constant were chosen
I so that the rate of particle dissolution and absorption were in the

same approximate range as for the Task Group Lung Model (TGLM)
Class Y materials (International Commission on Radiological Protec-
tion 30, 1979). The diffusion coefficients used here include a range
of values because there are no available measurements for respirable-
size particles. The range of diffusion coefficients used here predict
3% or less of the 2 2 ° Rn diffusing out of the particles at the rate of

| l x 10~ 1 5 cm2 /sec and up to 70% diffusion out at 1 x 1 0 ~ ! '
I cm2/sec. The density of the aerosol was chosen on the basis of
f observed values for ThO2 and UO2 in commercial operations. It was
I assumed that the particle size distributions of the aerosol could be
I described by lognormal distributions. Values of the mass median
I diameter were chosen to span a range of respirable-size particles, and
\ the geometric standard deviations cover a range commonly en-
| countered in industrial operations.
%

DISCUSSION

The first part of this discussion focuses on the influence of recoil
of radionuclides on the dose commitments: to the organs and on the
parameters describing the competing mechanisms in the lung
retention model. This is followed by a discussion of extending the
model to irregular particles and a description of our plans for
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TABLE 2

Comparison of Calculations of 50-Year Dose Commitments
Using the Oak Ridge INREMII Code ami Lung Retention Model

to Show Importance of Recoil Emanation

Lung
Bone
Liver
Kidney

50-Year dose

INREM II*

450
194
43

8.3

•Dunning etal. (1979).
fMMD = 0.23 nm; k =

cm2 /sec.

Model

3.7 X

commitments, remc/juCi inhaled

without recoilf Model

460
186
41

7.4

10~~9 gem" 2 day~' ;D

with iecoilt

215
690
171
39

= 1 X 10~' 3

validation of the model with physical, chemical, and biological
studies of 2 3 2 U in particles.

The influence of daughter-product recoil on predicted dose
commitments to internal organs is shown in Table 2. The first
column contains values calculated by Dunning et al. (1979) who used
the INREM II code, which incorporates the Task Group Lung Model.
The second column contains values calculated by using the lung
retention model described in this paper but by assuming that the
recoil range of all radionuclides is zero. The third column is
calculated by using the lung retention model with recoil ranges as
listed in Table 7. For calculating the second and third columns the
parameters were chosen so that the model would have the same
fractions of 2 3 2 U clearing to the gastrointestinal tract, the pulmo-
nary lymph nodes, and the blood as a Class Y compound in the Task
Group Lung Model and so that the half-time of the 60% of material
retained in the pulmonary compartment would be 500 days. The
small differences between the values of Dunning et al. (in the first
column) and of the model without recoil (in the second column) are
due to differences in methods of calculating doses from 2 ' 6Po and
2 I 2 P o , to small differences in calculating the diffusion of 2 2 0 Rn,
and to the assumption in Dunning's calculations that the radio-
nuclides beyond 2 2 4 Ra in the decay chain were Class W compounds,
excepting 22ORri|. Comparison of the 50-year dose commitments in
Table 2 shows that including recoil from particles of radioactive
daughters produced by alpha-particle decay had a large effect in
altering dose cone mitments to specific organs. Without recoil the lung
had the largest dose commitment, but with recoil the bone had the
largest dose commitment. Dose commitments to liver and kidney
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increased by a factor of 4 when recoil emanation was included. When
recoil is included in the calculation, the particles that are to be
mechanically cleared from the lung to the gastrointestinal tract can
still have a significant release of daughter products prior to clearance.

The effects of changes in mass median diameter (MMD) and
geometric standard deviation (ag) of aerosols described by lognormal
distributions on dose commitment to lung, bone, liver, and kidney
are shown in Table 3. The dose commitments are calculated for two
values of the diffusion coefficient (D) and two values of the
solubility constant (k) to illustrate that the variation is small in dose
commitment for aerosols with different geometric standard devia-
tions. The organs with the largest dose commitments, i.e., lung, bone,
and liver, did not change by more than about 25% when the og was
changed from 1.65 to 2.70, whereas the dose commitment changed
by 400% when the MMD was changed from 0.2 pun (i.e., 0.9-ftm
activity median aerodynamic diameter, AMAD) to 1.0 jum (3.5-jum
AMAD). This general pattern of relatively small variation (< 25%) in
dose commitment with changes in ag is typical for the range of
parameters in Table 7 and was due to small differences in the
fractions of daughters emanating by recoil over the range of
geometric standard deviations used.

The influence of MMD on 50-year dose commitments to lung,
bone, liver, and kidney is shown in more detail in Tables 4 to 6 for a
(jg of 2.0 and three values of D. In these tables three values for the
solubility constant k are used to illustrate the range of predicted dose
commitments for each MMD. The predicted dose commitments
differed by factors of 3 for lung, 10 for kidney, 20 for bone, and 40
for liver, for different MMD's. This large variation was mainly due to
differences in the regional deposition in the respiratory tract and to
variations in the fractions of the daughters recoiling from particles.
The fractions of inhaled aerosol depositing in the pulmonary region
for different MMD's had the largest influence on the variations in the
dose commitments. This fraction Varied from 0.05 for the
3.0 yum-MMD (9.8-jmi AMAD) to 0.3 for the 0.1-fim MMD (0.6-pm
AMAD). The remaining variation in predicted dose commitment was
due mainly to variation of the fractions (0.1 to 0.3) of different
daughter radionuclides recoiling from particles which depends on the
daughter and choice of parameters.

In other calculations (not shown), the contributions of absorp-
tion from the nasopharyngeal and tracheobronchial regions to the
dose commitments were examined by assuming there was no
absorption from these regions. These pathways contributed 10% or
less to dose commitments for lung, bone, liver, and kidney.
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TABLE 3

Comparison of Model Predictions of 50-Year Doae Commitments to Organs, Showing Lack of Effect of
Particle Size Distribution as Indicated by Geometric Standard Deviation (ag) for Various

Values of Mass Median Diameter (MMD), Diffusion Coefficient (D), and Solubility Constant (k) o
3J

MMD,
Urn

0.2

1.0

0.2

1.0

n
2 '

cm /sec
l x l O ~ 1 5

l x l O ~ l s

1 x 10~' '

l x 10~"

°%
1.65
2.00
2.35
2.70

1.65
2.00
2.35
2.70

1.65
2.00
2.35
2.70

1.65
2.00
2.35
2.70

k

Lung

232
225
219
213

215
212
210
207

187
185
183
181

136
138
140
141

= 1 x 1O~'

Bone

1250
1270
1340
1370

416
429
454
478

880
930

1010
1070

225
241
261
282

50-Year doae commitment*, rems/jUCi inhaled

gcm~2 day"

Liver

314
325
349
366

78
81
86
91

275
290
315
334

58
61
66
71

- i

Kidney

155
151
153
151

80
82
87
92

48
52
57
60

24
27
30
34

k =

Lung

204
195
192
187

208
205
203
201

166
162
162
160

133
134
136
137

= 5 x10~ 9

Bone

560
590
632
663

282
295
314
330

453
487
527
562

179
193
206
220

gem 2

Liver

136
146
160
171

282
295
315
330

125
136
149
161

44
47
51
54

day"1

Kidney

54
54
57
58

55
58
62
66

22
24
26
28

15
17
19
22

-n-n
H

O

D
O
X-<
I

§
rr.

>zo
3
>
z
&
A
rn



TABLE 4

Comparison of Model Predictions of 50-Year Dose Commitments (rems per microcurie inhaled)
Showing Effect of Mass Median Diameter (MMD) of Inhaled Aerosol and Solubility
Constant (k) of the Particles for a 2 2 ° Rn Diffusion Coefficient (D) of 1 x 10~' 5

cm2 /sec and Geometric Standard Deviation (ag) of 2.0 for Inhaled Aerosol

""Activity median aerodynamic diameter.
•(•Values of solubility constant (k) are in units of grams per square centimeter per day.

v>
i

MMD,
Mm

0.1
0.2
0.4

0.8
1.4
3.0

0.1
0.2
0.4

0.8
1.4
3.0

AMAD,*
/Um

0.6
0.9
1.6

2.8
4.7
9.8

0.6
0.9
1.6

2.8
4.7
9.8

kf = I x 10~~9

180
225
235

215
145
86

kf = 1 x 10~ 9

410
325
195

100
41
12

Lung

2.5 x 10~ 9

160
215
225

215
145
86

Liver

2.5 x 10~ 9

240
210
140

82
37
12

5 x 10~ 9

140
195
215

210
140
85

5 x 10-"

160
145
105

68
33
12

1 x 10~ 9

1350
1250
905

520
225
79

1 x 10~ 9

82
150
150

98
44
14

Bone

2.5 x 10~9

835
825
645

420
200
76

Kidney

2.5 x 10~ 9

47
88
98

73
36
13

5 x 10~ 9

600
590
480

335
175
73

5 x i<r9

31
54
64

52
28
11

o
33
m
rn
H
O
z>
o
o
o
COm

3)

O
~n
Z

l~
rn
oww
tJ

c



TABLE 5

Comparison of Model Predictions of 50-Year Dose Commitments (rems per microcurie inhaled)
Showing Effect of Mass Median Diameter (MMD) of Inhaled Aerosol and Solubility
Constant (Ej of the Particles for a 2 2 °Rn Diffusion Coefficient (D) of 1 x 10~ ] 3

cm2 /sec and Geometric Standard Deviation (ag) of 2.0 for Inhaled Aerosol

•Activity median aerodynamic diameter.
fValuea of solubility constant (k) are in units of grains per square centimeter per day.

o
3D

MMD,
jum

0.1
0.2
0.4

0.8
1.4
3.0

0.1
0.2
0.4

0.8
1.4
3.0

AMAD*
jum

0.6
0.9
1.6

2.8
4.7
9.8

0.6
0.9
1.6

2.8
4.7
9.8

kf = 1 x 10~9

175
205
210

200
135
84

kf = 1 x 10~9

405
310
180

96
40
12

Lung

2.5 x 10~ 9

160
195
205

200
135
84

Liver

2.5 x 10~ 9

240
200
130

79
36
12

5 x 10~ 9

140
180
195

195
135
83

5 x 10~9

160
140
100

65
32
12

1 x 10~9

1300
1100
785

475
215
77

1 x10~ 9

68
105
115

84
40
13

Bone

2.5 x 10~ 9

815
740
570

385
190
74

Kidney

2.5 x 10~ 9

40
63
76

63
33
12

5 x 10~ 9

590
545
430

310
165
71

5 x1O~ 9

28
40
50

45
25
11

-n
-n

•

o
o
o
X

I

8
m
30

>zo

>

>
in
39



TABLE 6

Comparison of Model Predictions of 50-Year Dose Commitments (rems per inicrocurie inhaled)
Shovnng Effect of Mass Median Diameter (MMD) of Inhaled Aerosol and Solubility

Constant (k) of Particles for a 2 2 ° Rn Diffusion Coefficient (D) of 1 x 10~' '
cm2 /sec and Geometric Standard Deviation (ag) of 2.0 for Inhaled Aerosol

•Act iv i ty median aerodynamic diameter.
fVa lues of solubility constant (k) are in units of grams per square centimeter per day.

52
2

MMD
i n i n MM f

JUKI

0.1
0.2
0.4

0.8
1.4
3.0

0.1
0.2
0.4

0.8
1.4
3.0

AMAD*
mnny

0.6
0.9
1.6

2.8
4.7
9.8

0.6
0.9
1.6

2.8
4.7
9.8

kt = 1 x 10~9

170
185
160

140
97
66

kt = 1 x 10"9

405
290
150

75
32
11

Lung

2.5 x 10~9

155
175
155

240
96
66

Liver

2.5 x 10~9

240
190
115

65
29
10

5 x 10 - 9

135
160
150

135
95
65

5 x l O - 9

160
135

89

55
27
10

1 x 10-°

1300
930
520

285
140

60

1 x 10~9

60
52
37

28
17

8

Bone
2.5 x 10~9

800
640
400

245
130

59

Kidney

2.5 x 10~~9

36
34
26

22
15

8

5 x 10~9

585
485
325

215
120

58

5 x 10~9

25
24
20

17
12

7

rn
O
7)
m

m
H
O

z
z

8
i
m
H30

O
•n
Z

$
m

c
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TABLE 7

Model Parameters* for Study of Importance of Various
Lung Clearance Mechanisms for 2 3 2 U and Its

Radioactive Decay Products

Radionuclide

228Th
224Ra
2 2 0Rn
2 1 6Po
2 12pb

2 l 2Bi
2 l 2 Po
208rp|

•Solubility constant, k: 1 x
day—'. Diffusion coefficient, D
cm2 /sec. Mass median diameter,

Recoil range,
fim

0
0.036
0.038

0.044
0.054
0.063
0
0
0.052

10"9 to 5 x
: 1 x 1 0 - "
MMD: 0.1 to !

9.8-Aim AMAD). Geometric standard deviation, a.
Density, p: 10g/cm3.

10-"
to 1 x
3.0 urn
5: 1.65

g cm 2

1 0 - ' s

(0.9- to
to 2.70.

Absorption of radionuclides in the 2 3 2 U decay chain from these
regions is mainly 2 3 2 U which is retained less avidly in bone, liver,
and kidney than its daughters.

The solubility constant k also had a marked effect on the dose
commitments to the bone, liver, and kidney as shown in Tables 4 to
6. Dose commitments to these organs decreased as solubility
increased. This is opposite to what occurs with most radionuclides.
This can be explained by noting that as solubility increased, more
2 3 2 U was absorbed from the lung and smaller amounts of its
daughters were produced in the lung. The absorbed 2 3 2 U is retained
for shorter times in other body organs than its daughters. Because
2 3 2 U has a relatively long half-life (72 years), it is excreted from the
body before a significant portion decays to produce the more avidly
retained daughter products.

The effect of the diffusion coefficient D on dose commitments
was mihimal for bone and liver but was larger for lung and kidney, as
shown in Tables 4 to 6. The dose commitment to lung decreased as D
increased because more of the 22ORn diffused from the particles in
the lung and was exhaled. The marked decrease in the dose
commitment to the kidney as D increased was due to the kidney's
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absorbing a larger fraction of daughters below 2 2 0 Rn in the 2 3 2 U
decay chain than daughters above 2 2 0 Rn, whereas the opposite is
true for bone and liver.

Projections of dose commitments in this study are for spherical
particles, whereas accidental exposures are more likely to involve
irregularly shaped particles. Extension to irregularly shaped particles
is difficult because there are no available methods to calculate the
recoil of radionuclides and the diffusion of 2 2 0 Rn from small,
respirable-size particles. It would be expected that for irregularly
shaped particles the rate of dissolution, the fraction of radionuclides
recoiling out of particles, and the diffusion of 2 2 0 Rn would all be
increased over that for spherical particles because of larger surface-
to-volume ratio. Thus the dose commitment to the lung would
decrease. The dose commitments to the bone, liver, and kidney
however, might either increase or decrease since increases in these
competing retention mechanisms cause both increases arid decreases
in the dose commitments.

The sensitivity of the predicted dose commitments to recoil
emanation of radionuclides in the 2 3 2 U decay chain and the
solubility constant of the particles indicate the importance of better
quantitation of the mechanisms of lung clearance. Studies of these
mechanisms are in progress to evaluate the lung retention model
described in this paper. Refinement will provide better predictions of
the dose commitments to persons who may inhale aerosols contain-
ing 2 3 2 U.
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Factors Affecting the Mobility of Actinide Oxides
and Their Influence on Radiological Protection

G. N. STRADLING, H. SMITH, and J. R. COOPER
National Radiological Protection Board, Harwell, United Kingdom

ABSTRACT

Major factors affecting the mobilities of the actinide oxides are the proportion
of 0.001 -jum-diameter particles in the aerosol and their rate of formation in the
lungs by fragmentation processes or hydrolysis. Renal filtration of these particles
suggests that the interpretation of urine data by using models based on citrate
metabolism can overestimate the body content appreciably. Studies of the
reactions of 0.001-jum-diameter particles with body fluids indicate that the
efficacy of DTPA therapy can be improved.

This paper reviews our recent studies which have shown that, after
the deposition of plutonium, americium, and curium oxides in the
lungs, the movement of the actinides to the blood is influenced by
mechanisms in addition to solubility in lung fluids. (The term "lung
fluid" refers to the acellular layer at the air—alveoli interface.) The
possible impact of these findings upon certain aspects of radiological
protection is discussed.

EXPERIMENTAL DATA

Animal Procedures

Mature female rats (HMT strain) weighing 150 to 200 g were
used throughout the experiments. Aqueous suspensions of the
appropriate actinide oxide of known particle size range were
introduced into the lungs via a fine; polythene cannula temporarily
inserted into the trachea. The advantage of this technique over

209
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inhalation is that a known amount of material can be placed in a
defined region of the lungs without problems of contamination of
the nose or fur. Moreover, it was considered the only practicable
method whereby the reactions of the actinides with body fluids
could be investigated immediately after uptake.

Groups of animals were killed at intervals after the initial
deposition of the oxides. The tissue distribution and the urinary and
fecal excretion of the actinides and their physicochemical forms in
lung fluid (obtained by lavage), blood, or urine were determine! by
methods described in the original publications.

Oxide Suspensions
2 3 9PuO 2 (Smith et al., 1977) and two mixed oxides of

2 3 9 P U Q 2 + N a 2 o with Pu to Na atomic ratios of 1 : 3 and 1 : 20,
respectively (Stradling et al., 1978c), were prepared by vaporizing
metal foils; the condensation aerosols were collected in impingers
containing distilled water. 2 3 8 PuO 2 (Stradling et al., 1978b),
2 4 1 AmO2 (Stradling et al., 1978a), and 2 4 4CmO2 (Stradling et al.,
1979b) were prepared by calcination of their oxalate salts at 750,
625, and 750°C, respectively. Particles of diameter less than about
5 fxm were separated from the bulk powder by sedimentation in
distilled water. The freshly prepared suspensions and subsequently
those suspensions which had been aged in water for periods of up to
several months were fractionated into particle size ranges 0.22 to 1.2,
0.22 to 0.025, and < 0.025 Mm by ultrafiltration. Aliquots of these
fractions were administered to rats. The procedure is described in
detail elsewhere (Stradling et al., 1978b). Particles of 2 3 9PuO 2 and
2 3 8 puQ2 within the range 0.025 to 1.2 jum were found by electron
microscopy to be crystalline. Particles of diameter < 0.025 jum
appeared as electron-dense agglomerates. Ultrafiltration studies
showed that in the fraction < 0.025 fim, the oxides were present only
as 0.001 -jurri-diameter particles. These particles represented 0.1, 1.6,
48, and 2.1%, respectively, of the total activity of plutonium present
in the 2 3 9 PuO 2 , 2 3 9 PuO 2 +Na 2 O (Pu : Na = 1 : 3), 2 3 9PuO2 +
Na2O (Pu : Na = 1 : 20), and 2 3 8PuO2 suspensions.

Substantial differences in ultrafilterability were observed when
2 3 8 P U Q 2 suspensions were aged in water. After 8months the
0.001-jum particle fraction of the 2 3 8PuO2 suspension increased
from 2.1 to-38%.

In contrast to the PuO2 suspensions, only about one-fifth of the
2 4 1Am and 2 4 4Cm which filtered through a 0.025-jum pore-diameter
membrane was present as 0.001-jum-diameter particles: the fraction
< 0.025 Mm represented about 4% of the total activity in suspension.
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This may have been due to aggregation since 0.001-jum particles
themselves displayed similar characteristics in water.

Chromatographic and electrophoretic studies (Cooper et al.,
1980) showed that 0.001-jum particles of 2 4 4CmO2 are negatively
charged at physiological pH, whereas those of 2 3 8PuO 2 and
2 3 9PuO2 are positive. Similar studies with 2 4 I AmO 2 showed that
the particles were negative or uncharged.

Translocation of Plutonium from Lungs to Blood and Urine

There was no detectable movement of 2 3 9 Pu or 2 3 8 Pu from
lungs to blood 21 days after the intubation of the oxide suspensions
containing particles within the range 0.025 to 1.2 /zm in diameter
(Smith et al., 1977; Stradling et al., 1978c; Stradling et al., 1978b).
In all cases following the administration of 0.001-jum-diameter
particles, however, about two-thirds of the initial activity trans-
located to blood within 24 hr and about one-sixth translocated
subsequently during the next 20 days. The tissue distribution and
urinary excretion of plutonium were similar for all the oxide
suspensions investigated (Table 1). Thus the metabolic behavior of
the 0.001-/im-diameter particles in blood was not significantly
influenced by differences in preparation of the oxides, the presence
of sodium, the specific activity of the material, or the aging of the
suspensions in water.

When soluble plutonium compounds are administered to animals,
that plutonium entering the blood rapidly complexes with plasma
proteins and citrate; any plutonium excreted in the urine appears as
the citrate complex (Popplewell and Boocock, 1968; Popplewell,
Stradling, and Ham, 1975). The data summarized in Table 1 show
that the fraction of the extrapulmonary deposit excreted in urine is
about four times greater after the intubation of 0.001-fim particles
than for the citrate complex. These observations are not compatible
with the dissolution of the particles in lung fluid. One explanation
for the phenomenon is the transport of a fraction of the particles
from the lungs to blood and urine. Evidence that such a process
occurs was obtained from studies of the reactions of the
0.001-/im-diameter particles with body fluids.

Studies on the reactions of 0.001-jUm 2 3 8PuO2 particles with
lung fluids showed that they react electrostatically with the
negatively charged components of pulrhonary surfactant and that
this process mediates the transport of radioactivity to blood (Cooper
et al., 1980). No evidence that plutonium was complexed by citrate
or other low-molecular-weight anions such as bicarbonate was
obtained. These studies also suggested that the uptake by macro-
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TABLE 1

Metabolic Fate of Actinides Administered to the Rat by Pulmonary Intubation (N = 4)

Intubated material
Particle
size, //m

Age of
suspen-

sion

Activity

> Skeleton/liver

Activity

ETD*/urinetActivity in lungs, %

1 day 6 days 21 days 1 day 6 days 21 days 0 to 1 day 0 to 6 days
CO

a
r;
2
P

D

8
o

2 39Pu citrate
2 3 9PuO 2
2 3 9 PuO 2 + Na2O

Pu : Na = 1 : 3
Pu : Na = 1 : 20

2 3 8 PuO,

2 4 1 Am citrate
2 4 1 AmO 2

2 4 4Cm citrate
2 4 4CmO 2

0.001

0.001
0.001
0.001
0.001

0.025 to 1.2f
0.025 to 1.2f
<O.O25

0.22 to 1.2
0.22 to 1.2
< 0.025

1 day
28.2
34.1$

1 day 34.2
1 day 32.2
1 day 35.3
32 weeks 40.3

11.5
1 day 8.1
16 weeks 35.6
16 weeks 11.5

10.7
1 day 82.2
12 weeks 56.0
12 weeks 51.1

7.4
25.1

27.6
25.0
28.8
32.5

7.1
4.7

25.4
8.7
8.4

58.3
35.9
33.2

5.4
20.2§

21.3
18.0
20.1
24.8

4.2
2.6
9.4
4.1

3.7
32.8
16.8
15.5

4.7
7.4i

5.1
4.2
4.3
3.5

0.8
2.9
0.9
0.9

0.9
0.9
0.9
0.9

5.2
8.5

5.7
6.2
4.2
3.6
1.1
4.0
1.2
1.3

1.1
1.1
1.0
0.9

6.6
10.7§

7.3
7.5
6.4
5.7

2.7
10.7

2.9
2.8

2.2
2.4
2.6
2.2

47.8
10.9$

8.3
7.6
6.4
8.7

19.8
1.4
1.9
1.0

18.0
2.1
2.1
2.1

24.8
7.4

6.4
6.2
5.0
6.5

12.5
1.2
1.7
0.8

13.9
2.2
2.2
2.4

*Extrapulmonary tissue deposit.
f Cumulative urinary excretion.
$ Animals sacrificed after 18 hr.
§ Animals killed after 17 days.
^Composite values for fractions: 1.2 to 0.22 /urn, 0.22 to 0.025 jum (N 8).
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• phages of plutonium bound to pulmonary surfactant was responsible
for the relatively slow clearance of plutonium from the lungs after
the first day.

Gel permeation chromatography studies on blood plasma showed
that 0.001-jum-diameter particles react with the citrate ion within
minutes to form a low-molecular-weight intermediate complex,
which is filtered through the kidneys into the urine (Smith et al.,
1977; Stradling et al., 1978c; Stradling et al., 1978b). The half-time
of the intermediate in blood was about 3 min. Ultimately plutonium
was complexed by transferrin and citrate in blood and by citrate in
urine. These reactions would also explain the similarity in tissue
distribution after the intubation either of 0.001-jum particles or of
citrate (Table 1).

Translocation of Curium and Americium from Lungs to Blood and Urine

After the intubation of fresh suspensions of 2 4 4CmO 2 and
2 4 1 AmO2 containing 0.22- to 1.2-/zm-diameter particles, 2 4 4 Cm and
2 4 1 Am were rapidly translocated from lungs to blood and urine
(Stradling et al., 1979a; Stradling et al., 1978a). It is postulated that
2 4 4CmO2 and 2 4 1AmO2 undergo fundamental physicochemical
changes in the lungs. This hypothesis is supported by the observed
instability of the oxides in water and the rapid clearance of the
elements after the intubation of their aged amorphous suspensions
(Table 1).

When soluble forms of 2 4 4 Cm and 2 4 1 Am are administered to
animals, they complex with serum proteins and citrate in blood and
are excreted in urine as their citrate complexes similarly to
plutonium (Popplewell and Boocock, 1968; Stradling, Popplewell,
and Ham, 1976). The data summarized in Table 1 show that the
fraction of the extrapulmonary deposit excreted in urine is about 10
times greater after the intubation of particles than it is for the citrate
complex. Again, this behavior is not compatible with dissolution of
the oxides in lung fluid as the only explanation.

Studies of the physicochemical form of 2 4 4Cm in blood and
urine suggested that a major factbr governing the mobility of
2 4 4CmO2 was the formation of 0.001-jtfn-diameter hydroxide

I particles in the lungs. In the early lung clearance phase, this species
i was the predominant form of 2 4 4 Cm in blood and urine. Subse-
I quently 2 4 4Cm was complexed principally with serum proteins in
I blood, and with citrate in urine (Stradling et al., 1979b).

The 0.001-/um-diameter hydroxide particles do not react with the
components of lung fluid and probably diffuse passively to blood
(Cooper et al., 1980).
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The similarity between the tissue distribution of 2 4 4Cm after the
administration of 0.001-jum-diameter particles and 2 4 4 Cm citrate
suggests, nevertheless, that some dissolution of the particles occurs in
the body. This would occur, for example, at bone surfaces where the
concentration of citrate ion is apparently higher than in the blood
(Srere, 1965).

In vitro experiments showed that the reaction between
0.001-/Ltm-diameter particles and serum proteins could be inhibited
by DTPA (diethylenetriaminepentaacetic acid) at a concentration
exceeding 0.004 mg/ml (Stradling etal., 1979b). This is probably
due to the affinity of DTPA for serum globulins and albumin
(Morgan, 1973) which blocks the receptor sites for the particles.
When this concentration of DTPA was maintained in vivo over a 4-hr
period, the deposition of 2 4 4Cm in the bone and in the liver was
reduced by at least % s relative to animals not treated with DTPA.
Gel permeation chromatography showed that the enhanced urinary
excretion of 2 4 4 Cm was caused by the dialysis of 0.001-jum-diameter
particles into the urine and not by excretion of the 244Cm—DTPA
complex. The calcium and zinc salts of DTPA were equally effective
in removing extrapulmonary 2 4 4 Cm from the body. This is an
observation of some significance because the zinc salt is considerably
less toxic (Catsch, 1976; Volf, 1976; Planas-Bohne and Lohbreier,
1976; Taylor etal., 1974).

The factors governing the mobility of 2 4 ! AmO2 appear to be
similar to those described for 2 4 4CmO 2 . When 2 4 1AmQ 2 suspen-
sions vyere aged in water, they too became amorphous. After the
intubation of fresh and aged suspensions containing 0.22- to
1.2-/um^diameter particles, the tissue distribution of 2 4 1 Am and the
relationship between cumulative urinary excretion and extra-
pulmonary tissue deposit were similar to those obtained for 2 4 4 Cm
(Table 1). The reason for the low deposition of 2 4 ' Am in liver after
the intubation of the fresh 2 4 1AmO2 suspension was not estab-
lished.

Studies of the physicochemical form of 2 4 1 Am in urine also
indicated that 0.001-jum-diameter particles are translocated from
lungs to blood and urine (Stradling et ah, 1978a). It is likely that the
urinary excretion of 2 4 1 Am can be enhanced appreciably by DTPA
under conditions similar to those described for 2 4 4Cm.

DISCUSSION

The studies described here have indicated that major factors
affecting the transportability of plutonium, americium, and curium
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oxides are (1) the presence of 0.001-jum-diameter particles in the
aerosol and (2) their rate of formation in the lungs. The pore
diameters of the alveolar epithelium, 0.002 to 0.0012 fim (Taylor
and Gaar, 1970), and the glomerular membrane, up to 0.007 ixm
(Latta, Johnston, and Stanley, 1975), are large enough to permit the
passage of such particles, and indeed their presence in blood and
urine has been confirmed. The implications of these findings with
regard to the observed metabolic behavior of the oxides are now
discussed.

Lung Clearance Kinetics of Plutonium Dioxide

Extensive studies using animals have shown that in general
2 39PuO2 behaves as a Class Y compound (International Commission
on Radiological Protection, 1972; Bair, 1976). However, after the
inhalation of 2 3 9PuO2 + Na2O (Brightwell and Carter, 1977; Stather
et al., 1977) and 2 3 8 Pu0 2 (Bair, 1976), the movement of plutonium
from lungs to blood is appreciably greater than was predicted by the
Task Group Lung Model. The data reviewed here suggest that the
mobilities of 2 3 9 Pu can be attributed to the relative amounts of
0.001-Mm particles present in the aerosol, and differences in the lung
clearance kinetics of 2 3 9 PuO 2 and 2 3 8PuO2 to the subsequent rates

[ of formation of these particles in the lungs by fragmentation
I processes.
I The proportion of 0.001-jum particles present in 2 3 9PuO2
\ aerosol suspensions, probably equivalent to that which other workers

have defined as the ultrafilterable fraction, is generally exceedingly
low, i.e., 0.002 to 2%, irrespective of the method and temperature of
formation (International Commission on Radiological Protection,
1972; Bair, 1976). The value obtained for the 2 3 9PuO2 condensa-
tion aerosol used in our studies, i.e., 0.1%, is compatible. The
somewhat higher values obtained by heating the chloride at about
325°C is likely to be influenced by the presence of monomeric
material resulting from incomplete oxidation of 2 3 9 Pu (Mewhinney
et al., 1976). The proportion of 0.001-jum particles in the aerosol is
likely to be a property of each individual preparation. It is not
necessarily a function of temperature of formation or of median
particle size, and care should be exercised when evaluating the
transportability of the oxides on these bases.

It has been suggested that the enhanced mobility of 2 3 9 Pu in
aerosols containing sodium may lie due to the presence of hexavalent
or heptavalent forms of the element (Metivier et al., 1976). This may
be true for some preparations. For the oxides produced i t high
temperature in this and other studies, however, it appears that the

J
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primary effect of sodium is to influence the particle size distribution
of 2 3 9PuO2 and in particular the relative amount of the
0.001-/im-diameter particle fraction. In the presence of excess
sodium, these particles may represent up to 50 to 60% of the total
2 3 9 Pu content of the aerosol (Brightwell and Carter, 1977; Stather
etal., 1978; Stradling etal., 1978c). The factors governing the
translocation of 2 3 9 Pu present in mixed 2 3 9PuO2 + UO2 + Na2O
aerosols have yet to be established.

When 2 3 9 PuO2 and 2 3 8 PuO2 are inhaled, the amount of 2 3 8 Pu
translocating to blood in the early lung clearance phase is appreciably
greater than 2 3 9Pu, even when the method of preparation and
particle size (i.e., activity median aerodynamic diameter, or AMAD)
are similar. Again, this can probably be attributed to differences in
the ultrafine particle component of the aerosol which tends to be
greater for 2 3 8PuO 2 than for 2 3 9 PuO 2 , e.g., 2.24 and 0.002%,
respectively (Craig, Park, and Ryan, 1976). The relative mobilities of
2 3 8 puo2 and 2 3 9 PuO2 at later times are probably influenced by the
rates of fragmentation of the larger particles of the oxides as a result
of radiation damage induced by recoiling uranium atoms (Fleischer
and Raabe, 1977).

The small particles produced in this way are most likely to
contain about 50 plutonium atoms. The experimental data reported
here concur with this hypothesis. The transportable fractions of all
the fresh and aged PuO2 suspensions are 0.001-jum-diameter parti-
cles. Each of these particles is estimated to contain about 24
Plutonium atoms; alternatively, 50 plutonium atoms would cor-
respond to a particle of diameter 0.0014 jum (Smith et al., 1977).
Autoradiographic studies of lung tissue several months after the
inhalation of 2 3 8PuO 2 and 2 3 9PuO2 are compatible With different
rates of fragmentation of the particles since the 2 3 8 Pu activity is
more diffusely distributed (Stather etal., 1978). In these experi-
ments that used the same 2 3 8PuO2 preparation, the translocation of
2 3 8 Pu from lungs to blood was about one-sixth of that predicted by
the filtration characteristics of the aged suspension. This is almost
certainly due in part to pathological changes, e.g., fibrosis, induced in
the lungs.

Lung Clearance Kinetics of Americium and Curium Dioxides

Recent investigations of the metabolism of 2 4 I A m 0 2 and
2 4 4 Cin0 2 (Bair, 1976) have shown that the elements are cleared
from the lungs to a much greater extent than was predicted by die
Task 'Group Lung Model (International Commission on Radiological
Protection, 1972). It is clear, therefore, that the mobility of

^^^BLl.i.la'ltiM...
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Plutonium, americium, and curium oxides is not a function of
compound class. The greater transportability of americium and
curium relative to plutonium has been variously attributed to
differences in rate of solubility, particle size, or specific activity. The
data from our experiments do not concur with any of these possible
explanations. First, we have estabb'shed that, in the early lung
clearance phase, 2 4 ' Am and 2 4 4 Cm enter the blood and are
excreted in urine as 0.001-/zm-diameter particles and not as their
soluble complexes. Second, the rate of clearance of 2 4 l A m from
lungs to blood after the uptake of 2 4 1AmO2 particles within the
range of 0.22 to 1.2 fiia in diameter (Stradling et al., 1978a) is
greater than the clearance of 2 4 4 Cm after the uptake of 2 4 4CmO2
particles less than 0.025 /im in diameter (Stradling et al., 1979b).
Third, if the rate of formation of 0.001-jum-diameter particles were
solely a property of radiolytic fragmentation induced by alpha
decay, then the mobility of 2 4 l AmO 2 should be considerably less
than that of 2 3 8 P u 0 2 ; the converse has always been observed.

In contrast to the factors affecting the mobility of PuO2, our
data suggest that the translocation of 2 4 ' Am and 2 4 4 Cm from lungs
to blood can be attributed to the physicochemical instability of the
oxides in lung fluid, their rate of hydrolysis, and the rate of
disaggregation of the hydroxides so formed. This hypothesis is
supported by the similarities observed in the metabolic behavior of
2 4 ' A m and ? 4 4 Cm when either predominantly crystalline or
amorphous materials are intubated into the lungs; and by the
identification of crystalline rods, similar to those which are present
in freshly prepared 244Cm(OH)3 precipitates (Haire etal., 1977),
in electron micrographs of 2 4 4CmO 2 suspensions. Also, the
particles identified in blood and urine in the early lung clearance
phase are similar to those which have been observed in freshly
prepared 2 4 1 Am and 2 4 4Cm hydroxides, i.e., 0.001 to 0.002 Aim in
diameter (Haire etal., 1977). Evidence of the physicochemical
change undergone by 2 4 ' AmO2 and 2 4 4 CmO2 in the lungs has been
obtained by others. Autoradiographs of rat lungs taken immediately
and up to 2 years after the inhalation of high-fired 2 4 4CmO2
particles (AMAD, 0.8 ± 0.3 jum) showed that 2 4 4 Cm was distributed
throughout the lungs, principally in parenchymal cells; only occa-
sional alpha stars indicative of discrete particles were observed
(Sanders and Mahaffey, 1978). Macrophages containing aggregates of
2 4 4 Cm were more common several months postexposure. One
explanation for the observations that j2 4 4Cm is not readily taken up
by macrophages is that the 0.00|l-jum particles produced by
hydrolysis diffuse passively to blood and do not react chemically
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with lung fluid (Cooper et al., 1980). We have observed that
0.001 -nm particles aggregate in water; a similar process probably
accounts for the small uptake of 2 4 4Cm by macrophages with time.
Autoradiography sections of the lungs of rodents killed at 7 days
(Nenot and Stather, 1979) and at 9 months (James et al., 1978) after
exposure to 2 4 ' AmO2 gave data similar to those reported for
2 4 4 CmO 2 .

Interpretation of Urine Data

The systemic burdens obtained from autopsy are, with few
exceptions, less than the values predicted from urine analysis data
obtained by using equations similar to those derived by Langham
after the intravenous injection of 2 3 9 Pu citrate into humans.
Although the discrepancies can be substantial (Mclnroy et al., 1975),
overestimates of body content are generally about fivefold (Voelz,
1975; Schofield, 1976). One explanation for these observations is
that the urinary excretion of plutonium in humans at long times
after the administration of plutonium citrate can be up to an order
of magnitude greater than the excretion predicted by integrating
Langham's equations; this results in about a two- to threefold
increase in the cumulative urinary excretion (Rundo et al., 1976). To
what extent these data are influenced by osteoporosis is, however,
somewhat uncertain.

The studies described here demonstrate a second mechanism that
can result in body content overestimates based on equations derived
for plutonium citrate. During the early lung clearance phase, the
proportion of the extrapulmonary burden excreted in urine is about
four times greater after administration of the transportable fraction
of PuO2 aerosols, i.e., 0.001-jum-diameter particles, than it is for
plutonium citrate. At later times this value can be expected to
decrease owing to soluble plutonium complexes entering the blood
from depositional sites such as bone. If the movement of plutonium
from lungs to blood is controlled by fragmentation of the particles,
the cumulative excretion would remain above that predicted for
plutonium citrate. The contributions of plutonium entering the
blood by these mechanisms would in practice be indeterminate, and
it may be sufficient for radiological protection purposes to continue
to use the Langham equations on the assumption that they will
always err on the side of safety.

There appears to be little information on the relationship
between the body content of 2 4 I Am and 2 4 4Cm obtained at
autopsy and that predicted from urine analysis. The studies reported
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here suggest that, if the body content were estimated on the basis of
citrate metabolism, it would be overestimated by about an order of
magnitude. A similar relationship between extrapulmonary tissue
deposit and cumulative urinary excretion has been obtained by other
investigators (Sanders, 1974; McCIellan, 1972; Sanders, Craig, and
Smith, 1974). This relationship is unlikely to be modified over long
time intervals to the same extent as plutonium, because a substan-
tially greater proportion of the extrapulmonary tissue deposit is
excreted in urine during the early clearance phase and the trans-
portable fraction is much less reactive with the ligands present in
lung fluid.

It has been suggested (Lafuma, Nenot, and Morin, 1972) that,
after the uptake of actinide compounds, a constant relationship
exists between the amount translocated to extrapulmonary tissue
and the cumulative excretion. The results summarized in Table 1
show that, with the exception of the oxides of plutonium, this is not
true and reflects the inadequacy of the assumption that the chemical
form in urine is independent of the physicochemical form of intake.
It is thus concluded that a fixed factor cannot be assigned to the
interpretation of urine analysis data of one actinide, much less be
extrapolated to another actinide, even though solubilization in body
fluids would ultimately result in the presence of their citrate
complexes in urine.

Efficacy of DTPA Therapy

The effectiveness of DTPA has been attributed to its ability to
cheiate monomeric material at the site of deposition or in circulating
blood. Potential therapeutic regimes for humans have been based on
animal studies in which the actinides have been administered as their
nitrate or citrate complexes. The studies described here show that,
after the uptake of actinide oxides, a major factor influencing the
movement of the elements from lungs to blood and urine is the
presence of 0.001-/um-diameter particles in the aerosol or their
subsequent formation in the lungs.

Polydisperse 2 3 9PuO2 is avidly retained by the lungs, and the
administration of DTPA is of little therapeutic significance. However,
after the inhalation of mixed 2 3 9PuOj + Na2O aerosols containing a
high proportion of 0.001-/un-diameter particles, the decrease in lung
content of 2 3 9 Pu after the inhalation of DTPA is considerable
(Bulman et al., 1979). Even so, the amount of 2 3 9Pu translocating to
blood is less than that predicted on the basis of the filtration
characteristics of the aerosol suspension. This is probably due to the
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uptake of the particles by macrophages after their reaction with
phospholipids present in lung surfactant (Cooper et al., 1980). The
use of a lipophilic derivative of DTPA, which is able to penetrate cell
membranes, however, causes a decrease in lung content compatible
with the proportion of 0.001-/um particles in the aerosol (Bulman
et al., 1979). It is likely that a similar regime could increase the
clearance of 2 3 8PuO 2 since 0.001-//m particles of the oxide can be
produced in the lungs by fragmentation processes.

We have shown that for inhibiting the deposition of 2 4 4Cm in
tissue, the concentration of Na3 ZnDTPA in serum must be
maintained above 0.004 mg/ml. This is compatible with adminis-
tering 14 mg kg~' day" ' at a constant rate. Thus therapeutic
regimes that suggest single, daily injections of 14 mg kg""1 day"1

would be considerably less effective since the limiting concentration
necessary to maintain the integrity of the 0.001-jum-diameter
particles in the blood would be reached within a few hours. This
concept of an effective limiting concentration is consistent with
recent data reported for 2 4 1 Am (Calder et al., 1978). When " ' A m
citrate was injected into beagles in which Na3 ZnDTPA was
continuously released into the bloodstream from an implanted
device, the proportion of 2 4 ' Am excreted in urine in the first 24 hr
increased from 9% (control) to 38% (1.5 mg kg"1 day" 1 ) to 84%
(36mgkg~' day" 1 ) .

Animal data indicate that after the inhalation of 2 4 4CmO2 by
man, about 90% of that fraction destined to translocate to blood
would do so within the following month (Bair, 1976). The removal
of extrapulmonary 2 4 4Cm by the protracted administration of
14 mg kg"1 day"1 of Na3 ZnDTPA should be clinically acceptable.
When Na3 ZnDTPA was administered to beagles in doses up to ten
times this currently recommended daily human dose for 7 days a
week over a period of 8 months, no serious side effects were
observed (Taylor et al., 1974).

Clearly, the requirement for the protracted administration of
Na3 ZnDTPA would be diminished if the rate of clearance of 2 4 4Cm
to blood could be enhanced by promoting the formation of
0.001-/um particles in the lungs. Similar considerations may apply to
increasing the elimination of 2 4 ' Am from the body since the factors
governing the mobility of 2 4 ! AmO2 and 2 4 4CmO2 are similar.
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Effects of Plutonium Redistribution
on Lung Counting
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ABSTRACT

The spatial distribution of inhaled material within the lung is not uniform and
changes with time postexposure. Examination of data in the literature provides a
vague picture of the nonuniformity. Evaluation of data from an experiment with
rats indicated that at 180 days postexposure the subpleural to parenchymal
concentration ratio is 1.7. Such nonuniformity will influence the count rate at
external detectors as shown by calculations with a thorax model. An increase by
a factor of 1.5 can be expected several years postexposure when the nonuniform
distribution is compared with a uniform distribution of the same material.

Lung counting procedures are influenced by both interorgan and
intraorgan distributions. The influence of interorgan distribution due
to translocation to liver, lymph nodes, etc., is widely recognized, and
calibrations have allowed for such redistributions (Swinth, Griffin,
and Park, 1967; Swinth and Griffin, 1970). Although nonuniform
distribution within the lung is recognized, calibrations assume a
uniform distribution since the magnitude of nonuniformities is not
well defined. At a recent meeting on the measurement of heavy
elements in vivo (Swinth, 1976), it was pointed out by several
authors that "reasonable" nonuniform distributions could lead to
changes of 200 to 300% in the calibration factor as compared to a
uniform distribution. The purpose of this paper is to confirm that a
nonuniform distribution is reasonable in rat lung and to indicate the
influence of a nonuniform distribution on assessment of plutonium
depositions in the lungs by external counting techniques.
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The typical lung counting geometry employs two 5-in.-diameter
scintillation counters (Phoswich detectors) positioned over the upper
chest (Swinth, 1976). The counters detect the L-electron X rays
emitted by the uranium daughters of decaying plutonium isotopes.
These L X rays have energies of 13.6, 17.2, and 20.2 keV and are
heavily attenuated by moderate thicknesses of tissue. The weighted
half-value layer for L X rays is ~6 mm in soft tissue and ~18 mm in
lung tissue. The counters are calibrated by counting phantoms with
mock lungs containing a uniform distribution of the source material.
During counting, appropriate corrections are made for variations in
the chest wall thickness, but corrections for variations in material
distribution are not attempted.

BACKGROUND

The spatial distribution of plutonium within the lungs is not
uniform. The initial distribution depends on health, breathing
pattern at time of deposition, and particle size. Deposited materials
do not remain at or near the site of deposition for the duration of
their residence in the lung. Phagocytosis by alveolar macrophages and
type I alveolar cells results in transport of material to peribronchiolar
and subpleural areas. The changing distribution within the lung
appears to be related to the accumulation of plutonium in
lymphatics with transport to thoracic lymph nodes, and a continued
slow clearance by the mucociliary pathway.

Generally, clearance rate is inversely proportional to the alveolar
depth reached by the particles. Smaller particles will be deposited
deeper in the lungs and will be retained longer (Albert et al., 1973).
Clearance from the trachea and major bronchi occurs rapidly with a
half-time on the order of a few hours (Gamsu, Weintraub, and Nadel,
1973; Lippmann and Albert, 1969). This corresponds to the initial
rapid decrease in activity and accounts for a significant fraction of
the initial deposition (Swinth and Bair, 1968; Swinth and Griffin,
1970).

Studies by radiographic techniques indicate that the proximal
and distal bronchioles clear with a half-time on the order of tens of
hours (Gamsu, Weintraub, and Nadel, 1973; Morrow et al., 1976).
Material deposited deep in the lungs (alveoli) clears very slowly
(Gamsu, Weintraub, and Nadel, 1973; Kaufman and Gamsu, 1974;
Bianco et al., 1974; Morrow et al., 1976) and in the case of one
insoluble material, tantalum, shows clearance half-times on the order
of thousands of days (Newton, 1977).

1
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An interesting feature during particulate clearance is the apparent
retrograde movement of material during the first approximately 50
hr (Gamsu, Weintraub, and Nadel, 1973; Friedman and Tisi, 1972).
This retrograde movement is seen as a buildup of activity for external
counting procedures and has been noted by several investigators
(Heid and Jech, 1969). Evaluation of external counts must consider
the early clearance to assure that evaluations of lung retention are
performed at a time when the deposition has stabilized. For this
paper the long-term (hundreds of days) retention and the mecha-
nisms leading to the redistribution of the deposited material are most
important. Translocation of material to the lymph nodes begins
immediately after exposure (Kilpper et al., 1976), and, in the case of
tantalum, the translocation to lymph nodes is proportional to the
deposition (Ferin, 1976) which apparently is due to competition
with the phagocytic activity of macrophages.

In addition to movement to the lymph nodes and a continued
minor clearance via the mucociliary escalator, material will accumu-
late in: (1) subpleural and paraseptal positions, (2) perivascular
positions, and (3) peribronchial positions (Green, 1973). These are
apparently sites of long-term storage, of which the subpleural region
is of prime importance for assessment of lung content by external
counting procedures for materials such as plutonium.

Current biological information does not permit us to quantify
the translocation to the subpleural region. Limited information does
provide evidence for the long-term accumulation in the subpleural
region. Mclnroy and co-workers (1975) measured concentration
ratios ranging from 10 to 37 times greater in the subpleural region
than in the parenchyma of the lung. Nelson and others (1972)
reported a concentration ratio of 59 : 1. The results are for workers
with 25 and 26 years of potential exposure, respectively. Mclnroy et
al. (1975) have reported results for an individual with approximately
1 month between exposure and death. This individual showed little
variation between the parenchymal and pleural regions with a
decrease in concentration in the region containing the major airways.
An increase in concentration was also noted from the apex of the
lung toward the base. These results are for the left superior lobe of
the lung.

In another experiment, in two separate exposures with different
breathing patterns, the count rates differed by more than 70%
(Newton et al., 1972). Both exposures employed a 5-jum polystyrene
aerosol labeled with 1 0 3 Pd (20 keV) and 5 1Cr (323 keV). The first
experiment involved normal breathing, whereas the second experi-
ment involved deep breathing with a breath-holding maneuver
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between breaths. The latter, which is not normal, apparently led to
increased deposition near the lung surface and thus higher counting
rates.

The data available indicate that distribution of materials in the
lung is initially nonuniform and that clearance mechanisms lead to
an increasing nonuniformity. Unfortunately, available data do not
give us a quantitative handle on the problem for estimating the effect
upon determination of in vivo depositions.

Distribution of 239PuO2 in Rat Lungs

In order to obtain some quantitative information on redistribu-
tion in the lung, we reanalyzed data from a 2 3 9PuO 2 inhalation
experiment with rats to quantify the change in concentration of
material deposited in different lung regions. The rationale and
general methodology were described in a Pacific Northwest Labora-
tory annual report (Rhoads, Moon, and Sanders, 1976). The rats in
this experiment were exposed nose-only for 30 min to a 2 3 9PuO2
aerosol with an AMAD of 3.8 jum. The deep lung deposition was
estimated to be 160 ± 71 nCi, which delivered an average dose of 735
rads to the lung at 1 year postexposure.

The earlier experiment divided the lung into tissue components
and indicated a nonuniformity of particle distribution. These data
were reanalyzed with regard to regions which relate to counting
efficiency. The subpleural region was defined as the region 1 cm
from the pleural surface of the lungs on micrographs (at 30 x
magnification) or 0.33 mm from the actual surface of the fixed lung.
This was subdivided into exterior subpleural, or that side of the lung
lobe which was adjacent to the rib cage, and interior subpleural,
adjacent to the heart, lymph nodes, and other thoracic components.
The internal region represented the central portion of the lung lobe.

For the study of particle distribution, the relative particle
concentration (RPC) of each region was calculated in such a way that
a completely uniform distribution would yield a value of 1 for all
regions at all times and would be independent of the number of
particles counted or size of the tissue section analyzed. RPC was
defined as the fraction of the total particles in a lung region divided
by the fraction of total lung volume occupied by the given region.
Linear regression analysis of RPC over time postexposure was
performed on these data to estimate two pieces of information—the
initial particle deposition pattern and the rate of change in RPC with
time for each region of lung. When a linear equation of the form
Y = |80 + (32 X was fitted to the data, (30 represented RPC at the time
of exposure, and ̂ t represented the slope of the line, the tendency of
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Fig. 1 Models for subpleural and internal relative particle concen-
trations vs. time for rats.

TABLE 1

Regression Coefficients for Relative Particle Concentration
as a Function of Time

+ S.E. ± S.E.

Internal total
Subpleural total
Exterior subpleural
Interior subpleural

0.91 ±0.053* —0.00042 ± 0.00027 0.316
1.17 ±0.14 0.0014 ± 0.00071* 0.385*
1.25 ±0.19 0.0012 ± 0.00099 0.232
1.05 ± 0.21 0.0018 ± 0.0010* 0.338*

*/30 is significantly different from 1, ft is different from zero, or r (the
correlation coefficient) is different from zero with P < 0.10.

RPC to change over time. The curves are illustrated in Fig. 1, and the
data in numerical form with statistical analysis appear in Table 1.
None of the values for |30 was statistically different from 1, which
indicates that the initial particle distribution was approximately
uniform. When ^ was compared with zero (i.e., no change over
time), the RPC for the total internal region was found to decrease.
The RPC for the total subpleural region increased at a rate that was
marginally significant; however, neither rate of increase for the
exterior or interior subpleural regions separately was significant.
Correlations between these regions appear in Table 2. Comparison of
the internal region with the subpleural regions, either separately or
together, resulted in a negative correlation for each case, all
significant except for the correlation with the interior subpleural
region. Correlations between the subpleural regions were all positive,
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TABLE 2

Correlation Between Components for Relative
Particle Concentrations

Correlation between r

Internal total and subpleural total —0.967*
Internal total and exterior subpleural —0.897 *
Internal total and interior subpleural —0.238

Subpleural total and exterior subpleural 0.813*
Subpleural total and interior subpleural 0.598f
Exterior subpleural and interior subpleural 0.027

*With P < 0.001, r (the correlation coefficient) is
significantly different from zero.

tWith P < 0.01, r is significantly different from zero.

and all were significant except that between the interior and exterior
subpleural regions.

The absolute particle concentration (APC), representing the
number of particles per unit area not normalized for initial
deposition, was used to study the rate of clearance from various
components of the lung. A rough measure of the fraction of particles
retained in each tissue component was obtained by comparing APC
at longer times with those at earlier times after exposure. Retention,
shown in Table 3, was calculated as the ratio of the APC at > 120
days to the APC at < 90 days. When analyzed in this way, the APC
appears to be greater at later times both for major airway and blood
vessel walls, whereas there was a significant decrease for all other
components. Because of the large standard deviations, it was not
possible to say that this represented a real increase in APC.

The 2 3 9 PuO2 particles that were distributed relatively uniformly
after a single inhalation exposure behaved differently in different
regions of the lung lobe. The relative concentration of particles
tended to increase in the subpleural regions and decreased in the
internal regions over time. Whether this was due to a differential rate
of clearance in these regions, to translocation within the lung, or to a
combination of both, was not obvious. The fact that the number of
particles per unit area appeared to increase in some tissue compo-
nents while the overall concentration decreased suggested that both
mechanisms may have been operating.

On the basis of regression equations for the relative particle
concentrations, the concentration in the subpleural areas increased to
122% of the original after 180 days, whereas the concentration in the
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TABLE 3

Retention of 2 3 9PuO2 Particles
in Rat Lung*

% retention ±
Tissue component standard deviation

Subpleural 47 ± 55f
Parenchymal 23 ± 34 |
Peribronchial 228 ±434
Perivascular 406 ±1122
Bronchial 14 ± 261
Total lung 32 ±43$

•Absolute particle concentration for
times greater than 120 days compared
with times less than 90 days.

fRetention is different from 100%
with P < 0.01.

$P< 0.001.

rest of the lung decreased to 92% of the original. The ratio of the
relative particle concentrations at 180 days is about 1.7.

Calculating the subpleural to internal ratios for individual
animals, one obtains a regression line of y = 1.4 — 0.00291. This
yields a concentration ratio of 1.9 vs. 1.7 from the above analysis. By
linear extrapolation this predicts a concentration ratio of about
28 : 1 at 25 years, which is similar to the human data of Mclnroy et
al. (1975).

Counting Model

For the simulation of the nonuniform distribution of material in
the lungs, a mathematical model of the thorax and Phoswich
counting system was developed, which paralleled the work of Dudley
and ben Haim (1968). The model has also been used by Newton,
Taylor, and Anderson (1978) to describe lung counterresponse in
relation to a J **3 Pd—5' Cr inhalation experiment. The model assumes
an elliptical thorax (Fig. 2) and was refined to study nonuniform
distributions and different tissue types. The interactive computer
program that creates a particular lung geometry allows the analyst to
easily vary geometrical parameters such as lung size and specific
tissue thickness.

The model assumes linear attenuation with the attenuation for a
given tissue type being the combination of photoelectric and
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DETECTORS

THORAX

SUBPLEURAL
REGION

LYMPH NODES

CHEST WALL
THICKNESS = 2.5 cm

BONE
THICKNESS = 2 mm

Fig. 2 Model used to explore the effect of nonuniform distribution
in the lung.

Compton effects (jupj + Mci = Mi, for tissue type i). Detector response
for a given configuration of lung, chest wall, and detector is
calculated to be the sum of the transmission fraction for each path
from the lung inversely weighted by the square of the total path
length.

Detector response =- 2 2 p(x,y,z)

Detector Lung
(1)

where 2 = 2 S
Lung x y

Number of detector points
2

Detector
2/ijdj = summation of path-length a! .rption product over

tissue type i
dj = distance of vector through tisr'

p(x,y,z) = intensity at point (x,y,z)
type i

In Fig. 2 the tissue types included for study are bone, adipose tissue,
muscle, lung, and soft tissue. Assumptions concerning tissue parame-
ters are as follows: bone covers 45% of frontal area with a uniform
thickness; the chest wall is made up of 20% adipose tissue and 80%
muscle tissue; and the density of liing tissue is 0.3 that of soft tissue.
The attenuation coefficients used are identical to those in Newton,
Taylor, and Anderson (1978).

The model was verified by reproducing a configuration used in an
empirical 1 0 3Pd study (Newton, Taylor, and Anderson, 1978) and
by comparing values for the response ratio, R (R is the ratio of
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Fig, 3 Change in detector response at X-ray energk* with increasing
concentration in the wbpleural region of the lung..

1 0 3Pd X-ray intensity to the 2 3 9 Pu X-ray intensity). The maximum
error in the three cases used for verification was 2%. This was
considered adequate verification.

After verification the model was used to explore the effects of
nonuniform distribution. Biological results on tissue samples are
generally expressed in terms of concentration or concentration
ratios. Our goal was to have unit activity dispersed in the model for
different cases in a manner simulating the expected concentration
ratios. This required calculation of the volume and number of
mathematical sample points in a tissue for a given condition. The
activity is then assigned to each point as a function of (a) concentra-
tion ratio, (b) volume of the respective tissue, and (c) the number of
sample points in each tissue. For the lung-lymph "tissue system,"
the same method was used to ensure the correct concentration ratios.
The basic assumptions were a lymph tissue mass of 15 g (Pochin,
1966), a lung mass of 900 g, and densities for the respective tissues
of 1.0 and 0,3 g/cc.

Figure 3 shows the change in detector response to the L X rays
compared with the uniform case response for various subpleural to
lung concentration ratios. There is a rapid increase until a concentra-
tion ratio of 20 : 1 is reached at which point the change tends to
level out. At 20 : 1 approximately 64% of the activity is subpleural
for the 3-mm case and 75% for the 5-mm case in our model. At
60 : 1 the respective percentages increase to 84 and 90%. This is not
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Fig. 4 Change in detector response at 60 keV with increasing
concentration in the subpleural region of the lung.

surprising when one considers that a change in active lung thickness
from 4 to 5 cm will cause only a 10% change in count rate at 20.2
keV (Toohey, 1976). The lungs represent an infinite source at these
energies. Figure 3 shows two subpleural thicknesses to indicate the
effect of increasing thicknesses on the count-rate ratios. In actual
tissue samples the subpleural activity will be concentrated near the
surface and thicker samples will decrease the observed concentration
ratio.

Figure 4 shows a similar set of curves for the 2 4 ' Am gamma ray.
Although the percentage changes in activity are similar, the curves do
not increase as rapidly, since the proportionate contribution from
deep lung is similar. For our calculations the total attenuatiorj
coefficient was used and the interaction of a photon was considered
to be a loss of the photon. This is a reasonable assumption for the
X-ray energies when the ratio of total exiting photons to uncollided
photons is about 1.5, but at 60 keV the ratio is about 3.4 (Bhati,
Sharma, and Samasundaram, 1979). At these low energies, the
energy change in scattering is not great and scattered photons will be
unresolved from the unscattered ones. Thus observed changes will
not be as great as indicated by our calculations for 2 4 ' Am gamma
rays.

Figure 5 shows the effect of movement to the tracheobronchial
lymph nodes on detector calibration. Movement to the subpleural
tissues leads to an increased detector response, whereas movement to
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Fig. 5 Effect of movement to the tracheobronchial lymph nodes on
lung counterresponse.

the lymph nodes leads to a decreased response compared with the
same activity uniformly distributed in the lung volume. Again the
change at 60 keV should not be as large as indicated because of the
detection of scattered photons.

SUMMARY AND CONCLUSIONS

Table 4 combines the features to show a modeled detector
response at X-ray energies for time after exposure on the basis of a
linear extrapolation of data from Nelson et al. (1972). This indicates
that, at increasing times after exposure, the translocation of material
will cause an increase in observed count rate compared with the
uniform calibration phantom. This will result in overestimation of
retained lung burdens by as much as 50%. Although the uniform
deposition model is adequate at short times after exposure, it is clear
that translocation of material will be important in the continued
analysis of lung depositions.

The uncertainties in a lung-burden estimate caused by subject
background estimation, counting statistics, and errors in chest-wall
attenuation corrections have been estimated to cause a collective
uncertainty of approximately 80% in lung-burden estimation
(Swinth, 1976). This estimate is for an individual containing 16 nCi
and with a 2.5-cm-thick chest wall. Counting time is assumed to be
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TABLE 4

Change in Count Rate Compared with a
Uniform Model for Various Times

After Exposure

Yean
postexposure

0
5

10
15
25

Assumed

Subpleural
to lung

1 : 1
10 : 1
20 : 1
35 : 1
60 : 1

concentration
ratios

Lymph nodes
to lung

1 : 1
30 : 1
60 : 1
90 : 1

140 : 1

Relative
count-rate

ratio*

1.0
1.26
1.35
1.43
1.48

2000 sec, and errors were estimated at the 2 a level. On the basis of
current research, the effect of nonuniform distribution adds an
additional biased error of +50%. This would change the uncertainty
to +95 and —80%. For a first-order correction, the regression
equation y = 1.4 — 0.0029 t could be used if the time since exposure
is known. When the other sources of error are considered, the overall
impact of nonuniform distribution is not a dominant factor.

In cases where breathing pattern or illness causes a significant
change in initial deposition pattern, the errors involved could be
significantly greater. In fact, the data of Newton, Taylor, and
Anderson (1978) suggest that it would be valuable to consider the
particle size and breathing pattern when evaluating a lung deposition.
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Absorption of Plutonium from
the Gastrointestinal Tract After Inhalation
by the Neonatal Animal

M. F. SULLIVAN, L. S. GORHAM, and E. F. BLANTON
Biology Department, Pacific Northwest Laboratory,
Richland, Washington

ABSTRACT

For the comparison of translocation, litters of newborn pups and piglets were
given preparations of 238Pu or 2 3 9Pu nitratt or oxide either by inhalation or
gavage. After a week only 20% of the inhaled dose of either the nitrate or oxide
form of 2 3 9Pu remained in the lungs of piglets; 50% of the nitrate and 10% of
the oxide were retained in their intestines. Pups retained somewhat less than
piglets. Plutonium absorption after 2 3 8 PuC>2 inhalation by piglets was ten times
higher than after gavage with a suspension having the same solubility
characteristics. This difference did not occur with 2 3 9PuO2 .

Although the amount of plutonium absorbed across the gastro-
intestinal (GI) tract of the adult animal is not substantial in
comparison with the amount absorbed by the lungs, the increased
permeability of the neonatal GI tract over that of the adult makes
the neonatal route of much greater consequence during exposure by
either ingestion or inhalation. Ballou (1958) demonstrated that
newborn rats absorbed more 2 3 9 P u (by about two orders of
magnitude) from a gavaged nitric acid solution (pH 2) than
weanlings or adults. We have since found that, in addition to the
increased absorption, large fractions of an oral dose remained in the
mucosa of the small intestine for a few weeks after birth (Sullivan,
1980). This paper provides data which demonstrate that the role of
the gut is an important consideration in the assessment of inhalation
hazards of plutonium by neonatal animals.
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MATERIALS AND METHODS

The following animals from our breeding colony were used in
these studies: beagle dogs weighing between 200 and 400 g; and
Hanford miniature swine, weighing between 500 and 800 g. Pluto-
nium (2 3 8Pu or 2 3 9Pu) nitrate solutions (pH 2) were filtered
through a 0.01-mm filter prior to gavage. Oxide suspensions for
gavage were supernatants, removed after a 10-min settling period to
allow settling of larger particles.

Animals exposed by inhalation were placed in plastic bottles that
permitted nose-only exposure to aerosols generated by a Lovelace
generator, for between 0.5 and 1 hr, depending on the desired dose.
Aerosol samples were removed from the exposure chamber at
intervals during exposure to characterize the physical dimensions of
the particles or aerosols. At least two animals were killed im-
mediately after exposure and analyzed for radioactivity to determine
the deposited dose and its distribution. All subsequent retention
values were based on those measurements.

The total skeleton, the liver, heart, spleen, kidneys, muscle,
testes, pulmonary and mesenteric lymph nodes, and skin were
analyzed for plutonium content according to the modified method
of Keough and Powers (1970).

RESULTS

In the following presentation of results, the same data are
sometimes presented under different headings and in different figures
to facilitate comparisons.

Inhalation or Gavage of 238Pu Nitrate—Dogs and Swine

The distribution of 2 3 8 Pu retained in the skeleton, liver, or gut,
and the gut content after either gavage or inhalation exposure of
dogs and swine with 2 3 8 Pu nitrate is shown in Fig. 1. These data
show that in the swine about half of the gavaged or inhaled dose
remained in the gut or in the gut content 1 week after treatment,
about 8% was retained by the skeleton after gavage, and 11% after
inhalation. More of the dose was retained in the liver after inhalation
than after gavage (6% vs. 1%). Dogs retained very little of the gavaged
dose in the gut or in gut contents in comparison to pigs; skeletal
retention after inhalation was not appreciably different in the two
species. Some of the difference in retention between swine and dogs
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Fig. 1 Distribution of plutonium in neonatal swine and dogs after
administration of 2 3 8 Pu nitrate by gavage or inhalation.

may have been due to age difference at time of treatment, i.e.,
1-day-old piglets vs. 2-day-old pups.

Inhalation or Gavage of 2 3 8 Pu Oxide—Dogs and Swine

The data in Fig. 2 show that a similar pattern of retention
occurred after gavage or inhalation of the "insoluble" oxide of
2 3 8 Pu; there was, however, a generally greater enhancement of
absorption and retention after inhalation as compared to gavage. The
markedly increased quantity of 2 3 8 Pu retained in the intestine of
swine at a week after inhalation (in comparison to the amount



ABSORPTION OF Pu FROM THE Gl TRACT BY NEONATAL ANIMAL 241

100 p

0.01
ROUTE OF ADMINISTRATION GAVAGE
AGE AT ADMINISTRATION, days 1
AGE AT AUTOPSY, days 8
238Pu DOSE, pCi/kg 35
NO. OF ANIMALS 6

I | B o n e
H i Liver

Gut

[?;-:-:j| Gut content
O
D

Q:

co
Z

Q —

z

INHALATION
1
8

73
2

GAVAGE
2
9

80
2

INHALATION
1
8

60
3

Fig. 2 Distribution of plutonium in neonatal swine and dogs after
administration of 2 3 8 Pu oxide by gavage or inhalation.

retained after gavage) suggests that some solubilization of the oxide
might have occurred in the lungs prior to clearance.

Inhalation or Gavage of 2 3 9 Pu Oxide—Swine

Two litters of swine received 2 3 9 Pu oxide from the same
suspension, administered either by the oral or the inhalation route.
The amounts retained 7 or 10 days after treatment are shown in
Fig. 3. The pattern of retention in the gut was similar to that with
238 p u o 2 , but absorption was much lower.
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Fig. 3 Distribution of plutonium in neonatal swine after administra-
tion of 2 3 9Pu oxide by gavage or inhalation.

Inhalation of 238Pu Nitrate and 2?8Pu Oxide—Dogs

The data shown in Fig. 4 demonstrate that in all dogs treated,
almost half the dose administered as the nitrate was already in the
gut by 1 hr after exposure. Most of the total amount of plutonium in
the carcass (11%) was found in the head and was probably cleared
through the gut as was most of the 40% initially deposited in the
lung. At 1 week postexposure, only about 6% was in the lungs; at 3
weeks, 3%. Only the carcass retained a substantial amount, 97% of
which was in the skeleton at 21 days posttreatment. The behavior of
the oxide differed principally in its slower rate of clearance from the
lungs and in its much lower absorption and systemic deposition.

Inhalation of 238Pu Oxide and 239Pu Oxide—Swine

Pigs from litters exposed by inhalation were killed, either
immediately after exposure or at 7 or 21 days afterward. These data
(Fig. 5) indicate that about 10% of the dose was in the carcass at
1 hr; however, since most of that dose was in the head, it did not
represent absorbed plutonium. More of the 2 3 8 Pu dose than the
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2 3 9 Pu dose was initially deposited in the lungs, but after 7 days the
same percentage of each isotope remained. Further clearance was not
detectable at 21 days. Substantial quantities of both isotopes
remained in the gut at 7 days, and most of the 2 3 8Pu was eliminated
by 21 days. This contrasts with the behavior of newborn dogs where
there was very little retention in the gut.
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Fig. 4 Distribution of plutonium in neonatal dogs at various
intervals after inhalation of 2 3 8 Pu nitrate or oxide.

Lung Clearance—Dogs and Swine

A measure of the effect of relative solubility on clearance from
the lung of neonates is shown by the data in Fig. 6. In swine more
than 50% of both the soluble nitrate and the insoluble oxides of
plutonium were cleared within 1 week after exposure. In dogs only
2 3 8 Pu nitrate showed significant clearance within the first week.
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Fig. 5 Distribution of plutonium in neonatal swine at various
intervals after inhalation of either 2 3 8 Pu or 2 3 9 Pu oxide.

DISCUSSION

It is generally assumed that the increased permeability of the GI
tract of the neonatal animal is a maturation phenomenon closely
related to the development of passive immunity (Brambell, 1958;
Koldovsky, 1969). Plutonium is known to bind to protein (Taylor,
1972) and possibly can be absorbed as a protein complex. Since
the animal species used in research develop immunity at different
times, studies on plutonium absorption by various animal species
might provide information that would aid in the extrapolation of
such data to man. Guinea pigs and humans develop immunity, for
the most part, prenatally; rats and dogs develop immunity both
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Fig. 6 Retention of plutonium in neonatal swine and dog lungs at
various intervals after inhalation of 2 3 8 Pu nitrate, 2 3 8 Pu oxide, or
2 3 9Puoxide.

before and after birth; swine and sheep develop immunity only
postnatally.

Several investigations have shown that the intestine of neonatal
rats is permeable to the actinide elements (Ballou, 1958; Sullivan,
1980; Sikov and Mahlum, 1972). The guinea pig GI tract is nearly as
permeable to plutonium as the rat intestine, but it does not store
large quantities in the mucosa as does the gut of rats and swine. Mraz
and Eisele (1977) showed swine and sheep gut to be very permeable
to 4 s N b and, additionally, that much of the 4 s N b was stored for
several days before being excreted. We found a similar storage
pattern for plutonium in swine. We also showed that absorption of
2 3 8Pu and 2 3 3 U is about ten times higher in swine than in neonates
of other species (Sullivan, 1980).

These observations suggest that, regardless of when passive
immunity is attained, the GI tract in all the species studied provides a
barrier to plutonium absorption that is over 100 times more
permeable in the neonate than in the adult of the same species. Our
study suggests that this enhanced neonatal permeability may be
important for evaluating inhalation hazards as well as ingestion
hazards.
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A comparison of the radioactivity deposited in the skeleton and
liver of swine exposed to 2 3 8 Pu nitrate by inhalation (Fig. 1) with
that deposited in these same organs after gavage shows a twofold
increase, whereas a similar comparison for the oxide shows that
about 14 times more is absorbed after inhalation than after gavage.
Neonatal dogs also showed much greater absorption of the "insolu-
ble" oxide after inhalation than after gavage. These differences may
be partially due to absorption from the lungs in addition to the
amount absorbed from the GI tract, but the increased retention in
the gut mucosa and its contents (especially after oxide inhalation)
suggests that solubilization has occurred prior to clearance from the
lungs.

Little is known about the permeability of the neonatal lung or
about the efficiency of its clearance mechanisms. From the present
data it appears that movement of plutonium out of the lungs of
neonatal dogs is more rapid than from the lungs of adults. Bair
(1974) reported a retention half-time of about 200 days for
"soluble" plutonium in dogs; and for "insoluble" PuO2 the values
were between 350 and 1000 days. Our data showed that the lung
burden after inhalation of 2 3 8 Pu nitrate by both neonatal swine and
dogs fell from its initial deposited value to less than 50% within
1 week after exposure. For both 2 3 8 Pu and 2 3 9 Pu oxide, clearance
was equally rapid from the neonatal swine lung. The half-time for
clearance of either 2 3 8 Pu or 2 3 9 Pu oxide from 1-day-old dogs was
longer than 3 weeks, but it was probably much shorter than the
shortest time reported for adult dogs. These data indicate quite
clearly that the dynamics of absorption and clearance after inhala-
tion of the actinide elements from adult animals are not applicable to
the neonate. This may be due to maturation processes in the lungs,
in which the lungs change from organs with relatively smooth walls
to ones with a more complex alveolar structure (Thurlbeck, 1977).
The differences in clearance rates and their mechanisms as well as the
rates of absorption from both the neonatal lungs and gut require
further study if the neonate is to be properly considered in the
establishment of permissible limits for the exposure of general
populations to toxic materials by inhalation.
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Pulmonary Distribution of Inhaled
239PuO2inDogs

J. F. McSHANE, G. E. DAGLE, and J. F. PARK
Pacific Northwest Laboratory, Richland, Washington

ABSTRACT

The distribution of plutonium in the lungs was studied by analyzing autoradio-
graphs from dogs killed up to 69 months after single, nose-only exposures to

P11O2 aerosols. Within 5 months of exposure, the pattern of alpha-star
distribution was relatively dispersed and uniform throughout the lung section,
changing by 12 months to a less uniform distribution that exhibited focal
concentration, subpleural concentration, and alpha-star aggregation. Increased
subpleural concentrations were demonstrated in five of six dogs killed 12 or
more months after exposure. The percentage of alpha-stars found in localized
regions of relatively high concentration and the portion found in aggregation
(defined here as two or more alpha stars with overlapping tracks) increased with
time postexposure. The data demonstrate that an initial relatively uniform
dispersion of plutonium particles changed with time to a focally concentrated
distribution with relatively small tissue volume containing most of the
pulmonary plutonium burden.

Previous studies have described qualitatively the autoradiographic
distribution of plutonium particles in the lungs of dogs after
inhalation of 2 3 9 PuO 2 (Clark, Park, and Bair, 1966). Soon after
exposure the particles were diffusely scattered in the lung whereas
later they appeared to be preferentially located in the peripheral
subpleural areas of the lungs. The pulmonary tumors in 2 3 9PuO2-
exposed dogs appeared to originate in the peripheral areas of the lung
(Park, Bair, and Busch, 1972). Localization of plutonium in
macrophages and alveolar epithelium (Sanders and Adee, 1970) and
eventual concentration into subpleural and peribronchiolar regions of
scar tissue in rats exposed to 2 4 8PuO2 have been demonstrated
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(Sanders, 1972; Sanders and Park, 1972). Quantitative studies of the
dosimatry of inhaled 2 3 9PuO2 in rats, which relate the pulmonary
cells and tissue at risk to the autoradiographic distribution of
Plutonium, have been reported (Rhoads, 1979). This report describes
initial efforts to develop methods of describing the autoradiographic
distribution of plutonium in the lungs of dogs after inhalation of
2 3 9 PuO 2 .

METHOD

The lungs of beagle dogs (from previously described studies) that
had received single, nose-only exposures to aerosols of 2 3 9PuO 2
(Park, Bair, and Busch, 1972) were analyzed. Eight of these dogs,
with pulmonary burdens of 0.4 to 4.8 /iCi, were selected for this
study. Two dogs were serially sacrificed within 1 year postexposure;
the remainder were euthanized because of radiation pneumonitis or
lung tumors from 12 to 69 months after exposure. At necropsy the
excised lungs were inflated and fixed by intratracheal perfusion with
10% neutral buffered formalin. After fixation the right apical lobe
was removed and histologic sections were prepared from serially
sliced cross sections cut perpendicular to the major bronchus.
Autoradiographs were prepared on nuclear track plates (type NT A,
Eastman Kodak Co.), or by dipping slides into K-5 emulsion, and
exposed in a lighttight box 4 to 8 weeks before development.

Photomicrographs (8-in. by 10-in. prints; magnification, 7.5 x)
were prepared from contact negatives taken of the autoradiographs.
A "map" of the cross-sectional plutonium distribution was produced
on these photomicrographs by marking onto the print the position of
each alpha star seen through the microscope.

RESULTS

Visual comparison of the plutonium maps suggested differences
in alpha-star distribution among lung sections related to time
postexposure. The alpha stars appeared to be diffusely scattered
throughout the lung section in dogs killed within a few months of
exposure (Fig. 1). At later times focal regions with many alpha stars
were separated by areas with relatively few (Fig. 2). The areas of
focal concentration were frequently seen in subpleural regions of
lung (Fig. 3), usually associated with scar tissue.

The cross-sectional distribution of plutonium in the lung was
quantitatively analyzed by placing a transparency containing a grid
of 1-cm squares over each plutonium map. The percentage of squares
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Fig. 1 Diffuse distribution of alpha stars in autoradiograph of lung
from dog 913 at 1 month pottexposure to 239PuO2• (Magnification,
30 X.)

Fig. 2 Focal concentration of alpha stars in autoradiogtaph of lung
from dog 761 at 69 months postexposure to 23*PuO2. (Magnifica-
tion, 30 X.)
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Fig. 3 Subpleural concentration of alpha stars in autoradiograph of
lung from dog 747 at 12 months postexposure to
(Magnification, 30 X.)

that overlay regions containing alpha stars was calculated. Results are
summarized in Table 1. The data showed that the percentage of grid
squares overlying alpha stars dropped from 100% at 1 month
postexposure to 54% at 69 months postexposure. Regions lacking
alpha stars at later postexposure times may have been due only to
the lower plutonium burdens found in the lungs. However, further
evidence of focal concentration was found by analyzing the grid field
from another perspective.

The highest 1-cm2 alpha-star concentration was located on each
lung section by finding the single grid square containing the most
alpha stars. Table 1 shows the number of alpha stars in this square,
along with the percentage of total cross-sectional alpha stars found in
that square. Note that no single square from the dog killed at 1
month overlies more than 2% of the total stars, whereas both dogs
killed at 69 months have single squares containing over 16% of the
entire observed alpha-star burden. This suggests an accumulation of
plutonium in focal regions of lung, which tends to increase with time
postexposure.

The focal accumulations frequently contained stars with over-
lapping alpha tracks. These were called "aggregates" and were
defined as two or more alpha stars having overlapping tracks (Fig. 4).
The percentage of total alpha stars fotmd in aggregated form was
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TABLE 1

Distribution of Alpha Stars in Autoradiographs of Lung
Cross Sections from Dogs Exposed to 2 3 9PuO2 Aerosols

Months postexposure
Final lung burden, flCi
Total alpha-stars in one section*
Percent of grid square containing alpha stars
Highest concentration of alpha stats

in one square
Highest concentration in one square „ .„„ .

Total number of alpha«tars T

Aggregation, %
Accumulation site

Subpleural, %
Midlung, %

913

1
4.7

1676
100

31
1.8

16

20
20

739

5
1.4

601
100

21
11

747

12
3.8

1065
84

41
3.8

35

51
6

Dog number

817

21
2.4

930
81

33
3.5

33
16

890

31
1.1

359

30
10

760

31
0.7
329

56

45
13.7

30

41
9

761

69
0.4

497
61

82

16.5

50

44
11

753

69
0.4

258
54

43
16.7

6
17

*Autoradiograph of right apical lobe.
tThe percent of total alpha stars found in the centimeter square of highest concentration.

Fig. 4 Aggregation of alpha stars in autoradiograph of lung from
dog 913
480 X.)

239,
at 1 month postexposure to PuO2. (Magnification,
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determined on four dogs (Table 1). The aggregation percentage
increased with time postexposure. Increasing aggregation indicates
that a decreasing proportion of lung tissue is absorbing the
pulmonary radiation dose. If alpha-star distribution were random and
uniform, more aggregation should be found in the lung section with
the most plutonium. The opposite is observed experimentally, i.e.,
the dog killed at 1 month had an aggregation percentage of 16,
whereas the dog killed at 69 months, with a smaller pulmonary
plutonium burden, exhibited 50% of its alpha stars in aggregated
form.

For determining the site of focal accumulation, a line was drawn
through the center of each lung photograph to represent the middle
of the lobe. The location of the plutonium was evaluated by directly
measuring the position of each alpha star between the pleural surface
and this midline. Bronchial surfaces were used as the midline where
large bronchi occupied the middle of the lung section. For each alpha
star the ratio of the distance between midline and pleura was
calculated,

Midline to alpha-star distance
Midline to pleura distance

Histograms made of these ratios were scaled with interval bands at
each twentieth percentile (Fig. 5). These graphs divide the lung into
five segments; the plutonium found 80 to 100% of the distance away
from the midline is considered subpleural. Concentrations in the
subpleura and those found in the increment closest to the midline are
listed in Table 1. Dogs killed at 1 month and at 5 months
postexposure exhibited a homogeneous distribution of alpha stars
between raidline and pleura. High subpleural and low midline
alpha-star concentrations were found in five of six dogs killed at 12
months or more after exposure. The degree of subpleural concentra-
tion did not increase after 12 months. Dog 753 did not exhibit the
subpleural concentration; even at 69 months, its subpleural concen-
tration was very low. Although no explanation is apparent, it may be
of importance that the lung section analyzed from this dog was the
only one containing a tumor.

DISCUSSION

Radiation protection standards for limiting radiation dose to the
lung from internally deposited radioactive materials are based, among
other considerations, upon our knowledge of the effects of radiation
on the lung. Current methods of calculating radiation dose to the
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Fig. 5 Concentration of alpha stars, as percent of lung from midline
to subpleural region, from autoradiographs from dogs exposed to
2 3 9 PuO2.

lung tissue, as a correlative step between biological effects and
quantity of radionuclide, have been bared on the assumption that
absorption of energy is uniform throughout the mass of tissue. From
qualitative autoradiographic studies, it is well known that this
situation does nbt exist for plutonium dioxide in the lungs, which
can produce focal spots of high levels of radiation close to the
particles. National and international groups setting radiation stan-
dards continue to evaluate this problem of nonuniform dose; several
alternative methods of calculating this dose have been considered
(International Commission on Radiological Protection, 1980). These
various dosimetric approaches all suffer from lack of the detailed
biological information required to correlate dose to specific tissues
with incidence of tumors arising from those tissues (Bair, Richmond,
and Wachholz, 1974; National Academy of Sciences, 1976).
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This paper describes results of initial efforts to develop methods
for quantifying autoradiographic observations concerning the distri-
bution of plutonium in the lungs of dogs after inhalation of
2 3 9 PuO 2 . The results show a spatial and temporal distribution of
plutonium particles, which suggests initially a relatively uniform
distribution of plutonium particles, which changes with time to a
focally concentrated distribution so that regions of plutonium
concentration comprising a relatively small tissue volume may receive
most of the radiation dose. Continuing efforts to quantify the spatial
and temporal distribution of plutonium in the lungs of these
239PuO2-burdened dogs may provide alternative dosimetric models
which will provide a better correlation with tumor incidence than
models which assume uniform absorption of energy throughout the
lung tissue.
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Flow-Cytometric Analysis of Respiratory-Tract
Cells Exposed to Oil-Shale and
Silica Particulates
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ABSTRACT

Flow-cytometric techniques were used to measure cytological and biochemical
damage to respiratory tract cells in animals exposed to particulates. Hamsters
were exposed to raw and spent oil-shale particulates and silica by intraiiacheal
instillation. Exfoliated lung cells were obtained by sacrificing the animals and
lavaging the respiratory tract posterior to the trachea with saline. Cell samples
were fixed in ethanol and stained with mithramycin for fluorescence analysis of
DNA content. DNA content distributions from hamsters exposed to spent
oil-shale and silica particulates showed abnormal time-related changes. Cell
counts and total numbers of macrophages, leukocytes, and epithelial cells in the
lavage fluid also showed marked changes related to time after exposure.

The application of advanced flow-cytometric instrumentation
(Steinkamp et al., 1973; Mullaney et al., 1974) to measure cytologi-
cal and biochemical properties of respiratory-tract cells provides a
new approach for assessing damage to lung epithelium in experi-
mental animals exposed by inhalation to toxic environmental
pollutants associated with the production of synthetic fuels
(Steinkamp, Wilson, and Svitra, 1979). This includes the develop-
ment of automated cytological methods for determining the presence
of atypical cells exfoliated from the respiratory tract of experimental
animals, with the end objective being examination of sputum samples
from exposed humans. For the development of analytical flow-
analysis methods for quantitative assessment of cellular damage,
automated cell-analysis and sorting instrumentation is being applied

2S6
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for the study of respiratory-tract cells from hamsters exposed to
particulates of oil shale and silica. This study includes (1) exposure
of experimental animals to physical and chemical toxicants;
(2) acquisition of exfoliated lung cells by lavaging the respiratory
tract with normal saline; (3) utilization of fluorescence staining
methods for measurement of cellular parameters; and (4) initial
characterization of respiratory-tract cells by flow instrumentation
methods. Examples of the results from initial studies involving
measurement of DNA content in normal and exposed respiratory-
tract cells are presented, along with cell counts and total numbers of
macrophages, leukocytes, and epithelial cells, as a function of time
after exposure. This technology provides a new approach for
studying the mechanisms of damage to respiratory lung cells, with
future anticipated results serving to assist in estimating the risks in
evaluating the dose—damage relationships and in establishing guide-
lines for determining exposure levels to humans.

MATERIALS AND METHODS

Thirty Syrian hamsters were injected intratracheally with 10 mg
of ball-milled (diameter range, 2 to 7 jum) raw oil shale suspended in
0.2 ml of normal saline, and another 30 hamsters were injected with
the same amount and size of spent oil shale. A third group of 30
hamsters were similarly instilled with 10 mg of silica (mean diameter,
4 /im) suspended in 0.2 ml of normal saline. Ten control hamsters
received 0.2 ml of normal saline only.

The hamsters were anesthetized with intramuscular injections of
methohexital sodium (20 mg) prior to intratracheal instillation of
particulates and saline via the oral cavity. Animals exposed to
particulates of oil shale and silica were sacrificed by pentobarbital
injection in groups of three for each type of exposure at 4, 7,14, 21,
28, 35, 42, 49, 60, and 90 days later. The lungs were lavaged four
times with saline to obtain exfoliated macrophages, leukocytes, and
epithelial cells, which were fixed in 35% ethanol and stained for
DNA content with mithramycin (Crissman and Tobey, 1974;
Crissman, Oka, and Steinkamp, 1976). Cell samples were then
analyzed by flow-cytometric methods, where cellular fluorescence
(DNA content) was measured on a cell-by-cell basis as frequency-
distribution histograms. Cell counts (cells per milliliter) also were
made on lavage samples with a hemocytometer. Cytologic examina-
tion was performed to determine the number of different cell types
present.
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RESULTS AND DISCUSSION

Figure 1 represents a typical DNA content distribution of cells
taken by lavaging the respiratory tract of a normal (control) hamster
during the 4- to 90-day postexposure period. Peak 1 represents cells
having 2C DNA content and peak 2 represents binucleated cells and
doublets having 4C DNA content. Examples of DNA content
distributions of lung cells from hamsters exposed to raw and spent
oil-shale and silica particulates for up to 90 days are shown in Fig. 2.
The DNA content distributions 4 and 7 days postexposure (Figs. 2a
and 2 b) appear normal except for the presence of a region of cells to
the left side of peak 1. They are most likely dead cells. Peak 1 also is
broadened as compared with controls. By 14 to 21 days after
exposure, the DNA content distributions of respiratory-tract cells
exposed to silica (Figs. 2c and 2d) began to show marked changes,
with a definite shoulder appearing on peak 1. DNA content
distributions recorded on hamsters exposed to raw and spent
oil-shale particulates during this period were similar to those
recorded for the 4- to 7-day postexposure period (Figs. 2a and 2b).
Respiratory-tract cells from silica-exposed hamsters (Fig. 2e) showed

2000

1000
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10 20 30 40 50 60
CHANNEL NUMBER (proportional •/> DNA content)

70 80

Fig. 1 Frequency distribution histograms (DNA content per cell) of
normal hamster respiratory-tract cells fixed in 35% ethanol, stained
with mithramycin, and analyzed for fluorescence.
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marked changes at 28 days, with peak 1 split into two peaks.
Experiments are under way to determine which cells are present in
each peak. The 28-day DNA content distribution of respiratory-tract
cells exposed to raw shale was again similar to those previously
recorded for the 4- to 21-day exposure period. The DNA content
distribution for hamster lung cells exposed to spent shale for 28 days
began to show a definite shoulder on peak 1 which was similar to the
data recorded from lung cells exposed to silica for 14 to 21 days
(Figs. 2c and 2d). By 35 to 49 days after exposure to spent shale
(Figs. 2f to 2h), peak 1 had split into two definite regions similar to
lung cells exposed to silica for 28 days (Fig. 2e). The DNA content
distributions recorded from lung cells exposed to raw shale for 35 to
49 days showed no change. The DNA content distributions of
respiratory-tract cells exposed to silica during this period appear to
have reverted to normal. However, by 49 days and continuing
through 90 days after exposure to silica, peak 1 of the DNA content
distributions was again divided into two regions (Figs. 2h to 2j). The
DNA content distributions of cells exposed to spent shale similarly
were bimodal but appeared to be reverting to normal as the time
after exposure increased. At 49 days postexposure to raw shale, the
DNA content distribution was similar to those previously recorded,
but at 60 to 90 days bimodal distributions began to appear (Figs. 2i
and 2j).

Cell counts in the lavage fluid from normal and exposed animals
are shown in Fig. 3. The mean cell count for controls (Fig. 3a) was
1.66 x 106 cells/ml. The total numbers of macrophages, leukocytes,
and epithelial cells also were determined from differential cell counts
and were plotted as a function of time after exposure for control and
exposed hamsters. The data are shown in Fig. 4. Cell counts from
hamsters exposed to raw shale (Fig. 3b) showed an increase (mean
value, 3.21 x 106 cells/ml) as compared with controls. Plots of the
total numbers of cells (Fig. 4b) reflect a slight increase in the
numbers of macrophages, with a more definite increase in leukocytes
and epithelial cells as a function of time. For hamsters exposed to
spent shale, the cell count in the lavage fluid (Fig. 3c) initially was
elevated when compared with controls but it then decreased slightly
with time. The mean value was 2.0 x 106 cells/ml. The total
numbers of macrophages initially were elevated, whereas leukocytes
and epithelial cells remained nearly constant throughout the expo-
sure period (Fig. 4c). Cell counts performed on hamster respiratory-
tract cells exposed to silica (Fig. 3d) were elevated by an order of
magnitude (mean value, 21.8 x 106 cells/ml) as compared with
controls. The results of total cell number counts (Fig. 4d) show that

i
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Fig. 2 Typical DNA content frequency-distribution histograms of
hamster respiratory-tract cells exposed to raw and spent oil-shale and
silica participates via intratracheal injection at day 0. The hamsters
were sacrificed in groups of three at 4, 7, 14, 21, 28, 35, 42, 49, 60,
and 90 days later. Cell samples obtained by lung lavage were fixed in
35% ethanol, stained with mithramycin, and analyzed for fluores-
cence. Each DNA content distribution represents data from a single
hamster exposed and sacrificed x days later. (Figure continues on
facing page.)
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Fig. 2 (Continued).
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Fig. 3 Plots of cell counts vs. time after exposure of hamster
respiratory-tract cells (and controls) to raw shale, spent shale, and
silica. Each data point for the control represents one animal, whereas
each point on the remaining plots represents the average cell count
from three hamsters.

macrophages and leukocytes increased substantially during the
90-day exposure period, which indicated an inflammatory response.
Epithelial cells also increased slightly in number during the first 30
days and then decreased to near zero at 40 to 60 days.

The above results demonstrate the potential of using flow-
cytometric analysis methods to study the response of lung cells to
exposure to particulates. Future experiments will be designed to
correlate cytology with DNA content measurements through sorting
and identifying cells within peak 1 (i.e., bimodal distribution). From
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Fig. 4 Plots of total numbers of macrophages, leukocytes, and
epithelial cells vs. time after exposure of hamster respiratory-tract
cells (and controls) exposed to raw shale, spent shale, and silica.
Each data point for the control represents one animal, whereas each
point on the remaining plots represents the average number of cells
from three hamsters, which was obtained by multiplying the
percentages from differential cell counts times the individual animal
cell counts. (Figure continues on next page.)
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differential cell counts and plots of total numbers of cells, we have
been unable to identify positively the cells within the two separate
regions of peak 1. DNA content measurements also may be coupled
with other cellular parameters (e.g., protein, enzymes, etc.) by
multiparameter metho Is for the study of further cellular damage
related to toxic agents.
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ABSTRACT

In this investigation data concerning the toxicity of metallic ions (Cd2+, Hg2+,
Ni2+, Pb2+ , Al3 + , Cr3 + , and Fe3 + ) to cellular and subcellular properties of rat
alveolar macrophages are presented. Although all the metals tested show
toxicity, Hg2+ is by far the most potent inhibitor of cellular function. Of the
parameters studied, chemiluminescence and oxygen consumption are the most
susceptible to in vitro exposure to metallic ions, i.e., ED50 values for inhibition
range from 10~~6 to 10~4M. Hexose monophosphate shunt activity and
phagocytotic rate display moderate sensitivity, whereas membrane integrity and
most lysosomal enzymes seem resistant to high concentrations of metals (10~~3

to 10"~2M). It is concluded that future studies concerning metal toxicity to
alveolar macrophages should use the most-sensitive assays, i.e., chemilumines-
cence and oxygen consumption.

Alveolar macrophages are free lung cells located on the surface of
small airways and alveoli (Weibel, 1973). They engulf debris, foreign
particles, and bacteria which come into contact with the cell
membrane and digest these substances by releasing lysosomal
enzymes into phagocytotic vacuoles (Myrvik and Evan, 1967). In this
manner these phagocytes cleanse the lungs of foreign substances and
therefore play an important role in the defense of the lung (Green,
1970).

266
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In addition, several other cellular events have been linked to the
phagocytotic process. For example, exposure of alveolar macro-
phages to foreign particles stimulates superoxide anion release from
alveolar macrophages (Drath, Harper, and Karnovsky, 1976; Drath
et al., 1978; Sweeney et al., 1978). There is evidence which suggests
that the release of superoxide may be involved in the detoxification
of foreign particles (Sagone, King, and Metz, 1976). This reaction
between superoxide and the foreign body can be monitored by the
measurement of chemiluminescence (Miles, Castranova, and Lee,
1978; Castranova et al., 1979). Large increases in oxygen consump-
tion have also been reported during phagocytosis (Drath, Harper, and
Karnovsky, 1976; Drath etal., 1978; Hoidal etal., 1978; Castranova
et al., 1979). It has been suggested that this increase in oxygen
consumption may represent a generalized increase in metabolic rate
and energy production. In some species hexose monophosphate
shunt activity increases during phagocytosis, but little or no change
in the hexose monophosphate shunt has been reported during
phagocytosis with rat alveolar macrophages (Drath, Harper, and
Karnovsky, 1976; Drath et al., 1978; Castranova et al., 1979).

It is well known that effluents associated with fossil-fueled power
plants and coal-processing facilities contain significant quantities of
various metals (Lee and Von Lehmden, 1973). These effluents
contain a large number of airborne particles small enough to enter
the alveoli (Lee et al., 1972; Natusch, Wallace, and Evans, 1973).
Therefore the toxicity of metals to alveolar macrophages has received
a great deal of study. For sxample, in vivo exposure of rabbit
alveolar macrophages to nickel dust has been shown to result in
ultrastructural changes and stimulation of metabolic activity and
uptake rate (Camner, Johansson, and Lundberg, 1978; Jarstrand
et al., 1978). In vitro exposure to particles coated with metal oxides
has been shown to decrease alveolar macrophage viability and the
activity of some lysosomal enzymes (Aranyi et al., 1977). Other
reports indicate that in vitro treatment of alveolar macrophages with
V, Ni, Mn, Cd, or Cr salts causes a decrease in viability, phagocytotic
activity, and lysosomal enzyme activity (Waters and Gardner, 1975;
Waters, Gardner, and Coffin, 1974; Loose, Silkworth, and Simpson,
1978).

Although there are many reports,documenting the effects of
metals on alveolar macrophages, little effort has been made to
systematically determine which physiological parameters are most
sensitive to metals. The objectives of our investigation are: (1) to
measure the effects of in vitro exposure to several metallic ions on a
variety of cellular and subcellular properties of rat alveolar macro-
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phages, (2) to determine which metallic ions are most toxic to the
cells, and (3) to determine which physiological parameter is most
susceptible to the toxic effects of metallic ions and therefore
represents the most sensitive assay for metal toxicity. The cellular
and subcellular parameters measured in this study are membrane
integr i ty , oxygen consumption, chemiluminescence, hexose
monophosphate shunt activity, phagocytotic rate, lysosomal enzyme
activity, and lysosomal stability.

METHODS

Male Long—Evans hooded rats (each weighing 250 to 300 g) were
anesthetized with sodium pentobarbital (0.2 g/kg body weight) and
exsanguinated by cutting the abdominal aorta. Alveolar macrophages
were obtained by pulmonary lavage with an ice-cold, Ca2+-free
solution [145mM NaCl, 5mM KCI, 1.9mM NaH2PO4, 9.35mM
Na2HPO4, and 5.5mM glucose (pH 7.4)] (Myrvik, Leake, and
Fariss, 1961). The cells were separated from the lavage fluid by
centrifugation at 500 x g for 5 min and then washed twice with
HEPES-buffered medium [140mM NaCl, 5mM KCI, lOmM Na
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane sulfonic acid), and
5.5mA/ glucose (pH 7.4)]. HEPES buffer was used because it does
not bind to metallic ions in solution (Good et al., 1966). The metals
used in these studies were added as the chloride salts.

Cell viability was determined by the trypan blue exclusion
method (Phillips, 1973). Alveolar macrophages (4 x 106 cells) were
preincubated at 37°C for 30 min in 1.48 ml of HEPES-buffered
medium in either the presence or absence of metallic ions. The
suspensions were then centrifuged and the cells resuspended in fresh
medium containing trypan blue dye (0.4%). After 4 min the cells
were observed under a light microscope, and cell viability was
determined.

Oxygen consumption was measured with an oxygraph equipped
with a Clark electrode. Alveolar macrophages (3 x 106 cells) were
preincubated at 37°C for 15 min in HEPES-buffered medium
(1.65 ml) in either the presence or absence of metallic ions. The cell
suspension was then transferred to a temperature-controlled chamber
(37°C) and oxygen consumption measured for 10 min. Cells were
exposed to particles by adding zymosan (20 mg/107 cells) to the
suspension in the oxygraph chamber at zero time.

The release of superoxide anion from alveolar macrophages was
determined by monitoring chemiluminescence (CL). The CL was
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measured as counts per minute in the tritium channel of a liquid
scintillation counter operated in the out-of-coincidence mode (Miles,
Castranova, and Lee, 1978). Alveolar macrophages (5 x 106 cells)
were preincubated in 5 ml of HEPES-buffered medium at 37°C for
15 min in either the presence or absence of metallic ions before the
CL was measured and the maximum counts per minute were
determined. In these experiments zymosan was added immediately
before the CL measurement (zero time).

Hexose monophosphate shunt (hmp shunt) activity was deter-
mined from the amount of ' 4 CO2 produced by alveolar macro-
phages incubated with glucose-1-14C (Myrvik and Evan, 1967).
Macrophages (6 x 106 cells) were preincubated in Warburg flasks
with HEPES-buffered medium (4 ml) at 37°C for 15 min in either
the presence or absence of metallic ions. The center well of each
flask contained 0.5 ml of 2M KOH. After the preincubation 2 juCi of
glucose-1-14C was added to the cell suspension. The flasks were then
stoppered and incubated for 15 min at 37°C. After this incubation
0.4 ml of 3M H2 SO4 was added to the cell suspensions, and
incubation continued at 37°C for an additional 30 min. Then 0.4 ml
of KOH was removed, neutralized with 0.4 ml of 2M HC1, and added
to 10 ml of a fluor for liquid scintillation counting. When particle
exposure was studied, zymosan was added at the same time as the
radioactive isotope (zero time).

Phagocytotic rate was quantified with a suspension of diisodecyl
phthalate particles containing oil red O and coated with opsonized
Escherichia coli lipopolysaccharide (Cox and Stossel, 1976). Alveolar
macrophages (2 x 107 cells) were added to 2 ml of HEPES-buffered
medium containing 1.26mM CaCl2 and lmM MgCl2. This suspension
was preincubated at 37°C for 10 min in either the presence or
absence of metallic ions. Uptake was then initiated by the addition
of 0.5 ml of oil suspension. At 0 and 15 min, 0.5-ml samples were
taken and uptake was terminated by dilution with 4.5 ml of a saline
solution (154mM NaCl and imM N-ethyl maleimide). The samples
were centrifuged and the cells washed three times with the saline
solution to remove extracellular oil red O. The ingested oil red O was
extracted from the cells with 1.2 ml of dioxane and the optical
density determined at 525 nm.

Alveolar macrophages (10s to 106 cells) were suspended in
200 jul of 0.9% NaCl and were ruptured by the addition of 50 jul of
1% Triton X-100 to release the lysosoirial enzymes. These samples
were then preincubated at 37° C in either the presence or absence of
metallic ions for 10 min prior to initiation of the following enzyme
reactions by substrate:
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Enzyme

Acid phosphatase

0-glucuronidase

Avyl sulfatase

/3-galactosidase

)3-N-acetyl glucosa-
minidase

Q-mannosidase

pH Substrate

5.0 p-nitrophenyl
phosphate

5.0 p-nitrophenyl-
j3-D-glucuron-
idase

5.6 Nitrocatechol
sulfate

4.5 p-nitrophenyl-
|3-D-galacto-
side

4.5 p-nitrophenyl-
N-acetyl-|8-
D-glucosaminide

5.0 p-nitrophenyl-a-
D-mannosidase

Reference

Turnbull and Neil
(1969)

Lockard and Kennedy
(1976)

Dodgson, Spencer, and
Thomas (1955)

Levy and McAllan
(1963)

Sellinger et al.
(1960)

Conchie and Hay
(1959)

The effects of metals on lysosomal stability were assessed oy
measuring their influence on the release of )3-glucuronidase from a
lysosomal-rich homogenate fraction of alveolar macrophages during
hypotonic shock. Cells (2 to 5 x 107) were suspended in 2 ml of
0.25M sucrose—0.02M tris acetate (pH 7.4) and homogenized for
2 min. Samples were then centrifuged at 500 x g for 10 min to
remove debris and unbroken cells. The pellet was resuspended and
centrifuged at 15,000 x g for 20 min. The supernatant was discarded
and the lysosomal-rich pellet resuspended in the sucrose—tris acetate
solution. An aliquot of the preparation was added to a volume of
0.02M tris acetate (pH 7.4) containing the metallic ion of interest to
give a final sucrose concentration of 0.05.M. Samples were incubated
for 15 min at 37°C. Aliquots were removed for the determination of
total |3-glucuronidase activity. Other aliquots were centrifuged at
15,000 x g for 20 min, and the supernatant was assayed for
|3-glucuronidase to determine the release of enzyme activity as a
result of the hypotonic shock.

RESULTS AND DISCUSSION

Alveolar macrophages play an important role in the defense of
the lung against foreign substances. The response of these cells to
particle exposure is complex and involves a variety of cellular and
subcellular responses. Therefore in this investigation the toxicity of
metallic ions to alveolar macrophages was determined by monitoring
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TABLE 1

Effects of Metallic Ions on Trypan
Blue Exclusion*

Metal

Control
Cd2 +

Hg2 +

Ni2 +

Pb2 +

Al3 +

Fe3 +

Cr3 +

Concentration

10~3M

10~4M
10~2M

10" -M
10~3Af

10~3M
5 X 10~3M

Percent of cells
that exclude dye

92(±l)t
90(±l)

93(±1)
90(±2)

89(z2)
89(±3)

83(±4)
91(±3)

*Colls were incubated at 37 C for 30 mm in
either the presence or absence of heavy metals
before the measurements were made. The
percentages of the total number of cells that
exclude trypan blue dye were determined.

tNumbers shown are mean values for three
experiments plus or minus the standard errors of
the means.

their effects on a number of physiological parameters both in resting
cells (i.e., no particle exposure) and with cells exposed to zymosan
particles.

Measurement of trypan blue exclusion is a classical test for
determining cellular damage. For this reason the toxicity of metallic
ions was determined by monitoring the effects of treatment with
metals on the membrane integrity of alveolar macrophages (Table 1).
Nr te that relatively high concentrations of metallic ions have very
lictle effect on the viability of alveolar macrophages, i.e., approxi-
mately 90% of the cells exclude dye. These data indicate that metals
cause no gross membrane leakiness.

Although metallic ions have no effect on the exclusion of dye by
alveolar macrophages, the oxygen consumption of these cells is
markedly affected by treatment with metals (Table 2). Normally,
oxygen consumption of rat alveolar macrophages is 7.7 (±0.6) nmols
107 cells"1 l m i n " 1 at rest. After exposure to zymosan, normal
value for oxygen consumption is 20.4 (±2.4) nmols 107 cells"1 1
min~', an increase of about 170%. High levels of metallic ions inhibit
oxygen consumption both at rest and after zymosan exposure by
about 70 to 90%. The EDS0 values, i.e., the concentrations of metals



Metal

Cd2

Pb2 +

Al
Cr

3 +
.3 +

Fe3 +

TABLE 2

Effects of Metallic Ions on Oxygen Consumption in Alveolar Macrophages*

Cells at rest
Maximal

concentration
Maximal

inhibition, % EDSO(M)$

Cells exposed to zymosanf
Maximal

inhibition, % EDs0(Af)$

10~3M

10~ 2M
10~ 2M

10~ 3M
5 X 10~ 3M

69(+3)§
76(±2)
73(±3)
79(±4)

88(±5)
92(±4)
80(±2)

3.6(±0.9)X 10~ 4§
2.5(±1.1)X 10
3.9(+2.0) X 10
5.6(±1.3)X 10"

,-3

0~42.2(±0.2) X 10"
6.6(±2.1) X 10~ 4

2.5(±0.4) X 10~ 4

76(+l)§
82(+4)
87(+2)
80(+3)

82(±2)
90(±3)
85(±5)

4.1(±0.8)X 10
1.4(+0.3) X 10
3.8(42.0) X 10

)X 10

2.5(41.0) X 10
5.0(40.9) X 10
2.2(40.8) X 10

r4!
-5"
—4
3

~ 4

-4
,—4

•Cells were incubated in the presence of the metal cations for 15 min before the measurements were
made. Oxygen consumption was measured over a 10-min period.

fZymosan was added to the cells just prior to the time during which oxygen consumption was
measured.

$ Concentration of metal which produces 50% of the maximal inhibition.
§The numbers shown are mean values for six experiments plus or minus the standard errors of the

means.
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TABLE 3

Effects of Metallic Ions on Maximal Chemiluminescence
in Alveolar Macrophages*

Metal

Cd2 +

Hg2 +

Ni2 +

Pb2 +

Al3 +

Cr3 +

Fe3 +

Maximal
concentration

1 0 ~ 3 M
10~4M
10~2M
10~2M

10~3M
5 X I0~~3Af
10~3M

Maximal inhibition, %

73(±1)$
80(±2)
84(±3)
75(±1)
71(±4)
82(±3)
80(±3)

EDS0(M)t

7.6(±2.8)X 10~5 t
2.3(±0.8) X 10~6

6.6(±3.1)X 10~5

1.2(±0.5) X 10~4

1.4(±0.3) X 10~4

6.5(±1.6)X 10~4

1.7(±0.4) X 10~4

*The cells were incubated in the presence of the metals for 15 rnin
before the measurements were made.

fConcentration of metal which produces 50% of the maximal
inhibition.

$The numbers shown are mean values for six experiments plus or
minus the standard errors of the means.

which produce 50% of the maximal inhibition, were determined
from double reciprocal plots. On the basis of ED50 values, the order
of effectiveness of the metals in inhibiting oxygen consumption in
resting cells is Hg2+ > Al3+ * Fe3+ * Cd2+ * Pb2 + * Cr3+ > Ni2 + .
The order in phagocytizing cells is Hg2 + > Fe3 + «* Al3 + « Ni2 + *
C d 2 + ^ C r 3 + > Pb 2 + . These ED5 0 values are relatively low and
suggest that oxygen consumption is very sensitive to the toxic effects
of metals.

After exposure of rat alveolar macrophages to zymosan particles,
superoxide anion is released from the cells (Sweeney etal., 1978).
This release can be monitored by measuring chemiluminescence
(Miles, Castranova, and Lee, 1978). The effects of metals on CL are
shown in Table 3. Maximal inhibition of CL is approximately 70 to
85% with the metals. The order of effectiveness of metallic ions in
inhibiting CL was obtained from EDS 0 values and is Hg2 + > Ni2+ «
Cd2+ > Pb2+ * Al3+ * Fe3 + * Cr3 + . In general, these EDSO values
are slightly lower than those obtained for oxygen consumption. The
data therefore suggest that particle-induced superoxide release is very
susceptible to the toxic effects of metallic ions.

Since CL occurs as a result of the reaction between superoxide
and zymosan (Miles, Castranova, and Lee, 1978), the effects of
metals on this reaction were tested. Of the metals used in Table 3,
only Cr3+ had a significant effect on the CL generated by the
addition of superoxide anion to zymosan. The effect of Cr3 + is to

i
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TABLE 4

Effects of Metallic Ions on Hexose
Monophosphate (hmp) Shunt Activity in

Alveolar Macrophages*

Maximal inhibition, %

Cells at Cells exposed
Metal Concentration rest to zymosan f

Cd2+ 10~3M 75(±8)t 83(±7)$
Hg2+ 10~4M 80(±8)' 84(±6)
Ni2+ H0~2M 77(±9) 82(±7>
Pb?+ 10 7M, 61(±9) 69(113)

*The cells were incubated in the presence of the metals
for 15 min before the measurements were made. The hmp
shunt activity was measured over a 15-min period.

fZymosan was added to the cells just prior to the time
during which the measurements were made.

$The numbers shown are mean values for six
experiments plus or minus the standard errors of the means.
Normal values for hmp shunt activity of rat alveolar
macrophages are 0.86 (±0.35) nmols of glucose utilized per
107 cells per minute at rest and 0.95 (±0.34) nmols of
glucose utilized per 107 cells per minute after exposure to
zymosan.

actually increase CL. Thus the EDS 0 value for Cr3+ given in Table 3
may be too high.

Since metallic ions are such potent inhibitors of oxygen
consumption, we measured the effect of metals on hmp shunt
activity. For rat alveolar macrophages at rest, the hmp shunt activity
is 0.86 (±0.35) nmols of glucose utilized per 107 cells per minute. In
the rat the activity of this metabolic pathway does not change after
exposure to zymosan. The effects of selected metals on hmp shunt
activity are shown in Table 4. Unfortunately, the low level of activity
for this metabolic pathway makes a dose-response study impractical.
Thus only maximal inhibition was studied. Note that 60 to 85% of
hmp shunt activity is blocked by metallic ions. The order of
effectiveness determined from maximal inhibition is Hg2 + > Cd2 + =
Ni2+ > Pb2 + .

Phagocytotic rate of alveolar macrophages can be assessed by
measuring the uptake of an oil suspension containing oil red O. The
effects of selected metals on uptake are shown in Table 5. Maximal
inhibition of uptake ranges from 99% for Hg2+ to only 31% for
Ni2+. The order of effectiveness of these metals, on the basis of
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TABLE 5

Effects of Metallic Ions on Phagocytotic
Rate in Alveolar Macrophages*

Maximal
Metal inhibition, %t ED50(M)$

Hg2+ 99(±1)§ 3.7(±0.6)X 10~6§
Cd2+ 93(±1) 8.4(±4.8)X 10~ s

Ni2+ 31(±7) >10~3

Cr3+ 94(±1) 2.9(±0.3) X 10~4

*Thc oplls were incubated in the presence of
metals for 10 min before measurements were
made. The normal rate of uptake of oil red O is
0.29(±0.02) mg oil 107 cells"1 15 min"1 .

fThe maximal inhibition was produced by
10~ M concentrations of the metals.

^Concentration of metal which produces 50%
of the maximal inhibition.

§The numbers shown are mean values of at
least three experiments plus or minus the standard
errors of the means.

EDS0 values, is Hg2+ > Cd2+ * Cr3+ > Ni2 + . The ED5 0 values for
inhibition of uptake with Hg2 + , Cd2 + , and Cr3+ are in the same
range as those for inhibition of O2 consumption or of chemilumines-
cence. Uptake, however, seems relatively insensitive to Ni2 + ,
whereas O2 consumption and chemiluminescence are very sensitive
toNi2 + .

Since treatment with metallic ions affects a variety of cellular
properties, the effects of metals on subcellular parameters were
studied. We measured the effects of selected metals on lysosomal
enzyme activity and lysosomal stability. The effects of Cd2+ and
Pb2 + on acid phosphatase activity are shown in Table 6. Note that,
although Pb2 + seems to be a more potent inhibitor than Cd2 + , a
large dose (approximately 10~3M Pb2 + ) must be used before 50% of
the acid phosphatase activity is blocked. Furthermore, these metals
have no effect on |3-glucuronidase, aryl sulfatase, 0-galactosidase,
(3-N-acetyl glucosaminidase, and ce-mannosidase activities. The tox-
icity of Cd2+ and Ni2+ on lysosomal stability was determined by
measuring the effects of these metals on the release of /?-
glucuronidase in hypotonic medium (Table 7). Note that Cd2+ is a
more effective inhibitor of lysosomal release than Ni2 + . The Cd2 +

blocks 93% of release with an ED50 value in the range of 10~~4M,
but 10~3M Ni2+ must be used to block release by 50%. Thus these
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TABLE 6

Effects of Metallic Ioiis on Acid
Phosphatase Activity*

Metal

Cd2 +

Pb2 +

1 0 " 3M

36(±7)

58(±4)

Percent inhibitionf

10~ 4M

45(±8)

41(±4)

IQTSM

33(±2)

24(±6)

*Samples were incubated in the presence of
metals for 10 min before measurements were
made.

fThe numbers shown are mean values for at
least three experiments plus or minus standard
errors of the means.

TABLE 7

Effects of Metallic Ions on Lysosomal
Release of /3-Glucuronidase

Metal

Cd2 +

Ni2 +

10~ 3M

93(±2)

49(±5)

Percent inhibition*

3 X 10~4Af

79(±4)

37(±4)

1(T 4 M

18(±7)

17(±4)

*Data are given as the percent inhibition of the
rate of enzyme release from lysosomes in the
absence of metals. The enzyme activity released in
the absence of metals was 47(±2)%. The numbers
shown are mean values for four experiments plus
or minus the standard errors of the means.

subcellular parameters of alveolar macrophages are not as sensitive to
metallic ions as some cellular properties.

Finally, the toxicity of heavy metals on rat alveolar macrophages
was investigated by monitoring a number of cellular (membrane
integrity, oxygen consumption, chemiluminescence, hmp shunt
activity, and uptake)"and subcellular (lysosomal enzyme activity and
lysosomal stability) properties. Although the order of effectiveness
for the metals varies greatly with the parameter studied, there is no
doubt that Hg2 + is the most toxic metal we have tested. It is also of
interest that the parameters studied display such a wide range of
susceptibilities to metallic ions, i.e., those metals which are nontoxic
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to certain parameters are very toxic to others. Of the parameters
studied, membrane integrity (measured by trypan blue exclusion) is
most resistant to metals. Lysosomal enzyme activity and lysosomal
stability were also fairly insensitive to treatment with metals. Hexose
monophosphate shunt activity and uptake display moderate sensi-
tivity, but the most susceptible parameters are oxygen consumption
and chemiluminescence. Therefore, when screening substances for
toxicity to alveolar macrophages, it is important that investigators
employ the most-sensitive assays. Data from our study indicate that
oxygen consumption or chemiluminescence are the assays of choice.
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The Effect of Reaerosolized Fly Ash
from an Atmospheric Pressure
Fluidized-Bed Com bust or on Murine
Alveolar Macrophage Function

PATRICIA C. BRENNAN, FREDERICK R. KIRCHNER, and
WILLIAM P. NORRIS
Division of Biological and Medical Research, Argonne National
Laboratory, Argonne, Illinois

ABSTRACT

Male B6CF] mice were exposed to reaerosolized fly ash. The fly ash was
collected from the final filter of an atmospheric pressure fluidized-bed coal
combustor and reaerosolized from a liquid nitrogen suspension. In a series ot
experiments of short duration (30 to 36 hr; 6 hr/day for 5 to 6 days), the fly ash
was a composite of both start-up and steady-state material. In one experiment of
longer duration (lOOhr; 6 hr/day over a 4-week period), the fly ash used
consisted of material from only steady-state operation of the combustor.

Mice exposed to reaerosolized fly ash in the short experiments showed a
twofold to fourfold increase in the number of alveolar macrophages 4 days after
exposure, and these macrophages, when examined by light microscopy were full
of engulfed particles. In in vitro tests 4 to 26 days after the exposure,
macrophages from exposed mice were unable to kill a challenge dose of
Staphylococcus aureus as effectively as those from control mice. Macrophages
from mice exposed for 100 hr to fly ash collected during steady-state operation
were similarly full of engulfed particles when examined 4 days after exposure.
The ability of these macrophages to kill S. aureus, however, was unimpaired at
this time and at 6 months after exposure.

Fluidized-bed combustion of coal represents an emerging technology
with great promise for meeting Environmental Protection Agency
new-source performance standards. The Argonne National Labora-
tory Division of Chemical Engineering operates an experimental
bench-scale atmospheric pressure fluidized-bed combustor (AFBC)
which enables staff of the Division of Biological and Medical
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Research to evaluate the toxic potential of both the particulate
material and the total effluent stream.

Evaluation of the effects of exposure of animals to whole,
diluted, aged effluent from the AFBC is in progress (Kirchner et al.,
this volume). This paper, however, deals only with exposure to
particulate material (fly ash). We have focused particular attention
on alveolar macrophage (AM) function because the macrophage
serves as the primary means for removal of foreign particles (Green,
1970), including inhaled pathogens (Goldstein, 1977). Any compro-
mise in the functional integrity of these cells could represent a
serious health hazard.

Although a large body of information exists relative to other
environmental toxicants (Goldstein, 1977; Gardner and Graham,
1977), the literature on the effects of fly ash per se on AM's is scant.
Alarie et al. (1975) reported that long-term exposure of monkeys
and guinea pigs to reaerosolized stack-collected fly ash did not result
in pathological changes in the lungs, although light microscopy
revealed fly ash in the AM's. They did not test the functional
integrity of these cells. Aranyi et al. (1977) demonstrated in vitro
that fly ash from conventional coal combustion was cytotoxic to
rabbit AM's and that the effect was dependent on particle size.
Particles < 2 jum in diameter were more toxic than larger particles.
These investigators also found that fly ash coated with heavy metals
was much more cytotoxic than was uncoated fly ash. More recently,
Wehner et al. (1979) reported mild toxicity in hamster lungs after
exposure to fly ash both with and without nickel enrichment.
Minimal histological changes were observed after acute (one exposure
of 6 hr) or subchronic (6 hr/day, 5 days/week for 2 months)
exposure. Fly ash was observed in AM's as late as 2 months after
completion of the subchronic exposure. Functional tests on the AM's
were not performed. Fisher et al. (this volume) reported that
short-term exposure of mice to reaerosolized, mutagenic stack-
collected fly ash resulted in decreased AM function, whereas longer
exposure to less mutagenic fly ash did not.

We report here preliminary observations of alveolar macrophage
function after short-term exposure to fly ash collected during both
start-up and steady-state operation of the AFBC and after longer
exposure to fly ash collected during steady state. In both cases the
fly ash was reaerosblized for the exposure of the mice.

MATERIALS AND METHODS

The fly ash used in these experiments was collected from the
final filter of the Argonne AFBC. This combustor has a 6-in.-
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diameter combustion chamber and burns high-sulfur coal (Sewickley,
5.5% sulfur) with limestone as the SO2 sorbent. It has been described
in detail elsewhere (Kirchner et al., this volume). Two samples of fly
ash were available. The first sample was a composite of both start-up
and steady-state material, and it was used in four short experiments
(30 to 36 hr total exposure; 6 hr/day for 5 to 6 days) designed tc
test our exposure facility and to determine acute effects. The second
sample was collected during steady-state operation of the combustor
only. Steady-state operation occurs when the effluent gas stream
contains ~700 ppm SO2 and the combustor is operating at ~850°C.
It was used in an experiment of longer duration (100 hr; 6 hr/day
over a 4-week period), designed to determine longer term effects of
fly-ash exposure. Heavy-metal analysis of both samples of fly ash, as
well as surface analysis and scanning electron microscopy, showed
that the samples were essentially identical (Kirchner et al., 1980).
Preliminary analysis by the Analytical Chemistry group in the
Chemical Engineering Division, however, revealed a higher hydro-
carbon content in the fly ash used in the 30- to 36-hr exposures. The
sample collected during steady-state operation was about lA 0 as
mutagenic in the Ames Salmonella test as in that containing start-up
material (Kubitschek and Williams, 1979; Kirchner et al., 1980).

The experimental mice were male B6CF, hybrids (C57B16J9 x
BALBCJd/Anl) approximately 150 days of age. They were exposed
to reaerosolized fly ash by using the liquid nitrogen system and
exposure chambers shown in Fig. 1 (Kirchner et al., 1980). The
system disaggregates fly ash first with an air grinding device and
further by sonication in liquid nitrogen at —210°C. The fly ash is
maintained in suspension by mechanical stirring, and the fly
ash—liquid nitrogen mixture is sprayed under pressure into an
evaporation chamber, where it is mixed with 22°C air. The liquid
nitrogen rapidly evaporates, leaving the particles airborne. Essentially
no change occurs in the physical and chemical properties of the fly
ash during reaerosolization (Kirchner et al., 1980). In the chamber
the particle concentration is about 4 x 106 /liter, and greater than
95% of the particles are less than 3 jurri in diameter and thus are well
within the respirable range.

At selected times after the completion of the exposures, AM's
were obtained from the mice by using the method described by
Fisher et al. (1978). A total of 20 td! 30 exposed and control mice
were used at each time point. The tails were pooled and washed
twice in RPMI 1640 medium (Microbiological Associates, Bethesda,
Md.) containing 10% fetal calf serum, i% freshly thawed L-glutamine
(200 mM), and 100 uni;s of penicillin and 100 jug of streptomycin
per milliliter. The AM's were resuspended in complete RPMI 1640
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Fig. i ReaerosoUntion system mud exposure chwnben.
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medium and adjusted to a concentration of approximately
1 x 106/ml. Viability was determined by trypan blue exclusion and
was always greater than 95%. The cell suspension was seeded into 60-
by 15-mm plastic Petri dishes and allowed to attach for 3 hr at 37°C
in 5% CO2. The nonadherent population was decanted, and the
remaining adherent cells were refed with complete medium. After
overnight incubation, the adherent population of AM's was harvested
in saline, and their ability to phagocytize and kill a challenge dose of
Staphylococcus aureus was determined. Slides were made by using a
cytocentrifuge, and these were stained with Wright—Giemsa for light
microscopy.

A modification of the assay of Tan, Watanahunakorn, and Phair
(1971) was used to test the functional integrity of AM's. The biggest
advantage of this assay is that it differentiates between defective
phagocytosis and impaired intracellular killing. The test uses lyso-
staphin (Schindler and Schuhardt, 1964; 1965), a muralytic enzyme
which rapidly and specifically eliminates extracellular & aureus and
does not enter intact macrophages. In brief, the AM's were incubated
with a logarithmic-growth-phase S. aureus (ATTC 12600) culture for
2 hr at 37° C in the presence of fetal calf serum in a shaking water
bath. The ratio of S. aureus to AM's was approximately 10 : 1. After
the 2-hr incubation, a sample was withdrawn from control tubes
(having no AM's but with S. aureus and serum) and from tubes
containing AM's from mice both exposed and unexposed to fly ash.
These samples were serially diluted in distilled water (to disrupt the
macrophages), and the number of viable bacteria was determined by
plate count. The difference between the count without AM* and
with AM's is the total number of bacteria killed. The cells were
centrifuged at 500 x g for 5 min, and the pellet was then resus-
pended in saline and incubated with lysostaphin (20 units/ml) for
20 min to remove and kill any extracellular bacteria from the
remaining AM's. Trypsin (2.5%) was then added to inactivate the
lysostaphin, and the incubation continued for an additional 10 min.
The AM's were then lysed in distilled water, and serial dilutions and
plate counts were made. These counts represent the number of
S. aureus ingested but not killed.

RESULTS

Four days after the completion of exposure to start-up plus
steady-state fly ash, two to four times as many AM's were obtained
from exposed mice than from unexposed mice. Light-microscopic
examination of these AM's showed them to be full of engulfed
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particles (Fig. 2, partb). We examined slides prepared at different
time points and determined the number of macrophages containing
particles. The number of macrophages with particles declines with
time after exposure (Table 1), but 47% of the cell, counted at 26
days after exposure still contained particles.

We next examined the slides in an effort to quantitate the
number of particles per macrophage, and these results are shown in
Table 2. Not only did the number of AM's with particles decline with
time but also the number of particles per macrophage declined over
the observation period.

Table 3 shows the functional ability of macrophages from mice
exposed to reaerosolized fly ash for 30 to 36 hr. At all times after
termination of exposure, AM's from exposed mice were unable to
eliminate a challenge dose of S. aureus as effectively as those from
control mice. Four days after exposure this reduced capacity
appeared to result from impaired intracellular killing because the
percentage of unkilled phagocytized bacteria was high. Impaired
intracellular killing is believed to be due to interference with cellular
lysosomal enzymes (Vassallo et al., 1973; Goldstein, 1977). At 12
and 26 days after exposure, phagocytic ability was still impaired in
AM's from exposed mice.

In a longer experiment macrophages were obtained from mice
exposed for 100 hr to fly ash collected during steady-state operation
of the AFBC and then reaerosolized. Four days after completion of
the exposure, the AM's were full of engulfed particles and appeared
similar to those shown in Fig. 2 (part b). However, the ability of
these AM's to phagocytize and kill S. aureus did not differ from
those obtained from unexposed mice. Macrophages tested 6 months

TABLE 1

Macrophages Containing Fly-Ash Particles1"

Days after
exposure

2
4
S

12
16
26

Macrophages with particles/
number counted

188/212
182/215
172/228
162/219
136/264
126/268

Percent
with particles

89
84
75
73
52
47

•Mice were exposed to reaerosolized fly ash for 6
hr/day for 6 days.
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TABLE 2

Number of Fly-Ash Particles in Macrophages*

Days after
exposure

2
4
8

12
16
26

Particles
Number

9
13
27
35
64
78

%

7.7
10.4
23.5
28.9
56.1
58.6

1 to 10
particles

27
29
56
49
23
32

Number of macrophages counted

%

23.3
23.3
48.7
40.4
20.2
24.0

10 to 20
particles

21
25

8
17
12
12

%

18.1
20.1

7.0
14.0
10.5
9.0

>20
particles

59
57
24
20
15
11

%

50.9
45.8
20.9
16.5
13.2
8.2

*Mice were exposed to reaerosolized fly ash for 6 hr/day for 5 to 6 days.

TABLE 3

Alveolar Macrophage Function After Exposure to Fly Ash*

Days after S. aureus
exposure* S. aureus kiDed.t % phagocytiied but not lulled, %

4 Control 95 Control 4
Exposed 75 Exposed 20

8 Control 99 Control 0.66
Exposed 81 Exposed NTi

12 Control 90 Control 0.5
Exposed 80 Exposed 2

26 Control 99 Control <0.1
Exposed 71 Exposed 1

*Mice were exposed to reaerosolized fly ash for 30 to 36 hr, 6
hr/day.

f Results are expressed as the percent of a challenge dose of
bacteria killed or phagocytized.

±NT, not tested.

after completion of the 100-hr exposure were also able to kill
S. aureus as effectively as those from cnexposed mice.

DISCUSSION

In the assay used to determine functional capacity of alveolar
macrophages, cells that eliminate at least 90% of the initial inoculum
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are considered to phagocytize and kill normally (Tan, Watanahuna-
korn, and Phair, 1971). When insignificant reduction in the number
of S. aureus occurs, the macrophage can be impaired either in the
ability to phagocytize or in the ability to kill the bacteria
intracellularly. With poor phagocytic ability a low number of
surviving bacteria is observed after lysostaphin is added. Conversely,
a high number of surviving bacteria after the addition of lysostaphin
suggests impaired intracellular killing.

In the short-term experiments reported here, AM's from control
mice exhibited unimpaired phagocytosis and killing 4 to 26 days
after the end of the exposure. Macrophages from exposed mice
showed impairment in these functions at all time intervals. By 12 and
26 days after exposure, recovery was evident in the intracellular
killing ability of these cells, an indication of a return of lysosomal
enzyme function. That the phagocytic capability remained impaired
suggested damage to the cell membrane (Goldstein, 1977).

In contrast to the effects on AM's after a 1-week exposure to fly
ash collected during both start-up and steady-state combustor
operation, we found no impairment in AM function after much
longer exposure (100 hr) to less-mutagenic fly ash collected during
steady-state operation. These observations suggest that the fly ash
from start-up operation of the combustor may impair alveolar
macrophage function to a greater extent than fly ash from
steady-state combustor operation. This suggestion needs further
exploration. The higher hydrocarbon content of the composite of
start-up and steady-state material may be significant. Possibly the
greater mutagenicity in the Ames Salmonella assay of fly ash
collected primarily under start-up and shutdown operation than that
of fly ash collected during steady-state operation (Kubitschek and
Williams, 1979) is a further clue to the impairment of macrophage
function which we have observed here. Therefore our results, though
preliminary in nature, suggest that the effect we observed in the
short-term exposures was caused by mutagenic hydrocarbons ad-
sorbed on fly-ash particles. This hypothesis is supported by the work
of Fisher et al. (this volume), who found that short-term exposure of
mice to mutagenic stack-collected fly ash resulted in decreased
alveolar macrophage function whereas long-term exposure to less-
mutagenic fly ash had no effect.
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Membrane Protein Changes in Rabbit
Alveolar Macrophages Induced by Participates
from Fossil-Fuel Sources

JAMES P. CROWLEY and THOMAS J. FACKLAM
Battelle, Columbus Laboratories, Columbus, Ohio

ABSTRACT

Rabbit alveolar macrophage;: obtained by lung lavage were exposed to two sets
of fly-ash particulates. One sample set had previously demonstrated biological
activity in terms of DNA interaction and alterations in membrane proteins in
C3H10T1/2 fibroblasts. The other set did not cause any measurable interactions.
Macrophages exposed to the inactive fly-ash sample and latex polystyrene beads
did not exhibit any membrane protein alterations. However, macrophages which
ingested the active fly-ash particulates exhibited altered membrane protein
profiles that could cause alteration in various interrelated macrophage mediated
functions.

The central role of the macrophage in multiple, interrelated defense
mechanisms renders it a critical target for insult resulting from
respirable particulates. Any alteration in macrophage function and
physiology may be amplified and reflected as dysfunctions in both
specific and nonspecific defense mechanisms.

Assay systems, such as the one described by Waters et al. (1975),
are used to obtain primary information directed toward estimating
potential acute toxic effects caused by exposure to respirable
particulates. Alveolar macrophages acquired by lung lavage are
exposed in vitro to a concentration gradient of particulates, and a
subsequent assessment is made of several parameters relating to
cytotoxicity.

The potential genetic toxicity of fossil-fuel combustion products
(FFCP) is another facet to be considered in Healing with particulates
derived from these sources. As initially reported by Chrisp, Fisher,
and Lammert (1978), fly-ash particulates can induce mutational

289
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events, as measured in a microbial assay system. Other investigators
have linked alveolar macrophages with genetic toxicity with respect
to their ability to metabolize mutagens in an in vitro mammalian-cell
assay system (Harris et al., 1978).

Because many of the interrelated roles mediated by alveolar
macrophages take place at the membrane level, it was of interest to
determine if any membrane changes could be related to exposure to
specific FFCP particulates.

MATERIALS AND METHODS

Sample Collection

Samples were collected from stacks by using high-volume
cyclone-type samplers. Fly ash, designated as sample 1, was
generated from pulverized low-sulfur Kentucky coal burned in a
conventional cyclone-type burner and collected post-downstream by
an electrostatic precipitator (ESP). Fly ash, designated as sample 2,
was generated from an oil-fired power plant with no ESP and
consisted of pure Venezuelan oil with a high concentration of
vanadium (approximately 400 ppm).

Stack gas and dust were drawn into a bag collector with a
centrifugal blower, the stack dust being captured in a Teflon-coated
fiberglass cloth bag. The sampling vessel was heated to a temperature
above the dew point of the stack moisture (200°F) so that
condensation would neither contaminate nor alter the sample. The
sample collection probe comprised two sections of 0.5-in.-ID
stainless-steel pipe fitted with a l-in.-ID hood-type nozzle.

Macrophage Acquisition and Exposure

Macrophages were harvested from healthy 1.5- to 2.0-kg New
Zealand white rabbits sacrificed by intravenous injection of 0.5 ml of
T61 euthanizing solution. A tracheotomy was performed, and 30 ml
of sterile prewarmed 0ll4N Saline infused for 15 min. Five additional
sequential lavage cycles were performed; the lavage was filtered
through sterile cheesecloth into a 2ip-ml polypropylene centrifuge
bottle. j

The pooled suspensions were centrifuged at 265 x g for 15 min
and resuspended in 10J ml of sterile 0.85% saline; a differential count
was then conducted \ y using phase microscopy. The cell prepara-
tions contained a minimum of 98% alveolar macrophages with little
appreciable red-cell co itamination. The cell suspensions were placed
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in 60-mm tissue-culture plates, each containing 4 ml of complete
M199 medium.

The test material was diluted to the desired concentration with
M199 medium, and 1-ml aliquots were added to each plate. The
plates were incubated in a humidified 95% air, 5% CO2 atmosphere
at 37°C for 20 hr and rotated for the first hour to ensure uniform
exposure of the test material.

Cell Isolation and Collection
After particulate exposure, macrophages were layered on a

three-phase discontinuous Percoll density gradient, spun at 800 x g
for 30 min, and harvested with an ISCO gradient collector. The
relative density was measured for each fraction by using an
organic-solvent column as described by Miller (1960). The cells were
then washed in 10 volumes of 0.14JV saline and counted by phase
microscopy. Various fractions were then pooled and analyzed for
membrane protein characteristics.

Membrane Protein Labeling and Electrophoresis
The cells were suspended in phosphate-buffered saline (PBS, pH

7.35) containing 5mM glucose and 1 /iCi/ml carrier-free 1 2 S I (420
/uCi/ml, New England Nuclear). This iodination reaction was initiated
by adding 20 fig/ml lactoperoxidase (Sigma Chemical Co.) and
0.1 fig/ml glucose oxidase. This reaction was allowed to proceed at
ambient temperature for 10 min and was terminated by the addition
of phosphate-buffered iodine (PBI); this was followed by three
washings of PBS. The final pellet was resuspended in 0.3 ml of a
O.lmM phenylmethyl sulfonyl fluoride solution also containing 1%
2-mercaptoethanol and 1.0% sodium dodecyl sulfate (SDS). Poly-
acrylamide disk gel electrophoresis was run according to Laemmli
(1970) with 5% resolving gel and 3% stacking gel. The samples were
applied to the stacking gel with bromphenol blue as the dye marker.
When the dye front had reached the bottom of the gels, the gels were
removed, sliced, and counted in a Searle gamma counter. The
markers for molecular weight determination were cross-linked bovine
serum albumins (Sigma Chemical Co.) which had molecular weights
of 66,000, 132,000, 198,000, and 264,000 daltons in SDS gels. The
marker proteins were iodinated by the chloramine-T method. After
labeling and extensive dialysis against PBS, the standards were
resolved in the 5% gels.

RESULTS AND DISCUSSION

Alveolar macrophages were exposed to two samples of ash
particulates (100 /ag/ml). One set was capable of inducing DNA
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synthesis in WI-38 human embryonic lung fibroblasts and heritable
membrane changes in cultured C3H10T1/2 cells (Crowley et aL,
1979), and the other set did not exhibit any similar biological
activity. Initially, macrophages acquired by lavage were separated
from contaminating red blood cells on a three-phase Percoll density
gradient, as shown in Fig. 1.
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Fig. 1 Separation of rabbit alveolar macrophages from red blood
cells from lavage fluid on a three-phase Percoll gradient.

With complete separation of contaminating red blood cells, the
macrophages were exposed to the fly-ash samples and subsequently
isolated on a three-phase discontinuous density gradient. A com-
posite separation profile presented in Fig. 2 shows that unexposed
cells were found in a single peak over a six-fraction range. Since the
cells that ingested fly-ash particulates were collected over four major
density regions, there were variable amounts of ingested particulates.
The heaviest fraction of cells, fraction 24, was not studied, because
of complete obliterations of all organelles and nucleus by the
particulates. The other major peaks were collected by consolidating
fractions 3 to 6, 8 to 12, and 14 to 16. The membrane proteins of
these cells were labeled and profiled by SDA gel electrophoresis.
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A composite of the membrane protein profiles of the cells
exposed to sample 1 is presented in Fig. 3. Unexposed cells
[Fig. 3(a)] exhibited a major protein peak between 125,000 and
165,000 daltons. Cells which were exposed but which did not visibly
ingest any particulates also exhibited a major peak in this region, e.g.,
Fig. 3(b). Cells collected at the heavier density regions [Figs. 3(c)
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Fig. 2 Rabbit alveolar macrophages exposed to fly-ash particulates
separated on a three-phase Percoll gradient.

and 3(d)l also exhibited a similar single major peak with a slight shift
to the right. Overall, no major changes in the membrane profiles were
observed.

Cells exposed to fly-ash sample 2 did, however, exhibit altered
membrane profiles from unexposed control cells. Cells which were
exposed but which did not visibly ingest any particulates [Fig. 4(a)]
exhibited an altered profile compared with the unexposed cells
[Fig. 3(a)]. Cells that did ingest increasing amounts of the fly-ash
particulates also showed qualitatively and quantitatively altered
membrane profiles. A decrease in the higher molecular weight regions
was noted with increasing density [Figs. 4(b) and 4(c)]. Also noted
was a shift of a major peak region from 145,000 daltons to the
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Fig. 3 Membrane protein profile of rabbit alveolar macrophages
exposed to fly-ash participates, sample 1. (a) Unexposed control
cells, (b) Exposed cells, fractions 3 to 4. (c) Exposed cells, fractions
9 to 12. (d) Exposed cells, fractions 14 to 16.

100,000 dalton range with increasing density. The observed changes
could not be directly attributed to loss and appearance of proteins or
similar fluctuations of specific labeling sites. However, the alterations
were specific to fly-ash sample.

Cells were also exposed in a similar manner to polystyrene
particles to determine if any alterations in membrane profile would
result from nonspecific phagocytosis. Figure 5 shows the separation
profile. The discontinuous gradient used was not of the proper range
to separate out cells that had ingested the latex particles. However,
cells in fractions 2 to 8 did contain particulates, as observed by phase
microscopy. As shown in Fig. 6, quantitative reduction in several
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Fig. 4 Membrane protein profile of rabbit alveolar macrophages
exposed to fly-ash particulates, sample 2. (a) Exposed cells, fractions
3 to 4. (b) Exposed cells, fractions 9 to 12. (c) Exposed cells,
fractions 14 to 16.

regions was noted in celis that had ingested the latex particles;
however, no qualitative changes were observed.

Whether the observed qualitative alterations in the membrane
profiles of the cells exposed to fly-ash sample 2 are in any way
related to the previously observed biological activity in cultured
fibroblasts cannot be determined. The observed changes in the
fibroblasts were demonstrated to be the result of the induction of a
specific serine protease (Facklam, Crowley, and Drum, 1980).
Further studies are necessary to determine if the membrane changes
represent altered metabolism or ectoenzyme induction.
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Fig. 6(b) Membrane protein profile of rabbit alveolar macrophages
showing latex-exposed cells, fractions 3 to 6.
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ABSTRACT

For an assessment of the potential biological effects of inhalation of coal
combustion by-products, mice were exposed to laboratory-generated aerosols of
redispersed, size-fractionated stack-collected coal fly ash. This fine fraction of
fly ash was chosen for study because of the relatively large proportion of
respirable particles. The effects of inhaled fly ash at 200 jug/liter for 100 min
were compared with the effects of inhalation of a similar concentration of silica
aerosols. At 2, 6, and 15 days postexposure, C57BL/6 mice were sacrificed to
evaluate macrophage function and viability, pulmonary pathology, and hemato-
poietic stem-cell kinetics.

Pulmonary alveolar macrophage (PAM) viability, adherence, and phagocytic
indexes were evaluated in vitro in culture medium containing 20% fetal calf
serum. A depression in phagocytic capacity of macrophages from mice exposed
to fly ash or silica and sacrificed 6 and 15 days, respectively, after exposure was
observed as compared with sham-exposed controls. Viability of the cells, both
initially and after 18 hr of culture, indicated no clear-cut differences between
groups. Initial attachment of macrophages was decreased for the fly-ash and
silica treatments as compared with controls at the day-2 sacrifice; similarly,
attachment was somewhat decreased 6 days after exposure. A slight increase in
attachment was observed for the silica treatment as compared with the control
group at 15 days after exposure.

Studies were also done to determine the effects of fly ash and silica on
alveolar macrophage progenitors by using a semisolid culture system that allows
for the growth of alveolar macrophage colonies in vitro. Relative to controls
both agents produced a major reduction in alveolar macrophage progenitors on

fPresent address: Battelle, Columbus Laboratories, Columbus, Ohio.

296



r
i
I

MACROPHAGE TOXICOLOGY OF INHALED COAL FLY ASH AND SILICA 299

day 2 (for fly ash, 36%, and for silica, 59% of controls) followed by an increase
on day 6 (for fly ash, 86% and for silica, 146% of controls) which persisted until
day 15 (for fly ash, 178%, and for silica, 170% of controls) at which time the
study was terminated.

Fly ash, the primary particulate matter produced during coal
combustion, is predominantly composed of glass formed by the
melting of clay minerals that were intimately associated vith the
carbonaceous matrix (Fisher et al., 1978a). A number of studies have
reported that the concentration of many toxic elements increases
with decreasing particle size (Fisher and Natusch, 1979). This inverse
concentration dependence is thought to be due to volatilization
during coal combustion and subsequent condensation of inorganic
and organic compounds on fly-ash surfaces. Because upon inhalation
the fly-ash surface is in direct contact with pulmonary tissue, the
enhanced surface concentration of condensed chemical species can
result in toxicological damage beyond that expected for a compound
distributed homogeneously throughout the particle (Hayes, Pawley,
and Fisher, 1978). Furthermore, surface sulfuric acid may tend to
increase the bioavailability, through the formation of soluble
sulfates, of relatively refractory metal oxides expected to be formed
in the combustion process (Fisher, Chang, and Brummer, 1976). In
this- regard, the finest, most respirable fly-ash particles are of greatest
concern because (1) the collection efficiency of particulate-abate-
ment systems in power plants is minimal for the respirable particles
(Vandergrift, Shannon, and Gorman, 1973); (2) relatively stable
aerosol formation will result in widespread transport and hence
general population exposure; (3) fine particles are efficiently
deposited and slowly cleared from the nonciliated regions of the
respiratory tract (Yeh, Phalen, and Raabe, 1976); and (4) the large
relative surface area and the increased concentration of toxic
substances on surfaces of fine particles present lung tissue and
associated phagocytes with a high local exposure. Our studies were
performed to evaluate acute inhalation exposure on the function of
lung macrophages and to study the macrophage recruitment by using
cloning assays for progenitor cells from bone marrow (Wilson et al.,
1974), spleen, and lung (Boorman, Schwartz, and Wilson, 1980).

With regard to the inhalation of coal fly ash, there is a dearth of
information on the associated pulmonary toxicology. It is for this
reason that silica inhalation was used as a positive control for
phagocyte damage. Detailed studies by Miller and Zarkower (1974)
have described the effects of silica-dust inhalation on the lectin-
induced transformation of T lymphocytes and of the lipopolysac-
charide responsiveness of B lymphocytes In spleen and lymph nodes
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of exposed mice. Enhancement of splenic T-cell function with
depression of lymph-node-derived T-cell activity and depressed B-cell
function was observed. In vitro phagocytosis by pulmonary macro-
phages was decreased in silica-exposed mice. Our studies complement
and extend the earlier observations.

MATERIALS AND METHODS

The fly ash used for these studies was the finest fly-ash fraction
collected over a 30-day period from the stack of a power plant
burning low-sulfur high-ash coal (McFarland etal., 1977; Fisher
et al., 1978a). Electron micrographic comparison (Fig. 1) demon-
strates the angular shards of the silica compared with the rounded
spheres of the fly ash. The matrix elements and biologically active
trace elements in fly ash and silica (216 Min-U-Sil supplied by
Whittaker, Clark, and Daniels, Inc., Plainfield, N. J.), as determined
by atomic absorption spectroscopy (Silberman and Fisher, 1979),
are presented in Table 1. The Min-U-Sil appears to be relatively pure
(97%) SiO2 with minimal trace-element contamination, whereas the
fly ash is predominantly sodium aluminosilicate and calcium alu-
minosiiicate, with significant concentrations of a variety of biologi-
cally active trace elements.

Mice were exposed in a laboratory-designed small-rodent cham-
ber as described by Raabe, McFarland, and Tarkington (1979).
Approximately 60 male C57BL/6 mice, 12 weeks old, were exposed
to fly-ash or silica aerosols with mass loadings of 200 or 180 //g/Hter,
respectively. The mass median aerodynamic diameter for both
aerosols was approximately 1.6 fun with a geometric standard
deviation of approximately 1.5. Although variability with time had
not decreased as compared with prior pilot exposures (Fisher et al.,
1977), a higher overall mass concentration was maintained in this
study. These higher concentrations are primarily due to two
procedural modifications: (1) operation of the Wright Dust Feed
(WDF) with dust cup in place prior to placing animals in the
chamber, to allow the scraper of the WDF to "seat" on the cake, and
(2) addition in parallel of a second cyclone of the same specifications
as the first, which thereby reduces the flow rate through the cyclones
and consequently reduces their rejection efficiency. The instability
of the dust cake was not effectively reduced, as evidenced by spikes
in the aerosol concentration. To compensate for the instability, we
changed the gear ratio of the WDF from 1 : 1 to 4 : 1 at 56 min after
start of the first silica! run, and from 1 : 1 to 2 : 1 at 13 min after
start of the second silica run. Cumulative exposure dose was
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TABLE 1

Elemental Analysis* of Fly Ash and Silica

Element

Si
Al
Fe
Ca
Na

K
Ti
Mg
Ba

As
Be
Cd
Co
Cr

Cu
Mn
Ni
Pb
Se

Sr
U
V
Zn

Coal fly ash

Concentration, %

26.8
14.1

3.2
2.38
1.85
0.81
0.78
0.63
0.41

Concentration, /Jg

132
10.3
4.6

21
71

137
309

40
278
198

700
29

327
746

Silica

45.6
0.14
0.05
0.01
0.003
0.03

<0.01
0.01
0.001

/g

0.3
0.7
0.4
0.1
2.1

<6
7

< 3
< 1 0

0.2

13
0.1
1.6
3

•Elemental analyses were performed on
replicate samples by atomic absorption
spectrophotometry.

calculated continuously from filter data obtained at 10-min intervals,
and exposure times were adjusted slightly to provide comparable
doses.

At 2, 6, and 15 days postexposure, 12 mice were sacrificed to
evaluate macrophage function and viability, pulmonary pathology,
and hematopoietic stem-cell kinetics. Macrophage functional assays
were performed on lung-lavaged, glass-adherent cell populations as
previously described (Fisher et al., 1978b). Cells were obtained by
pulmonary lavage with cold calcium- and magnesium-free phosphate-
buffered normal saline. On the basis of trypan blue dye exclusion
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and on microscopic analysis, l x 105 viable macrophages were
suspended in complete minimum essential medium (MEM) contain-
ing 20% fetal calf serum and seeded into a Leighton tube containing
a glass coverslip. The percentage of cells initiating attachment and
maintaining adherence after 18hr incubation at 37°C was deter-
mined from the "washout" population. Phagocytic rates were
determined microscopically after the 18-hr preincubation period by
exposing the attached cell population to carbonized microspheres at
a particle-to-cell ratio of 40 : 1.

Methods used for the growth of murine bone marrow granulo-
cyte—monocyte progenitors (CFU-C) have been previously described
(Wilson et al., 1974). The method for growth of murine alveolar
rmcrophage colonies represents a modification of the technique of
Lin, Kuhn, and Kuo (1975). Alveolar macrophages were obtained
from mice as previously described. The lavage fluid was centrifuged
at 4°C for 20 to 30min at 600 & and cells were resuspended in
complete medium (10% fetal bovine serum, Gibco 200-61409; 5%
normal horse serum; 1% L-glutamine, Gibco 320-5039; in medium
199, Gibco 380-2340). The cells were then counted with 0.4%
try pan blue on a hemocytometer and adjusted to 1 x 106 viable cells
per milliliter. Alveolar macrophages were held over ice until the
addition to the methyl cellulose semisolid culture system. Methyl
cellulose culture medium consists of 1.5% methyl cellulose, Dow
A4M Premium; 59% medium 199; 10% fetal bovine serum; 5%
normal horse serum; 1% L-glutamine, 10% L-cell conditioned
medium (source of colony stimulating activity); and 10% cell
suspension. All materials used in the culture system contau: 1%
antibiotic—antimycotic. Powdered methyl cellulose was mixed with
medium 199 at 37°C 24 hr prior to initiation of cultures and held at
4°C overnight to hydrate. The remainder of the culture components
were then added and 1-ml aliquots were placed into 35-mm Petri
dishes, and then placed into a humidified incubator at 37°C and 5%
CO2 • Macrophage colonies and clusters were quantitated, after 3
weeks of incubation, by staining with 0.25% New Methylene Blue
and observing under a dissecting microscope at 45 x magnification.
The morphological appearance of a single alveolar macrophage
colony by scanning electron microscopy is shown in Fig. 2a. The
detail of a colony that had been fed latex microspheres is shown at
higher power in Fig. 2b.

RESULTS

The results of macrophage functional! assays indicated depression
(P < 0.02) in phagocytic capacity of fly-ash-exposed mice sacrificed
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Fig. 2 (a) Scanning electron micrograph* of macrophage colony
derived from lung-lavaged cells, (b) Surface adherence and phagocy-
tosis of latex mi irosphereg as visualized in a macrophage colony.
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Fig. 3 Effects of acute fly-ash or silica inhalation exposure on
macrophage phagocytosis from mice killed 2, 6, or 15 days after
exposure. Numbers over bars indicate absolute percentage of
phagocytizing cells.

either 6 days or 15 days after exposure as compared with
sham-exposed controls (Fig. 3). Similarly, silica exposure resulted in
depressed (P < 0.02) phagocytic activity as compared with controls
at the 6- or 15-day sacrifice time.

To ensure that the effects of inhaled particulate matter on
macrophage function were due to phagocytized particulate matter,
we exposed murine macrophages in vitro to silica or to fly ash.
Qualitative evaluation of the cells by scanning electron microscopy
demonstrated the large phagocytic capacity of these cells (Fig. 4).

Macrophage colony growth from both exposure groups demon-
strated a marked depression (P < 0.001) at 2 days after exposure,
followed by return at 6 days to near the control and elevated values
for fly ash and silica, respectively, and marked elevations (P< 0.05)
at 15 days after exposure (Fig. 5). No significant changes in numbers
of monocyte macrophage progenitors (CFU-C) from either bone
marrow or spleen were observed (Fig. 6).

Pathological evaluation of fixed lung sections did not reveal any
significant lesions in either the exposed or the control animals.
Viability of the cells, both initial and after 18 hr of culture, and
the lavaged cell numbers indicated no clear-cut differences between
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Fig. 4 Scanning electron micrographs demonstrating the large
phagocytic capacity of nsacrophage* for {») fly ash and (b) silica.
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groups. Initial attachment and adherence of macrophages were
decreased (P < 0.05) for the fly-ash and silica treatments as
compared with controls at the day-2 sacrifice; also, attachment and
adherence were somewhat decreased 6 days after exposure. There
was a slight increase in attachment (P < 0.05) for the silica treatment
as compared with the control group at 15 days after exposure.

DISCUSSION

Phagocytic indexes decreased after acute fly-ash or silica expo-
sure, with the greatest effects observed 6 and 15 days after exposure.
Of interest was the maximal decrease (56 and 63% of control valuer
for fly ash and silica, respectively) which occurred at the time of
final sacrifice, i.e., 15 days after exposure. Numbers of macrophage
progenitor cells were initially depressed 2 days after exposure but
showed a dramatic enhancement 15 days after exposure. It is also of
interest that the time of maximal depression of lung macrophage
phagocytosis coincided with maximal enhancement of macrophage
progenitors. These data are consistent with the hypothesis that lung
insult results in conversion of a subpopulation of phagocytic cells to
a replicating, nonphagocytic population. In this regard the maximal
decrease in phagocytosis without depressed viability observed in our
study and in that observed by Miller and Zarkower (1974) was
approximately 60% of control values. These observations may be
explained by a sensitive phagocytic subpopulation or by replication
and recruitment of a nonphagocytizing macrophage population in
response to the pulmonary injury.

Toxicity of phagocyte-ingested silica and fly ash is thought to be
due to dissolution of surface chemicals. Silica toxicity has been
reported to occur via damage to secondary lysosomes within
phagocytes and to subsequent cell damage by release of lysosomal
enzymes (Allison, 1971). The reactive molecular moiety is thought
to be the hydroxyl groups of silicic acid which interact by
hydrogen-bonding with membrane phospholipids. Because fly ash
contains relatively low amounts of silica and because the toxicity of
fly ash was somewhat greater than that of silica, it is possible that
biologically active trace elements (Table 1) from fly-ash surfaces may
have inhibited phagocytosis. Waters et al. (1975) and Fisher et al.
(1978b) have demonstrated that macrophage phagocytosis may be
impaired without decreased viability of the biologically active trace
elements associated with fly ash (Coles etal., 1979). Calculations
indicate that zinc and vanadium concentrations are sufficient to
account for the observed decrease in phagocytosis.
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Enhanced macrophage colony formation from lavaged lung cells
was observed without effects on the numbers of granulocyte—
monocyte progenitors in bone marrow or spleen. This observation is
consistent with the view that the relatively minor degree of
pulmonary insult would not manifest systemic changes in progenitor
cells. These results nonetheless indicate that the colony technique
can be used as a nondestructive and extremely sensitive and relatively
short-term bioassay for pulmonary injury. Similar findings on
CFU-AM (colony-forming units of alveolar macrophages) for aerosol
exposures to ozone in rats have been previously reported (Boorman,
Schwartz, and Wilson, 1980).

In conclusion, these studies demonstrate that inhaled fly ash may
have toxicity quantitatively similar to that of silica, a well-docu-
mented immunotoxin. The combination of functional and replicative
assays utilized in this study provides insight into potential mecha-
nisms of damage associated with lung insult.
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Effects of Metallic Nickel Dust on Rabbit Lungs
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ABSTRACT

We have investigated the effects of metallic nickel dust on the alveolar
macrophages and the alveolar epithelium in rabbits exposed 1, 3, and 6 months (5
days/week, 6 hr/day) by inhalation of respirable concentrations of 0.2 to 1
mg/m3. Macrophages from rabbits exposed 4 weeks showed an increased size
variability, an increased in vitro phagocytic activity, and a cell surface rich in
microvilli and long protrusions. Both the macrophages and the lung lavage fluid
contained lamellar bodies rich in phosphoJipids. Exposure to iron, cobalt, and
chromium dusts in about the same concentrations did not produce the same
effects. Morphometrical measurements of the alveolar type II cells gave a two-fold
increase in the volume density. No significant increase in the volume density of
lamellar bodies in the type II cells was observed.

Macrophages from the rabbits exposed for 3 months varied even more in cell
size and were engorged with lamellar bodies. Many macrophages (about 60%)
had smooth contours, but some were covered with short microvilli. Macrophages
with active cell surface, similar to those seen in the animals exposed for 4 weeks,
were also seen. Most cytosomes contained lamellar bodies, but only a few of
them contained nickel as determined by X-ray microanalysis. In vitro phagocytic
activity was lower than in the controls. In the 6-month experiments there were
more macrophages with smooth contours (70%). The lavage fluid was very rich
in lamellar bodies. It appears as the macrophages become inactivated after
long-term exposure either of the nickel or, more likely, of the high amounts of
phospholipid-rich lamellar material. Preliminary results from the exposures of 3
and 6 months indicate a further increase in the volume density of the type II
cells.

Nickel is a biologically active metal that can cause allergy and cancer.
Rats exposed to nickel sulfide for {about 1.5 years have shown an
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increased frequency of lung tumors (Ottolenghi et al., 1974). Guinea
pigs and rats exposed for nearly 2 years to metallic nickel dust (15
mg/m3) developed "multicentric adenomatoid formation of the
alveoli and hyperplastic proliferations of the terminal bronchiolar
epithelium" (Hueper, 1958). In epidemiological studies nickel
workers have been shown to develop cancer of the nasal sinuses and
the lungs (Doll, 1958; Mastromatteo, 1967; Boysen and Reith,
1979).

Alveolar macrophages have been affected by exposure to nickel.
Guinea pigs exposed to 120 Mg/m3 of nickel oxide dust for about 2
weeks showed an increase in the number of macrophages washed out
from the lungs (Bingham et al., 1972). Macrophages incubated in
vitro to nickel chloride (100 to 200 jug/ml) showed impaired viability
and decreased acid phosphatase activity (Waters and Gardner, 1975).

This paper presents data from functional and morphological
studies of alveolar macrophages from rabbits exposed to metallic
nickel dust for 1, 3, and 6 months; examinations of the alveolar
epithelium; morphometrical measurements of the alveolar type II
cells; and a study of the hilar lymph nodes. More detailed data are
given by Camner, Johansson, and Lundborg (1978), Jarstrand et al.
(1978), Johansson and Camner (1980a, 1980b), Johansson et al.
(1980a, 1980b); and Johansson, Camner, and Robertson (1980).

METHODS AND MATERIALS

In a series of experiments, rabbits were exposed to metallic
nickel dust for 4 weeks, 3 months, and 6 months (5 days/week, 6
hr/day). The respirable nickel concentration was 0.2 to 1 mg/m3.
Control rabbits breathed filtered air. For more details see Camner,
Johansson, and Lundborg (1978), Jarstrand et al. (1978), Johansson
and Camner (1980a), and Johansson et al. (1980a, 1980b). Other
rabbits were exposed for 4 weeks to iron, cobalt, and chromium dust
in concentrations similar to that of nickel dust. Further details are
given by Johansson et al. (1980a).

Exposure chambers had a volume of 0.6 m3 and were ventilated
with filtered air at a rate of 6 m3/hr. The metal dust was generated
by an aerosol generator, as described by Hellstrom (1975). Dust
concentrations Were measured daily by drawing the air through a
Millipore filter. A preseparator (Casella, model T 13043-2) was also
placed in front of the filter to measure respirable concentrations. The
amount of metal on the filter was measured by atomic absorption
spectroscopy (Perkin-Elmer, model 403).

A few days after final exposure the rabbits were sacrificed and
the lungs were taken out and weighed. Maorophages were washed out
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of the right lung, and their phagocytic activity and morphological
appearance studied. Pieces of alveolar tissue were taken from the left
lung and used for ultrastructural examination. Hilar lymph nodes
were also taken from rabbits exposed for 3 months.

In the 4-week experiment phagocytic activity of the macrophages
was studied according to a modification of the method of Myrvik,
Leake, and Fariss (1961). One-half a milliliter of a suspension of
4-fim silver-coated Teflon particles (6 x 103 particles/mm3) in 75%
Parker 199 solution and 25% autologous rabbit serum was added to
small Petri dishes containing a monolayer of macrophages. Photo-
graphs were taken after 1.5 hr at 37°C, and the number of
macrophages (200 to 300 per rabbit) and phagocytized particles were
counted.

In the 3- and 6-month experiments, phagocytic activity was
measured according to a modification of the method described by
Hed (1977). One-tenth of a milliliter of macrophage suspension in
Eagle's medium was placed on glass slides (Cl 301 Novakemi) in
triplicates. After the cells were allowed to adhere for 30 min at 37° C,
the slides were rinsed with Ringerdex solution at 37°C. Thereafter
0.1-ml yeast particles (Saccharomyces cerevisiae, 4 x 107 particles/
ml), labeled with fluorescein—isothiocyanate (FITC) and opsonized
in pooled rabbit serum, were added to each glass slide. Preparations
were then incubated for 15 and 30 min at 37° C. The reaction was
interrupted by placing the slides in Ringerdex solution at 4°C.
Crystal violet solution was added for 10 sec. The number of ingested
particles (easily distinguished by their fluorescence) and the number
of attached particles (colored dark by crystal violet) per phago-
cytizing cell was determined by fluorescence microscopy (KIFA,
Reichert, Austria).

Macrophages, lung tissue pieces, and lymph nodes were fixed for
electron microscopy in 2.5% glutaraldehyde in O.lAf cacodylate
buffer (pH 7.2), postfixed in 1% 0sO4 in the same buffer,
dehydrated in graded alcohol, and embedded in Epon 812. Thin
sections were cut on an LKB Ultrome III and examined in a JEOL
100 S electron microscope.

Metal particles were identified by X-ray microanalysis. Macro-
phages and tissues were fixed in 2.5% glutaraldehyde in 0.1M
collidine buffer (pH 7.2), dehydrated in graded alcohol, and em-
bedded in Epon 812. Semithin sections were studied in a JEOL
100 C electron microscope, equipped with a scanning device and an
energy dispersive X-ray microanalysis unit of the KEVEX type, with
a silicon detector 10 mm2 in surface area.
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Lungs from rabbits exposed to nickel dust were larger than lungs
from control animals. The surface of most exposed lungs had white
patches, and small gray foci were seen, probably representing nickel
particles. These alterations were most pronounced in rabbits exposed
for 3 and 6 months.

After nickel exposure the size distribution of macrophages in the
lavage fluid was changed (Fig. 1). In the 3- and 6-month experiments,
there was a significant increase in cell diameters as compared with
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TABLE 1

Number of Silver-Coated Teflon Particles (4 pun)
Phagocytized per Macrophage in 1.5 hr at 37°C*

315

Control

Rabbit
No.

1
2
3
4

Mean
Standard

deviation

Particles per
macrophage

1.0
0.8
0.9
0.8

0.86

0.10

Exposure,

Rabbit
No

1
2
3
4

0.5 mg Ni/m3

Particle* per
macropbage

1.1
1.2
1.3
1.2

1.20

0.08

Exposure,

Rabbit
No.

1
2
3
4

2.0 mf Ni/m3

Particles per
macrophage

1.4
1.4
1.1
1.4

1.33

0.15

*Macrophages from rabbits exposed to nickel dust for 4 weeks (5 days/week,
6 hr/day) are compared with macrophage* from control rabbits. [From P.
Camner, A. Johansson, and M. Lundborg, Alveolar Macrophages in Rabbits
Exposed to Nicirel Dust. Ultrastructural Changes and Effect on Phagocytosis,
Environmental Research, 16: 226-235 (1978); by permission of Academic Press,
Inc., New York, N. Y.]

controls (P < 0.01) although there was no significant difference
between the 3- and 6-month experiments (P > 0.05).

After 4 weeks of nickel exposure, macrophages in vitro ingested
significantly more 4-/um silver-coated Teflon particles than did
controls (P < 0.02). The number of particles per macrophage tended
to increase with increased nickel concentration (Table 1). In rabbits
exposed for 3 months, the in vitro phagocytosis of yeast particles
was decreased as compared with controls. The number of intracellu-
lar particles per macrophage was significantly lower (P < 0.02),
whereas the number of attached particles was significantly higher
(P < 0.01). In the 6-month experiment, macrophages from exposed
animals did not differ significantly in phagocytic activity from that
of controls. Further details are given by Johansson et al. (1980b).

Lung lavage fluid of the nickel-exposed rabbits was rich in a
yellowish, amorphous substance. Ultrastructural examination showed
that it contained numerous lamellated structures. The morphology of
macrophages from exposed rabbits differed strikingly from that of
the controls (Fig. 2). Cells in rabbits exposed for 1 month were
characterized by highly undulating tni mbranes, numerous slender
microvilli and protrusions from the cell surface, eccentrically placed
polymorphic nuclei with chromatin mar filiations, and well-developed
nucleoli (Fig. 3). The cells also contained many membrane-bound
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• ^

Fig. 2 Alveolar macrophage from a control rabbit. The cytoplasm
contains numerous lysomal structures (ly). (Magnification, 8000 X.)

bodies of different size, which resembled the lamellar bodies of the
alveolar type II cell and those frequently seen in the lavage fluid.
Macrophages in controls had numerous lysosomal structures, which,
however, were decreased in those macrophages containing many
laminated structures.

Macrophages from rabbits in the long-term experiments could be
divided by morphological criteria into three main groups (Table 2):
(1) The main group consisted of large cells with a smooth surface
and without protrusions and villi (Fig. 4). The cells had eccentrically
placed nuclei with well-developed nucleoli. The cytoplasm was
jammed with lamellar bodies. The proportion of this cell type was
significantly larger (P < 0.02) in animals from the 6-month experi-
ment than in those from the 3-month experiment. (2) Another group
of macrophages consisted of large cells, with a surface covered by
short microvjilli, otherwise resembling the cell type described
previously (Fig. 5). The proportion of this type of cell was
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TABLE 2

Macrophages, Grouped by Morphological
Data, from Rabbits Exposed for 3 or 6

Months to Metallic Nickel Dust

Exposure
time

3 months

Standard
deviation

6 months

Standard
deviation

Macrophage characteristics

Smooth

57%

6.08

68%

5.72

Covered with
micro villi

29%

3.27

21%

2.66

Small,
active

14%

5.35

11%

4.65

Fig. 3 Alveolar macrophage from a rabbit exposed to metallic
nickel dust for 4 weeks. The cell surface is rich in microvilli and
protrusions, and there are many ''lamellar bodies (lb) in the
cytoplasm. (Magnification, 7000 X.)



318 JOHANSSON AND CAMNER

Fig. 4 Macrophage from a 6-months exposed rabbit. The contour is
smooth, and the cell ii jammed with lamellar bodies (lb) and the
nucleus (N) is very eccentrically placed! (Magnification, 6000 X.)

significantly smaller (P < 0.01) in the 6-month experiment than in
the 3-month experiment. (3) There was also a portion of cells which
looked similar either to the macrophages typical of rabbits exposed
to nickel dust for 4 weeks only or to controls. The proportion of
these cells was about the same in the 3- and 6-month experiments.

Nickel particles were not found in macrophages from rabbits
exposed for 4 weeks, but in animals with long-term exposure a few
cells contained nickel, as demonstrated by X-ray microanalysis
(Fig. 6). |

The alveoli of the' nickel-exposed rabbits contained lamellated
structures and macrophages, especially in the long-term exposed
animals, and the alveoli looked collapsed. Light microscopy did not
show any pathological
see Johansson, Camn

changes in the alveolar type I cells. For details
>r, and Robertson (1980). Morphometrical
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Fig. 5 Macrophage from a 6-months exposed rabbit. The cell surface
is covered by short microvilli (arrow), and the cytoplasm contains
numerous lamellar bodies. (Magnification, 5000 X.)
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Fig. 6 (a) Nickel (Ni) is sometimes seen in the cytoplasm of the
long-term exposed rabbit. (Magnification, 30,000 X.) (b) X-ray
microanalysis spectrum from an area similar to that indicated in
part a.
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Fig. 7 Lymph node macrophage from a 6-months. nickel-exposed
rabbit. The cell contains many lamellar structures (lb). (Magnifica-
tion, 10,000 X.)

measurements of the alveolar type II cells in rabbits with 4 weeks of
nickel exposure showed a significant increase in volume density
(P < 0.01. The mean values of eight exposed rabbits and eight
controls were 0.100 and 0.058, respectively. Volume density of
lamellar bodies in the type II cells were not significantly increased.
Preliminary measurements of volume density of type II cells in the
alveolar epithelium of rabbits exposed for 3 months indicated a
further increase.

Ultrastructural examination of lymph nodes from the rabbits
with long-term nickel exposure showed no difference in general
appearance as compared with controls. However, the appearance of
macrophages in the lymph nodes was altered. Some macrophages
from all exposed rabbits studied had laminated bodies (Fig. 7) quite
similar to those in the alveolar macrophages. Laminated structures
were not very frequently found in the lymph node macrophages but
were numerous in the cells where they occurred.

In rabbits exposed to iron, cobalt, and chromium dust, no
macroscopic changes of the lungs or lavage fluid were seen. The
morphology of the macrophages from these rabbits, studied by light
and electron microscopy, did not differ much from controls. The in
vitro phagocytic activity of macrophages from rabbits exposed to
chromium dust was increased (studied with the silver-coated Teflon
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particles) but not the activity of macrophages from rabbits exposed
to iron or cobalt. Further details are given by Johansson et al.
(1980a).

DISCUSSION

The effect pattern on the lung, after exposure to metallic nickel
dust, appears to be somewhat specific for nickel since iron, cobalt,
and chromium dust in equal concentrations did not cause similar
effects. Leachage studies of the different metals showed that nickel,
to some extent, is dissolved out from the metallic nickel particles
when placed in artificial lung fluid (Johansson et al., 1980a). This
may explain why nickel gives a reaction in the lung.

The alveoli of nickel-exposed rabbits contained large amounts of
lamellated, amorphous material which increased with length of
exposure time. This high level of amorphous material has been
described earlier by Bingham et al. (1972), who exposed guinea pigs
to nickel oxide dust. The amorphous material may, at least in part,
be the result of an overproduction of surfactant material in the
alveolar type II cells, for the following reasons: (1) because there is
an increase in the level of phospholipids after nickel exposure,
especially in the lecithin fraction, which is the main component of
the surfactant (Bruce, Camner, and Curstedt, this volume); and
(2) because there is an increase in the volume density of alveolar
type II cells after nickel exposure. Increases of type II cells have been
shown to reflect different types of injury in the alveoli (Witschi,
1976). The type II cells have been shown to be precursors of the
type I cells (e.g., the membranous pneumocytes), and thus an injury
to the type I cells is followed by proliferation of the type II cells
(Witschi, 1976; Mason and Williams, 1977). In the nickel-exposed
lungs, however, no obvious injury to the alveolar wall was seen.

The morphology and in vitro phagocytic activity of the alveolar
macrophages were altered after nickel exposure. The cells contained
numerous lamellated structures similar to those in the alveolar type
II cells and in the lavage fluid. Macrophages appeared to phagocytize
the lamellated structures. In the 4-week experiment, in vitro
phagocytic activity was increased after nickel exposure. Further-
more, the ultrastructural appearance and the numerous protrusions
and microvilli on cell surfaces indicated high activity in the cell
surface. The cytoplasm was quite rich in lamellated structures.

In the long-term experiments, in vitro phagocytic activity was
lower or about the same as in contr61s. Ultrastructurally, the cells
were jammed with lamellated structures, but the cell surface of most



322 JOHANSSON AND CAMNER

macrophages (60 to 70%) gave the impression of very low activity,
with cells lacking protrusions and microvilli. This difference between
the 4-week and the long-term experiments may be due to a
saturation of phagocytic capacity of the macrophages. There was also
a fraction of macrophages in long-term exposed animals, which
appeared similar to macrophages from animals with 4 weeks'
exposure or from controls. They could possibly represent a younger
cell population.

The reaction in the lungs showed similarities to the alveolar
lipoproteinosis described by Hepplestone, Wright, and Stewart
(1970) in rats exposed to quartz dust, and in man as described by
Hepplestone (1975) and Golde et al. (1976). However, in rats
exposure to quartz caused an increase in the collagen content, and in
humans the lungs were partly consolidated. Such findings were not
seen in our nickel experiments.

Transport of alveolar macrophages to the lymph system has been
discussed extensively, but opinions in recent reviews seem to be
against, rather than for, this theory (Morrow, 1971; Kaltreider, 1976;
Laweryns and Baert, 1977; Green et al., 1977; and Brain, Sorokin,
and Godleski, 1977). In this study some of the lymph node
macrophages contained numerous lamellated structures that looked
similar to the lamellated structures of the alveolar macrophages. This
would support the theory of a transport of macrophages from alveoli
to lymph nodes. Thus if the laminated structures penetrated the
alveolar wall freely, one would expect to find few structures in
several macrophages rather than many in a few cells. Nickel might,
however, have produced effects influencing the transport of macro-
phages from the alveoli to the interstitium. On the other hand no
clear injury was seen in the alveolar septa after nickel exposure.
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Phagocytosis, Toxicity, and Solubility of A111O2
in Alveolar Macrophages

A. V. ROBINSON and R. P. SCHNEIDER
Pacific Northwest Laboratory, Richland, Washington

ABSTRACT

Phagocytosis, toxicity, and solubility of AmO2 were measured in rabbit alveolar
macrophages in vitro as a function of dose and time. Macrophages were obtained
by lavage, exposed to AmO2 in suspension, separated from unphagocytized
actinide, attached to flasks, and cultured for 3 days. Autoradiography of
macrophages prior to culture revealed that approximately 90% of the cells took
up particles between 0.03 and 0.15 Hm in diameter. The rate of cell detachment
from culture flasks was used as a measure of cytotoxicity. At 3 days a linear
correlation was found between the amount of AmO2 taken up and detachment
from the flask. In cell cultures that contained an average of 888 intracellular
disintegrations per day per cell, about 30% of the cells (relative to controls)
detached by day 3. An indication of changes in size distribution of intracellular
AmO2 was measured directly by dissolving the cells in 1% sodium dodecyl
sulfate and passing the resultant mixture through a series of Nucleopore filters
(5.0, 1.0, 0.4, and 0.1 /Km).

Prior to phagocytosis 14% of the AmO2 passed through a 0.1-/im filter.
After 2 hr of phagocytosis, 29% of the added americium was intracellular. After
separation of cells from unphagocytized americium 2 to 3 hr from the start of
phagocytosis, the fraction of intracellular activity which passed through a
0.1-/xm filter was 30%, rising to 41% at 9 hr, 63% at 24 hr, and 67% after 72 hr.
When O.lmAf diethylenetriaminepentaacetic acid (DTPA) was added to the
culture medium between 3 and 5 hr after the start of phagocytosis, the
corresponding 0.1-yUm fractions were 48% at 9 hr, 82% at 24 hr, and 89% at
72 hr. In contrast, AmO2 incubated in cell-free media (Hanks' salts plus 10%
rabbit serum or Hanks' salts plus 10% rabbit serum plus 0.1 mAf DTPA) for 96 hr
showed an increase of less than 5% in the 0.1-(lm filtrate.

Many methods have been investigated in an attempt to stimulate the
clearance of inhaled actinide, such as lavage (Muggenburg, Felicetti,
and Silbaugh, 1977), encapsulated and nonencapsulated chelators

32S
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(Volf, Seidel, and Takada, 1977; Rosenthal et al., 1975; Guilmette,
Parks, and Lindenbaum, 1979), and niixed chelation therapy
(Schubert et al., 1961). A problem confronting chelation therapy is
that actinides in the body are often present as insoluble particles that
are phagocytized and held within macrophages, whereas the chelators
commonly used, such as diethylenetriaminepentaacetic acid (DTPA),
do not penetrate cell membranes.

The purpose of this study was to develop an in vitro culture
system that used rabbit alveolar macrophages to investigate some of
the basic mechanisms of actinide uptake and solubilization. The
system also provides a model that can be used to screen potential
therapeutic agents and methods of delivery for their effectiveness in
solubilizing intracellular actinide particles.

METHODS

Preparation of 24J AmO2

Americium oxide, stored as a dry powder, was suspended in
approximately 50 ml H2O and allowed to settle for 10 to 30min;
then the upper 6 cm of solution was removed and aliquots were dried
in serum bottles. Other work (Stradling et al., 1978) has shown that
AmO2 suspensions change markedly with regard to size distribution
after 1 to 3 months, probably as a result of radiation-induced damage
to the crystal lattice. It was found that storing aliquots of the AmO2
in the dry state and resuspending them immediately prior to use
resulted in reproducible size distributions, thus facilitating experi-
ment-to-experiment comparison. In most cases the vials containing
AmO2 received a sterilizing dose of 1 megarad of 60Co irradiation
prior to resuspension.

The particle Size was estimated by forcing the suspension through
0.1-, 0.4-, 1.0-, and 5.0-/im Nucleopore polycarbonate filters in
13-mm Millipore filter holders attached to a syringe. Cells were
dissolved in 1% sodium dodecyl sulfate (SDS) prior to filtration of
intracellular radionuclide. A 1% solution of SDS was shown to have
no effect on the proportion of 2 4 1 AmO2 that is filterable through a
0.1-jum filter.

Cell Harvesting

The macrophages were obtained by lung lavage of New Zealand
white rabbits of various ages and either sex. The lavage fluid
consisted of O.l|!4M NaCl, lOmM Tris-HCl (pH7.5), 0.25mg/ml
gentamycin (Schering Corp.), and 0.03 mg/ml heparin. The animals
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Fig. 1 Flow diagram of density flotation technique used to separate
phagocytized 2 4 ' AmO2 particles contained in cells from unphago-
cytized particles.

were killed by administration of 3 to 5 ml Nembutal in the marginal
ear vein. Tracheas were exposed and cannulated, and 30 ml of the
lavage fluid at 37°C was forced into the lungs, allowed to remain for
15 min, withdrawn, and followed by two additional 20-ml lavages.
Lavages were pooled, and the cells were pelleted by centrifugation
for 10 min at 350 x g, resuspended in Hanks' balanced salt solution,
and their numbers estimated by counting aliquots in a hemo-
cytometer. The number of cells obtained per rabbit varied from 10
to 100 x 106, with a mean of about 30 x 106 .

Ceil and Particle Separation

Harvested cells were diluted to 5 x 106 /ml in Hanks' balanced
salt solution or in Hanks' containing 4% bovine serum albumin
(BSA), or in 10% heat-inactivated rabbit serum (RS). The appro-
priate amount of 2 4 1AmO2 was added, and the cells and AmO2
particles were incubated for 2 hr at 37°C in a shaking water bath.
Figure 1 illustrates the cell and particle separation procedure after
the incubation period. Cells and particles were mixed with two
volumes of ice-cold 35% BSA solution (Pathocyte, Miles Labora-
tories) and overlaid with 1 to 2 ml of saline or Hanks' balanced salt
solution. This upper layer was necessary to obtain a sharp, stable
band of cells after centrifugation at 1000 x g for 10 min. At the end
of the centrifugation step, the cells were banded at the top of the
tube and the particles pelleted at the bottom. Cells were then
aspirated and diluted with approximately two volumes of appro-
priate medium, centrifuged to a pellet, and resuspended in appro-
priate medium for further manipulation. At this point a cytosmear
was prepared for subsequent autoradipgraphy; another aliquot was
assayed for radioactivity by liquid scintillation counting in PCS
emulsion fluor (Amersham/Searle).
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Autoradiofraplty

Cells in a protein-containing solution (usually 10% RS or 4%
BSA) were smeared on a standard 1- x 3-in. glass microscope slide
and allowed to air-dry. The slides were then fixed by methanol
immersion (for usually 0.5 to 1 hr) and again air-dried. Autoradiog-
raphy was performed by the following method: K-5 (Ilford)
emulsion was diluted two times with 2% glycerin in water and held at
45° C for 1 hr; it was stirred, and then allowed to cool to room
temperature. The emulsion was then placed in a 32°C water bath.
The slides were dipped into the emulsion by hand and placed upright
in a rack to drain and dry. After 1 to 2 hr of drying at room
temperature, the slides were stored at 4°C for the appropriate
exposure time. After exposure, the slides were developed in Kodak
D-19 developer, rinsed in distilled water, and again allowed to
air-dry. The cells were then stained by the Harleco Diff Quik staining
system before coverslips were fixed to the slides with Ames coverslip
medium. Autoradiographs were observed with a light microscope and
cells scored for the number of tracks emanating from approximately
200 cells. Difficulty is encountered in distinguishing single tracks
emitted from a cell if more than 30 tracks are present; consequently,
all cells containing more than 30 tracks were pooled in one category

Flask Treatment

Mixtures of 25 to 35% (by volume) chlorosulfonic acid in
concentrated sulfuric acid were prepared by slowly pouring the
chlorosulfonic acid into the concentrated sulfuric acid. The reaction
is endothermic but generates large amounts of foam and noxious
fumes and should be carried out in a large vessel in a hood. After
mixing, the solution was allowed to sit for 0.5 to 1 hr, with
intermittent shaking until the evolution of gas was largely complete.
The tissue-culture flasks were sulfonated by placing 4 to 5 ml of the
solution in each flask, loosely capped, and the mixture was allowed
to stand at room temperature for 20 to 30 min. At the end of the
incubation period, the flasks were drained and washed two times
with concentrated sulfuric acid and three to five times with cold (5
to 10° C) sterile distilled water. The flasks were then washed two
times with Medium 199 (M-199) salts (Gibco) containing 10%
heat-inactivated RS and phenol red. If complete removal of the acid
was indicated (i.e., the phenol red did not turn yellow), 4.0 ml of
M-199 plus 10% RS without phenol red was added and, subse-
quently, 1.0 ml of the same medium containing 5 x 106 macro-
phages was added.
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Culture and Counting of MacrophtfK

Following the harvest, americium uptake, and separation, macro-
phages were resuspended in M-199 plus 10% RS (5 x 106 jells/ml),
and 1.0 ml of the suspension was added to flasks prepared as
previously described. Flasks containing cells were incubated for 1 to
2 br at 37°C in a 5% CO2 atmosphere saturated with water vapor. At
the end of the incubation period, unattached cells and medium were
aspirated and 5.0 ml of fresh medium was placed on the cells. Cell
attachment was usually 90 to 95% of those added. The cells
remaining attached to the flask at three locations were counted on
the day of attachment and on each succeeding day until the
termination of the experiment (usually 3 days). The bottom of each
flask was marked to assist in counting the same three areas each day;
400 to 800 cells were counted per flask each day with 3 to 5
replicate flasks used for each data point. Data were tabulated as
percentage of cells remaining attached as compared with the first
count on day zero.

RESULTS

Phagocytosis of Am 0 2

The results of our investigation into the effect of protein and
dose on phagocytosis of AmO2 (Fig. 2) showed that uptake was
essentially a linear function of incubation concentration in the range
studied (0.06 to 0.86 juCi/ml). The presence of 4% BSA in the
incubation medium stimulated the uptake to twice that in Hanks'
salts at all AmO2 concentrations studied. Uptake by cells incubated
in Hanks' salts containing 10% RS was between these two extremes.
Clearly, protein opsonization is not a necessary prerequisite for
phagocytosis of AmO2; however, the presence of protein in the
medium does enhance uptake. Autoradiography of these cells and
subsequent counting of tracks generated the data summarized in
Fig. 3. Ninety-two percent of the cells in the 4% BSA solution
contained 2 4 ' Am as indicated by tracks on the autoradiograph, as
opposed to 87 and 82% for Hanks' salts and Hanks' salts plus RS,
respectively. By using the method of Sanders (1972) to calculate
equivalent particle size, the activity represented by 1 to 30 tracks on
the autoradiograph corresponds to single 2 4 ' AmO2 particles in the
range 0.03 to 0.14 jum. This is an upper-limit estimate of particle size
because it is impossible to discern, at the light-mkroacope level,
whether the tracks emanating from a given cell are the result of a
single particle or of several smaller particles within the macrophafe.
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Fig. 2 Dose-dependent uptake of 2 4 1 AmO 2 in rabbit alveolar
macrophages incubated in Hanks' salts (•); in Hanks1 salts +10%
rabbit serum (A); or in Hank*' salts + 4% bovine serum albumin (•).

It is also clear from Fig. 3 that uptake by cells suspended in Hanks'
salts containing 4% BSA was about twice the uptake by cells
suspended in Hanks' salts plus 10% RS.

Cell Adhesion to Treated Flasks

Figure 4 is a plot of the percentage of cells remaining attached to
the flask after 3 days in culture as a function of the concentration of
chlorosulfonic acid used in preparing the flasks. There is a distinct
maximum in macrophage adherence at about 30% chlorosulfonic
acid. The mechanism of this effect was not investigated; however,
work by Marouelas (1975; 1976) indicates that increased cell
adhesion at the lower percentages of chlorosulfonic acid is the result
of both physical pitting of the surface and increased charge density
(presumably through sulfonation of polystyrene). The decrease in
adhesion, as the percent of chlorosulfonic acid is increased beyond
the optimum, is consistent with the hypothesis of Maroudas (1976)
that at higher concentrations the surface is coated with a hydrogel
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Fig. 3 Autoradiography of rabbit alveolar macrophages containing
2"" AmOi phagocytized in Hanks' salts ( • • • • ) , in Hanks'
salts +10% rabbit serum ( ), or in Hanks' salts + 4% bovine
serum albumin ( ). O, Hanks' salts. •, 4% bovine serum
albumin in Hanks' salts.

polymer which does not provide sufficient rigidity for cell anchorage.
Treatment of the flasks with 30% chlorosulfonic acid in sulfuric acid
resulted in cultures with detachment rates of 5 to 7% per day. This
rate was satisfactory for subsequent measurements of toxicity and
solubility.

Toxicity of 241AmO2

Toxicity of 2 4 1 AmO2 was measured by using cell detachment
from the flask as an indicator of cytotoxicity. Cells were incubated for
l h r with various concentrations of 2 4 1AmO2 in Hanks' salts
containing 4% BSA, separated from unphagocytized actinide, and
cultured in treated flasks as described afbove. Attached cells (400 to
800) were counted each day at 3 positions on the flask, and data
were calculated as the percentage of initial cells remaining attached.
The cellular uptake was measured by liquid scintillation counting of
an aliquot of cells before their attachment in the culture flasks.
Figure 5 indicates a linear response (between cellular uptake of
2 4 1 AmO2 and cell detachment in culture. Measurement of viability,
by using trypan blue and neutral red] (Graham etal., 1975), was
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PERCENT CHLOROSULFONIC ACID IN H2SO4

Fig. 4 Adhesion of rabbit alveolar macropbages to tissue culture
flasks treated with various concentrations of chlorosulfonic acid in
concentrated sulfuric acid.

200 400 600
DISINTEGRATIONS PER DAY PER CELL

800

Fig. 5 Detachment of cultured rabbit alveolar macrophages
function of 2 *l AmO2 uptake.
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TABLE 1

Size Distribution of Intracellular 2 4 1 AmO2
as a Function of Time

Total activity in filtrate, %

Filter pore size, Time after phagocytosU, hr
flm 0 3 9 24 48 72

0.1
0.4
1.0
5.0

0.1
0.4
1.0
5.0

Experiment

14
39
66
100

26
33
63
88

Experiment

14
22
31
56

30
43
65
96

1

2

41
57
74
97

54
54
72
99

63
61
72
99

61
65
79
99

59
59
77
97

67
66
79
99

performed at several doses on attached and unattached cells. Both
measurements indicated 100% of the cells remaining attached to the
flask at day 3 were viable. Neutral red uptake, an active measurement
that stains live cells red (Graham etal., 1975), indicated that 97 to
100% of the floating cells were dead, whereas the number of dead
cells as measured by trypan blue exclusion ranged from 26% in the
control cultures to 63% in the culture that had 888 disintegrations/
day/cell. These data confirm that detachment is a useful estimate of
cell viability. We also noted that floating cells in the higher dose
range (i.e., 500 and 900 disintegrations/day/cell) exhibited blebs and
other abnormalities not seen at lower doses or in controls. These
morphological changes were not studied further but are evidence of
radiation induced lesions in the detached cells.

Solubility of Intracellular 2 4 1 AmO2

Table 1 shows the filterability of intracellular 2 4 J AmO2 (cells
dissolved in 1% SDS) at various times after phagocytosis. In some of
the experiments, the culture medium contained 0.1mA/ CaNa3DTPA.
The samples at 0 hr contained all the 2 4 * AmO2 in the suspension; in
later samples only phagocytized americium was measured. The 3-hr
point was taken just prior tb addition of the cells to the culture
flasks; the 9-hr samples were taken after the cells were attached to
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0 20 40 60 80
TIME AFTER PHAGOCYTOSIS, hr

Fig. 6 Effect of phagocytosis and DTPA treatment on the fraction
of 2 4 1 AmO 2 activity in the 0.1-jtim filtrate. The solubility of
2 4 1 AmO 2 is compared: in Hanks' salts + 10% rabbit serum (•);
in Hanks' salts + 10% rabbit serum + O.lmM DTPA (•); in cul-
tured cells containing phagocytized 2 4 l A m O 2 (experiment 1,
A; experiment 2, A);, and in cultured cells containing phagocytized
2 4 1 AmO2 + O.lmM DTPA in culture medium (O).

100

the flask. The doubling of the percentage filterable through all four
filter sizes from 0 to 3 hr in experiment 2 can probably be attributed
to a combination of selective uptake and the fact that the density of
cells containing particles greater than 5 jum in diameter would
prohibit them from floating during the separation procedure. From 3
to 72 hr there was a doubling of the fraction filterable through a
0.1-jum filter and a small increase in the fraction filterable through
0.4- and l.Orjum filters; the 5.0-jum fraction remained unchanged.

Figure 6 is a plot of the fraction filterable through a 0.1-jum filter
as a function of time after the beginning of the phagocytosis period.
Also presented from a separate experiment are data showing the
time-dependent filterability changes in Hanks' salts plus 10% RS, and
Hanks' salts plus 10% RS plus O.lmM DTPA in the absence of cells.
The most striking aspect of these data (Fig. 6) is the rapid increase in
the 0.1-jum fraction of phagocytized 24i AmO2 over the initial 24-hr
period. The addition of O.lmM DTPA to the medium alone released
a small additional component of 0.1-jum-filterable americium over
that exhibited in medium lacking the chelator. Even in the presence
of DTPA, the 0.1-jum-filterable fraction was only % that of
phagocytized americium in the absence of DTPA. Over 60% of the
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phagocytized 2 4 J AmO2 was filterable through a 0.1-jum filter within
24 hr and increased slowly thereafter. The addition of O.lmAf DTP A
to the culture about 4 hr from the beginning of phagocytosis
increased the 0.1-jum-filterability of an additional fraction of the
activity. This increase in filterability may have resulted from
chelation of americium released from dead cells during culture or
after lysis of the cells with SDS; alternatively, the DTPA may have
entered the cells by pinocytosis and may have chelated intracellular
americium. The increase in the 0.1-jtm-filterable fraction of the
intracellular 2 4 1AmO 2 may be the result of disaggregation of
complexes of small particles (<0.1 /an), or it may reflect solubiliza-
tion of the AmO2 particles.

DISCUSSION

The mechanism by which the uptake of 2 4 1 AmO2 is stimulated
by BSA is unknown. The presence of BSA has been shown to
stimulate pinocytosis by mouse peritoneal macrophages (Steinman,
Brodie, and Cohn, 1976). Elevated rates of pinocytosis, however,
cannot explain the observed increase in 2 4 1AmO 2 uptake. The
internalization of two cell volumes per hour of medium containing
0.6/uCi/ml would result in the uptake of only 1.4dpm/103 cells.
This is less than :/i 0 of the increase observed in the presence of BSA.
Although there was variability from experiment to experiment, in
most cases from 25 to 30% of the AmO2 in suspension was taken up
by macrophages. Clearly, the cells are not capable of internalizing
volumes that would contain so high a proportion of the activity.

In previous experiments with PuO2, we have shown the same
type of enhancement of uptake by 4% BSA. Electron micrographs of
the resultant cells revealed intracellular plutonium enclosed in
membranous vesicles, probably phagolysozomes. It is reasonable to
assume that the uptake of AmO2 occurs via the same process of
nonspecific binding to the cell surface followed by subsequent
phagocytosis and/or pinocytosis as observed for other nonbiological
particles such as PuO2, asbestos, silica, and carbon.

A quantitative estimate of the radiosensitivity of the macro-
phages is not possible from the toxkity data. Unlike exposure to
soluble toxicants, the dose received by macrophages containing toxic
particles is dependent on the number of particles taken up. The
frequency-distribution plots shown in Fig. 3 are skewed in the
direction of higher dose levels. Furthermore, the number of tracks in
the cells that contained more than 30 tracks is not known. The
241 AmO2 in these cells increased the mean dose to the population
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even though they comprised a small percentage of the total
population. Therefore an estimate of sensitivity to AmO2, on the
basis of a mean dose (Fig. 5), is only an approximation.

The time-dependent increase in the 0.1-jum size range of
intracellular 2 4 1AmO2 correlates well with the rapid clearance of
2 4 1AmO 2 particles from lungs observed after in vivo exposure
(Stradling et al., 1978; Sanders, 1972). This clearance was pre-
sumably caused by solubilization, i.e., a reduction in particle size,
which was much more rapid than would be predicted from in vitro
(cell-free) solubility estimates. Even in the presence of DTPA, only a
small fraction (about 10%) of the 2 4 1 AmO2 became filterable after
96 hr in culture medium devoid of cells. Since inhaled particles of
the appropriate size range are phagocytized, it seems reasonable that
the in vitro macrophage system is the most appropriate in vitro
method for predicting in vivo solubility. The solutions commonly
used for in vitro incubation (simulated lung fluid; Smith and Gelman,
1979) do not resemble the milieu of the phagolysosome which is
acidic and has unknown oxidation-reduction properties.

The method used to disrupt the cells with 1% SDS prior to
filtration may be generally useful for measuring changes in the size of
intracellular particles. The direct effects of the detergent on the size
distribution, although not a problem with AmO2, must be measured
with other particles since such effects may occur.

We are now conducting experiments that will evaluate the toxicity
of 2 4 i AmO2 to the cells in terms of the dose distribution within the
population. Experiments directed at characterization of the incre-
ment of intracellular AmO2 that passed through the 0.1-jum filters
are also in progress. Such experiments will distinguish between
particulate and soluble activity in this fraction and should provide
insight into the mechanism responsible for the increase in the 0.1-jum
fraction.
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Pulmonary Toxicity of a Coal
Liquefaction Distillate Product
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ABSTRACT

The pulmonary toxicity of coal-derived liquids is under study to obtain baseline
information in preparation for later site-specific assessments. Results on a sample
from the ZnClj hydrocracking process are presented as an example. We obtained
data on its distribution and persistence in the lung as -well as the tissue reaction
elicited. We also examined the individual chemical fractions of the sample to
determine which was responsible for pulmonary toxicity. Fifty tnicroliters of the
distillate or fraction was administered intratracheally to adult male specific-
pathogen-free Fischer rats, which were then killed at varying time points, ranging
from 1 to 60 days after administration. Enzyme analysis of pulmonary lavage
fluid, [3H]thymidine incorporation into pulmonary DNA, autoradiography, and
light and fluorescence microscopy were performed.

When the animals were necropsied, the distillate, a black viscid fluid, could
be seen within major airways in some lobes up to 14 days after administration.
Extensive consolidation and atelectasis or, less frequently, overinflation was
present in affected lobes. On microscopic examination 1 day after administra-
tion, the distillate remained visible in large and small airways and in the adjacent
parenchyma, producing a suppurative necrotizing bronchiolitis and pneumonitis.
Within 4 days a histiocytic—fibroblastic reaction to the distillate resulted in
granulomatous lesions in the parenchyma and in polypoid hyperplasis and
obliterating bronchiolitis in the severely damaged airways. Extensive epithelial
changes consisting of goblet and columnar cell hyperplasia and of squamous
metaplasia with focal dysplasia were present throughout the respiratory tract at
this time. Similar lesions were produced by the ether-soluble acid fraction,
whereas the monoaromatic and diaromatic fraction produced less severe lesions
that were localized to the airways. After 60 days the distillate product, primarily
localized within granulomas, still persisted within the lung as visualized by
fluorescence microscopy. Mucoid bronchiolitis with scattered polypoid hyper-
plasia was present, as were epithelial hyperplasia and metaplasia.
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Conversion of coal or oil shale into liquids that can substitute for
! natural petroleum is necessary as a result of the rapidly increasing
; worldwide need for energy and the declining national petroleum and

natural gas reserves. Both the raw crude and many distillate fractions
contain toxic substances that constitute an occupational risk.
Occupational exposure associated with production, transportation,

\. and utilization of the synthetically derived petroleum liquids would
be primarily from skin contact and inhalation.

We have examined the pulmonary toxicity of the distillate
product from the bench-scale ZnCl2 hydrocracking process
(Ralph M. Parsons Company, 1977). The distillate product consists
of a large neutral fraction that is predominantly composed of
monoaromatics, diaromatics, and polyaromatics. These organic com-
pounds are known to be carcinogenic, teratogenic, mutagenic, and
cocarcinogenic (Van Hook and Shults, 1977). The objectives of the
present study were to determine the distribution and persistence of
the distillate product in the lung, and the morphologic tissue reaction
elicited after intratracheal instillation. Since the distillate product is
intrinsically fluorescent, its localization and persistence in the lung
could be studied by fluorescence microscopy. We also wished to
determine, if possible, which types of chemicals were responsible for
the morphologic alterations in the lung and to examine whether

i release of enzymes into the airways could be used to predict lung
! damage.

METHODS

Materials

The distillate product (Repository No. 1801) from the ZnCl2
• hydrocracking process and its fractions were obtained from the Oak
I Ridge National Laboratory. The distillate was separated by acid-

base partition into acidic, basic, and neutral fractions. The neutral
fraction was further separated by gel chromatography (Fig. 1). The

| [Me—14C]thymidine (specific activity, 50 mCi/mmol) and [Me—
3H]thymidine (specific activity 14 Ci/mmol) were obtained from
Becton, Dickison and Company (Orangeburg, N. Y.). All other

; reagents used were analytical grade.
I Young adult male Fischer specific-pathogen-free derived rats
i bred and maintained in the Biology Division of the Oak Ridge
t National Laboratory were used for this study.
i.
i Exptrimental Protocol

I Fifty microliters of distillate product was administered as a single
dose intratracheally to rats under ether anesthesia. Rats were killed
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I SAMPLE I

VACUUM

VOLATILES NONVOLATILES

ETHER

ETHER. 1/V HCI

AQUEOUS

ACIDS, NEUTRALS

AQUEOUS

ETHER

ETHER-
SOLUBLE ACIDS

1/VNaOH
ETHER

pH 11, ETHER. FILTER

ETHER

pH 1, ETHER, FILTER

AQUEOUS

ETHER-
SOLUBLE BASES

NEUTRALS

WATER-
SOLUBLE ACIDS

INSOLUBLE ACIDS
ISOPROPANOL

SATURATES

AQUEOUS

WATER-
SOLUBLE BASES

INSOLUBLE BASES

LH-20 CHROMATOGRAPHY

ISOPROPANOL ACETONE

POLYAROMATICS

MONOAROMATICS
AND

DIAROMATICS

BENZENE

RESIDUE

Fig. 1 Flow diagram for fractionation of focsil fuel.

after 1, 2, 4, 7, or 10 days for histopathology, autoradiography, and
determination of thymidine incorporation into total lung DNA.

Another group of rats was administered 50 jul of the distillate
product intratracheally daily for 5 clays. Rats were killed at 4, 7,10,
14, 40, and 60 days for histopatholcgy.

Finally, rats were given 50 jul of the distillate product or one of
its fractions as a single intratracheal dose. The fraction dose was
equivalent to the weight percent of the fraction in the distillate
(Table 1). Each fraction was dissolved in a 50% dimethylsulfoxide
(DMSO) saline solution with a total volume of 50 /til. The poly-
aromatic fraction was administered undiluted (10 jul) since it was
insoluble in (DMSO. Control rats either received no treatment or
received, intratracheally, 50 jul of 50% DMSO—saline solution or
50 jul of corn oil. One group of rats was killed at 4 hr, and pulmonary



PULMONARY TOXICITY OF A COAL LIQUEFACTION DISTILLATE 341

TABLE 1

Fractionation of ZnCl2 -Catalyzed Distillate

Fraction

Ether-soluble base
Ether-soluble acid
Total neutrals

Saturates
Monoaromatics and diaromatics
Polyaromatics
Residue

Weight percent of original*

0.17
2.71

84.00t
12.16
63.72
18.44

1.74

•Original sample weighed 98.2 g.
fNot quantitative recovery. Percentage of subfractions is

based on 98% recovery of neutrals, which is average for
small-scale fractionation.

lavage fluid was obtained for enzyme determination. Another group
of rats was killed after 4 days for histopathology.

Incorporation of [14C]Thymidin8 into DNA

The animals received 1 (xCi of [MC]thymidine intraperitoneally
90 min before sacrifice. The specific activity of total pulmonary
DNA was determined as described previously by Saheb and Witschi
(1975).

Pulmonary Lavage and Enzyme Determination

Rats were anesthetized with ether, then exsanguinated via the
abdominal aorta; lavage was carried out via a tracheostomy. Two
consecutive lavages with 4 ml of cold saline each time were done, and
the lavage fluids were pooled (Henderson et al., 1979). The cellular
fraction of the lavage fluid was removed by centrifugation at 300 x g
for 10 min. The lavage fluid supernatant was assayed for glucose-6-
phosphate dehydrogenase (GPDH) and acid phosphatase according to
the methods of Bergmeyer, Gawehn, and Grassl (1974).

Histopathology

Animals were anesthetized with Sodium pentobarbital (Abbott
Laboratories, North Chicago, 111.) and exsanguinated via the abdomi-
nal aorta; the lungs were expanded in situ with 10% buffered
formalin. Fixed lung slices were prepared in one of the following
ways: (1) quick-frozen in liquid nitrogen, with frozen sections
mounted in nonfluorescing aqueous medium for examination by
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fluorescence microscopy; (2) embedded in paraffin, sectioned at
5 fim, and stained with hematoxylin and eosin (H&E) and periodic
acid—Schiff (PAS); or (3) dehydrated, embedded in glycol metha-
crylate, cut at 1 jum on a Sorvall JB4 microtome, and stained with
Lee's methylene blue—basic fuchsin for light microscopy.

Rats for autoradiographic studies received [3H]thymidine
(2/iCi/g) intraperitoneally 90 min before chey were killed as
previously described. Lung slices were embedded in methacrylate,
cut at 1 fim, and mounted on glass slides. The slides were then coated
with type NTB2 emulsion (Eastman Kodak Co., Rochester, N. Y.)
and stored in lighttight boxes at 0 to 4°C. After 30 days the slides
were developed, rinsed, fixed, and stained lightly with H&E.

Statistics

A Student's t test was performed, and a P value of < 0.05 was
considered significant.

RESULTS

Incorporation of Thytnidine into Pulmonary DNA and
Autoradiofraphy

A single dose of distillate product resulted in progressively
increasing in vivo incorporation of thymidine into pulmonary DNA
with time as compared with control animals (Table 2). An apparent
plateau was reached at 4 days. Thymidine incorporation in treated
animals was significantly elevated above that in control animals at all
times.

Autoradiography showed that in the lungs of controls only a few
cells were labeled, primarily those of the airway epithelium. One day
after treatment there was a marked increase in cell labeling, mainly
of the type II alveolar epithelial cells. After 2 days many histiocytes
within early granulomas were labeled, as were many type II cells. By
10 days many epithelial cells lining the airways were labeled as a
result of repair and hyperplasia.

Enzyme Determinations

Data showing the effects after 4 hr of a single intratracheal
administration of the distillate product or its fractions on GPDH and
acid phosphatase are presented in Table 3. A statistically significant
increase in GPDH (mean value, 3.89 nmol min—1 ml""1) was seen
after administration of the distillate product as compared with
control values. A nonsignificant increase was seen with the ether-
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TABLE 2

[14C] Thymidine Incorporation into Pulmonary DNA After
Administration of the Distillate Product*

Time after
administration,

days

[> 4C] thymidine
incorporation,
dprn/mg DNA

No. of Main cell type labeled in
animals autoradiographs

Controls 301 ± 33 10 Airway epithelium
1 789±186f 5 Type II cell
2 836 ± 105f 7 Histiocytes within granulomas

and type II cells

4 1028 ± 316f 6 Histiocytes within granulomas
10 1092±448f 7 Airway epithelium and

histiocytes within granulomas

*Mean value ± S.E.M. Fifty microliters of distillate product was administered
intratracheally as a single dose; controls received no treatment.

fStatistically significant difference when compared with values for control
rats (P < 0.05).

soluble acid fraction. Acid phosphatase was also increased by the
distillate product and the ether-soluble acid fraction. Increases
caused by other fractions were minimal.

Pitholojy

Gross Pathology

After administration of the distillate, lungs at necropsy contained
small scattered lesions that varied widely in extent and distribution
but were located predominantly in the anterior lung lobes associated
with airways. The distillate, a black viscid material, could be seen
within airways and within the parenchyma. Atelectasis of whole
lobes, or portions thereof, and red areas of consolidation were
frequently present. After 4 to 7 days consolidated areas no longer
appeared red but were white and firm. Rats receiving multiple doses
showed more extensive lesions and overinflation of individual lobes
or of the whole lung. These lesions, with diminishing severity,
persisted up to 60 days.

Administration of the chemical fractions resulted in grossly
evident lung damage with monoaromatic and diaromatic and
ether-soluble acid fractions only; other fractions had no effect. Pale
areas were scattered in the lungs of rats 4 days after administration
of the monoaromatic and diaromatic fraction; similar but more
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TABLE 3

Effects of Distillate Product and Its Fractions on GPDH and Acid
Phosphatase in Pulmonary Lavage Fluid 4 hr After Administration*

Activity in lavage fluid,
nmol mm

Treatmentt GPDH Acid phosphatase

Controls
Anesthesia only 1.12 ± 0.31 0.58 ± 0.11
Corn oil 0.87 ± 0.40 0.60 ± 0.08
50% DMSO in saline 1.19 ± 0.40 1.07 ± 0.20

Distillate product 3.89 ± 0.77$ 1.70 ± 0.28

Fractions
Ether-soluble bases§ 1.77 ± 0.40 1.29 ± 0.25
Saturates§ 1.86 ± 0.42 1.00 ± 0.17
Monoaromatics and diaromatics§ 1.80 ±0.31 1.20 ± 0.20
Polyaromaticsf 0.72 ± 0.20 0.70 ± 0.06
Ether-soluble acids § 2.23 + 0.64 1.72 ± 0.27

•Mean value ± S.E.M.; five animals per group, except for the distillate
product and saturates group in which four animals were used.

+A total volume of 50 //I was administered intratracheally to rats under ether
anestLasia except for the polyaromatics, in which only 10 jul was used. Fraction
dose administered was equivalent to percentage of fraction present in distillate
product. Pulmonary lavage was carried out 4 hr after the test compound was
administered.

$ Statistically significant difference when compared with DMSO control rats
(P < 0.05).

§ Fraction was dissolved in a 50% DMSO—saline solution with a total volume
of 50 fll.

^Administered undiluted.

severely consolidated areas were present in rats given the ether-
soluble acid fraction.

Hisiopathology

The histopathologic findings are summarized in Table 4. Progres-
sive development of lesions could be followed in animals given a
single dose of the distillate product. One day after administration,
the distillate, visualized by fluorescence microscopy and as refractile
yellowish material by light microscopy, was distributed within the
large and small airways and in the adjacent parenchyma. Leakage of
the distillate into adjacent parenchyma was the result of segmental
necrosis of the airway mucosa and submucosa. Distillate could be
seen between muscle bundles of the large airways. A suppurative



PULMONARY TOXICITY OF A COAL LIQUEFACTION DISTILLATE 345

TABLE 4

Histopathology

Site Histological finding

Parenchyma Alveolar and perivascular edema
Type II cell proliferation
Multifocal granulomatous pneumonia

Airways
Trachea and bronchi Necrotizing tracheitis and bronchitis

Squamous metaplasia and dysplasia
Goblet cell hyperplasia
Polypoid hyperplasia

Bronchioles and alveolar ducts Necrotizing bronchiolitis
Squamous or goblet cell metaplasia
Bronchiolitis and alveolitis obliterans

necrotizing tracheitis, bronchiolitis, and pneumonitis were produced
(Fig. 2). The adjacent parenchyma showed marked perivascular
edema with fibrinous alveolar exudation and areas of type II
epithelial cell proliferation. Type II cell proliferation and intra-
alveolar macrophages were prominent at 2 days (Fig. 3). Many of
these macrophages contained fluorescent cytoplasmic material. A
histiocytic—fibroblastic reaction to the distillate resulted in granu-
loma formation both in the parenchyma and in severely damaged
small airways within 4 days (Fig. 4). In less severely damaged
airways, a predominantly fibroblastic proliferation around small
globules of extracellular distillate resulted in the formation of
polypoid masses, covered by squamous to cuboidal epithelium,
which protruded into the lumen [Fig. 5(a)] or resulted in bron-
chiolitis and alveolitis obliterans [Fig. 5(b)].

The tracheal and bronchial respiratory epithelium in control rats
was mucociliary in nature throughout the experimental period
[Fig. 6(a)]. Degeneration and necrosis of airway epithelium, present
both focally and diffusely 1 day after distillate administration, could .
still be seen at 2 and 4 days [Fig. 6(b)]. The subepithelial and
peribronchiolar reaction at this time was primarily a fibroblastic one
with mild edema and mononuclear cell infiltration. Beginning at 1
day, squamous to low cuboidal, nonciliatfed cells lined segments of
the damaged airways. Stratified squamous ifonkeratinizing metaplasia
was also present, especially in the trachea and large airways
[Fig. 6(c)]. Focal dysplasia and epitheliial downgrowth into the
submucosa began at day 4 and together with intra-epithelial
pseudogland and microcyst formation were prominent by day 7
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Fig. 2 (a) Lung from control rat. Note the normal appearance of
bronchiole, [alveolar duct, and alveoli. (Methylene blue—basic fuchsin
stain. Magnification, 60 X.) (b) Lung from rat killed 1 day after
intratracheal inctillation of 50 (A distillate product. Extensive necro-
tizing bronchiolitis is present. (Methylene blue—basic ftichsin stain.
Magnification, 60 X.)
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Fig. 3 Lung from rat killed 2 days after intratracheal instillation of
30 iJl of distillate product. Many type II cells (arrows) and large
uitra-alveolar macrophages are present. (Methylene blue—basic
fuchsin stain. Magnification, 250 X.)

[Pig. 6(d)]. Occasionally keratin pearls could be found in the
dysplastic epithelium. In some airways the stratified epithelium was
up to 20 cells thick, and small polypoid masses or finger-like
projections protruded into the lumen.

Columnar and goblet cell hyperplasia, or metaplasia in bron-
chioles, was evident at this time [Fig- 7(a)] and became striking at
10 days [Fig. 7(b)]. Excessive mucus production with inflammatory
exudation into the lumen was present in affected bronchi and
bronchioles [Fig. 7(a)]. Both the goblet cell hyperplasia and mucus
production were strikingly demonstrated by the PAS reaction, as
shown in Fig. 7. Bronchiolar inflammation and repair frequently
resulted in virtual occlusion of the bronchiole with multiple
epithelial-lined lumina [Fig. 7(a)].

Rats receiving multiple doses of the distillate showed similar, but
much more extensive and severe, lesions. In addition to the
foregoing, rupture of alveolar walls with resultant emphysema was
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Fig. 4 Lung from rat killed 4 days after intratracheal instillation of
50,ul of distillate product, (a) Autoftuorescent distillate in the
parenchyma is surrounded by a granulomatous reaction. (Magnifica-
tion, 60 X.) (b) A granuloma consisting of a histiocytic—fibroblastic
reaction surrounds seemingly empty vacuoies (arrows) in which the
distillate lies. (Methylene blue—basic fuchsin stain. Magnification
60 X.)
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Fig. 5 Lung from rat killed 7 days after intratracheal instillation of
50 jul of distillate product, (a) Polypoid hyperplasia of a bronchiole.
The core of the polypoid mass consists of proliferating stroma
covered by cuboidal epithelium. (Hematoxylin and eosin stain.
Magnification, 120 X.) (b) Obliterating bronchiolitis and alveoHtis
(arrows) are present in this area of pneumonia. (Periodic acid—Schiff
stain. Magnification, 120 X.)
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seen in areas adjacent to the inflammatory process as early as 4 days
after initial administration of the distillate. The lungs of rats killed at
40 and 60 days showed scattered foci of granulomatous pneumonia
and parenchymal fibrosis. The granulomas still contained extra-
cellular fluorescent material, but the inflammatory cellular compo-
nent was greatly reduced. The airways showed polypoid hyperplasia,
stratified squamous metaplasia, and mild goblet cell hyperplasia with
excess mucus production.

When administered intratracheally the monoaromatic and di-
aromatic and the ether-soluble acid fractions produced pulmonary
lesions similar to those produced by the distillate. At 4 days after
administration the monoaromatic and diaromatic fraction produced
lesions limited primarily to the airways. These consisted of segmental
epithelial necrosis and inflammation, columnar and goblet cell
hyperplasia, and polypoid hyperplasia. The ether-soluble acid frac-
tion, in addition to the above changes, resulted in variable areas of
alveolar edema, an increase in intra-alveolar macrophages, and
alveolar-wall hypercellularity caused by type II cell proliferation.

No lesions were present in the lungs of control rats that were
untreated and anesthetized with ether or in those that received 50 pi
50% DMSO—saline under ether anesthesia. The lungs from rats
administered 50 //I of corn oil showed small scattered areas of
alveolar hypercellularity and a slight increase in the number of
intra-alveolar macrophages.

DISCUSSION

Intratracheal administration of the distillate product resulted in
an acute necrotizing lesion of the airways and adjacent parenchyma.

<l
Fig, 6 Respiratory epithelium from rat bronchus, (a) Control rat.
The pseudostratitled epithelium is mucociliary in nature. (Methylene
blue—basic fuchsin stain. Magnification, 120 X.) (b) Rat killed 2
days after intratracheal instillation of 50 /ul of distillate product.
Segment of necrotic epithelium lies adjacent to rounded degener-
ating epithelial cells. (Methylene blue—basic fuchsin stain. Magnifica-
tion, 120 X.) (c) Rat killed 4 days after intratracheal instillation of
50 jul of distillate product. Stratified metaplasia is present. (Methy-
lene blue—basic fuchsin stain. Magnification, 120 X.) (d) Rat killed 7
days after intratracheal instillation of 50 jul of distillate product.
Note the somewhat dysplastic stratified squamous epithelium with
epithelial downgrowth, intra-epithelial pseudogland (vertical arrow),
and microcyst formation (horizontal arrows). Mucus-containing cells
are present in epithelium on left. (Periodic acid—Sctaiff stain.
Magnification, 120 X.)
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Fig. 7 Bronchiole from rat killed after jntrattacheal instillation of
50 i& of distillate product, (a) From rat killed at 7 days. A virtually
occluded bronchiole contains multiple epithelial-lined lumina sur-
rounded peripherally by a single, thin layer of smooth muscle fibers
(arrows): The epithelium shows columnar and goblet cell metaplasia
with excess mucus and inflammatory cells within the lumina.
(Periodic acid—Schiff stain. Magnification, 60 X.) (b) From rat killed
at 10 days. Markedly hyperplastic epithelium with numerous goblet
cells. (Periodic acid—Schiff stain. Magnification, 120 X.)
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This progressed rapidly to the formation of granulomas in the
parenchyma and to polypoid hyperplasia in the airways and
bronchiolitis obliterans. On the basis of the presence of the distillate
product, visualized by fluorescence microscopy, within these lesions,
the granulomatous reaction can be explained as a foreign-body
reaction. The persistence of these lesions can be attributed to the
persistence of the distillate within them. The type II epithelial cell
proliferation which occurred generally follows the death of type I
cells, which are most vulnerable to injury in the lung (Witschi, 1976).
The type II cell is the progenitor of the type I cell and is important
in pulmonary repair.

The epithelial changes in the pulmonary airways consisted of
columnar and goblet cell hyperplasia and metaplasia and of meta-
plasia of the stratified squamous nonkeratinizing type. These changes
persisted throughout the experimental period. Hyperplasia and/or
metaplasia of the respiratory epithelium are common responses to
infection, tobacco smoke (Auerbach et al., 1961), vitamin A defi-
ciency (Harris et al., 1972), and chemical carcinogens (Becci,
McDowell, and Trump, 1978). Squamous metaplasia may be a stage
in the histogenesis of squamous cell carcinoma (Auerbach et al.,
1961; Nettesheim et al., 1977; Stenback, 1977), although the
connection between the two is as yet unresolved. Several factors
seem to distinguish the metaplastic response of carcinogens from that
of noncarcinogens. Significant ultrastructural differences have been
found between squamous metaplasia caused by a benign state, such
as vitamin A deficiency, and that caused by certain carcinogens
(Harris etal., 1973). Chronicity of the epithelial damage is also
characteristic of carcinogenic agents as opposed to the short-lived,
reversible changes elicited by the noncarcinogens and weak initiators
(Topping et al., 1978). The persistence of the epithelial changes and
the extremely rapid development of epithelial dysplasia with
epithelial downgrowth into the mucosa documented in our study are
suggestive of preneoplastic lesions.

Administration of the ether-soluble acid fraction resulted in
pulmonary lesions identical to those produced after distillate
administration. A preliminary qualitative analysis of the ether-soluble
acid fraction indicated that it contained approximately 50% phenols.
Milder lesions limited to the airways were produced after administra-
tion of the monoaromatic and diaromatic fraction. The remaining
fractions did not produce any significant lesions. Further separation
of these fractions may enable us to pinpoint the compound
responsible for induction of the lesions.

Enzyme determination in lavage fluid has been considered an
especially valuable rapid screening test to predict lung damage
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(Henderson et al., 1979). Analysis of the airway enzymatic response
in lavage fluid 4 hr after administration of the distillate product or
fractions showed small increases in GPDH with the distillate product
and ether-soluble acid fraction. GPDH is a cytoplasmic enzyme that
occurs extracellularly in lavage fluid only in the presence of damaged
cells. It is present in the type I and type II epithelial cells and in
macrophages (Vijeyaratnam and Corrin, 1972) and is a marker
enzyme for the hexose monophosphate shunt pathway for glucose
metabolism (Henderson et al., 1979). Acid phosphatase is a lyso-
somal enzyme released by polymorphonuclear leukocytes during
phagocytosis and to some extent by macrophages (Unanue, 1976).
Damage or death of the phagocytic cells would also release this
enzyme. The severe pulmonary damage induced by the distillate
product and the ether-soluble acid fraction did not result in the
expected increases in GPDH and acid phosphatase activity. This
could be partially accounted for by the focal distribution of the
lesions or by the rapid inactivation of these enzymes. Thus in our
study neither of these enzymes proved to be of value as an indicator
of the morphological state of the lung.

In summary, intratracheal administration of the distillate product
and its ether-soluble acid fraction produced severe destructive lesions
of the airways and parenchyma. This was rapidly followed by a
granulomatous reaction to the distillate and by epithelial hyperplasia
and metaplasia. Both the lesions and the distillate persisted in the
lung for 60 days.

ACKNOWLEDGMENT

This research was sponsored by the Office of Health and
Environmental Research, U. S. Department of Energy, under con-
tract No. W-7405-ENG-26 with the Union Carbide Corporation.

REFERENCES

Auerbach, O., A. P. Stout, C. Hammond, and L. Garfinkel, 1961, Changes in
Bronchial Epithelium in Relation to Cigarette Smoking and in Relation to
Lung Cancer, N. Engl. J. Med., 265: 253-267.

Becci, P. J., E. M. McDowell, and B. F. Trump, 1978, The Respiratory
Epithelium. 4. Histogenesis of Epidermoid Metaplasia and Carcinoma In Situ
in the Hamster,,/. Nail. CancerInst., 61: 577-586.

Bergmeyer, H. U., K. Gawehn, and M. Grassl, 1974, Enzymes as Biochemical
Reagents, in Methods of Enzymatic Analysis, 2nd English ed., Vol. 1, H. U.
Bergmeyer (Ed.), pp. 425-522, Academic Press, New York.



PULMONARY TOXICITY OF A COAL LIQUEFACTION DISTILLATE 355

Harris, C. C, D. G. Kaufman, M. B. Sporn, and U. Saffiotti, 1973, Histogenesis
of Squamous Metaplasia and Squamous Cell Carcinoma of the Respiratory
Epithelium in an Animal Model, Cancer Chemother. Rep., Part 3, 4: 43-54.
, M. B. Sporn, D. Kaufman, J. M. Smith, F. E. Jackson, and U. Saffiotti,
1972, Histogenesis of Squamous Metaplasia in the Hamster Tracheal
Epithelium Caused by Vitamin A Deficiency or Benzo(a)pyrene—Ferric
Oxide,./. Natl. Cancer Inst., 48: 743-761.

Henderson, R. F., A. H. Rebar, J. A. Pickrell, and G. J. Newton, 1979, Early
Damage Indicators in the Lung. 3. Biochemical and Cytological Response of
the Lung to Inhaled Metal Salts, Toxicol. Appl. Pharmacol., 50:123-136.

Nettesheim, P., R. A. Griesemer, D. H. Martin, and J. E. Caton, Jr., 1977,
Induction of Preneoplastic and Neoplastic Lesions in Grafted Tracheas
Continuously Exposed to Benzo(a)pyrene, Cancer Res., 37: 1272-1278.

Ralph M. Parsons Company, 1977, Coal Liquefaction Process Research: Process
Survey, Research and Development Interim Report No. 2, DOE Report
ORNL/Sub-7186/13, NTIS.

Saheb, W., and H. P. Witschi, 1975, Lung Growth in Mice After a Single Dose of
Butylated Hydroxytoluene, Toxicol. Appl. Pharmacol, 33: 309-319.

Stenback, F., 1977, Morphology of Experimentally Induced Respiratory
Tumours in Syrian Golden Hamster, Ada Oto-Laryngol, Suppl., 347: 1-58.

Topping, D. C, D. H. Martin, F. R. Nelson, and P. Nettesheim, 1978, Pathologic
Changes Induced in Respiratory Tract Mucosa by Polycyclic Hydrocarbons
of Differing Carcinogenic Activity, Am. J. Pathol, 93: 311-324.

Unanue, E. R., 1976, Secretory Function of Mononuclear Phagocytes, Am. J.
Pathol., 83: 396-417.

Van Hook, R. I., and W. D. Shults (Eds.), 1977, Effects of Trace Contaminants
from Coal Combustion, Workshop Proceedings, Knoxvi/le, Tenn., Aug. 2—6,
1976, ERDA Report 77-64, p. 68, NTIS.

Vijeyaratnam, G. S., and B. Corrin, 1972, Pulmonary Histiocytosis Simulating
Desquamative Interstitial Pneumonia in Rats Receiving Oral Iprindole, J.
Pathol., 108: 105-113.

Witschi, H. P., 1976, Proliferation of Type II Alveolar Cells. A Review of
Common Responses in Toxic Lung Injury, Toxicology, 5: 267-277.

ADDENDUM

Data are now available on rats killed 1 year after a single
instillation of distillate product. Seven out of 20 rats showed marked
atelectasis and black discoloration of one (6 rats) or two (1 rat) lung
lobes. In the remaining lungs were small scattered areas of consolida-
tion and black discoloration.

Histopathologic examination showed multifocal small granu-
lomas within both the relatively normal and the collapsed paren-
chyma. The centrally located yellowish material was identified by
fluorescence microscopy as the distillate product.

The trachea and bronchi in affected animals showed marked
goblet cell hyperplasia, the occasional presence of finger-like protru-
sions and polypoid masses, as well as several small areas of epithelial
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dysplasia similar to the ones seen in the short-term studies. In
animals with collapsed lung lobes, the large bronchi were occluded
by pyogranulomatous tissue, excess mucus production, or suppura-
tion. Fluorescent distillate was present within some of the polypoid
masses.

Thus the distillate product, as visualized by fluorescence micros-
copy, was still present in the lungs of rats 1 year after administration.
Pulmonary lesions consisting of parenchymal granulomas, as well as
goblet cell hyperplasia and metaplasia, and polypoid protrusions of
the airways also persisted.
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ABSTRACT

The effects on the lung of chronic inhalation exposure (3 and 6 months) to low
levels (1 mg/m3) of nickel dust were investigated in male rabbits. We found that
exposure to nickel caused significant increases in lung weight, in lung lipid
concentration, and in the amount of lipid in lung lavage. Although there was no
further increase in lung weight from the 3- to the 6-month exposure period,
there was a continued increase in the concentration of lung lipid and in the lipid
content of the lung wash. Although there were small increases in the amounts of
cholesterol and triglycerides in the lung and in the lavage of the nickel-exposed
animals, the major increase was in the phospholipid fraction. Data from these
and other experiments in our laboratory suggest that an increase in synthesis is
responsible, at least in part, for this increased concentration of phospholipids in
the lungs of nickel-exposed rabbits. The observed accumulation of lipids in the
lung is similar to that seen in the human disease, alveolar lipoproteinosis (ALP),
the etiology of which is unknown. Others have suggested that exposure to
noxious fumes and dusts plays a role in the development of the disease. Our data
indicate that exposure to nickel dust results in a syndrome that closely resembles
ALP.

Increased concentrations of lipids have been observed in the lungs of
experimental animals that have inhaled high doses of toxic materials.
Both long-term exposure to low levels of quartz dust (3 mg/m3 for
3300 hr over a 46-week period) (Corrin and King, 1969) and shorter
exposures to higher levels of quartz dust (43.3 mg/m3 for 600 hr

357
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over a 6-week period; 32.5 mg/m3 for 1200 hr over a 12- or 15-week
period) (Hepplestone, Wright, and Stewart, 1970) resulted in a
significant increase in the concentration of lipids in the lungs of
specific-pathogen-free (SPF) rats. Other studies have shown that
chronic inhalation exposure to asbestos (12.5 mg/m3 for 525 hr over
a 15-week period) (Tetley et al., 1976) and acute exposure to NO2

(15 to 40 ppm for 5 hr) (Blank et al., 1978) also increase pulmonary
lipid concentration.

The increased lipid concentration caused by inhalation of each of
these compounds was due primarily to an increase in phospholipids,
specifically phosphatidyl choline. This selective increase in phos-
phatidyl choline was of particular interest because of the similarity of
this response to inhaled toxic materials to the human disease,
alveolar lipoproteinosis (ALP). ALP was first described by Rosen,
Castleman, and Liebow (1958) as a disease characterized by the
presence of copious amounts of proteinaceous, periodic acid—Schiff-
positive material in the distal air spaces. Although the etiology of
the disease is unknown, it has been suggested that inhalation
exposure to any of several irritant materials may play a significant
role in ALP (McEuen and Abraham, 1978).

Earlier studies in our laboratory demonstrated that exposure of
male rabbits to 1 mg/m3 respirable nickel dust for 1 month resulted
in a twofold increase in the concentration of lung lipids, most of
which was phosphatidyl choline (Bruce, Camner, and Curstedt,
1980). Pathologic changes observed in the lungs of these animals
were similar to those observed in animals inhaling other toxic
materials and in persons with ALP.

Although nickel is known to be a carcinogen, there are no reports
in the literature which suggest that chronic exposure to nickel results
in lipid accumulation in the distal airways in humans. The purpose of
these experiments was to determine whether prolonged exposure to
nickel dust (i.e., for periods from 3 to 6 months) caused a further
increase in the concentration of lung lipids. We were also interested
in comparing the lipid composition of the lung lavage from
nickel-exposed rabbits with that from persons with ALP.

MATERIALS AND METHODS

Lipidex-5000 was obtained from Packard Instruments Co.
(Downers Grove, 111.) and the thin-layer chromatography (TLC)
plates from Merck AG (Darmstadt, Germany).
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Enzymes

Phospholipase C (EC 3.1.4.3) from Clostridium welchii and
Bacillus cereus were obtained from Sigma Chemical Company
(St. Louis, Mo.).

Phospholipids

Phosphatidylserine (brain extract, type III), diphosphatidyl
glycerol (bovine heart), phosphatidylinositol (soybean), phosphati-
dylglycerol, phosphatidyl-N, N-dimethylethanolamine, and sphingo-
myelin (bovine brain, type I) were purchased from Sigma. Synthetic
rac-l ,2-dipalmitoylphosphatidylcholine, rac-l,2-dipalmitoyl-
phosphatidylethanolamine, and rac-l,2-dipalmitoylphosphatidic acid
were obtained from Fluka AG (Switzerland).

Nickel Exposure

Of 24 male rabbits (weighing 2.0 to 2.8 kg), 12 were exposed to
metallic nickel dust (Goodfellow Metals, England; particle size, 40
/xm), and 12 were exposed to filtered room air 6 hr/day, 5 days/week
for 3 or 6 months. The animals were housed in 0.6-m3 stainless-steel
exposure chambers ventilated with filtered air (6 m3/hr) (Holma,
1967). The generation of nickel dust has been described previously
(Hellstrdm, 1975; Camner, Johansson, and Lundborg, 1978). The
concentration of nickel was measured for 3 hr daily by drawing
chamber air through a Millipore filter. Respirable particle concentra-
tion (<7-/xm aerodynamic diameter) was determined by placing a
Casella preseparator (model T 13043/7) in front of a Millipore filter.
The volume of air was measured and the amount of nickel on the
filters determined by atomic absorption spectrophotometry (Perkin-
Elmer model 403). Concentrations of nickel (x ± SD) in the exposure
chamber were as follows: total nickel, 1.0 ± 0.7 nig/m3; respirable
nickel (< 7 Mm), 0.9 ± 0.5 mg/m3.

Sacrifice Procedure

After 3 and 6 months, 2 rabbits (1 control, 1 nickel-exposed)
were sacrificed on alternate days for the next 2 weeks. Animals were
exposed daily until sacrificed. They were injected intravenously with
a lethal dose of Mebumal and exsanguinated by severing the renal
arteries. The lungs were removed immediately, and the right lobe was
tied off and separated from the left. Three small pieces (1 by 2 mm3)
constituting less than 1% of the lower right lobe were removed for
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electron microscopic studies (paper by A. Johansson and P. Camner,
this volume). The upper and lower right lobes were weighed and
analyzed for lipid content. The left lung was lavaged 20 times with
isotonic saline, and the lavage fluid was analyzed for lipid content.

Isolation of Lipids

The lung lobes were homogenized at 4°C and extracted with 19
volumes of chloroform : methanol (2 : 1 vol./vol.). After filtration
0.2 volume of water containing 0.58% NaCl was added (Folch, Lees,
and Sloane Stanley, 1957). The lower phase was taken to dryness
and weighed. The lung lavage was centrifuged at 250 x g for 10 min
to remove the macrophages. The supernate was then extracted in 19
volumes of chloroform : methanol (2 : 1 vol./vol.) and the lower
phase taken to dryness and weighed.

Analytical Procedure for Lipids

The lipid extracts were separated into phospholipids, cholesterol,
and triglycerides by reversed phase chromatography on an 8-g
column (21 by 1.1 cm) of Lipidex-5000 in the solvent system
methanol : ethylene chloride (4 : 1 vol./vol.) (Curstedt, 1974). The
phospholipid fraction, 0 to 20 ml, was taken to dryness and
fractionated into nonacidic and acidic phospholipids by chromatog-
raphy on the lipophilic anion exchanger diethylaminohydroxypropyl
Sephadex LH-20 in the acetate form (Alme and Nystrom, 1971). The
nonacidic phospholipids were eluted from the column with chloro-
form : methanol ( 1 : 2 vol./vol.) and the acidic lipids with 0.5M
NH40H in chloroform : methanol: water (10 : 90 : 10 by volume)
(T. Curstedt, personal communication). Phosphatidyl choline, phos-
phatidyl ethanolamine, and sphingomyelin were isolated from the
nonacidic fraction by thin-layer chromatography on silica gel plates
in the solvent system chloroform : methanol : water (65 : 25 : 4 by
volume). Acidic phospholipids were separated on silica gel F 2 S 4
plates by using the solvent system chloroform : acetone : metha-
nol : acetic acid : water (5̂ 0 : 20 : 10 : 10 : 5 by volume) (Renkonen
and Luukkonen, 1976). After development the plates were sprayed
with 0.2% 2,7*di-chlorpfMorescein in ethanol and viewed under UV
light. The phospholipids jjwere identified by comparison with stan-
dards and eluted from the silica gel as described by Arvidson (1968).
Phosphorus determinations were performed according to the method
of Bartlett (1959).
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TABLE 1

Comparison of Lung Weights* in Control vs.
Nickel-Exposed Rabbits

Lung weight, g

Treatment
Tissue

location
After 3-month

exposure
After 6-month

exposure

Control Lobe 1
Lobe 2

0.74 + 0.03
2.03,±0.06

0.81 ± 0.05
2.24 ± 0.07

Nickei Lobe 1
exposure Lobe 2

1.46 ± 0.16 (197%)t 1.41 ± 0.14 (173%)t
4.56 ± 0.31 (224%)t 3.96 ± 0.23 (177%)f

*Data are expressed as mean values plus or minus standard error.
fPercent of control values.

RESULTS

The lungs from the rabbits exposed to nickel dust were much
larger than those from controls and contained many areas of
consolidation on the lung surfaces. These areas of consolidation were
raised white -gray patches that increased both in size and in number
from the third to sixth month of exposure. These patches were
greatly diminished in number after the lavage procedure. Small gray
foci, probably containing large numbers of nickel particles, were also
visible on the surfaces of lungs from the exposed rabbits. Lungs from
animals exposed to filtered room air for 3 or 6 months were normal
with one exception. A control rabbit from the 6-month exposure
group was found, during the sacrifice, to have a pulmonary infection
and was subsequently discarded.

Lungs (lobes 1 and 2) from the nickel-exposed animals were
approximately twice as heavy as control lungs after both the 3- and
6-month exposure periods (Table 1). Thus there was no additional
elevation in lung weight with increased duration of exposure. The
number of alveolar macrophages obtained from lavage of the left
lung was also greater in nickel-exposed animals than in controls, but
there was no difference between the number obtained after 3 months
and after 6 months of nickel exposure. Mean values ± SE x 106 were
as follows: after 3 months, 29.3 ± 5.1 for controls and 87.8 ± 13.5
for exposed animals; after 6 months, 28.6 ± 2.2 for controls and
82.0 ± 11.4 for exposed animals.

Although mean lung weight did not increase from the 3- to
6-month exposure period, there was an increase in the concentration
of lung lipids during this period (Table 2). In the group exposed for 3
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TABLE 2

Changes in Concentration of Lung Lipids* After Nickel Exposure

Treatment

In lung,lobe 2
Control
Nickel

In lung lavage
Control
Nickel

In lung, lobe 2
Control
Nickel

In lung lavage
Control
Nickel

No. of
animals

6
6

4
4

5
6

5
6

Total lipid,
mg

Triglycerides,
mg

After 3-Month Exposure

30.53 ± 0.70t
81.05 ± 6.91t

46.72 ±4.22
270.68 ± 24.66

2.29 ±
4.36 ±

2.18 +
7.48 +

0.24f
1.07f

0.25
0.91

After 6-Month Exposure

31.67 ± 1.14f
125.92 ± 8.07f

46.64 ± 4.29
•192.21 ± 37.92

3.06 ±
2.57 ±

2.21 ±
7.10 ±

0.87f
0.18t

0.35
1.65

Cholesterol,
mg

3.79
6.21

4.48
26.72

4.01
8.11

4.12
28.93

± 0.18f
± 0.50f

t 0.71
+ 7.35

± 0.18t
± 0.38t

± 0.12
± 6.39

Phospholipids,
mg

24.45 ± 0.60t
70.46 ± 6.49t

40.07 ± 3.93
232.82 ±21.86

27.61 ± 1.13t
115.24 + 7.98f

43.19+ 1.88
453.58 ± 36.99

* Values are expressed as mean plus or minus standard error.
fPer gram of lung weight.

months, the lung lipid concentration was 2.7 times the control
values, whereas in the group exposed for 6 mouths, the lung lipid
concentration was 3.6 times the control values. There was also a
marked increase in the total amount of lipid obtained from lavage
(left lung). Values for the nickel-exposed group were 10 times
higher than for controls after 6 months.

Total lipid was separated by column chromatography into
triglyceride, cholesterol, and phospholipid fractions (Table 2). The
concentration of triglycerides in lung tissue was greater than that in
control lungs after 3 months of nickel exposure but not after 6
months. The amount of triglycerides in the lavage fluid was
approximately 2.5 times that in controls after both 3 and 6 months
of nickel exposure. The concentration of cholesterol in the lung was
two times higher than in controls after both the 3- and the 6-month
exposure periods; there was a sevenfold increase in the amount of
cholesterol in the lavage fluid after both exposure periods. There was
a dramatic increase in the phospholipid concentration in lung tissue
in the group exposed for 6 months as compared with the group
exposed for 3 months. After 3 months the lung concentration of
phospholipids in exposed animals was three times the control values,
and the total amount of phospholipid in the lung lavage was six times
higher than the amount in controls. After 6 months of nickel
exposure, there was a fourfold increase in tissue concentrations of
phospholipids in exposed animals as compared with controls and the
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TABLE 3

Phospholipids* in Lung Lavage from Rabbits
Exposed to Nickel for 3 Months

Phospholipids

Acidic Inositol
Serine
Phosphatidyl glycerol
Cardiolipin
Phosphatidic acid

Nonacidic Sphingomyelin
Phosphatidyl choline
Phosphatidyl ethanolamine

Control, %

2.10 ±0.18
0.75 ±0.24
3.56 ± 1.16
0.56 ±0.37

0

86.35 ± 1.44
4.44 ± 1.30

Nickel, %

1.71 ±1.09
0.34 ±0.12
0.40 ± 0.20
0.25 + 0.15

0

3.66 ± 1.32
88.41 + 1.23
4.62 ±0.61

* Values (mean ± SE) are expressed as percent of total phosphorus.

lung lavage from the exposed animals contained 10 times more
phospholipid than the lavage from controls.

Phospholipids from the lung lavage of rabbits exposed for 3
months were separated into acidic and nonacidic fractions by column
chromatography and further separated by thin-layer chromatography
so as to compare the phospholipid composition with that of normal
surfactant (Table 3). The data are expressed as percent of total
phosphorus. Although the percent composition of most of the
phospholipids in the lung lavage from nickel-exposed animals was
similar to that in controls, there were several exceptions. One was
that phosphatidyl glycerol accounted for a lower percentage of the
total phospholipids in nickel-exposed rabbits than in controls.
Another difference was that sphingomyelin, although detected in the
lavage of five out of six exposed rabbits, was not found in the lavage
from controls. Although the percent composition of most of the
phospholipids was similar in nickel-exposed and in control rabbits,
the absolute amounts of each of these lipids was six times higher in
exposed rabbits because the total amount of lipid recovered from the
lung lavage of exposed rabbits differed from control values by a
factor of 6.

DISCUSSION

Previous studies in our laboratory demonstrated that exposure of
male rabbits to a 1 mg/m3 level of nickel dust for 1 month caused a
significant increase both in total lung lipids and in lung lipid
concentration (Bruce, Camner, and Curstedt, 1980). Although nickel
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is known to cause pulmonary fibrosis and cancer in exposed workers,
we are not aware of any reports in the literature of increased lung
lipid concentrations resulting from chronic exposure to nickel. The
purpose of the present series of experiments was to determine
whether exposure of rabbits for longer periods of time, i.e., 3 and 6
months, to levels of nickel dust that were until 1976 acceptable
occupational exposure levels in the United States would cause a
further increase in lung lipids.

Our results indicated that longer exposure periods did, in fact,
cause a further increase in lung weight and in the concentration of
lung lipids and total amount of lipid recovered from the lung lavage.
Although small increases in the triglyceride and cholesterol fractions
contributed to the increase in lipids, the major increase was in the
phospholipid fraction, specifically phosphatidyl choline. Because of
the large increase in the amount of lipid recovered in the lavage fluid,
we assume that most of the increase in lipid concentration in the
lung was due to lipid accumulated in the distal air spaces.

We were also interested in comparing the pulmonary response to
nickel with the lung lipid concentrations of persons with alveolar
lipoproteinosis. Ramirez-R. and Harlan (1968) reported that analysis
of lung wash from ALP patients indicated that in these patients, as
was the case in our nickel-exposed rabbits, there was a dramatic
increase in total lipids, especially phospholipids, but that the relative
proportions of the various lipid fractions were approximately the same
in ALP patients as in persons with other diseases. We did, however,
detect sphingomyelin in the lavage of five of six nickel-exposed
rabbits but not in controls. Sahu and co-workers (1976), too,
observed elevated levels of sphingomyelin in the lavage from ALP
patients.

When Rosen, Castleman, and Liebow (1958) first described ALP,
they suggested that exposure to inhaled toxic materials might be a
factor in the initiation or in the development of the disease. Several
reports in the recent literature have indicated that exposure to toxic
dusts or fumes occurred in 30 to 50% of ALP patients (McEuen and
Abraham, 1978). The studies demonstrating that exposure of
experimental animals to silica, asbestos, NO2, and nickel results in
changes in lung lipids which closely resemble the changes seen in ALP
suggest that ALP might be a nonspecific response to inhaled toxic
materials. This response, however, is not seen with all inhaled toxic
substances. Previous studies in our laboratory suggest that exposure
for 1 month to iron, cobalt, or chromium does not cause an
accumulation of lipids in the distal air spaces (Johansson etal.,
in press).
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ABSTRACT

Sulfuric acid aerosols, produced as by-products of fossil-fuel combustion, may
adversely affect human health. This paper reviews three of a series of studies in
guinea pigs exposed for 1 to 8 hr to sulfuric acid concentrations ranging from
approximately 1 to 110mg/m3. Four respiratory responses were observed as
follows: (1) Measurements of tidal volume, breathing frequency, minute volume,
inspiratory and expiratory airflow, transpulmonary pressure, dynamic compli-
ance, and total pulmonary resistance suggested that the guinea pig reacts with an
essentially all-or-none pulmonary function response when exposed to sulfuric
acid. This appeared to be an airway constrictive response mediated by the
parasympathetie nervous system and was graded in the sense that a greater
number of animals responded as concentration was increased. No pulmonary
function changes were detected in nonresponsive animals. (2) Sulfuric acid
particle size had a major influence on its acute lethal effects; particles of 0.8-jUm
mass median aerodynamic diameter were far more toxic than 0.4-/um particles.
(3) The guinea pig strain and/or pulmonary pathogens appeared to affect an
animal's responsiveness. (4) Brief exposure to a gradually increased sulfuric acid
concentration protected guinea pigs from the dyspnea-producing effects of
inhaled sulfuric acid aerosols.

Sulfur-containing pollutants may cause adverse health effects in at
least some segments of the human population. Ambient sulfur
concentrations have been correlated with asthmatic attack rates by
two groups of investigators (Cohen etal., 1972; Zeidberg, Prindle,
and Landau, 1961). On the basis of changes in pulmonary resistance
in gainea pigs, Amdur et al. (1975) have found sulfuric acid aerosol
to be the most potent airway irritant of several sulfur-containing
substances tested. We have recently conducted a series of experi-
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ments to evaluate the response of the guinea pig exposed acutely to
sulfuric acid aerosols. This paper reviews the results of three of these
studies.

In the first study (Silbaugh et al., 1978), we examined the
pulmonary function response of the Hartley guinea pig to 1-hr
sulfuric acid aerosol exposures. Particle size has been reported to have
an important influence on the acute pulmonary function (Amdur,
Dubriel, and Creasia, 1978) and lethal effects (Pattle, Burgess, and
Cullumbine, 1956) of sulfuric acid aerosols. The second study
describes differences in the acute toxic effects of 0.4- and 0.8-jum
mass median aerodynamic diameter (MMAD) aerosols (Wolff eta!.,
1979). In the third study we attempted to determine possible reasons
for differences between our pulmonary function results and those of
other investigators (Amdur, Dubriel, and Creasia, 1978). Because we
suspected that different animal strains might respond differently to
sulfuric acid aerosols, we conducted the third study to determine if
any major differences in sensitivity could be detected among
commercially obtainable guinea pig strains. Another purpose of the
third study was to determine if guinea pigs adapted to the
dyspnea-produdng action of sulfuric acid. From pilot studies, we
suspected that brief previous exposure to a relatively low sulfuric
acid concentration protected an animal from development of
dyspnea at higher concentrations.

MATERIALS AND METHODS

All guinea pigs used in these studies were obtained commercially.
Fifty-seven Hartley strain guinea pigs were obtained either from
Charles River Breeding Laboratories or from Simonsen Laboratories
for use in the pulmonary function studies. Ninety-six Charles River
Hartley guinea pigs were used in the particle size study. Twelve
guinea pigs from each of the following strains and suppliers were
exposed in the strain differences—adaptation experiments: Charles
River Hartley, Camm Hartley, Camm English Shorthair, and NIH
strain 13 (Happy Mouse Ranch, Port Angeles, Wash.). All studies
involved approximately equal numbers of males and females of 1.5
to 3 months of age. Animals were housed two per cage in a
temperature- and humidity-controlled room (23° C, 30 to 50%
relative humidity). Cages were of polycarbonate and had stainless-
steel lids; aspen-wood shavings provided bedding material. Food
(Allied Mills pelleted diet supplemented with lettuce) and water were
available ad libitum.
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For all studies sulfuric acid aerosols were generated by the
condensation of sulfur trioxide (SO3) and water vapor (Carpenter,
1976). Dry nitrogen was passed over the surface of stabilized SO3,
and the N2—SO3 mixture was injected into a humid airstream. The

- resulting sulfuric acid aerosol was combined with filtered diluting air
in a mixing chamber and then passed either into a cylindrical
stainless-steel exposure chamber for head-only exposures or into a
modified 27-in. Laskin-type exposure chamber for whole-body
exposures (Beethe and Carpenter, 1976). Temperatures during all

|; exposures were 22 to 27°C. Aerosol concentrations were determined
I by analysis of filter samples taken during exposure, and particle size

distributions were determined by quantitation of sulfuric acid
present on the stages of a cascade impactor (Mercer, Tillery, and
Newton, 1970). Both the filters and the impacted stages were

I analyzed by washing the sulfuric acid from the filter or from the
\ impactor stage into a known water volume and comparing the

conductivity of the resulting solution with that of a standard curve.

r Study of Pulmonary Function

The measurement techniques used in the pulmonary function
I studies were similar to those described by Amdur and Mead (1958).
i Each animal was sealed in a pressure plethysmo graph with only the
i; head protruding. Pressure signals from the plethysmograph and from
I the animal's pleural surface were sensed by transducers and condi-
j tioned by a resistance—compliance computer. Pulmonary function
I measurements were obtained every 15 min during (1) a 30-min

baseline period in which the animal breathed room air, (2) a 60-min
: exposure period in which the animal was attached to the cylindrical

exposure chamber to breathe either sulfuric acid aerosol or filtered
air (control), and (3) a 30-min recovery period in which the guinea

i pig was detached from the chamber to again breathe room air. Each
\ measurement consisted of 30- to 45-sec averages of tidal volume,

breathing frequency, minute volume, peak inspiratory and expiratory
; flows, peak-to-peak transpulmonary pressure, total pulmonary resis-
! tance, and dynamic lung compliance. All exposures were at a particle
i size of approximately l-/im MMAD. Animals were exposed to
\ sulfuric acid concentrations of 0, 1.2, 1.3, 14.6, 24.3, or 48.3

mg/m3. There were 10 animals in each exposure group except for
the 24.3 mg/m3 (nine animals) and 48.3 mg/m3 (eight animals)
exposure groups. Five control animals and all ten of the animals in
the 1.3 mg/m3 exposure group were exposed at 40% relative
humidity; all other animals were exposed at a relative humidity of
80%.
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Particle Size Study

Guinea pigs were exposed in the Laskin-type chamber in groups
of 16 for an 8-hr period. Water was available to the animals during
exposures. Three groups were exposed to the 0.4-jum aerosol at mean
concentrations of 43, 83, or 109 mg/m3, and three groups were
exposed to the 0.8-^im aerosol at mean concentrations of 21, 32, or
43 mg/m3. All exposures were at 80% relative humidity. Animals
were observed closely during exposure. Time of onset of labored
breathing was noted as well as time of death. Animals that survived
exposure were observed for 21 days, at which time all animals were
sacrificed.

Strain Differences/Adaptation Study

Guinea pigs were exposed in the Laskin type chambers in four
exposure groups of 12 animals each. Each group consisted of three
randomly selected Charles River Hartley, Camm Hartley, Camm
English Shorthair, and NIH strain 13 animals. Exposure groups A and
B were exposed for 45 min to sulfuric acid concentrations of 30 and
36 mg/m3, respectively. Exposure groups C and D were exposed for
45 min to concentrations of 32 and 36 mg/m3, respectively; immedi-
ately prior to exposure, however, groups C and D were also exposed
to a gradually increased sulfuric acid concentration (5 mg/m3

increased to 25 mg/m3 over an approximately 1.5-hr period). Our
studies of pulmonary function and particle size suggested that an
observer could visually detect a guinea pig with labored breathing
and also discern differences in the severity of an animal's labored
breathing. In this study one of us (W.K.J.), who was unaware of
exposure history, scored each animal's dyspnea on a scale of 0 to 6 at
the end of the exposure period. Labored breathing was scored as
follows: None, 0; slight, 1; slight to moderate, 2; moderate, 3;
moderate to severe, 4; severe, 5; very severe (i.e., gasping with mouth
open), 6. All exposures were to a particle size of approximately l-;um
MMAD and a relative humidity of approximately 70%.

RESULTS

Pulmonary Function Study

Animals exposed to sulfuric acid aerosols did not differ from
controls except for one animal exposed to 14.6 mg/m3, three
exposed to 24.3 mg/m3, and four exposed to 48.3 mg/m3. In these
animals severe labored breathing developed suddenly during the first
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20 min of exposure. Two of the animals exposed to the 24.3 mg/m3

concentration died approximately 35 min after the start of exposure,
and two of the animals exposed to the 48.3 mg/m3 concentration
died approximately 25 min after exposure. With the onset of labored
breathing, dynamic compliance usually decreased from baseline
values to 70% or less of baseline within seconds. Total pulmonary
resistance tended to increase gradually during the first 45 min of
exposure. Figure 1 illustrates the dynamic compliance and total
pulmonary resistance changes in responsive and nonresponsive
animals from the two highest exposure levels.

Particle Size Study

Figure 2 illustrates that the acute toxic effects from the 0.8-ixm
aerosol were far greater than those from the 0.4-^m aerosol. At the
0.4-jum particle size, all animals that died did so during exposure. At
the 0.8-iLtm particle size, all but four of the deaths occurred during
exposure. Based on probit analysis, the LC5 0 for deaths to 21 days
after exposure was estimated at 30 mg/m3 for the 0.8-jUm aerosol.
The LC5 o for the smaller aerosol was > 109 mg/m3; it could not be
precisely estimated, since we could not achieve higher concentrations
and maintain the 0.4-/im particle size.

The observations prior to death differed for the two. aerosols. For
both particle sizes, the animals that died developed severe labored
breathing prior to death, but the time interval between labored
breathing and death differed markedly for the two particle sizes.
Although five animals died during exposure to both the 32 mg/m3

concentration of 0.8-/um particle size and the 109 mg/m3 concentra-
tion of 0.4-jum particle size, the mean time between onset of dyspnea
and death was 191 min for the 0.8-jitm aerosol but only 16 min for
the 0.4-juru aerosol.

Strain Differences/Adaptation Study

The results of this study are presented in Fig. 3. The NIH strain
13 group appeared more sensitive than the other groups. We cannot
conclude, however, that the NIH strain 13 guinea pig is inherently
more susceptible to sulfuric acid aerosol-induced dyspnea, because
subsequent histologic examination revealed that the NIH strain 13
animals had a preexisting Bordetella brbnchopneumonia at the time
of exposure. Animals seemed to adapt to the dyspnea-producing
action of inhaled sulfuric acid aerosols since the exposures to the
gradually increased concentrations (exposure groups C and D)
resulted in fewer animals with labored breathing and less severe
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Fig. 1 Dynamic compliance and total pulmonary resistance changes
for individual animals exposed to sulfuric acid concentrations.
Values represent (1) the mean of the four measurements made
during exposure or (2) the last values before death for animals that
did not survive exposure. Values for responsive animals are enclosed
by the box W the upper left. • , concentration of 24.3 mg/m3. • ,
concentration of 48.3 mg/m3.
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Fig. 2 Mortality resulting from 8-hr exposures of Hartley strain
guinea pigs to sulfuric acid aerosols. , mortality to 21 days after
exposure. , mortality during the exposure period, o, 0.4-jum
particles. • , 0.8 ym particles. [From Wolff et al., Toxicity of 0.4 and
0.8 jUm Sulfuric Acid Aerosols in the Guinea Pig, in Journal of
Toxicology and Environmental Health; 5(6): 1042(1979) by permis-
sion of Hemisphere Publishing Corporation, Washington, D. C. ]

dyspnea than in animals exposed to an abruptly increased sulfuric
acid concentration (groups A and B).

DISCUSSION

Our results suggest that the guinea pig may react with severe
airway constriction when exposed to sulfuric acid aerosols. The
guinea pig's labored breathing can be inhibited with atropine
(Brownstein, Silbaugh, and Christianson, 1978; Pattle, Burgess, and
Cullumbine, 1956), which suggests involvement of the parasympa-
thetic nervous system in the response. It is possible that sulfuric acid
or substances released after exposure to sulfuric acid, e.g., histamine
(Cavender et al., 1977; Charles and Menzel, 1975), stimulate airway
irritant receptors and reflexly trigger airway constriction. Since
irritant receptors may also be stimulated by airway constriction, a
positive feedback situation could develop (Mills, Sellick, and Widdi-
combe, 1969). Such a mechanism could account for the essentially
all-or-none response observed.
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Fig. 3 Labored breathing in four groups of guinea pigs. I I,
animals exposed to 30 or 36 mg/m3 concentration of sulfuric acid
aerosol for 45 min (i.e., exposure groups A and B). EZ3, animals
exposed to 32 or 36 mg/m3 concentration of sulfuric acid aerosol
for 45 min; they were also exposed to a gradually increased sulfuric
acid concentration immediately preceding the 45-min exposures
(i.e., groups C and D). Numbers above each bar indicate relative
severity of labored breathing as detected by an observer who was
unaware of exposure history.

The different toxicities observed for the 0.8- and 0.4-/zm aerosols
may be related to differences in total and/or regional airway
deposition for the two aerosols. Preliminary results from this
laboratory suggest that upper airway deposition is greater for an
0.8-fxm sulfuric acid aerosol than for a 0.4-jum aerosol (A. R. Dahl,
Inhalation Toxicology Research Institute, personal communication,
1979) and it is in the upper airway regions where irritant receptors
may be most concentrated (Widdicombe, 1977). At present we can
only speculate concerning the reason for a shorter time period
between the onset of labored breathing and death for the 0.4-jum
aerosol. It is possible that once airway constriction is initiated (i.e.,
the onset of dyspnea), total and regional deposition characteristics
for the two aerosols become altered and result in stronger receptor
stimulation by the 0.4-jum aerosol.

The results of the strain differences/adaptation study suggested
interesting characteristics of the guinea pig's acute response to
inhaled sulfuric acid aerosols. Relatively brief exposure to a gradually
increased sulfuric acid concentration apparently protects the guinea
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pig from dyspnea. Likely mechanisms of this effect include receptor
adaptation and/or alterations in airway clearance of the sulfuric acid.
The greater sensitivity of animals of the NIH strain 13 suggests that
guinea pig populations may differ in their response to sulfuric acid
inhalation. We do not know, however, if the differences we observed
were due to strain differences or to differences in the initial
respiratory health of the animals. Both explanations are plausible.
Guinea pig strain differences in susceptibility to anaphylaxis and
chemical mediators have been reported previously (Takino, Sugahara,
and Horino, 1971; Stone et al., 1964). Stone and co-workers found
that the susceptibility of the NIH strain 13 guinea pig to acute
anaphyiaxis was less than that of the Hartley strain and that total
lung histamine in the Hartley strain was nearly twice that of NIH
strain 13 animals. Differences in respiratory health have also been
shown to influence airway responses to inhaled agents. Empey et al.
(1976) exposed humans to histamine and citric acid aerosols and
found that subjects with upper respiratory tract infections were
significantly more sensitive (as measured by increases in airway
resistance) than normals.

The guinea pig may be a suitable animal model for humans with
hypersensitive airways; its dyspneic response to sulfuric acid inhala-
tion is in many ways similar to a human asthmatic attack. Our results
suggest that factors such as particle size, exposure mode, respiratory
health, and inherited characteristics might markedly influence the
guinea pig's dyspneic response to sulfuric acid inhalation. It is
possible that these factors also influence the human asthmatic
response to sulfur-containing aerosols.
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The Use of Pulmonary Lavage Fluid in Screening
for Early Indicators of Lung Injury

R. F. HENDERSON, A. H. REBAR,* D. B. DeNICOLA,* and
T. R. HENDERSON
Inhalation Toxicology Research Institute, Lovelace Biomedical and
Environmental Research Institute, Albuquerque, New Mexico

ABSTRACT
Analysis of lung airway fluids can be used to detect acute injury in the lung in
the same manner that blood and urine analyses are used to detect injury in other
body organs. We have observed different lavage fluid profiles with different
injury models. In diffuse lung injury caused by inhaled CdCl2, both biochemical
and cytologic parameters indicative of injury were increased within 1 day of the
exposure. In a multifocal, terminal bronchiolitis from NO2 inhalation, the
cellular response was observed first, followed by the biochemical response. In
upper airway damage from the inhalation of H2SO4 mist, only the amount of
sialic acid in the airways was increased. In animals exposed to CrCl3, in which no
histopathologic evidence of injury was observed, only the acid phosphatase
activity in the lavage fluid was elevated. Thus an increase in this enzyme alone is
an indicator of only a mild irritant response in the deep lung. Lavage fluid
screening for lung injury offers a rapid, economical means of identifying those
substances that have the greatest potential for producing pulmonary damage.

There is a need for rapid, economical means of screening potentially
toxic airborne materials for pulmonary toxicity. As a bridge between
short-term, in vitro cytotoxicity testing and more expensive, long-
term chronic testing in whole animals, we have developed a
short-term, in vivo test to determine levels of inhalable material
which are acutely toxic to the lung. The test is based on the principle
that analysis of body fluids, such as blood and urine, can be used to
detect body injury or disease. In this study we have used analysis of

*Present address": Department of Veterinary Microbiology, Pathology, and
Public Health, School of Veterinary Medicine, Purdue University, Lafayette, Ind.
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lung airway fluids to detect pulmonary injury. Our paper reports on
the development of this system and of the airway fluid profiles that
were found in four types of acute lung injury.

METHODS

Animals

All animals used in the studies were either Syrian hamsters
[Sch:(SYR)] or Fischer-344 rats (COB CD F/Crl BR). Animals were
young adults (12 to 20 weeks old), housed individually (hamsters) or
in pairs of the same sex (rats). Food (Lab Blox, Allied Mills, Chicago)
and water were available ad libitum; bedding material was aspen
wood shavings. The polycarbonate cages were changed weekly; water
bottles were changed twice weekly.

Exposures of Animals

Exposure of Syrian hamsters to Triton X-100 was by lavage as
described previously (Henderson, Damon, and Henderson, 1978;
Damon et al., 1979). Exposure of hamsters to CdCl2 and CrCl3 was
nose-only in unsedated animals by using the Lovelace multianimal
exposure apparatus (Raabe et al., 1973). Details of the exposure have
been published (Henderson etal., 1979b). Fischer-344 rats were
given whole-body exposures to H2SO4 in Laskin-type chambers
(Henderson et al., 1978c). Animals were caged individually and given
water ad libitum during the 6-hr exposures. The H2 SO4 aerosol was
generated by injecting SO3 vapor into a humid airstream; the
particles had a mass median aerodynamic diameter of 0.7 fim. Syrian
hamsters were exposed to NO2 in the same type of exposure
chambers used for the H2SO4 exposures. Animals were caged
individually and given food and water ad libitum during the 48-hr
exposure (DeNicola, Rebar, and Henderson, 1979). The NO2 was
generated from the dimer N2 O4 .

Sampling of Airway Fluids

Airway fluids were sampled by bronchopulmonary lavage with a
0.15M saline solution. When the lavage was done in living animals,
the technique of Mauderly (1977) was used. The animals were
sacrificed by cervical dislocation while anesthetized by 5% halo thane,
the lungs were removed, and the lavage procedure was performed on
the excised lungs. Whether the lavage was performed in vivo or in
excised lungs, there were two washes with a volume of saline
calculated to be 80% of the total lung capacity (Mauderly, 1977).
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Wash volumes for hamsters were approximately 4 ml; for female rats,
5 ml; and for male rats, 7 ml.

Analysis of Lavaae Fluid

The methods for enzymatic and cytological analyses of the lavage
fluid have been published (Henderson et al., 1979b; Henderson,
Rebar, and DeNicola, 1979). Fibrin degradation products (FDP)
were assayed by an agglutination test by using a commercially
available antihuman FDP (Burroughs Wellcome Co., Greenville,
N. C).

In all analyses the cellular fraction of the lavage fluid was
separated by centrifugation (300 x g for 10 min) before chemical
and enzymatic analyses were made on the supernatant. The cellular
pellet was resuspended in isotonic saline, and a total and differential
cell count was made by using a modified Romanowsky stain.

Tissue Analysis

In all studies animals to be used for histopathological evaluations
were sacrificed by intraperitoneal injection of 0.6 g/kg body weight
of sodium pentobarbital. The lungs were perfused intratracheally
with 10% formalin to a chest-filling volume, and one histopathologic
section from each lung lobe was made. For the studies involving
H2SO4 exposure, sections of the nasal turbinates, larynx, and
trachea were also made.

When biochemical analyses were made on lung tissue, the lungs
were first perfused intravascularly with isotonic saline. The perfused
lungs were homogenized in 0.25M sucrose containing 0.05M TRIS
buffer (pH 7.4). Ihe supernatant obtained after centrifugation of the
homogenate at 300 x g for 10 min was used for the enzyme analyses
described previously (Henderson et al., 1979b).

RESULTS AND DISCUSSION

The first injury model investigated was in Syrian hamsters
exposed to the surfactant Triton X-100 (Henderson, Damon, and
Henderson, 1978). The exposure was by pulmonary lavage, and the
level of extracellular lactate dehydrogenase (LDH) found in the
lavage fluid was used as a measure of immediate tissue injury. In
Fig. 1 the observed dose—response relationship is illustrated. A
comparison of the isozymes of LDH found in the lavage fluid with
the isozymes of LDH found in lung tissue, in red blood cells, and in
blood plasma suggested that the LDH was released from injured lung
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Fig. 1 Release of lactate dehydrogenate into lavage fluid of Syrian
hamsters exposed to Triton X-100.

tissue rather than from lysed red blood cells or blood plasma.
Further, the iron content of the lavage fluid remained constant
during the rise of LDH, which indicated again that the LDH was not
primarily from lysed red blood cells.

With these indications of the value of lavage fluid in detecting
lung tissue injury, a more extensive test of the system was made.
Syrian hamsters were exposed by inhalation to two levels of a known
toxic metal, CdCl2, and to two levels of a metal salt with low
toxicity, CrCl3 (Henderson et al., 1979b). Animals were sacrificed at
various times after exposure, and the lavage fluid from the excised
lung was examined to determine if analysis of the lavage fluid could
clearly distinguish between the lung's response to a toxic vs. a
foreign, but relatively nontoxic, inhaled material. The number of
assays made on the lavage fluid was expanded to the list shown in
Table 1. The LDH assay was continued as a good indicator
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TABLE 1

Parameters Measured in Lavage Fluid

Parameter Indication

Cytoplasmic enzymes: Membrane damage
Lactate dehydrogenase; glucose-6P-dehydrogena*e

Lysosomal enzymes: Phagocytic activity
Acid phosphatase; beta-glucuronidase

Membrane enzyme: Broken membranes
Alkaline phosphatase

Mucin component: Increased mucin secretion
Sialic acid

Cell count: Inflammatory response
Total; differential

of membrane-damaged or lysed cells. Glucose-6P-dehydrogenase
(G6PDH) was added since it, like LDH, is a cytoplasmic enzyme and
should be increased in tissues during repair processes. Alkaline
phosphatase was measured because it is a membrane-bound enzyme
and should be released if membranes are broken. Acid phosphatase
and beta-glucuronidase were measured as marker enzymes for
lysosomal enzymes that might be released by phagocytic cells in an
inflammatory response. Total soluble protein was determined as a
measure of the transudation of serum protein from the breakdown of
the alveolar-capillary barrier. Airway protein had been shown to be a
useful indicator of damage in radiation (Henderson et al., 1978a) and
oxidant (Alpert et al., 1971) injury to the lung. Sialic acid content
was measured to determine the amount of mucin secretion. Total
and differential cell counts were made to indicate any influx of
mononuclear or polynuclear phagocytic cells. The same enzymes
were also measured in the lung tissue (after perfusion intravascularly)
to determine whether the enzyme profile of the lavage fluid or of the
tissue was the better indicator of lung injury.

The results observed for one enzyme, LDH, in the CdCl2 -exposed
animals illustrate the overall response seen for several of the
parameters measured (Fig. 2). The response in the lavage fluid was
seen only in animals exposed to the higher level of CdCl2 (which
resulted in an average of 4.4 ng CdCl2 deposited in lung). The LDH
was greatly elevated in the lavage fluid at 1 day after exposure, was
still elevated, but diminished, by 1 week, and was back to control
levels by 3 weeks. The response seen in the tissue occurred at a later
time and was much smaller in magnitude than the changes seen in
lavage fluid.
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Fig. 2 Response of the lung to inhaled CdC]2. Heavily outlined bars
indicate data from animals with an initial lung burden of 4.4 ± 1.2
jug/lung; lightly outlined bars indicate data from those animals with
deposits of 0.6 ±0 .3 jug/lung. Values that are significantly different
from controls are marked with a • (P < 0.05 by Mann-Whitney U
test). The standard deviation of the control values is indicated by the
crosshatched area. The T bars on the larger ban indicate the
standard deviation for the mean of the experimental group (n = 4) as
a percentage of the control mean value. The values for the four
control animals sacrificed at each of the four sacrifice times have
been combined, (a) Lactate dehydrogenase activity in lavage fluid,
(b) Lactate dehydrogenase activity in lung tissue. [From R. F.
Henderson, A. H. Rebar, J. A. Pickrell, and G. J. Newton, Early
Damage Indicators in the Lung. III. Biochemical and Cytological
Response of the Lung to Inhaled Salts, Toxicology and Applied
Pharmacology. 50: 123-136 (1979); by permission of Academic
Press, Inc., New York, N. Y. ]

Other parameters which showed a response similar to that of
LDH were the enzyme activities G6PDH, alkaline phosphatase, and
acid phosphatase, and the sialic acid content. Soluble protein was
significantly elevated in the lavage fluid only at 1 day after exposure.
The nucleated cell counts in the lavage fluid (Fig. 3) were typical for
an inflammatory response, with an initial rise in polymorphonuclear
leukocytes (PMN's) followed by a rise in mononuclear phagocytes.
Histopathologic studies of the lung tissues from the CdCl2 -exposed

.
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Fig. 3 Nucleated cells in lung lavage fluid from cadmium-expoaed
hamsters.

hamsters correlated well with the biochemical and cytological
changes seen in the lavage fluid (Fig. 4). Airway damage was
apparent at 1 day after exposure when lavage fluid parameters
showed the greatest elevation, but diffuse damage to the tissue was
not observed until the sacrifice time at 1 week when enzyme levels in
tissue were first elevated. Thus the analysis of lavage fluid gave an
earlier and more sensitive indication of the developing lung pathol-
ogy than could be determined from biochemical analysis of the tissue
itself.

The only parameter (biochemical or cytologic) showing an
elevation in the lavage fluid from CrCl3 -exposed animr"- was the acid
phosphatase level in the animals exposed to the higher level of the
metal salt (which resulted in an average of 20 fig CrCl3 deposited in
the lung). This was also the only parameter elevated in the lavage
fluid from animals exposed to the lower level of CdCl2 (which
resulted in an average of 0.6 jig CdCl2 deposited in the lung). In both
instances, i.e., for low-level CdCl2 exposure and for high-level CrCl3
exposure, there was no histopathological evidence of lung injury.
Thus an elevation of acid phosphatase by itself appeared to be an
indication of an irritant response rather than of a significant lung
injury.
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Having examined the changes seen in the histochemical and
cytological profile of lavage fluid in response to diffuse lung injury,
we examined lavage fluid from animals with a multifocal injury in
the terminal bronchioles. Syrian hamsters were exposed to increasing
levels of NO2 (e.g., 12,17, and 22 ppm for 48 hr), which produced a
graded response characterized by a necrotizing terminal bronchiolitis
(DeNicola, Rebar, and Henderson, 1979). The response, as measured
both in the lavage fluid and by histopathologicai examination,
peaked at 48 hr after initiation of the NO2 exposure. The most
responsive parameters measured in the lavage fluid are illustrated in
Figs. 5 and 8. Glutathione reductase activity was measured because it
should play a role in the lung's defense against oxkiant injury.
Although the biochemical parameters measured responded in a
dose-dependent manner, by far the most sensitive indicators of this
type of multifocal injury were the cell counts, especially of the
polymorphonuclear leukocytes (PMN's) (Fig. 6).

For a model of upper airway injury, Fischer-344 rats were
exposed to 1, 10, and 100 mg/m3 (threshold limit value, 1 mg/m3)
of H2SO4 mist for 6 hr (Henderson et al., 1978c). In this study, in
addition to the previously mentioned damage indicators, we
assayed fibrin degradation products (FDP) both in the Javage fluid
and in the blood serum of the rats. These FDP's are ehemotactic
breakdown products formed when fibrin is deposited in clots at
sites of endothelial injury. Such products should be present at sites
of injury even earlier than the cellular infiltrates they help to induce.

Histologic examinations of the lung lobes, larynx, trachea, and
nasal turbinates at 1 day after the exposure showed no major effects
at any level. The lavage fluid, however, did show a slight (up to 31%)
dose-dependent increase in sialic acid content, and the blood serum
showed detectable quantities of FDP up to 1 week after exposure to
all levels of H2 SO4. No FDP was found in control animal sera. The
FDP was not detectable in the lavage fluid from either the control or
the exposed animals. Since pulmonary lavage washes the airways
posterior to the larynx, any injury that occurred in the larynx or
anterior to the larynx would not be detectable by the lavage fluid
screen. However, such an injury could increase the FDP in the serum.
Thus the presence of FDP in the sera of exposed animals, but not in
the lavage fluid, appears to be an indication of upper airway (anterior
to or including the larynx) damage. Sialic acid, however, is a part of
the mucin secreted by goblet cells located posterior to the larynx,
and the slight increase in this material is indicative of an effect on the
airway just posterior to the larynx.

Table 2 summarizes the acute-injury models used and the lavage
fluid profile for each type of injury. If the lavage fluid from an
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Fig. 4 Syrian hamster lung tiisue after exposure to CdClj (mean
deposition in lung, 4.4 jig). (Hematoxylin and eosin stain. Magnifica-
tion, 160 X.) (a) Two hours after exposure, (b) One day after
exposure. Low magnification of a bronchiole and surrounding
alveoli. There is necrosis and losk of bronchiolar lining cell* centrally.
Alveolar capillaries are congested.
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Fig. 4 (Continued) (c) One week after exposure. Severe interstitial
pneumonia with obliterations of alveoli. The predominant inflam-
matory cell* are mononudear cell* and lymphocytes. The bron-
chiolar lining cells have undergone squamoua metaplasia, (d) Three
weeks after exposure. Slightly thickened hypercellular alveolar walls
can be seen.
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Fig. 5 Analysis of lavage fluid from Syrian hamsters exposed to
NO2 for 48 hr. Analyses were made at the end of the exposure. Each
point is the mean value of samples from six animals. LDH, lactate
dehydrogenase activity. Glu red, glutathione reductase sctivity.
Acid phoc, acid phosphatase activity. Macrophages, macrophage cell
count.

800

Fig. 6 Airway infiltration of polymorphonuclear leukocytes
(PMN's) in response to N 6 2 exposure (48 hr) in Syrian hamsters.
Each point is the mean value from analysis of samples from six
animals.
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TABLE 2

Lavage Fluid Profiles in Different Types
of Acute Pulmonary Injury

Toxicant Type of injury Lavage fluid response

CrCl3 Irritant Acid phosphatase
CdCl2 Diffuse Biochemical and cytologic
NOj Multifocal Increased leukocytes
H2 SO4 Upper airway Sialic acid

exposed animal shows no change other than an elevated acid
phosphatase level, an irritant response is indicated. If biochemical
and cytologic changes consistent with injury occur simultaneously
soon after the exposure, then a diffuse lung injury is indicated. When
cytologic changes occur prior to detectable enzymatic changes, a
multifocal injury such as that seen in NO2 injury may be indicated.
Upper airway damage in the absence of deep-lung involvement can be
detected by a rise in sialic acid in the lavage fluid.

With the exception of the initial studies on Triton X-100
toxicity, in which pulmonary lavage was performed in vivo, all the
lavage fluid screens have been done in serial sacrifice studies in which
excised lungs were lavaged. Pulmonary lavages can be performed in
vivo and even sequentially in the same animal if such an invasive
technique is consistent with the experimental objectives of the study
involved. Baseline values of some biochemical and cytologic parame-
ters are elevated in in vivo lavage fluid as compared with fluid from
excised lungs (Table 3) (Henderson et al., 1978b; 1979a). If pul-
monary lavage is to be performed in vivo or sequentially in the same
animal, the Syrian hamster is the small animal that we have found
responds best to the procedure (Mauderly, 1977).

The above discussions have emphasized the usefulness of pul-
monary lavage in detecting acute injury to the lung and the
inflammatory response of the lung to such an injury. Analysis of
lavage fluid also has the potential for detecting developing chronic
pulmonary conditions, such as fibrosis, emphysema, or even neo-
plasia, if sensitive and specific indicators could be determined.
Future work on this screening system will be directed toward
determination of indicators of specific types of acute lung injury as
well as indicators of developing chronic lung pathology. At present,
pulmonary lavage fluid can be used as a rapid, economical screen for
acute pulmonary injury. The screen should be especially useful in
evaluating large numbers of potentially toxic environmental pol-
lutants.
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TABLE 3

Effect of Method of Lavage on Lavage
Fluid Contents*

Hamsters Rats Rabbits

Lactate dehydrogenase
Alkaline phosphatase
Protein
Sialic acid

1.6
1.2
1.3
1.9

1.5
1.8
2.3
1.9

1.4
1.0
1.5
1.2

•Ratio of mean values obtained from six animals in
each group (in vivo/excised lung).
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ABSTRACT

Preliminary studies showed that alpha irradiation following inhalation of
plutonium-239 dioxide in the rat increased collagen content in the lung. In this
study we evaluated content and biosynthesis of collagen and noncollagen
proteins 200 and 400 days after 239PuO2 inhalation (100 to 150 nCi initial lung
burden). After sacrifice lungs were minced and incubated in vitro 5 hr with I 4 C
proline. Proteoglycans, collagen, and elastin were separated by biochemical
dissection. The results indicated the following biphasic effect of inhaled
239PuO2 on the pulmonary connective tissue: (1) A significant increase
(P=C0.01) of soluble noncollagen proteins correlated to a decrease of the
insoluble fraction was observed 200 days after inhalation. Similar parameters
were not significantly different in controls and irradiated rats after 400 days. (2)
Soluble and nonsoluble collagen contents increased by a factor of 3 and 1.5,
respectively, 200 days after inhalation, with no effect, after 400 days. (3)
Biosynthesis of noncollagen connective-tissue components were two to five
times lower than in controls 200 days after inhalation and only two times lower
than controls at 400 days. (4) Collagen biosynthesis was decreased and
represented 18 to 26% of the controls for the soluble and insoluble fractions at
200 days, but it was normal at 400 days.

Experience has shown that the most likely route of contamination of
alpha radionuclides in man is through inhalation exposure, which
creates a potential health hazard at both occupational and environ-
mental levels. The lesions after plutonium dioxide inhalation by rats
in our laboratory were dose dependent. Radiation pneumonitis
(Masse et al., 1975), then pulmonary fibrosis with histologically
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evident scars, and, finally, pulmonary carcinoma (Lafuma et al.,
1974a, 1974b; Masse, paper in this volume) were observed.

Pulmonary irradiation has been shown to cause lung fibrosis.
Preliminary studies have shown that internal alpha irradiation
following inhalation of plutonium-239 oxide in rats increased
collagen content in the lung (Metivier et al., 1978a). This increase
was found maximal at 200 days, with the highest dose and collagen
dropped back to control values after 400 days in rats with the same
initial lung burden (ILB) or the same total dose. The same biphasic
effect was observed after 2 3 8PuO 2 inhalation by hamsters (Pickrell
et al., 1976). In our previous studies a further increase was observed
later on. largely related to oncoming death.

The purpose of our research was to study simultaneously content
and biosynthesis of collagen and noncollagen proteins 200 and 400
days after 2 3 9PuO2 inhalation by the biochemical dissection of
connective tissue after in vitro [] 4 C] proline incorporation.

MATERIALS AND METHODS

Animals

A total of 76 female rats (Wistar strain) were used. Their body
weights ranged from 200 to 220 g at inhalation (at 12 weeks of age).
They were housed eight per cage, fed a standard diet, and allowed
water ad libitum. Inhalation of plutonium dioxide particles was
carried out without anesthesia (Metivier et al., 1974). The oxide was
prepared by calcining plutonium peroxide at 1000°C, grinding it, and
reheating at 1000°C to obtain stoichiometric PuO2 - The count
median diameter (CMD) of the aerosol was 0.61 ptm (a = 1.28). The
ILB (in the pulmonary compartment) was determined 1 week after
inhalation by in vivo X-ray counting of 2 3 9 Pu daughter products
with a proportional counter.

Animals were killed by exsanguination after nembutal anesthesia.
The bled lungs were removed and weighed. Table 1 shows the
sacrifice schedule, number of rats, ILB, and dose. Dose was averaged
over the entire lung tissue by using a single exponential decay due to
lung clearance. Simultaneously in each group some nonirradiated rats
were used as controls.

Incorporation of Radioactive Proline In Vitro

Lung samples were divided into approximately 1- to 2-mm
sections and were rinsed with cold saline solution (0.15M NaCl) until
a colorless solution was obtained.
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TABLE 1

Number of Rats, Sacrifice Day, Initial Lung Burden (ILB),
and Dose for Each Group of Animals

Group

A,
A2

Bi
B2
B3

Day of
sacrifice

200
200

400
400
400

ILB,
J/Ci

7.5
148

5
17
54

Dose,
rads

140
4500

180
580

3000

Number

Irradiated

12
8

10
10

8

of rats

Control

4
6

6
6
6

The sections were next incubated in air for 5 hr at 37°C
(Bradley, McConnell, and Crystal, 1974) by gentle shaking in 10 ml
of culture medium composed as follows: MEM (Eagle's minimum
essential medium, Difco ref. 5072), pH 7.4, with 2jumole of adenosine
triphosphate, 10 ;uCi of (U—l 4C]L-proline (ref. CB 18 CEA, France,
200 to 250 mCi/mmole) to which 10% of homologous serum is added
to inhibit tissue proteases liberated during the preparation of the
samples. After incubation the samples were chilled, and the medium
was pipetted. Then the samples were rinsed three times with a cold
solution of 0.15M NaCl containing 1% of nonradioactive proline. The
tissue was next homogenized and centrifuged at 10,000 x g; the
supernatant was removed and the pellet washed two to three times in
10 cm3 of 0.15M NaCl and centrifuged. All supernatant solutions
were combined. This mixture is termed the MEM fractions.

Extraction Procedure

The homogenized samples of lung tissue were dried and fat freed
twice during 24 hr in a mixture of butanol—acetone (1 : 1, vol./vol.).

The procedure steps were as follows:
1. A first extraction was achieved with the following buffer

solution: 1M NaCl, buffer TRIS 0.1M, pH 7.8, to which had been
added three protease inhibitors, i.e., phenyl methane sulfonyl
fluoride (3 mg/liter), p-chloromercuribenzoate (3 mg/liter), and
soybean trypsin inhibitor (3 mg/liter) (Timpl et al., 1975). This
extraction was repeated five times during 24 hr. All supernatants
were combined and termed the NaCl fraction.

2. A second extraction was carried out on the insoluble residue in
5M guanidine chloride solution (pH 7.4). This extraction was



PULMONARY CONNECTIVE TISSUE AFTER INHALATION OF 239PuO, 395

repeated five times during 24 hr. All these extracts were combined
and called the guanidine 1 extract.

3. A third extraction done on the insoluble residue by auto-
clavage five times for 1 hr in distilled water (Partridge, Davis, and
Adair, 1955).

4. A fourth extraction was then carried out in 5M guanidine
chloride solution (pH 7.8) containing 0.2M mercaptoethanol (Ross
and Bornstein, 1970). This extraction was repeated five times during
24 hr. It was called the guanidine 2 extract.

Before chemical analysis, the NaCl and guanidine fractions were
dialyzed against distilled water.

Analytical Procedures

The protein content was determined according to Lowry's
procedure (Lowry et al., 1951) with bovine serum albumin (BSA) as
standard for the NaCl and guanidine fractions and with collagen
(ref. C 1633 Sigma) as the standard for the autoclavage fraction that
showed a high content of collagen. Hydroxyproline was determined
after acid hydrolysis of the sample (6AT HC1, at 110°C, 6 hr in 2
sealed flasks) (Stegemann, 1958). Proline and hydroxyproline were
separated by Dowex 50W chromatography with pyrid in—acetic acid
buffered to pH 2.65, according to Frey (1969), after hydrochloric
hydrolysis. Hydroxyproline was determined as just described and
proline according to Troll and Lindsley (1955). The hexosamines
were determined according to Antonopoulos (1966). Hexoses were
estimated by the orcinol method (Montreuil and Spik, 1963). Beta
radiometry was performed by liquid scintillation counting.

RESULTS

Protein distribution in each extract is given in Table 2. There
were a few differences between controls and irradiated rats
at low doses (in groups A, , B , , and B2). At higher dose levels of
PuO2 (in group A2), the increase of proteins in the NaCl and
autoclavage extracts and the decrease of proteins in the two
guanidine extracts were observed 200 days after inhalation. Some
modifications were again observable 400 days after inhalation (in
group B3).

Hexose and hexosamine contents of these proteins are given in
Table 3; no significant modifications could be detected by our
methodology between controls and irradiated rats.
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TABLE 2

Distribution of Proteins in Different Extracts

Animals

Control

Irradiated

Control

Irradiated

Control

Irradiated

Control

Irradiated

Control

Irradiated

NaCl

8.3 ± 0.33
10

9.0 ± 2.0
8.4

7.8 ± 0.7
7.2

16.4 ± 1.4
15.6t

7.9 ± 0.6
6.8

8.4 ±1.0
7.0

9.0 ± 0.5
7.5

9.7 ± 0.8
7.5

9.7 ± 0.9
9.1

10.3 ±1.2
10.4

Protciiw

Extract 1

24.9 ±3.9
29.9

37.5 ±5.4
35.4*

35.1 ±3.0
32.2

29.1 ±3.7
27.6t

55.8 ± 3.7
48.1

54.8+5.2
45.7

20.1 ± 2.5
16.8

22.6 ±5-1
17.5

29.7 ± 3.0
28.0

25.5 ± 3.0
25.5*

in extract!, mf/lunf

Guanidine

* Extract 2

Rat Group A,

24.1 ±3.1
29

26.2 ± 3.6
24.7

Rat Group A2

18.6 ± 1.9
17.1

14.4 ± 1.9
13.7f

Rat Group B,

20.4 ±3.1
17.6

22.5 ±4.1
18.8

Rat Group B2

54.0 ± 7.0
45

53.8 ± 7.3
41.7

Rat Group Bj

30.6 ± 4.4
28.9

24.5 ± 5.0
24.5«

± SD and % of total proteins

= Total

49.0 ± 4.2
58.9

63.7 ± 8.6
60.lt

53.7 ± 4.3
49.3

43.5 ± 3.8
41.3t

76.2 ± 5.8
65.7

77.3 ± 7.9
64.5

74.1 ±8.0
61.8

76.4 + 9.2
59.2

60.3 ± 6.2
56.9

50.0 + 7.5
50*

Autodanfe

22.3 ± 2.3
26.8

29.8 ± 5.1
28.1*

35.9 ± 3.3
32.9

39.5 ± 3.0
37.5*

26.9 ± 2.3
23.2

29.4 ± 4.3
24.5

27.7 + 2.6
23.1

34.3 ± 4.4
26.6t

28.3 ± 2.4
26.7

31.8 ±3.3
31.8*

Xanduc

3.7 ± 0.7
4.3

3.6 ± 0.4
3.4

11.8 ±0.5
11.8

5.9 ± 1.0
5.6t

4.6 ± 0.6
4.0

5.4 + 1.5
4.5

9.0 ± 0.8
7.4

8.8 ±1.0
6.8

7.5 ± 0.7
7.1

7.2 ± 1.1
7.2

•Difference between irradiated and control groups is statistically significant, F < 0.05.
tDifference between irradiated and control groups is statistically significant, P ^ 0.01.

Specific radioactivities of each extract after incubation in vitro
are given in Table 4. Comparisons were made only in the same group
where incubation led to the same conditions with the same brand of
[I4C]proline. Two hundred days after inhalation, we observed a
decreased incorporation in irradiated rats compared with cc vtrols.
This decrease was dose dependent and maximal for group A2 . The
effect was weaker after 400 days; significant differences were
observed only in group B 3 .

Hydroxyproline content of each extract is given in Table 5.
Results show a reproducible distribution of hydroxyproline (or
collagen content) in each extract. Highest values were observed in
autoclavage fractions where mainly polymeric collagen is to be
found. Significant increase of hydroxyproline content in the NaCl,
guanidine 1, and autoclavage fractions was observed 200 days after
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TABLE 3

Hexose and Hexosamine Content of the Extracts, Expressed
as Percentage of Proteins

Ani-
mals

Con-
trol

Irradi-
ated

Con-
trol

Irradi-
ated

Con-
trol

Irradi-
ated

Con-
trol

Irradi-
ated

Con-
trol

Irradi-
ated

NaCI

Hexoses

4.0

4.3

8.3

8.9

12.3

13.2

10.3

11.7

12.6

16.7

Hexos-
amines

2.6

2.9

2.2

3.7

2.0

3.2

2.6

3.0

1.5

2.4

Guanidine 1 Guanidine 2

Hexos-
Hexoses amines Hexoses

Rat Group A,

1.95 0.51 1.1

1.66 0.44 1.4

Rat Group A 2

2.5 1.2 2.3

3.2 1.4 2.4

Rat Group B,

3.0 0.65 3.2

2.9 0.65 2.9

Rat Group B2

4.7 1.6 1.42

4.7 1.3 1.62

Rat Group B3

4.64 1.3 1.02

5.38 1.4 1.3

Hexos-
aniines

0.40

0.41

0.38

0.29

0.2

0.2

0.17

0.15

0.09

0.13

Autoclavage

Hexoses

4.9

4.1

4.5

3.2

4.4

3.8

4.1

3.7

3.9

3.6

Hexos-
amines

0.87

0.73

1.05

0.79

1.2

1.2

1.23

0.73

0.78

0.65

inhalation, whatever the dose, and 400 days after inhalation only for
the autoclavage fraction of group B2 and the guanidine 1 for group
B3 .

Specific radioactivities of proline and hydroxyproline were
measured only for the highest dose groups (Table 6). The specific
radioactivities of the two amino acids Were largely diminished in two
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fractions 200 days after inhalation (group A2) but were similar to
controls at 400 days (group B3).

DISCUSSION

The methodology used for this experiment does not give a
specific fractionation of each macromolecule of lung connective
tissue. However, reproducibility of the fractionation of collagen
(Table 5) and noncollagen proteins (Table 2) argues for the validity
of the method.

The fluctuation observed in protein content of the two guanidine
extracts, i.e., before autoclavage (guanidine 1) and after autoclavage
guanidine associated with mercaptoethanol (guanidine 2), could be
associated with extraction conditions (Table 2). Indeed these modifi-
cations are not due to irradiation of the lungs but occur at random.
Moreover, the total content, i.e., guanidine 1 plus guanidine 2, is
relatively constant (Table 2).

Nevertheless it could be useful to maintain the guanidine 1 and
guanidine 2 extracts if we take into account the turnover of the
protein fraction. In fact, renewal of this moiety should indicate that
two distinct pools of proteins are involved: the first one, the
turnover of which is high, is always extracted in guanidine 1; the
second, slowly renewed, is extracted at random in guanidine 1 and
in guanidine 2.

Determination of hydroxyproline leads easily to collagen content
of each extract. Soluble collagen is extracted by NaCl, then by
guanidine 1; polymeric collagen, which is insoluble, is extracted by
autoclavage. In this later extract proline incorporation is lower than
in previous fractions, and the specific radioactivity of hydroxy-
proline is lower than the proline one. This is probably due to the
slow turnover of polymeric collagen (Metivier et al., 1978b) together
with a contamination by a protein with a high turnover rate. The
weight ratio of proline to hydroxyproline is comparable to other
data (Bradley, McConnell, and Crystal, 1974), but the radioactivity
ratio is very different (Table 7).

After autoclavage hydroxyproline residue could be due to
linked-elastin proteins that are difficult to extract (Robert and
Hornebeck, 1976).

We did not observe any modification of protein content in
groups A | , B , , and B2 which had inhaled low doses of plutonium.
With these same doses the life spans of comparable animals (Lafuma
et al., 1974b) were not decreased (groups A( and B,) or were only
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TABLE 4

Specific Radioactivity of Each Extract

Animals

Control

Irradiated

Control

Irradiated

Control

Irradiated

Control

Irradiated

Control

Irradiated

Radioactivity of (' 4C J praline.

NaCl

70,100
(1,100)
70,000
(1,750)

23,500
(1.600)
23,700
(6,800)

2,400
(290)

3,800
(1,800)

11,200
(2,300)
12,300
(1,650)

29,000
(3,300)
25,700
(5,000)

Guanidine

Extract 1

Rat

14,200
(4,500)
8,800*

(2,000)

Rat

15,300
(1,800)
9,960*

(3,800)

Rat

370
(50)
590

(230)

Rat

5,350
(1,150)
5,250

(1,140)

Rat

19,600
(2,100)
)6,400f
(1,400)

Extract

Group A]

4,800
(920)

2,860*
(1,000)

Group A;

2,560
(800)
575t

(250)

Group B|

110
(85)
142

(120)

Group B :

410
(140)
380

(100)

Group Bj

335
(70)
160f
(65)

dpm/mg of protein

2 Autodavage

16,000
(1,000)
9,060f

(3,500)

3,380
(760)
920f

(240)

280
(120)
360

(120)

1,650
(300)

1,040
(300)

660
(160)
31 Of
(95)

(±SD)

Residue

42,400
(7,000)
26,000*
(4,400)

24,500
(4,700)
9,600f

(3,000)

1,120
(160)

1,700
(610)

6,120
(1,400)
5,800

(1,380)

11,200
(1,030)
7,010f

(1,140)

* Difference between irradiated and control groups is statistically significant,
P < 0.05.

tDifference between irradiated and control groups is statistically significant,
P<0.01.

slightly shortened (0 to 5% in group B2) when compared with
control rats. Yet in those three groups about 15% of the animals
should develop lung tumors for group Aj and Bj equivalents and
about 30% for group B2 (Masse, paper in this volume). On the other
hand, we observed modifications at high doses (groups A2 and B3),
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TABLE 5

Distribution of Hydroxyproline in Different Extracts

Animals

Control

Irradi-
ated

Control

Irradi-
ated

Control

Irradi-
ated

Control

Irradi-
ated

Control

Irradi-
ated

Hydroxyproline, £1$

NaCl

17.9+ 2.3
0.8

26.9 ± 7.5*
0.9

15.4 ± 2.1
0.4

45.8 ± 6.2f
1.0

18.0 ±5.1
0.7

28.0 ± 14
0.9

25.0+5.6
0.9

30.8 ±5.2
0.8

29.3 ± 3.0
0.8

36.4 ± 11.0
0.9

! ± SD and % of total hydroxyproline

Guanidine

Extract 1

Rat

39.7 ± 9.9
1.8

59.9 ± 14*
2.0

Extract 2

Group Ai

26.2 ±3.1
1.2

26.3 ±7.8
0.9

Rat Group A2

82.2 ±10.6
2.3

155 ±25t
3.5

Rat

123 ± 53
4.5

143 ±40
4.3

Rat

104 ± 28
3.8

116 ±25
3.1

Rat

172 ±30
4.8

208 ± 23f
5.3

23.7 ± 5.6
0.7

36.1 ± 17.2
0.8

Group B[

24.0+ 10
0.9

31.0 ± 24
0.9

Group B2

21.5 ± 4.1
0.8

20.2 ± 3.2
0.6

Group B3

71.2 + 7.0
2.0

60.7 ± 10.0
1.5

Autoclavage

2U0±300
94.3

2830 + 340f
94.6

3310 ±370
93.2

4030+ 670*
91.5

2500 ± 300
91.7

3040 ± 300
91.7

2450 ± 230
90.8

3420 ±90f
92.5

3100+156
86.2

3410+240
86.9

Residue

44 + 3.1
2.0

44 ± 3.3
1.5

120 ± 31
3.4

140 ± 34
3.2

64 ± 10
2.4

78 ±8.1
2.4

104 ± 15
3.8

10.9 ± 21
3.0

222 ± 22
6.2

214 + 19
5.4

•Difference between irradiated and control groups is statistically significant,
P<0.05.

tDifference between irradiated and control groups is statistically significant,
P<0.01 .

increase of proteins in the NaCl and autoclavage fractions, and
decrease in the guanidine fractions. The life span of comparable
animals was shortened 20 to 30%, and 70% of the animals died with
cancer (Lafuma et al., 1974b; Masse, paper in this volume).
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TABLE 6

Irradiated/Controls Ratio of Specific Radioactivity of Proline and
Hydroxyproline in Guanidine 1 and Autoclavage Extracts

Extract

Guanidine 1

Autoclavage

Specific activity,

Irradiated group A?

Proline

0.390

0.115

Hydroxyproline

0.256

0.184

dpm/fimole

Irradiated group B3

Proline Hydroxyproline

0.912 0.717

0.971 0.855

TABLE 7

Proline/Hydroxyproline Ratio in Autoclavage Extract

Weight

Specific activity

Group

Control

1.1
23.9

A2

Irradiated

1.1
15.0

Control

1.0
21.1

Group Bj

Irradiated

1.0
23.8

Decrease of proteins in the guanidine fractions was due to the
noncollagen fraction; then hydroxyproline content of these fractions
increased slightly. The decreased incorporation observed in the
guanidine and autoclavage fractions, whatever the dose 200 days
after exposure, was not so important 400 days after inhalation and
was observable only with the highlit doses. This decrease of
biosynthesis was clearly observed in collagen since 200 days after
inhalation the specific radioactivity of hydroxyproline was lowered
to 26% of the controls in the guanidine fractions and to 18% of the
controls in the autoclavage fraction. This effect was not observed
400 days after inhalation.

A lowered biosynthesis is not consistent with the observed high
collagen content in the irradiated animals. This could be due to an
impairment of connective-tissue degradation or to a modification of
the regulation of collagen biosynthesis since previous experiir.er.is
have shown an apparent recovery of lung connective tissue between
200 and 400 days (Metivier et al., 1978a).

In conclusion, if we look at possible correlations between early
modifications of the connective-tissue component* and predictable
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late effects in rats for the same dose, collagen appears as the only
significant index. Its content and biosynthesis are early modified at
the lowest doses. •*
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A Comparison of the Effects of Inhaled
Alpha- and Beta-Emitting Radionuclides
on Pulmonary Function in the Dog

J. L. MAUDERLY, J. A. MEWHINNEY, and B. B. BOECKER
Inhalation Toxicology Research Institute, Lovelace Biomedical and
Environmental Research Institute, Albuquerque, New Mexico

ABSTRACT

Alterations of pulmonary function in representative groups of dogs developing
nonneoplastic lung disease, after single inhalation exposures to cerium-144 or
plutonium-238 in relatively insoluble particulate forms, were compared. The
inhaled particles had similar aerodynamic diameters and effective half-lives of
retention in the lung. The mean initial lung burdens of the l 4 4Ce- and
2 3 8Pu-exposed groups were 51 and 0.65 JuCi/kg of body weight, respectively.
Because of the respective ranges of the beta emissions from 144Ce and the alpha
emissions from 2 8Pu, the lungs of the ' 4 4 Ce-exposed dogs were relatively
uniformly irradiated, whereas only approximately 6% of the lung tissue of the
238Pu-exposed dogs was irradiated. The calculated average dose rates to the
irradiated tissue were similar for both radionuclides. Pulmonary function was
measured serially without sedation. Both groups developed progressive, restric-
tive lung disease, which ended in death from pulmonary failure. Dogs that
inhaled 144Ce had an early reduction of CO diffusing capacity followed by a
progressive mechanical and gas-exchange impairment similar to that reported for
dogs and men exposed to external irradiation. Dogs that inhaled 8Pu had
increased respiratory frequencies which often persisted for months before
mechanical and gas-exchange abnormalities became evident. End-stage abnor-
malities of both groups were similar. The differences in functional sequence were
apparently not related to the time at which function loss appeared after
exposure or to the rapidity of functional decline. The differences were thought
to be related to differences in dose pattern, but the exact mechanisms were not
determined.

Studies of the health effects of inhaled radionuclides in relatively
insoluble particulate forms are in progress at the Inhalation Toxicol-

404
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ogy Research Institute. A major series of studies involves single
inhalation exposures of beagle dogs to graded concentrations of
aerosol followed by life-span observation to determine the nature of
biological responses and the associated radiation dose—response
relationships. Observations of dogs that received inhalation exposures
to the beta emitter cerium-144, incorporated in fused aluminosilicate
particles, have been under way since 1969 (McClellan et al., 1970;
Hahn et al., 1978). Exposures of dogs to the alpha emitter
plutonium-238 dioxide (2 3 8PuO2) were initiated in 1974 (Mewhin-
ney et al., 1978). Both radionuclides were inhaled in relatively
insoluble particulate forms. Observations of these dogs included
physical examination and radiographic, hematologic, serum chemis-
try, respiratory function, and morphologic parameters for relating to
whole-body counting and tissue-analysis data.

The health effects resulting in death of dogs have been of two
major types, as illustrated in Fig. 1. Twenty-one dogs exposed so as
to achieve initial lung burdens of >32 fid of 144Ce/kg of body
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Fig. 1 Burden—time response of dogs dying after inhalation of
1 Ce fused aluminosilicate particles or PuO2. Dogs used in this
comparison are indicated by broken lines.

1

weight have died in cardiopulmonary failure resulting from radiation
pneumonitis and pulmonary fibrosis. Other dogs in the 1 4 4Ce study.
with initial lung burdens ranging from 5 to 54 juCi/kg, have died as a
result of neoplasia (Hahn et al., 1978); similar results have been
observed in the 2 3 8 Pu study although the initial lung burdens of
dogs that died were approximately % 0 0 as great. Seven dogs with
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initial lung burdens of >34 juCi of 2 3 8 Pu/kg of body weight have
died in pulmonary failure, whereas dogs with initial lung burdens
ranging from approximately 0.1 to 0.9 /uCi/kg have died as a result of
neoplasms (Mewhinney et al., 1978).

Clinical observations and pulmonary-function measurements have
indicated differences between the sequences of respiratory altera-
tions observed in the 1 4 4Ce- and 238Pu-exposed dogs that died of
pulmonary failure although the functional and morphological status
of the lungs in pulmonary failure was similar in the two studies
(Mauderly, Boecker, and Mewhinney, 1977). The l44Ce-exposed
dogs did not have noticeable increases in respiratory frequencies until
near pulmonary failure, whereas the frequencies of the 2 3 8Pu-
exposed dogs were often increased for several months before
pulmonary failure occurred.

This paper presents a reevaluation of pulmonary-function data
from representative groups of I 4 4Ce- and 238Pu-exposed dogs that
were tested serially during the decline of lung function. Its purpose is
to describe in greater detail the differences in functional decline in
relation to the order of appearance of various functional alterations
and the time after exposure at which the changes occurred.

METHODS

Four dogs exposed to I 4 4 Ce in fused aluminosilicate particles
(FAP) and four exposed to 2 3 8PuO2 were selected as representative
groups for the comparison. The 144Ce-exposed dogs (535T, 539B,
540U, and 542C) were part of a study in which dogs were evaluated
by seritil pulmonary-function tests and were sacrificed in different
stages of function loss (Mauderly et al., 1973a; Mauderly et al.,
1980). These dogs were selected because they had similar initial lung
burdens (Fig. 1 and Table 1). Two of the dogs (540U and 542C) died
in pulmonary failure, and the other two were sacrificed in an earlier
stage of function loss. The i38Pu-exposed dogs (718U, 726A, 746B,
and 747S) were among those receiving the highest initial lung
burdens in the life-span study (Mewhinney et al., 1978). These dogs
were selected because all developed lung dysfunction and received
repeated pulmonary-function tests. Although all four dogs died in
pulmonary failure (Fig. 1), function tests were performed on only
two of the dogs (726A and 746B) in the stage of pulmonary failure.
Though small in number, these groups had functional impairments
that were representative of dogs at the lower end of the possible
range of initial lung burdens causing pulmonary failure.
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TABLE 1

Radiation Exposure Parameters for Comparison of Pulmonary
Function Results in Dogs Exposed by Inhalation to

Relatively Insoluble Forms (FAP*) of ' 44Ce or 2 38Pu
l 4 4CeFAP 2 3 8 PuO2

Principal emissions

Particle size

Effective lung-retention
half-life.f days

Initial lung burden

Initial dose rate,
rads/day

Calculated fraction of
Jung, %

Beta particles and
gamma rays

1.8 to 2.0 (im AMAD;
ag, 1.5 to 1.6;
polydisperse

176

380 (320 to 410) (id;
51 (48 to 59) juCi/kg
of body weight

270 (220 to 340);
whole lungj

100

Alpha particles

1.5 flm AD;ag,
monodisperse

180

6.1 (3.3to7.9)yuCi;
0.65 (0.43 to 0.82)
juCi/kg of body weight

15.6 (8.4 to 20.1); whole
lung§

260 (in sphere with
200-jum radius around
each particle)

5.9 (3.2 to 7.6)

'"Fused aluminosilicate particles.
t Approximate effective half-life for lung retention includes particle dissolu-

tion, mechanical clearance from lung, and physical decay of radionuclide.
% Assumes uniform irradiation of entire lung.
§ Assumes uniform particle distribution and lung density of 0.22 g/cm3.

All dogs received a single, nose-only inhalation exposure. The
radiation exposure parameters of the two groups are presented in
Table 1. The l 4 4 C e aerosol was polydisperse; the 2 3 8 Pu aerosol was
monodisperse. The aerodynamic diameter (AD) of the 2 3 8 Pu aerosol
was similar to the activity median aerodynamic diameter (AMAD) of
the 1 4 4Ce aerosol. The effective half-lives (including particle
dissolution, clearance rate, and decay of the radionuclide) of the
particles within the lung were similar. The mean initial lung burden
of the ' 44Ce-exposed dogs was approximately 100 times as great as
that of the 2 3 8 Pu-exposed dogs. The initial lung burdens of both
groups, however, were at the lower end of the ranges of exposure
levels known to produce lung-function loss and pulmonary failure
not primarily associated with neoplasia. The two groups had quite
different patterns of radiation dose delivery to the lungs. It was
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calculated that the entire lungs of the 14 4 Ce-exposed dogs were
irradiated, whereas only approximately 6% of the lungs of the
2 3 8 Pu-exposed dogs was irradiated because of the short path length
of alpha emissions in the lung (i.e., approximately 200 fim in tissue
with a density of 0.22 g/cm3). Thus, although the initial dose rate on
a whole-lung basis was much lower for the 2 3 8 Pu-exposed dogs, the
dose rates to irradiated tissue were similar in the two groups. The
exposure methods and calculations have been described in detail
elsewhere (Hahn et al., 1978; Mewhinney et al., 1978).

Pulmonary-function measurements were conducted without seda-
tion by noninvasive procedures described previously (Mauderly, 1974).
Evaluations included measurements of the breathing pattern, dy-
namic lung mechanics, lung volumes, alveolar—arterial gas exchange,
blood gases, and acid—base status. In addition, the uniformity of
intrapulmonary gas mixing and distribution was evaluated by
calculating the nitrogen dilution constant from nitrogen washout
data (Mauderly, 1977). The lung-function measurements were
performed on all dogs prior to exposure at 1 year of age and were
repeated at different intervals until death or sacrifice. The 1 4 4Ce-
exposed dogs were tested at monthly intervals after exposure. The
2 3 8 Pu-exposed dogs were tested at irregular intervals after increased
respiratory frequencies were noted clinically. All measurements were
performed at an altitude of 1729 m.

RESULTS

Both groups of dogs developed progressive lung-function impair-
ment although the sequences of changes and time courses differed.
Data describing the major functional changes of the 1 4 4Ce- and
2 3 s pu.eXposed dogs are listed in Tables 2 and 3, respectively. Three
primary stages of function loss were defined as commom points for
comparison. Stage I was defined as the time when the first significant
functional alterp+.ion was measured. Stages II and HI were defined on
the basis of pulmonary O2 exchange ability. Stage II, pulmonary
insufficiency, was defined as an impairment in alveolar—capillary O2
transfer in the presence of normal blood gases and acid—base status
(compensated gas-exchange impairment). Stage II was indicated by
an increased alveolar—arterial Po2 (partial pressure of oxygen)
difference with no significant reduction of arterial Po 2 . Stage III,
pulmonary failure, was defined as a significantly reduced arterial
P Q 2 (i.e., uncompensated gas-exchange impairment). Reductions in
arterial pH and O2 saturatibn and an increase in arterial Pco2 were
also observed in all dogs in stage III.



TABLE 2

Pulmonary Function of Four Dogs Before and After Inhalation of ' 4 4 Ce in a Relatively Insoluble Form*

Days after inhalation
Cumulative lung

dose, rads X 106

Respiratory frequency,
breaths/min

Tidal volume, ml
Minute volume.

liters/min
Alveolar ventilation,

percent of minute
volume

Dynamic lung
compliance, mi/cm
H2O

Nitrogen dilution
constant §

CO diffusing capacity,
ml min~' mm Hg~*

Alveolar P o 2 , mm Hg
Arterial P o , mm Hg
Alveolar—arterial Po ,

mm Hg
O2 saturation of

hemoglobin, %
Arterial P C o s . mm Hg
Arterial pH

Baseline
Mean

0

0

22
176

3.6

71

53

2.3

7.5
81
78

3

93
42

7.40

Range

16 to 31
82 to 292

1.7 to 4.7

66 to 80

33 to 71

1.4 to 2.9

5.7 to 10.7
76 to 84
73 to 81

1 to 7

91 to 93
41 to 45

7.39 to 8.42

First change

Mean

137

25

25
118

2.7

71

52

2.0

3.6
83
76

7

91
40

7.38

Range

71 to'l79

20 to 29

22 to 34
69 to 185

1.7 to 3.1

65 to 77

45 to 71

1.3 to 2.5

2.4 to 4.9
76 to 88
70 to 80

6 to 8

89 to 93
34 to 47

7.36 to 7.40

Pulmonary

Mean

325

37

31
87

2.6

70

41

2.5

3.0
82
68

14

89
42

7.40

insufficiency

Range

104 to 650

28 to 43

24 to 39
55 to 112

1.7 to 3.0

65 to 74

25 to 63

1.7 to 3.5

1.5 to 4.9
78 to 84
66 to 70

12 to 16

87 to 91
39 to 45

7.35 to 7.44

Pulmonary failuref

Mean

572

43

57
62

3.0

50

12

4.7

81
50

31

75
48

7.32

Range

191 to 949

42 to 43

42 to 73
33 to 91

2.5 to 3.7

46 to 54

$ to 15

3.6 to 6.1

75 to 87
48 to 52

23 to 39

72 to 78
16 to 50

7.3 to 7.33

m
0

T l

2

r*m
O
3)

D
O
Z

O

m

c
§

-n
c
O

0

tData for only two dogs. §SeeMauderly, 1977.



TABLE 3

Pulmonary Function of Four Dogs Before and After Inhalation o f : ' s PuO: Particles

Mean

Baseline

Range

First change

Mean Range

Intermediate

Mean Range

Pulmonary
insufficiency

Days after
inhalation 0

Cumulative
lung (lose,
rads X 10" 0

Respiratory
f req uency,
breaths/min 22

Tidal volume, ml 1 SI
Minute volume,

liters/min
Alveolar

ventilation,
percent of
minute volume 72

Dynamic lung
compliance,
ml/cm H;O 53

Nitrogen dilution
constantt IK

CO diffusing
capacity, ml

soo

3.0

17 to 26 16
107 to 218 120

Alveolar Po ,
m m Hp

Arterial P ( ) , ,
m m HH

A\\'M>\nr —artvrinl
P o . • mm HR

O^ saturation of
humoi'loliin, "

Arterial P ( IJ ,
mm H«

Ancriitt pH

3.7 2.8 to -1.7

66 to 76

31 to 6-1

1.1 to 1.7

5.0 to 1 1.3

K3 to .S3

77 to «0

3 to 6

Hfi to 92

8.5

83

78

1 ss to ir>
.39 7.37 to T.-ll!

•LSI

65

f>9

1.0

11.0

K8

SI

ill

35

27 to 63 51
61 to 186 103

3.6 to 6.6 5.:

56 to 73

39 to 73

1.7 to 2.3

9.3 lo 13.7

S3 to 90

73 lo 86

2 to 17

90 Io93

35 In 36
7.38 lo 7.15

51

35

3.0

5.3

90

83

93

37

Mean

571 to 7S2 812377 to 628 67 1

1.5 to 1.1 3.2 1.7 to 4.2

31 to 63
67 to 1 19

3.H to 6.9

11 to 62

20 to 13

2.2 to 1.2

1.0 to 7.9

85 ID 93

80 to 95

5 to 13

90 lo 95

Range

073 to 959 9-15

Pulmonary failure*

Mean Range

31 to 10
.11 7.38 lo 7.15

3.2

67
SI

5.3

50

23

3.1

•1.0

91

VI

17

92

12
7.117

1.7 to 1.2

•18 to 103
71 to 93

5.1 to 7.6

36 to 58

13 to 32

2.3 to 1.2

3,0 lo 1.8

86 lo 93

72 ID 78

II lo 19

90 to 91

39 in I I
7.35 lo 7.38

4.0

8-1
61

•13

6

3.9

1.5

89

52

37

73

68
7.31

787 to 1103

3.7 to 1.2

80 to 88
•18 to 80

3.9 to 7.0

•13 to 13

6 to 7

2.6 lo 5.1

1.3 to 1.8

8fi to 92

•16 to 57

29 lo 16

61 lo 82,

51 to SI
7.21 lo 7.38

3)

m
•<

s
m
O

'Data for only I wo dons. tSei'Mllllllerlv. .:'77.
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BASELINE FIRST RESPIRATORY PULMONARY
CHANGE INSUFFICIENCY FAILURE

( b )

Fig. 2 (a) Mean (—1 standard deviation) alveolar—arterial partial
pressure of oxygen (Po 2) difference and (b) arterial Po-, be-
fore exposure and at three stages after exposure to 2 4 4 Ce and
238 Pu.

Figure 2 illustrates the validity of the three stages as comparison
points by showing similarities of O2 exchange values of the two
groups. Values for the alveolar—arterial Po2 differences of the
1 4 4 Ce- and 2 3 8 Pu-exposed groups were similar at each stage
[Fig. 2(a)]. Increased values indicated respiratory insufficiency, and
greatly increased values occurred in pulmonary failure. The arterial
Po, values of the two groups [Fig. 2(b)] were similarly (slightly but
not significantly) reduced in respiratory insufficiency.
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TABLE 4

Stages of Pulmonary Functional Loss in Dogs Exposed by Inhalation
to Relatively Insoluble Forms (FAP*) of >44Ce or 2 3 8 Pu

'CeFAP " h P u O ,

Stage Increase Decrease Increase

First change (I)

Intermediate (I-A)

CO diffusing Respiratory
capacity frequency

Respiratory Alveolar- Tidal volume Alveolai—
insufficiency (II) arterial PQ2

Respiratory Compliance
frequency

Pulmonary failure Arterial P c o Arterial PQ
(III) ' Arterial pVL

Arterial O2
saturation

Gas mixing
efficiency

arterial

Arterial

Decrease

CO diffusing
capacity

Tidal volume
Gas mixing

efficiency
Compliance

Arterial PQ
Arterial pH
Arterial O2

saturation

* Fused aluminosilicate particles.

The sequences of functional alterations of the two groups are
shown in detail in Tables 2 and 3 and summarized in Table 4. The
most striking difference between the groups was in the first change
that appeared. The CO diffusing capacity of the ' 4 4 Ce-exposed dogs
had fallen to approximately 50% of the baseline value at 137 days
after exposure, a time at which no other clinical or functional
alterations were observed. In contrast, the first functional change
noted in the 2 3 8 Pu-exposed group was an increased respiratory
frequency at 500 days after exposure, observed both clinically and
during lung-function tests. The tidal volume was slightly reduced at
that time, which resulted in an increased minute volume and a
reduced fraction of the minute volume reaching the deep lung (i.e.,
percent of alveolar ventilation) (Table 3).

The group difierences in the first change are further illustrated in
Fig. 3. The groups had similar values for CO diffusing capacity before
exposure [Fig. 3(a)]. A reduced CO diffusing capacity signaled the
beginning of functional decline in the l 4 4 Ce-exposed dogs. The CO
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BASELINE FIRST RESPIRATORY PULMONARY
CHANGE INSUFFICIENCY FAILURE

(b)

Fig. 3 (a) Mean (—1 standard deviation) CO diffusing capacity and
(b) respiratory frequency before exposure and at three stages after
exposure to ' *4Ce and " 8Pu.

diffusing capacity of the 238Pu-exposed dogs was not reduced at the
time of their first change. The CO diffusing capacity of both groups
was similarly reduced in respiratory insufficiency and pulmonary
failure stages. The respiratory frequencies of the two groups were
identical before exposure [Fig. 3(b)]. A greater than twofold
increase in frequency was the first change noted in the 2 3 8Pu-
exposed dogs, and their frequencies increased progressively until
death. In contrast, the frequencies of the l44Ce-exposed dogs were
unchanged at the time of their first decline in CO diffusing capacity.
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Their frequencies increased slightly as the decline in lung function
progressed, but there was a tendency for frequency to remain near
normal until near pulmonary failure.

There were additional differences between the functional pat-
terns of the groups at times after appearance of the initial changes
(Tables 2 to 4). Several changes in the 2 3 8 Pu-exposed group
constituted the intermediate stage (I-A) between stages I and II at
approximately 674 days after exposure. At that time there were
significant reductions in CO diffusing capacity, tidal volume, gas
mixing efficiency (i.e., nitrogen dilution constantly increased), and
dynamic lung compliance. These changes preceded the increase in
alveolar—arterial Po2 by a mean of 138 days (range, 69 to 206 days).
In contrast, significant changes in alveolar—arterial Po2 , respiratory
frequency, tidal volume, and compliance all occurred at approxi-
mately 325 days after exposure in the ' 4 4 Ce-exposed group, but a
significant reduction in gas mixing efficiency did not occur until the
pulmonary failure stage.

The progressive increase in respirato.y frequency observed in
radiation pneumonitis and pulmonary fibrosis from beta emitters has
been thought to result from decreasing lung elasticity as reflected by
reduced lung compliance (Mauderly et al., 1973a; Mauderly et al.,
1973b; Mauderly et al., 1980). Figure 4 compares the progressive
decline in compliance of the two groups. The compliances of the

80

60

"0

20

I
BASELINE FIRST

CHANGE
RESPIRATORY PULMONARY

INSUFFICIENCY FAILURE

Fig. 4 Mean (—1 standard deviation) dynamic lung compliance
before exposure and at three stage* after exposure to 1 4 4 Ce
• n d 2 3 8 P u .
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groups were similar before exposure and were similarly reduced in
respiratory insufficiency and pulmonary failure. It is particularly
interesting that there was no reduction of compliance in either group
at the time of their first functional change. Thus there is no
indication that the early increase of respiratory frequency of the
2 3 8 Pu-exposed dogs was related to a stiffening of the lung tissue.

Since the 2 3 8 Pu-exposed dogs generally developed measurable
functional changes at later times after exposure than the l 4 4 Ce-
exposed dogs, it was thought that the differences in functional
sequence might be related to differences in temporal relationships.
Relationships of the functional stages of the two groups to time after
exposure are illustrated in Fig. 5. The four ' 4 4 Ce-exposed dogs

200 400 600
TIME AFTER EXPOSURE, days

800 1000

Fig. 5 Relationships of stages of functional loss to time after
exposure for (a) four 1 4 4 Ce-exposed do(
dog with a longer time course, (c) four 2 3

s, (b) one I 4 4 Ce-exposed
* Pu-exposed dogs, and (d)

one iJBPu-exposed dog with a shorter time course. FAP, fused
aluminosilicate particles.

reached stages I, II, and III at mean times of 137, 325, and 572 days
after exposure, respectively (Fig. 5, partc). Thus the decline of lung
function of the 2 3 8 Pu-exposed dogs became evident at a later time
after exposure than that of the l 4 4 Ce-exposed dogs although the
length of time between stages I and III was similar for the two
groups.
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To test the possible relationship of time after exposure to
functional sequence differences, we compared data from a 1 4 4Ce-
exposed dog that developed pulmonary failure relatively late with
those of a 2 3 8 Pu-exposed dog that developed pulmonary failure
relatively early. The 14 4 Ce-exposed dog had a reduced CO diffusing
capacity at 194 days after exposure (Fig. 5, part b) and an increased
alveolar—arterial Po2 (stage II) at 564 days after exposure; the
animal died in pulmonary failure at 925 days after exposure. The
respiratory frequency of that dog was not significantly increased
until 585 days after exposure. In contrast, an increased respiratory
frequency of the 2 3 8 Pu-exposed dog was recorded at 435 days after
exposure (Fig. 5, part d). A frequency of 85 breaths per minute was
measured during function tests at 446 days after exposure, at which
time lung compliance was reduced; there was, however, only a slight
reduction of CO diffusing capacity (stage I-A). The alveolar—arterial
Po2 was increased at 465 days after exposure, and pulmonary failure
was reached at 510 days after exposure. This comparison indicates
that the characteristic differences in the sequence of functional
decline persisted even in dogs in which the typical time-course
differences were reversed.

DISCUSSION

The 3 4 4 Ce and 2 3 8 Pu data examined in this paper point toward
a consistent difference in the sequence of functional events leading
to pulmonary failure after inhalation of either of the two radio-
nuclides. Functional changes in the 144Ce-exposed dogs have
appeared first as a subtle impairment of alveolar—capillary gas
transfer and have later progressed to mechanical alterations and O2
exchange disability. Changes in the 2 3 8 Pu-exposed dogs have
appeared first as an increased respiratory frequency that often
persisted for months before gas-transfer problems became evident.

The morphological basis for functional changes in ' 4 4 Ce-exposed
dogs has been studied in detail in an experiment involving frequent
function measurements and sacrifices of dogs at the different stages
of function loss (Mauderly et al., 1973a; Mauderly et al., 1980). The
early reduction in CO diffusing capacity was associated with
inflammatory lesions at the alveolar level, proliferation of interstitial
cells and alveolar epithelium, and beginning septal fibrosis. Progres-
sive mechanical and gas-exchange problems were associated with the
stiffening of lung tissue and loss of gas-exchange surface area as a
result of progressive fibrosis. The increase in respiratory frequency
was thought to be associated with lung stiffening, which is in
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accordance with the accepted theory that the lung is ventilated with
a pattern which minimizes the work of breathing (Mead, 1960). The
sequence of events observed in the 144Ce-exposed dogs and the
pathogenetic scheme invoked to explain the sequence was similar to
those previously reported for dogs exposed to 9 ° Y in FAP (Mauderly
et al., 1973b) and for both dogs (Sweany, Moss, and Haddy, 1959;
Schreiner, Michaelson, and Yuile, 1968) and man (Emirgil and
Heinemann, 1961; Brady, Germon, and Cander, 1965; Rubin and
Casarett, 1968) exposed to irradiation of the thorax from external
sources.

It appears that the sequence of functional events observed in the
2 3 8 Pu-exposed dogs cannot be explained on the same morphological
basis as that used for inhaled beta emitters and external irradiation.
A major difference is the staking, persistent increase in respiratory
frequency during a time when lung compliance is not reduced. These
findings are not consistent with an adjustment in frequency to
minimize the work of breathing in the presence of a generalized
stiffening of the lung parenchyma. Direct comparisons of lung
function and morphology at various stages of function loss have not
been performed in dogs exposed to 2 3 8Pu, and tissues from dogs
sacrificed at intermediate stages for dosimetry studies have not been
evaluated histopathologically. Thus only speculation concerning the
cause and significance of the early increase in frequency is possible.

It seems likely that the difference in response between the two
groups is related to the irradiation of only a small, localized fraction
of the lung in 2 3 8 Pu-exposed dogs, in contrast to the more
generalized, whole-lung exposure resulting from ! 4 4 Ce. It is known
that a variety of neural receptors in lung tissue can influence the
breathing pattern in response to stimuli (Widdicombe, 1964). It is
possible that structural changes around the 2 3 8 Pu particles may
produce localized mechanical alterations which are sensed as a
stiffened lung even though there is no significant stiffening on a
whole-lung basis. It is also possible that the localized irradiation may
affect receptors directly to cause a reflex-mediated increase in
respiratory frequency. The mechanisms are likely to remain unre-
solved until more direct functional—morphological comparisons are
performed. Since no human c\ses of pulmonary insufficiency
resulting from inhalation of alpha-emitting particles have been
reported, it is unknown at this time whether the characteristic
pattern of function loss observed in these dogs also occurs in man.
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Changes in the Respiratory Physiology of Rats
Exposed to Different Phases of Cigarette Smoke

CHRISTOPHER R. E. COGGINS
Battelle-Gei.ova Research Centres, Carouge/Geneva, Switzerland

ABSTRACT

Cigarette smoke consists of particulate matter, defined as that fraction retained
by a glass-fiber filter disk, and vapor phase, the fraction which passes through
such a filter. Knowledge of the comparative effects of the two phases on
respiratory physiology would be helpful in identifying the specific components
of smoke responsible for inducing changes. The work described here was carried
out to obtain such information, by using in vivo and in vitro techniques. Rats
were exposed in Battelle Mk III inhalation machines to smoke from commer-
cially available flue-cured cigarettes. One group received a 4% dilution of whole
smoke in air, and a second group was exposed to the same concentration of
smoke which had been passed through a glass-fiber filter. A third group of
animals was sham-exposed. Animals were exposed for 1 hr/day, 5 days/week for
a total of 4, 8, or 12 weeks. In vivo respiratory physiology measurements were
made just before sacrifice; quasi-static pressu/e—volume hysteresis loops were
made on excised lungs.

Results obtained from smoke-exposed animals showed pronounced increases
over controls in terms of lung compliance and residual volume. Similar effects
were observed in animals exposed to whole smoke and in those exposed to vapor
phase alone, which implies independence of the changes from inhaled particu-
Iates. Work is continuing on attempts to identify which smoke component(s) are
responsible for the changes.

Cigarette smoke is composed of particulate matter (PM) and vapor
phase (VP) components; PM is defined as the fraction of mainstream
smoke which is retained by a glass-fiber filter disk (exclusion limit,
0.1 //m), whereas VP is that fraction which passes through such a
disk (Rothwell and Grant, 1974). The VP includes the gas phase (i.e.,
gases not removed by passing VP through a glass coil at —80°C);
some VP components are partitioned between PM and VP (Norman,
1977).

420
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Recently several workers have shown that most of the pathologi-
cal changes observed in animals exposed to whole smoke (WS) are
due to PM (Ketkar, Reznik, and Mohr, 1977; Walker, Wilton, and
Binns, 1978a, 1978b), with only small contributions made by VP
(Rylander, 1974; Davis et al., 1975), but there are few reports in the
literature of comparative physiological studies (Aviado and
Watanabe, 1974; Klimisch and Dontenwill, 1977). The experiment
described here was designed to determine whether subacute expo-
sures to WS in the rat could result in changes in some respiratory
physiology parameters and, if so, which of the phases of the WS was
responsible for such changes. A range of physiological parameters
was measured in animals that had been exposed for different periods
of time to WS or VP and in sham-exposed, machine control (MC)
animals.

MATERIALS AND METHODS

Animals and Exposure

Male Sprague—Dawley rats, raised from a specific-pathogen-free
colony (Iffa-Credo, Lyon, France), were housed by groups of three
in macrolon cages in a barrier-maintained unit. Food and water were
available ad libitum; at the beginning of the experiment, the animals
weighed around 250 g.

Battelle Mk III smoking machines (Baumgartner, 1980; Briggs,
McCready, and Schweizer, 1980) were used; these machines can
expose up to 72 rodents simultaneously to a continuous supply of
fresh smoke diluted with air to concentrations of between 0.5 and
20%. A lubrication-free 4-piston barrel pump produces 2-sec 35-ml
puffs once a minute; smoke leaving the pump is diluted and
conducted to individual animal holders.

The cigarettes contained a flue-cured tobacco blend typical of
that found in commercially available cigarettes in the United
Kingdom. The tobacco rod was 56 mm long and 25.1 mm in
circumference; filters were of creped cellulose (10 mm) and cellulose
acetate (6 mm). By using the smoking conditions previously men-
tioned, but with an analytical smoking machine (the Filtrona 300),
the cigarettes produced on an average of 10.0 puffs, 20.2 mg of
particulate matter (water and nicotine free), 1.52 mg of nicotine, and
21.0 mg of carbon monoxide. The cigarettes were conditioned at
21° C and 60% humidity for 1 week before use.

Animals were exposed to diluted smoke for 1 hr/day, 5 days/
week for a total of 4, 8, or 12 weeks. A 15-min air break was given in
the middle of each daily session. Throughout the experiment the



r

422 COGGINS

concentration (vol./vol.) of smoke in air used was 4%, which resulted
in carbon monoxide concentrations at the rat nose of around
2000 /ig/liter. Previous work (unpublished results) has shown that
such CO concentrations are at the upper end of the tolerated range
when the same exposure regimen is used. For the VP group
glass-fiber disks 10 cm in diameter were placed in the path of the as
yet undiluted smoke, thereby trapping particulates and exposing
animals to VP alone. Filters were changed regularly to prevent
blockages.

In Vivo Measurements

The method used was based on the multibreath nitrogen
washout techniques described by King (1966). Animals were
anesthetized with 5% halothane and 95% air, and an intratracheal
cannula (Teflon tubing of 2.5-mm external diameter) was inserted
through the oral cavity. The animal was placed into an open
whole-body plethysmograph with the tracheal cannula connected via
a three-way valve to a calibrated oxygen-filled chamber (Fig. 1). For
a few minutes the rat was allowed to breathe the halothane—air
mixture through the valve and cannula; then, at resting end-
expiration, the position of the valve was changed so that the animal

MASS SPECTROMETER

RAT CANNULATED
INTRATRACHEALLY

Fig. 1 Measurement of total lung capacity (TLC) and compliance
by using pressure vs. volume hysteresis loops.
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breathed the pure oxygen in the chamber. Carbon dioxide produced
by the rat was absorbed by a 10% aqueous solution of potassium
hydroxide, and oxygen was introduced to maintain approximately
atmospheric pressure in the chamber. Animals breathed the pure
oxygen in the chamber for 2 min and were then switched at resting
end-expiration back to halothane—air.

Nitrogen content in the chamber at the end of the 2-min
breathing period was measured with a mass spectrometer (Centronic
MGA 200). Functional residual capacity (FRC), i.e., the volume of
air remaining in the lungs at the resting expiratory level, was then
calculated by using the following formula:

FRC = V N l

N o - N ,

where V = volume of chamber, 30 ml
Ni = nitrogen percentage in the equilibrated mixture, ~12%
No = nitrogen in air, ~80%

The whole-body plethysmograph was then sealed and the
pressure therein reduced by a vacuum pump to around —4 cm H2O.
The nitrogen washout was then repeated at this (relatively) elevated
airways pressure, and lung compliance (milliliters per centimeters of
water) was calculated by using the formula,

,, ,. FRC i — FRC-jCompliance —p -

where FRC, = FRC at atmospheric pressure, ~4 ml
FRC2 = FRC at elevated pressure, ~7 ml

P = pressure difference, 4 cm H2 O

In Vitro Measurements

On completion of the in vivo work, the tracheal cannula was
removed and the animal exsanguinated via the carotid artery. The
trachea was exposed and cannulated midway between larynx and
bifurcation; lungs and trachea were carefully excised and weighed.
The tracheotomy tubing was connected to a reversible pump (6
ml/min) and to a pressure transducer; signals generated were fed to
an X-Y plotting recorder that presented the hysteresis loops (Fig. 2).

Lungs were initially deflated to —20 cm H2 O where the
residual volume of air in the lungs was measured by water
displacement. The pump was then reversed, and lungs were inflated
to a pressure of +30 cm H2O where the volume was assumed to be

i
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Fig. 2 Measurement of total lung capacity (TLC) and compliance
by using pressure vs. volume hysteresis loops.

total lung capacity (TLC), i.e., the amount of gas contained in the
lung at the end of a maximal inspiration. The pump was again
reversed, and the lungs were deflated to zero pressure. Quasi-static
compliance was taken as the slope on the deflating part of the
hysteresis loop of the line joining 60 and 40% of TLC (Sahebjami
and Vassallo, 1979). The tracheal cannula was then removed from
the apparatus, and the trachea and lungs were taken for histopatho-
logical examinations. The results of this latter work will not be
presented here.

Statistical Analyses

Statistical analyses were made by using Student's t test, with
differences being considered significant at 2P < 0.01.

RESULTS

Table 1 shows (1) that body weights of animals in group MC
were consistently greater than were the weights in group WS, with
group VP intermediate and (2) that the differences became more
pronounced as the experiment progressed. Lung weights at the end
of the 12-week exposure were unaffected by treatment, but in the
earlier sacrifices there was some evidence of reduced lung weight in
the WS and VP groups as compared with the MC group. Lung/body
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TABLE 1

Body and Lung Weights of Smoke-Exposed Rats

Group

Whole smoke (WS)

Vapor phase (VP)

Machine control (MC)

4

281 ±

314 ±

327 ±

Body weight,1

Exposure period,

8

5t 302 + l i t

9 367 + l i t

7§ 440±17$,§

weeks

338

435

454

12

±17§
±8§

4

2.06 +

2.26 +

2.32 +

Lung weight,* g

Exposure period, weeks

0.08

0.07

0.07

8

2.08 ±0.10

2.06 ± 0.06t

2.46 ±0.07$

2.67

2.27

2.43

12

±0.14

±0.08

±0.06

*Data expressed as means ± standard error (about 6 animals per group).
tSignificantly different from group MC (2P < 0.01).
tSignificantly different from group VP (2P < 0.01).
§Significantly different from group WS (2P < 0.01).
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weight ratios were similar in all the groups at the end of the 4- and
8-week exposures; after the 12-week exposure the ratio was
significantly (2P < 0.01) different in animals in group WS from those
in groups VP or MC.

Mean values obtained from the in vivo work are presented in
Table 2. Compliances of lung plus chest wall were always greater in
groups WS and VP than in group MC, and the size of this increase
appeared to be related to the duration of the exposure. Differences
were statistically significant at the 12-week interval only, where the
mean compliance in the WS group was some 35% as great as the
mean compliance in the MC group. Mean FRC values were
unaffected by treatment or by duration of the exposure.

Table 3 gives the mean values obtained in the in vitro studies.
Compliances were greater in the WS and VP groups than in the MC
group, and the increases again appeared to be related to the length of
the exposure. At the end of the 12-week exposure, the increase over
control was around 50% (2P < 0.01). Changes in TLC and residual
volume were similar to the changes in lung compliance: they
consisted of increases over MC values in groups WS and VP and
appeared to be related to the length of the exposure.

None of the parameters studied showed any evidence of
consistent differences between groups WS and VP.

DISCUSSION

The nitrogen washout technique used for the in vivo evaluation
of compliance has not been previously described. The method
appears to be of use in comparative inhalation studies in that results
are reproducible but vary somewhat between individuals. The
difference between the compliance results obtained by nitrogen
washout and by the inflation—deflation method is probably due to
the compliance of the chest wall although there is currently some
controversy over the contribution in the rat of chest-wall compliance
to total thoracic compliance (Diamond and O'Donnell, 1977; Lai and
Hildebrandt, 1978). The in vivo method is a good predictor of the in
vitro method and has the advantage that repeated measurements can
be made on the same animal.

The results presented here for the effects of smoke exposure on
compliance are at variance with those of Aviado and Watanabe
(1974), who reported small decreases in both FRC and pulmonary
compliance in smoke-exposed mice and considered that a component
of the particulate phase (possibly nicotine) was the causative agent.
There are several major differences between the methodologies used



TABLE 2

Values Obtained from In Vivo Studies of Smoke-Exposed Rats

Functional residual capacity,* ml

Exposure period, weeks

Compliance,* ml/cm Hj O

Exposure period, weeks

Group 8 12 8 12

Whole smoke (WS) 4.61 ± 0.19 3.88 ± C.32 4.55 + 0.45 0 .57+0.04 0.62 + 0.08 0.69 + 0.03f

Vapor phase (VP) 4.98 ± 0.45 3.93 J- 0.34 4.05 ± 0.20 0.54 ± 0.03 0.54 ± 0.07 0.G0 ± 0.07

Machine control (MC) 4.59 ± 0.14 4.03 ± 0.17 4.33 ± 0.33 0.52 + 0.06 0.46 ± 0.04 0.51 ± 0.04J

*Oata expressed as means ± standard error (about 6 animals per group).
fSignificantly different from group MC (2P < 0.01).
fSignificantly different from group WS (2P < 0.01).
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TABLE 3

Values Obtained from In Vitro Studies of Smoke-Exposed Rate
CO
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Group

Compliance,* ml/cm H2O

Exposure period, week*

Total lung capacity,* ml

Exposure period, weeks

Residual volume,* nil

Exposure period, weeks

8 12 8 12 8 12

Whole smoke (WS) 0.86 + 0.06 0.88 + 0.05 1.26±0.10f 16.5 + 0.7 15.4 ±0.8 21.0 ±0.9+ 0.90 + 0 .06-$ 1.16 ±0.15 1.77 ± 0.25

Vapor phase (VP) 0.59 ±0.10 1.06 + 0.09 1.29 ±0.14 13.9 ±0.9 16.1 + 1.0 19.1 + 0.3f ! .42±0.09§ 1.63 + 0.24 2.29 ± 0.37

Machine control (MC) 0.84 ± 0.04 0.86 ± 0.03 0.86 ±0.04+. 14.7 + 0.3 15.7 ±0.4 15.8±0.5j ,S 1.51 + 0.10$ 1.51 + 0.13 1.57 ±0.06

*Data expressed as means ± standard error (about 6 animals per group).
•Significantly different from group MC (2P < 0.01).
ISignificantly different from group VP (2P < 0.01).
^Significantly different from group WS (2P < 0.01).
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by these investigators and those described in this paper, not the least
of which is the species of the experimental animals used. Consider-
able technical problems may be associated with measurements in vivo
of FRC as small as 0.7 ml and compliances of 0.04 ml/cm H2O.
Recent work in our laboratory (unpublished results), in which larger
numbers of animals were used, tends to support the results presented
here in that increases in compliance (both in vivo and in vitro) in
smoke-exposed rats again appeared to be independent of inhaled
particulates.

The increase in mean TLC values in groups WS and VP over
group MC may be directly related to the concomitant increase in
compliance in that for a given pressure the lungs would "open" to a
larger extent. Previously reported values for TLC in the rat have been
determined by using pressures of 20 (Diamond and O'Donnell,
1977), 25 (Lai and Hildebrandt, 1978), or 30 (Sahebjami and
Vassallo, 1979) cm H2O, so that direct comparisons cannot always
be made. The estimation of TLC by use of the inflection point of the
hysteresis loop may also be influenced by the speed of inflation; the
pumping rate used here resulted in complete loops to 30 cm H2O in
4 to 5 min, compared with 20 cm H2O loops performed by Diamond
and O'Donnell (1977) in 40 sec. At the pumping rate used in our
work, inflection of the inflation curve did not appear until pressures
of ~25 cm H2O. We consider that slow pumping rates are required
for equilibration and complete opening of smaller airways.

The considerable changes (increases of up to 60%) in residual
volume in groups WS and VP with advancing exposure may reflect
some breakdown of alveolar tissue, and it is intended to confirm this
morphologically by using measurements of mean linear intercept and
thence internal surface area. Additional studies contemplated in this
area include flow—volume curves and saline-filled pressure^volume
curves to investigate the role of surfactant. We are also working on in
vivo pressure—volume curves.

The absence of treatment effects on FRC was somewhat
unexpected when one of its constituents (i.e., residual volume) was
changed; it is possible that longer exposures are needed before
changes in FRC become apparent, and this has been confirmed in
more recent studies in our laboratories (unpublished observations).
Again, a range of values is reported for FRC in the rat; values
obtained in this work were considerably greater than those given by
Lai and Hildebrandt (1978) but were similar to those obtained by
King (1966) and also by Diamond and O'Donnell (1977). Lai and
Hildebrandt (1978) criticized the nitrogen washout method of King
(1966) on the grounds that no account was taken for nitrogen
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washout from the body during the oxygen breathing, i.e., for a
period of 7min as suggested by King (1966). The oxygen-breathing
period of 2 min used in our work is considered unlikely to lead to
significant errors. It has been shown in our laboratories, for example,
that only very small increases in the percentage of exhaled nitrogen
occur in the rat with oxygen-breathing periods of up to 12 min
(unpublished observations).

Further experiments will be carried out to determine more
precisely which component(s) of cigarette smoke are responsible for
these (apparently PM-independent) changes in respiratory
physiology.

CONCLUSIONS

1. Changes in respiratory physiology were induced after up to
12 weeks' exposure to cigarette smoke.

2. The changes induced were independent of the particulate
phase.

3. The double nitrogen washout technique has been shown to be
feasible in vivo, which should allow periodic measurements to be
made on individual animals.
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An Interlaboratory Comparison of Mutagenesis
Testing of Coal Fly Ash Derived from Different
Coal Conversion Technologies
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ABSTRACT

Fly-ash samples from three different coal conversion technologies were
exchanged between the Argonne National Laboratory, the Inhalation Toxicology
Research Institute, and the Laboratory for Energy-Related Health Research for
mutagenesis testing. Results of the Ames plate incorporation test were similar to
those previously reported by all three laboratories. Differences that were found
were due in part to differences in methods of solvent extraction and Ames test
sensitivity.

A workshop was held (U. S. Department of Energy, 1979) to discuss
the progress of research on the potential health effects of effluents
resulting from coal combustion. Among the participants were
investigators from Argonne National Laboratories (ANL), Argonne,
EL; the Inhalation Toxicology Research Institute (ITRI), Albuquer-
que, N. Mex.; and the Laboratory for Energy-Related Health
Research (LEHR; formerly the Radiobiology Laboratory) at the
University of California, Davis, Calif. ANL has been studying fly ash
from a bench-model pressurized fluidized-bed combustor (Kubits-
chek and Haugen, 1980); ITRI has been studying fly ash from an

fPresent address: Battelle, Columbus Laboratories, Columbus, Ohio.
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atmospheric fluidized-bed combustor at Morgantown, W. Va. (Clark,
Hanson, and Sanchez, 1978); and LEHR has been studying ash from
the hopper and from the stack downstream from electrostatic
precipitators of a commercial coal-fired power plant (Fisher, Chrisp,
and Raabe, 1979; Fisher etal., 1978; Chrisp, Fisher, and Lammert,
1978).

Results of mutagenicity testing of coal fly ash from these
different sources were noted to be quite different. The Ames plate
incorporation test, which utilizes mutants of Salmonella typhimur-
ium (Ames, McCann, and Yamasaki, 1975), was used in all three
laboratories. Since this test was developed primarily as a qualitative
screening ;est for mutagenicity testing, the question arose as to
whether the differences in mutagenicity results in different labora-
tories mif,ht be attributed to differences in Ames test methodology.
Also, it was noted that solvents used to extract the fly ash were
different among the three laboratories, which raised the question of
whether the methods of extraction might account for the differences
in mutagenic activity.

For these reasons representatives of the laboratories decided to
formulate a protocol for the exchange and Ames testing of coal fly
ashes among the three laboratories. A meeting was held May 17,
1979, with representatives from ITRI and LEHR to formulate a
protocol for Ames testing of exchanged fly ash. Although a
representative from ANL could not be present, that laboratory also
participated in the exchange. Dr. William Belser, Professor of
Microbiology at the University of California at Riverside, was invited
to attend as a consultant. He has done extensive research on the
factors contributing to the variation of results in the Ames test. His
advice was most helpful in planning the protocol.

METHODS

The experimental protocol adopted at the May 17 meeting
involved the sending of two fly ashes and one solvent extract of fly
ash by each laboratory to each of the other two participants. The
goal of the study was to determine whether the reported differences
in mutagenicity of fly ash between the three laboratories were due to
(1) differences in Ames testing methodologies in each laboratory,
(2) differences in solvent extraction methods, or (3) actual dif-
ferences in the mutagenicity of fly ash derived from different coal
conversion technologies.
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Experimental Protocol

1. The Ames test methods used in each laboratory would be
described in detail by each laboratory. Descriptions would include
even the smallest details, including how the tubes were mixed before
plating, e.g., whether rolled between the hands, vortexed, etc. Each
laboratory would use their current method of testing unless an
exception was stated in this protocol.

2. Only direct mutagenic activity would be examined. The
metabolic activation step was eliminated not only to reduce the
workload but also because little indirect mutagenic activity had been
seen in any of the fly-ash samples. On each of three replicate plates
100-ml amounts would be tested. A standard amount of histidine,
according to Ames, McCann, and Yamasaki (1975), would be used
in the top agar.

3. Only Salmonella typhimurium strains TA-98 and TA-100
would be used.

4. All raw data would be reported, i.e., the number of revertants
per plate for each plate in the experiment. The reports would include
all controls and spontaneous revertants.

5. Each laboratory would submit to the other two laboratories
two fly ashes as well as an extract prepared by their own methods.
The amount of extract tested would be limited to the amount that
could be extracted from 2.0 g of fly ash. If possible, at least one
point would be determined in the toxic region and three points in
the linear portion of the dose—response curve.

6. To determine the influence of different solvent extraction
methods, each laboratory would submit solvent extracts of each of
three concentrations of one positive fly ash prepared by their usual
extraction method. These would be calculated to represent three
concentrations in the linear dose—response portion of the curve
where milligrams of fly ash per milliliter of solvent are plotted
against mean revertants per plate. If solvent extracts were evaporated
to dryness, they would be reconstituted in DMSO just before
mailing. Two milliliters of each concentration would be submitted.
The solvent and DMSO controls were to be included. This repre-
sented a total of five tubes of 2.0 ml for each testing. The
laboratories would ship the tubes 1 day after extractions were
completed. Testing was to be done 6 days after shipment. The
laboratories would coordinate shipments by telephone for the
convenience of the chemists and testing laboratory. Dr, Belser would
mail each laboratory enough 2-nitrofluorene from one lot to use as a
positive control. It was to be diluted just before use and tested at
0.25 /ig/100 jitl, 0.5 Aig/100 jul, and 1.0 /zg/100 jul. These concentra-



434 CHRISP, HOBBS, CLARK, AMD KUBITSCHEK

tions had been calculated to give a linear dose response. With this
information any fly ash extracts tested could be compared to a
positive control done the same day under the same conditions.

7. The density of bacteria in the original overnight culture used
would be recorded.

Fly-Ash Extraction Methods

ANL

Fly ash was extracted with dimethyl sulfoxide (DMSO; J. T.
Baker Company) for 45 min at 37°C on a rotator (Rototorque). The
ash was centrifuged down and the supernatant diluted as needed for
testing.

ITRI
ITRI Sample. Bag-filter fly ash, BG(3A)-6-3-3 (130 g), was di-
vided into two equal portions and placed in 1-liter amber bottles.
Glass-distilled methylene chloride (300 ml) was added to each bottle,
and the samples were sonicated for 2 hr in a water-cooled ultrasonic
bath. The methylene chloride was filtered to remove the ash and
cautiously reduced in volume (with a rotary evaporator) to about
2 ml. This was taken to dryness with a stream of purified N2 . The
remaining residue was dissolved in DMSO and serially diluted so that
0.1 ml of the extract represented 200, 400, and 800 mg of extracted
fly ash, i.e., 2-ml samples of three different concentrations were sent
to LEHR and ANL; these represented 2000, 4000, and 8000 mg of
extracted fly ash per milliliter of DMSO. A sample of ITRI's DMSO
was also sent as well as a solvent blank that was prepared by
evaporating 400 ml of methylene chloride to dryness and resuspend-
ing any residue present in 12 ml of DMSO.

LEHR Samples A and B. Three grams of both samples were added
to 50 ml of methylene chloride and extracted ultrasonically as
described above. The residues were resuspended in DMSO to
concentrations representing 1000, 500, 250, 100, and 10 mg of
extracted fly ash per milliliter or 100, 50, 25, 10, and 1 mg of
extracted fly ash per plate since 0.1 ml of extract was used in the
test.

ANL Samples A and B. For each sample 300 mg was added to
10 ml of methylene chloride and extracted ultrasonically as de-
scribed above. The residues were resuspended in DMSO to concentra-
tions representing 25, 10, and 5 mg/ml, or 2.5, 1.0, and 0.5 mg
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extracted fly ash per plate since 0.1 ml of extract was used in the
test.

LEHR

In addition to normal trace organic analytical precautions,
samples and extracts were protected from light at all stages. Fly ashes
from each laboratory (Table 1) were extracted by one of two
methods.

Method A. Each sample was extracted three times with an azeo-
tropic benzene—methanol mixture (60:40; Mallinckrodt Nanograde)
in a screw-cap centrifuge tube by using an ultrasonic probe (15
sec/min for 10 min). After centrifuging at 2000 rpm for 15 min, the
supernatants were filtered through a plug of solvent-extracted cotton
wool, then combined and evaporated to dryness under a stream of
dry, purified nitrogen. After addition of dimethyl sulfoxide
(Schwarz-Mann, spectrophotometric grade), the solutions were sealed
in glass ampules under vacuum with liquid nitrogen.

Method B. Each sample was extracted as in method A in a
Teflon-stoppered centrifuge tube. After centrifuging at 1800 rpm for
15 min, the supernatants were pooled, concentrated on a rotary

TABLE 1

Methods for Fly-Ash Solvent Extraction at LEHR
(Laboratory for Energy-Related Health Research)

Fly-ash
source

ANL

ITRI

LEHR

Procedural
control

DMSO
control

Sample

A
B
A
B
A
Bl
B2
1
2

Weight,
g

0.53
0.52

30.43
30.31
30.04
4.00
4.01

Method

A
A
B
B
B
A
A
A
A

Extraction
volume,

ml

3 X 1 0
3 X 10
3X 125
3X 125
3 X 125
3X 2 0 K
3X 20 J
3X 2 0 K
3X 20J

DMSO
volume,

ml

0.53
0.52
1.5
1.5
1.5

4.0

D.U

6.0

Final
concentration,

g/ml

1.0
1.0

20.3
20.2
20.0

2.0

*Supernatants combined.
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evaporator, and then filtered through a plug of solvent-extracted
cotton wool before evaporation to dryness.

Ames Test Procedures

The following are each laboratory's detailed procedures for
performing the Ames test.

ANL

Media Preparation and Strain Maintenance

1. Top agar is made in 1500-ml quantities. The agar and salt
medium is stirred while heating until completely dissolved. The
solution is dispensed in 100-ml quantities, sterilized, and stored at
room temperature.

2. Histidine—biotin solution is made according to Ames, McCann,
and Yamasaki (1975) and is stored at room temperature.

3. Vogel—Bonner plates (VB) containing 25.0 ml of agar are
made according to Ames, McCann, and Yamasaki (1975). The plates
are allowed to dry at least 2 days at room temperature or overnight
at 37°C before use; they are stored in plastic bags at room
temperature.

4. An isolated colony is picked from nutrient agar stock plates of
strains TA-98 and TA-100 kept at 4°C and is used as an inoculum for
a 10-ml nutrient broth culture. New stock plates are made monthly.
This culture is grown overnight at 37°C on a shaker. The next day
the culture is tested with 2-nitrofluorene for strain TA-98 or with
benzo(a)pyrene for strain TA-100. The remainder of the culture is
stored at 4°C until the plates are read. If the strain is mutagenized by
the 2-nitrofluorene, or for TA-100 by benzo(a)pyrene, the stored
culture is used as an inoculum for a 300-ml nutrient broth culture.
This culture is grown overnight at 37°C on the shaker and tested the
next morning against 2-nitrofluorene. If the results are satisfactory,
the culture is collected by centrifugation and resuspended in a 10%
GCA storage medium (i.e., glycerol, 10%, and casamino acids, 1.5%);
it is kept at 4°C as the stock culture for doing Ames tests.

5. Two to three hours before the test, the necessary amount of
top agar is melted by placing bottles in boiling water. Melted agar is
kept at 45° C. VB plates are labeled and prewarmed by placing them
in a 37° C incubator.

6. Sterile disposable 13- by 100-mm tubes are placed in the
heating blocks of a Fisher Isotemp Dry Bath (model 145) at 45°C.
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Ames Test Procedure

1. Histidine—biotin (10 ml) is pipetted into 100 ml of melted top
agar and is dispensed in 2.0-ml aliquots into tubes in a dry bath with
a 10.0-ml sterile disposable serological pipette.

2. The amount of bacterial inoculum needed to give 0.1 ml per
plate is placed in tubes and kept on ice.

3. Plating is carried out in quadruplicate. Plates, four at a time,
are taken from the incubator.

4. Bacterial culture (0.1-ml amounts) is dispensed into four top
agar tubes with a 1.0-ml graduated glass pipette.

5. The actual plating takes about 80 sec for four plates. A 100-X
Eppendorf pipette is used to dispense the sample. The top agar tube
containing the cells is removed, and the sample is added and vortexed
(Vortex-Genie) for 2 to 3 sec to mix the sample and the cells. The
sample is poured onto the VB plate. The tube is tapped gently on a
dry area of the plate three times to get the last drops of liquid. The
plate is swirled to evenly distribute agar on its surface. The culture is
checked during each test for strain markers and ampicillin resistance
and is titered for cell survival.

6. Plates are allowed to sit at room temperature for at least
20min to allow the agar to solidify; they are then inverted and
incubated for 2 days at 37°C. Colonies are counted manually.

7. The sources of materials for Ames testing are listed in Table 2.

TABLE 2

Source of Materials Used for Ames Test at ANL
(Argonne National Laboratory)

Material

Bacto nutrient broth
Bacto agar
Bacto nutrient a£ar
Glucose

NaNHjHPOa • 4H,0

Citric acid • H; O

NaCI

K,HPO4

KC1

M«SO4 • 7H :O

Source

Difco Laboratories
Difco Laboratories
Difco Laboratories
American Drujj

and Chemical
Company

Fisher Scientific
Company

Fisher Scient ific
Company

Fisher Scientific
Company

Fisher Scientific
Company

Allied Chemical
Corporation

Mallinckrodt. Inc.

Material

Na, HPO4

NaH,PO4 • H2O

NADP

Histidine

Biotin

Ampicillin

Glucosc-6-phosphale

2-N ilrof luorene
(2-NF)

Aroclor 1 25-1

Source

Mallinckrodt, Inc.
J. T. Baker

Company
Sin ma Chemical

Company
Sigma Chemical

Company
Sigma Chemical

Company
Sigma Chemical

Company
Sigma Chemical

Company
Aldrich Chemical

Company. Inc.
Litton Bionctics

i
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Media Preparation and Strain Maintenance

1. Agar and NaCl for the top agar (Ames, McCann, and
Yamasaki, 1975) are weighed out in 100-ml bottles. Water is added
and the agar is sterilized on the morning of the test. The
histidine—biotin solution (Ames, McCann, and Yamasaki, 1975) is
added after the top agar cools to 45°C.

2. Glucose minimal agar plates are prepared as described by
Ames, McCann, and Yamasaki (1975) and refrigerated. Plates are
taken out of the refrigerator the night before the test.

3. Tester strains are stored at — 70°C in 1-ml aliquots (Ames,
McCann, and Yamasaki, 1975). When a nutrient broth culture is
prepared, the vials are removed from the freezer and allowed to thaw
at room temperature. Approximately 20 ml of nutrient broth is
inoculated with 0.1 ml of cells and grown overnight in a 37°C
shaking water bath.

Ames Assay Procedure

1. Top agar is autoclaved and histidine—biotin solution is added.
2. Top agar is dispensed (2 ml) into sterile disposable 13- by

100-mm tubes with a sterile Cornwall pipette. Tubes are kept in a 43
to 45°C water bath.

3. Tester strains are transferred to sterile vials and 0.1-ml
amounts are taken for serial dilution to determine the population
(diluted 1 x 106 ; 0.1 ml of this dilution is added to 2 ml of top agar
and plated on nutrient agar).

4. Tester strain (0.1 ml), test compound (0.1 ml), and sterile
saline (0.5 ml) are added to top agar in that order (for triplicate
plates). Top agar is mixed by semivigorous rolling of the tube
between the hands, and the mixture is poured onto agar plates. This
process requires no longer than 60 sec per three plates.

5. Sodium azide (for TA-100) and 2-nitrofluorene (for TA-98) are
used as positive control mutagens.

6. Plates are stored in a 37°C incubator for 60 hr.
7. Revertant colonies are counted with an Artek Automatic

Colony Counter. Those samples out of the linear range of the
counter are recounted manually.

8. All genetic and biochemical markers for each strain are
checked on the day of the test.

9. The sources of materials used for Ames testing are listed in
Table 3.
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TABLE 3

Source of Materials Used for Ames Test at 1TRI
(Inhalation Toxicology Research Institute)
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Material

Bacto nutrient broth
Agar (SO : r>0 mixture)

Glucose
NaNHj HPOa • -JH; O
Citric acid • H;O
MgSOj • 7H2O
MgCN
KC1 *
Na-.HPO4 • 7H2O
NaH2PO4 • H, O
NaCI

Source

DHco Laboratories
Difco Laboratories

and Sigma Chemi-
cal Company

Mallinckrodt, Inc.
Mallinckrodt, Inc.
Mallinckrodl, Inc.
Mallinckrodt. inc.
Mallinckrodt, Inc.
Mallinckrodt, Inc.
Mallinckrodt. Inc.
Mallinckrodt, Inc.
Mallinckrodl, Inc.

Material

K;HPO4

NADP

HistidiiR- HCI

Biotin

Sodium azide

Glucose-6-phosphate

2-Nitrofluorene
(2-NF)

Source

Sigma Chemical
Company

Sigma Chemical
Company

Sigma Chemical
Company

Sigma Chemical
Company

Sigma Chemical
Company

Sigma Chemical
Company

Aldrich Chemical
Company, Inc.

LEHR

Media Preparation and Strain Maintenance

1. Histidine, biotin, and ampicillin solutions for master plates,
and histidine—biotin solution for top agar are made as described by
Ames, McCann, and Yamasaki (1975). Ampicillin solutions are made
monthly.

2. Top agar (0.6% agar, 0.5% NaCI) is made in 1-liter quantities,
autoclaved, and dispensed in 75-ml aliquots in sterile 100-ml bottles.

3. Minimal medium plates with 1.5% agar are made by using
Vogel—Bonner Medium E 25X stock solution and adding 40 ml of
50% sterile glucose solution per liter after autoclaving. Each poured
plate contains approximately 17 ml of minimal glucose agar medium.
Poured plates are stacked only five high to avoid uneven plate
surfaces. Plates are kept inverted in metal cans in a refrigerator no
longer than 2 weeks.

4. Oxoid nutrient broth is used for overnight growth of test
inoculum as suggested by Ames (in supplemental literature accom-
panying shipment of stock cultures from his laboratory). Difco
nutrient broth with 0.8% NaCI is used to make nutrient agar plates
for controls and inoculum density determinations.

5. Tester strains for routine use are kept at 4°C on minimal
glucose agar plates with 0.1 ml of 0.1M L-histidine, 0.1 ml of 0.5mM
biotin, and 0.1 ml of 8 mg/ml ampicillin (for TA-98 and TA-100)
spread onto the plates. Strain stocks are kept as frozen permanents at
—70°C (Ames, McCann, and Yamasaki, 1975). Master plates are
prepared in triplicate by growing overnight 5 ml of nutrient broth

i



440 CHRISP, HOBBS, CLARK, AND KUBITSCHEK

inoculated with a sample of the frozen permanent transferred with a
sterile stick. Frozen permanents are never allowed to thaw. Master
plates are streaked from the growth inoculum and incubated 48 hr at
37°C. Overnight cultures are tested for spontaneous reversion,
mutagenesis, and characteristic genetic mutations (Ames, McCann,
and Yamasaki, 1975). Master plates of those cultures showing results
consistent with previous tests are sealed with paraffin and used as
strain sources for no longer than 50 days.

Ames Assay Procedures

1. Sixteen to twenty hours before the test, a single colony from
the master plate is inoculated into 5.0 ml of nutrient broth in a
sterile 18- by 150-mm plastic capped tube. The tube is incubated at
37° C in a shaking water bath at a shaker speed sufficient to produce
greater than 1 x 109 cells/ml in 16 hr. Enough tubes are inoculated
to give the proper amount of bacterial suspension when pooled.

2. On the morning of the test, the overnight cultures are removed
from the water bath and stored on ice in a covered ice bucket. The
cultures are pooled and an optical density of 450 is determined with
appropriate dilutions with a Gilford 2450 spectrophotometer. The
number of cells per milliliter of the pooled inoculum is determined
by using an optical density of 450 vs. cells per milliliter standard
curve. The pooled inoculum is then diluted with nutrient broth to
give ~1 x 109 cells/ml and is kept on ice until used.

3. Top agar is melted in a microwave oven, then kept at 48°C in a
water bath. Histidine—biotin solution is added with a 20-ml plastic
disposable syringe.

4. Two milliliters of top agar with histidine and biotin is added
with a plastic disposable 20-ml syringe to sterile 13- by 100-mm
plastic capped tubes kept in a 48° C water bath.

5. Plates containing approximately 17 ml of minimal medium are
removed from the refrigerator and left at room temperature to warm
up. If the room is cold, the plates are put in an incubator for 15 to
30min.

6. Serial tenfold dilutions of the inoculum to 1 x 10~7 are made
(~2 ml of each dilution). These are then used to determine cells per
milliliter, either by plating 0.1 ml of 1 x 10~5 to 1 x 10~7 dilutions
onto nutrient broth plates or by plating 0.1 ml of the same dilutions
with top agar. Predetermined correction factors are used to correct
for the type of pipette tip used, e.g., glass or plastic.

7. Tubes containing top agar are transferred to a Sybron
Thermolyne Dri-Bath kept at 47 to 48°C in a Labgard laminar flow
hood.
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8. Test samples are thawed and diluted if necessary. The test
samples and bacteria are dispensed, and plates are poured in a
laminar flow hood. Samples are dispensed in 100-/il amounts with an
Oxford adjustable 50- to 200-jul micropipette by using sterile,
individually wrapped, polypropylene tips. Bacteria are dispensed in
3-drop aliquots (~0.1 ml) with a sterile 9-in. Pasteur pipette. The
order of addition is first the sample, then the cells. Tubes are
vortexed for 4 sec on a Van Waters and Rogers Vari-Whirl vortexer at
a setting of 5. After the contents of the tube are poured onto the
center of the plate, the tube is shaken over the plate to remove any
sample left in the tube. Plates are then tilted to distribute the top
agar. Total time from addition of cells to the completion of pouring
is approximately 25 sec/plate.

9. Plates containing only bacteria are prepared to test the
spontaneous and mutagen-induced reversion properties of the tester
strains. Plates with the mutagens 2-nitrofluorene (for TA-98) and
methylmethane sulfonate (for TA-100) are added to paper disks
placed in the center of poured and cooled plates to confirm the
response of the strains to known mutagens. Plates containing bacteria
and various doses (0 to 15 jug/plate) of the 2-nitrofluorene
incorporated into the top agar are also prepared to determine
mutagenic activity of a known mutagen for both TA-98 and TA-100.

10. Plates are kept at room temperature for at least 20 min to set
the top agar. Plates are then inverted and placed in a Forma
Scientific model 3314 incubator in equal stacks evenly spaced to
ensure maximum uniform airflow. Plates are incubated 63 to 65 hr
at 37°C and counted on a New Brunswick model CHI Biotran II
colony counter, which is regularly calibrated by comparing machine
and hand counts over the range of colonies per plate. If very small
colonies are present, it is often necessary to count by hand because
machine counts are not accurate.

11. The lawns of plates with a representative range of colonies
and with a range of the dose 'evels tested are examined under a
dissection microscope to check for proper lawn appearance (small,
barely visible, crowded colonies in healthy lawn) and for toxicity
effects (widely spaced large colonies).

12. A minimum of 100 colonies from plates representing several
concentrations of each test sample is selected with a flamed loop and
transferred to minimal medium plates with 0.5mAf biotin to form a
grid for replicate plate testing. Colonies are replica plated onto
minimal medium—biotin plates and nutrient agar plates two to three
times to test for false revertants that may appear as a result of
toxicity.
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13. All bacterial strains are tested at the end of the test for strain
markers by streaking on appropriate plates and checking growth.

14. The sources of materials for Ames testing are listed in Table 4.

TABLE 4

Source of Materials Used for Ames Test at LEHR
(Laboratory for Energy-Related Health Research)

Material

Citric acid
(anhydrous)

K :HPO4 • 3H;O

MgSO4 (anhydrous)

NaNH4HPO4•4H :O

Biotin
Histidine
Ampicillin
Ampicillin disks.

10 jug/disk

Source

Sigma Chemical
Company

Sigma Chemical
Company

Sigma Chemical
Company

MC/B Manufactur-
ing Chemists

Calbiochem
Calbiochem
Bristol Laboratories
Difco Laboratories

Material

Agar
Nutrient broth for

plates
Nutrient broth for

inoculum growth
NaCl

50% Glucose (sterile)
Methyl methane

sulfonate(MMS)
2-Nitrofluorene

(2-NF)

Source

Difco Laboratories
Difco Laboratories

Oxoid

Allied Chemical
Corporation

Abbott Laboratories
Aldrich Chemical

Company, Inc.
Aldrich Chemical

Company, Inc.

RESULTS

The range in numbers of bacterial cells plated in each laboratory
is shown in Table 5. The spontaneous reversion rates (number of
histidine revertants per plate) are shown in Table 6. Reversion rates
on solvent control plates were similar to spontaneous reversion rates.
Data from three replicate plates were used to summarize results as
stated in the experimental protocol. In some cases data from four
replicate plates were submitted, and the counts per plate for one
plate were chosen at random and eliminated from the analysis.

The specific mutagenic activity (i.e., histidine revertants per
milligram of fly ash extracted) for each fly-ash extract was

TABLE 5

Range in Numbers of Bacterial Cells per Milliliter
Plated in Each Laboratory

Strain

Laboratory TA-98 TA-100

,8ANL 3.5 to 8.1 X 10
ITRI 1.2 to 2.0 X I 0 9

LEHR 9.0 X 108 to 2.1 X 109

1.2 X 109

1.0 to 1.3 X 109

6.5 X 108 to 1.9 X 109
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TABLE 6

Average Spontaneous Reversion Values* for
Salmonella typhimurium Strains

TA-98 and TA-100

Laboratory TA-98 TA-100

ANL
ITRI
LEHR

38
32
25

+
±
+

11
8
7

179
144
107

+

±
+

23
32
16

*Histidine revertants per plate ± 1 standard
deviation.

determined by fitting the number of revertants by linear regression,
e.g., y = ax + b where the slope, a, is in terms of revertants per
milligram of fly ash extracted. The correlation coefficient, r, was also
calculated. Tables 7 to 9 each illustrate Ames test results of one
solvent extract in all three laboratories that used one bacterial strain,
Salmonella typhimurium TA-98.

The specific activity of an ANL fly ash extracted with DMSO and
tested with S. typhimurium strain TA-98 was about threefold greater
as determined at ANL than at ITRI or LEHR (Table 7). Also, the
specific activity of 2-nitrofluorene, contributed by Dr. Belser to all
three laboratories, was approximately fivefold greater at. ANL than at
the other two laboratories. It is clear that the mutagenicity of both
the fly-ash extract and 2-nitrofluorene was significantly greater at
ANL. The degree of difference was rather unexpected, and the
reasons are not obvious. Differences between laboratories in either

TABLE 7

Extract Exchange: ANL Fly Ash Extracted with DMSO*
and Tested with Strain TA-98

Laboratory
testing

ANL
ITRI
LEHR

DMSO

Slope,
rev$/mg

419
121
184

extract

Correlation
coefficient

(r)

0.99
0.99
0.99

2-NFf

Slope,
rev Zing

1117
182
195

Correlation
coefficient

(')

0.98
0.99
0.99

Extract slope
2-NF slope

0.38 X 10~~3

0.67 X 10~3

0.95 X 10~3

*Dimethyl sulfoxide.
t2-Nitrofluorene.
i Revertants.
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Ames test methodology or specific substrain sensitivities could
account for the variations in test results. The ratios of the extract
slope to the 2-nitrofluorene slopes were compared for each labora-
tory to see if results would be more similar between laboratories
when normalized to results with the positive control mutagen. The
interlaboratory differences in this ratio were no greater than
threefold.

The specific activity of the ITRI fly ash extracted with
methylene chloride was quite low in all three laboratories (Table 8).

TABLE 8

Extract Exchange: ITRI Fly Ash Extracted with MeQ2 *
and Tested with Strain TA-98

Laboratory
testing

ANL
ITRI
LEHR

MeCl2

Slope,
rev $/ing

1.1
0.9
0.8

extract

Correlation
coefficient

(r)

0.97
0.99
0.98

2

Slope,
revJ/jUg

1028
188
212

-NFf
Correlation
coefficient

(r)

0.96
0.99
0.99

Extract slope
2-NF slope

o.ooi x io~3

0.005 X 10~ 3

0.004 X 10~ 3

•Methylene chloride. •j-2-N i t r o f l u o r e n e- $Revertants.

Although ANL specific activity was slightly higher, no significant
differences were apparent between laboratories. The difference in
slope ratios is probably meaningless when the mutagenic activity is as
low as this.

The specific activity of a LEHR fly ash extracted with
benzene—methanol was also greater at ANL than at the other two
laboratories (Table 9). Again, the maximum difference was no
greater than threefold to fourfold, and the difference in ratios of
extract slope to the 2-nitrofluorene slopes was no greater than
threefold. When the Ames test data are examined, it should be
realized that Ames test mutagenicity data for the same complex
mixture within all three xaboratories can vary as much as twofold
between test days. Therefore this degree of variation could be
expected between laboratories.

During the second part of the experiment, two fly ashes from
each laboratory were exchanged and extracted by a different
extraction method in each laboratory, and each was tested with both
strains TA-98 and TA-100. The results are shown in Tables 10 to 16.
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TABLE 9

Extract Exchange: LEHR Fly Ash Extracted with Be—Me*
and Tested with Strain TA-98

Laboratory
testing

ANL
ITRI
LEHR

Be—Me extract

Slope,
revj/mg

118
31
63

Correlation
coefficient

(r)

0.94
0.99
0.99

Slope,
revj/jug

1028
188
212

2-NFf

Correlation
coefficient

(r)

0.96
0.99
0.99

Extract slope
2-NF slope

0.11 X 10~3

").16 X 10~3

0.30 X 10~3

*Benzene—methanol. f2-Nitrofluorene. $Revertants.

TABLE 10

Fly-Ash Exchange: ANL Fly Ashes A and B Extracted
and Tested with Strain TA-98

Laboratory
and

solvent

ANL
DMSOt

ITRI
MeCl2 ±

LEHR
Be-Me §

ANL
DMSOt

ITRI
MeCl2 t

LEHR
Be-Me §

Slope,
rev*/mg

335

131

54

76

123

100

Correlation
coefficient

(r)

ANL

0.99

0.99

0.99

ANL

0.99

0.99

0.99

Linear dose
range,
mg/pl

Fly Ash A

0 to 0.8

0 to 2.0

0 to 10.0

Fly Ash B

0 to 5.0

0 to 1.0

0 to 10.0

Maximum
dose,
mg/pl

1.0

2.0

10.0

5.0

1.0

10.0

Toxic dose
or range,

mg/pl

—

—

—

—

—

—

*Revertants.
tDimethyl sulfoxide.

jMethylene chloride.
§ Be nzene— met hanol.

Both fly ashes from the bench-model fluidized-bed com-
bustor submitted by ANL were quite mutagenic for TA-98 in all
three laboratories, regardless of the extraction method (Table 10).
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TABLE 11

Fly-Ash Exchange: ANL Fly Ashes A and B Extracted
and Tested with Strain TA-100

Laboratory
and

solvent

ANL
DMSOt

ITRI
MeCl2 $

LEHR
Be-Me§

ANL
DMSOf

ITRI
MeCl2 t

LEHR
Be-Me§

Slope,
rev*/mg

61

69

56

57

98

65

Correlation
coefficient

(r)

ANL

0.70

0.98

0.99

ANL

0.97

0.98

0.98

Linear dose
range,
mg/pl

Fly Ash A

0 to 1.0

0 to 2.5

0 to 10.0

Fly Ash B

0 to 8.0

0 to 2.5

0 to 10.0

Maximum
dose,
mg/pl

1.0

2.5

10.0

10.0

2.5

10.0

Toxic dose
or range,

mg/pl

—

—

—

—

—

—

*Revertants.
fDimethyl sulfoxide.

jMethylene chloride.
§Benzene—methanol.

ANL sample A fly ash was the same one submitted by ANL as part
of the extract exchange discussed previously (Table 7). The DMSO
specific activity was identical to that previously determined by ANL.
Again, the specific activity was greater at ANL than at ITRI or
LEHR. Because of the dissimilarities between Ames test results when
common extracts or control mutagens were tested, the determination
of effect of different extraction methods on mutagenicity testing was
somewhat confounded. However, because of the much lower specific
activity of the benzene—methanol extract of ANL sample A as
determined at LEHR compared with that seen by LEHR with a
DMSO extract of the san ^ fly ash (Table 7), we suspect that
benzene—methanol may be ;s efficient than DMSO for extraction
of mutagens from this particular complex mixture. In contrast, the
pattern of specific activities of ANL sample B extracts was quite
different. We can only assume that DMSO was a very inefficient
solvent for this particular fly ash, or else the ANL Ames test was
much less sensitive for this particular complex mixture. On the other
hand, the specific mutagenic activities of both ANL sample A and
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TABLE 12

My-Ash Exchange: ITRI Fly Ashes A and B Extracted
and Tested with Strain TA-98
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Laboratory
and

solvent

ANL
DMSOt

ITRI
MeCl2 t

LBHR
Be-Me§

ANL
DMSOt

ITRI
MeCl2 %

LBHR
Be—Me§

Slope,
rev*/mg

0.340

0.025

0.071

0.9

0.9

2.6

*Revertants.
t Dimethyl sulfoxide.

Correlation
coefficient,

(r)

ITRI

0.70

0.88

0.97

ITRI

0.88

0.99

0.99

Linear dose
range,
mg/pl

Fly Ash A

0 to 50

0 to 2000

0 to 1000

Fly Ash B

0to50

0 to 800

0 to 200

jMethylene chloride.
§Benzene—methanol.

Maximum
dose,
mg/pl

50

2000

1000

50

800

1000

Toxic dose
or range,

mg/pl

—

—

—

—

—

400 to 1000

ANL sample B fly-ash extracts were quite comparable in all three
laboratories when tested with strain TA-100 (Table 11). It should be
noted that strain TA-100 is generally regarded as being less sensitive
than strain TA-98 for the determination of mutagenic activity of
frameshift mutagens.

A very low amount of specific activity for strain TA-98 was
found in ITRI sample A fly ash by all three laboratories (Tables 12
and 16). ITRI sample B fly-ash extracts were positive in all three
laboratories; the results suggest, however, that benzene—methanol
may be a superior solvent for this particular fly ash. A methylene
chloride extract of this same fly ash was submitted during the extract
exchange, which was previously discussed (Table 8). ITRI sample A
extracts were slightly positive for strain TA-100 at ANL and ITRI
but not at LEHR (Tables 13 and 17).

LEHR sample A fly ash proved to be quite mutagenic for TA-98
in all three laboratories (Tables 14 and 16). However, results suggest
that methylene chloride may be an inferior solvent for extraction of
mutagens from this particular fly ash. This impression was further

•v

i
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TABLE 13

Fly-Ash Exchange: ITRI Fly Ashes A and B Extracted
and Tested with Strain TA-100

Laboratory
and

solvent

ANL
DMSOf

ITRI
MeCl2 t

LEHR
Be-Me§

ANL
DMSOf

ITRI
MeCl2 t

LEHR
Be-Me§

Slope,
rev*/mg

0.756

0.035

0.033

0.74

0.15

0.64

•Revertants.
tDimethyl sulfoxide.

Correlation
coefficient

(r)

ITRI

0.62

0.83

0.50

ITRI

0.49

0.98

0.95

Linear dose
range,
mg/pl

Fly Ash A

0 to 50

0 to 2000

0 to 1000

Fly AJi B

0 to 50

0 to 2000

0 to 200

iMethylene chloride.
S Benzene—methanol.

Maximum
dose,
mg/pl

50

2000

1000

50

2000

1000

Toxic dose
or range,

mg/pl

—

—

—

—

—

400 to 1000

confirmed by the results with TA-100 (Tables 15 and 17), which
show a rather low specific activity for the methylene chloride extract
when compared with the DMSO or benzene—methanol extracts.
LEHR sample B fly ash proved to be only marginally positive with
strain TA-98 at LEHR and negative at ANL and ITRI (Tables 14 and
15). It should be noted that a much larger amount of fly ash was
extracted at LEHR than at the other two laboratories. LEHR sample
B was not mutagenic for strain TA-100 in any of the three
laboratories (Tables 15 and 17).

SUMMARY AND CONCLUSIONS

This experiment showed that mutagenicity of fiy ash derived
from different coal conversion technologies as determined by the
Ames plate incorporation test was similar to that previously reported
(Fisher, Chrisp, and Raabe, 1979; Kubitschek and Haugen, 1980;
Clark, Hanson, and Sanchez, 1978) in all three laboratories. The
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TABLE 14

Fly-Ash Exchange: LEHR Fly Ashes A and B Extracted
and Tested with Strain TA-98
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Laboratory
and

solvent

ANL
DMSOf

1TRI
MeCl2 i

LEHR
Be-Me§

ANL
DMSOf

ITRI
MeCl2 i

LEHR
Be-Me§

Slope,
rev*/mg

86

18

61

- 0 . 1 1

0.04

0.11

*Revertants.
tDimethyl sulfoxide.

Correlation
coefficient

(r)

LEHR

0.96

0.99

0.99

LEHR

-0.12

0.26

0.95

Linear dose
range,
mg/pl

Fly Ash A

0 to 20

1 to 50

0 to 15

Fly Ash B

0 to 20

1 to 100

0 to 800

iMethylene chloride.
§Benzene—methanol.

Maximum
dose,
mg/pl

20

100

115

20

100

1000

Toxic dose
or range,

mg/pl

—

—

—

—

—

1000

differences in mutagenic activity of each fly ash between laboratories
with different solvent extraction methods were no greater than one
order of magnitude. In most cases the differences between labora-
tories were much smaller.

In addition, there were much smaller, but still significant,
differences in mutagenic activity between laboratories when the same
solvent extract of a particular fly ash was tested in each laboratory.
There were also significant differences in mutagenicity of the positive
control mutagen (maximum of fivefold) between laboratories.
Because of this difference in Ames test sensitivity between labora-
tories, the influence of the solvent extraction methods on differences
in mutagenicity was not clear. The data, however, suggested that
either there were significant differences in the degree of sensitivity of
Ames tests for different complex mixtures within each laboratory or
else there were differences in mutagen extraction efficiency between
different solvent extraction methods. Both Ames test sensitivity and
solvent extraction may be important. Further work would be
necessary to separate the contribution of these two factors.
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TABLE 15

Fly-Ash Exchange: LEHR Fly Ash A and Fly Ash B Extracted
and Tested with Strain TA-100

Laboratory Correlation Linear dose Maximum Toxic dose
and Slope, coefficient range, dose, or range,

solvent rev*/mg (r) mg/pl mg/pl mg/pl

ANL
DMSOt

ITRI
MeCl2 i

LEHR
Be-Me§

ANL
DMSOt

ITRI
MeCI2 X

LEHR
Be-Me§

19

3

35

1.4

- 0 . 2

0.2

*Revertants.
fDimethyl sulfoxide.

LEHR

0.90

0.99

0.99

LEHR

0.22

-0.47

0.66

Fly Ash A

OtolO

0 to 100

0 t o l 5

Fly Ash B

OtolO

0 to 100

0 to 200

jMethylene chloride.
§ Benzene—methanol.

10

100

115

10

100

1000

—

—

20 to 115

—

—

1000

An important aspect of further work would be to separate the
contribution of the innate sensitivity of substrains of Ames tester
strains in each laboratory from the possible effects of differences in
Ames testing methodology. This could be done by te' ting the same
extracts of fly ash and positive control mutagens with substrains of
tester strains exchanged between laboratories. The results described
in this paper also imply that caution should be exercised in
assuming that the same solvent would have the same efficiency for
extraction of mutagens from different fly ashes even within the same
laboratory.

ACKNOWLEDGMENT

This research was supported by U. S. Department of Energy
contracts No. DE-AMO3-76SF00472 (for the LEHR study), No.
EY-76-C-04-1013 (for the ITRI study), and No. W-31-109-Eng 38
(for the ANL study).



COMPARATIVE MUTAGENESIS TESTING OF COAL FLY ASH

TABLE 16

Comparison of Specific Mutagenic Activity* of Coal
Fly Ash Tested with Salmonella typhimurium Strain TA-98
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Fly-ash
sample

ANLA
ANLB

ITRI A
ITRIB

LEHRA
LEHRB

ANL: DMSOf

• 307 to 363^!
71 to 81

0.18 to 0.50
0.7 to 1.2

74 to 98
—0.53 to 0.30

Laboratory and solvent

ITRI:MeCl2t

105 to 157
108 to 137

0.015 to 0.034
0.8 to 1.0

16 to 20
-0.04 to 0.12

LEHR: Be-Me§

51 to 57
97 to 103

0.06 to 0.08
2.5 to 2.9

59 to 64
0.09 to 0.13

•Revertants per milligram of fly ash extracted.
fDimethyl sulfoxide.
tMethylene chloride.
§ Benzene—methanol.

confidence interval of specific activity.

TABLE 17

Comparison of Specific Mutagenic Activity* of Coal
Fly Ash Tested with Salmonella typhimurium Strain TA-100

Fly-ash
sample

ANLA
ANLB
ITRI A
ITRIB

LEHRA
LEHRB

ANL: DMSOf

28 to 94 «|
49 to 65

0.25 to 1.26
0.11 to 1.37

14 to 23
-1.87 to 4.69

Laboratory and solvent

ITRI: MeCl2 X

52 to 86
73 to 124

0.01 to 0.06
0.12 to 0.17

2.8 to 3.4
-0.447 to -0.001

LEHR: Be-Me§

53 to 59
59 to 71

-0.007 to 0.073
0.48 to 0.80

32 to 38
—0.002 to 0.392

•Revertants per milligram of fly ash extracted.
f Dimethyl sulfoxide.
tMethylene chloride.
§Benzene—methanol.
Ĵ confidence interval of specific activity.
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Comparative Mutagenic Activity of Organics
from Combustion Sources

LARRY CLAXTON and JOELLEN L. HUISINGH
Genetic Toxicology Division, Health Effects Research Laboratory,
U. S. Environmental Protection Agency, Research Triangle Park, North Carolina

ABSTRACT

Particles emitted from many combustion sources are considered to be
potentially carcinogenic owing to the polycyclic hydrocarbons associated with
the particJe surface. The objective of this study was to determine the relative
mutagenic activity of these organics in a microbial mutagenesis bioassay.
Additional studies are in progress to determine the relative biological activity of
these organics in both in vitro and in vivo mutagenesis and carcinogenesis
bioassays. The sources of particles used were a diesel vehicle, a gasoline catalyst
vehicle, cigarette-smoke condensate, asphalt roofing tar, and a residential heater.
After the particles were collected from a combustion source, the dichloro-
methane-extractible organics were assayed in the Ames Salmonella
typhimuriumlmicrosome plate incorporation assay. The assay was performed at
a minimum of five doses with and without microsomal activation in five tester
strains. All these extracts had activity at doses within the same order of
magnitude; diesel organics, however, clearly demonstrated a more pronounced
response. A comparison of the diesel-engine sample in the TA-98 strain and the
TA-98—FRl, nitroreductase-deficient strain suggests that a portion of the
activity is due to inactive nitro compounds that are reduced to an active form by
bacterial enzymes. In summary, this study demonstrates the methods by which
bacterial mutation systems can be used to provide relative potency comparisons
as well as qualitative comparisons for the evaluation of complex mixtures.

Mutation testing classically has been limited to the testing of unique
compounds of special interest, such as specific food additives,
medicines, research chemicals, solvents, hair dyes, etc. In contrast to
any one of these chemicals to which varying percentages of the
population are exposed, every individual is exposed to particles and
organics resulting from combustion processes. Recent work (Waters
et al., 1979), mainly with bacterial systems, has demonstrated that
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the organic mixtures from combustion processes are mutagenic and,
therefore, also potentially carcinogenic.

In the consideration of the activity associated with vr-^™~*.
sources, one question of primary importance concerns how u
compare various sources for mutagenic potential. Several problems
arise with combustion sources. The collection methods for sampling
particles limit the amount of organics available for biotesting. In
addition, the mutagenic activity detected depends upon the chemical
extraction procedure, the proportion of mutagenic components
within the mixture, the amount of "masking" organics that are
bactericidal, the metabolic characteristics of the indicator organism
and mammalian activation systems, and the detection limits of the
bioassay. With these considerations understood, bacterial mutation
systems allow the direct comparison in a dose-response fashion of
organic material from various sources.

This paper demonstrates the utility of using bacterial mutation
systems in evaluating and comparing organics from various sources.
Bacterial systems can also provide specific evidence as to the type of
mutagenic material that is present within a complex mixture.

BACTERIAL MUTATION SYSTEMS USED

The most widely used bacterial system available is the Salmonella
typhimurium plate incorporation test developed by Ames, McCann,
and Yamasaki (1975). This bioassay is a simple, reproducible in vitro
test with the ability for detecting substances that cause base-pair and
frame-shift mutations in bacterial DNA. These bacterial strains are
histidine-requiring mutants that revert to prototrophy when exposed
to an appropriate mutagen. Six mutant strains of S. typhimurium,
i.e., TA-98, TA-100, TA-1535, TA-1537, TA-1538, and TA-98-FR1,
were used with this study. The nitroreductase-deficient (NRD) strain,
TA-98—FR1, was obtained from Dr. Herbert Rosenkranz at the New
York Medical College, Valhalla, N. Y. The other strains were received
from Dr. Bruce Ames at the University of California, Berkeley. The
sensitivity of all strains was increased with the deep rough (rfa)
mutation and the deletion of the DNA repair system. The deep rough
mutation makes the bacteria more permeable to substances by
eliminating the polysaccharide side chain of the lipopolysaccharide
layer that coats the bacterial surface. The TA-98, TA-98—FR1, and
TA-100 strains contain an ampicillin-resistant R factor that increases
error-prone recombinational repair, which makes these strains more
sensitive. The NRD strain no longer has the ability to reduce inactive
compounds with a nitro function to an active derivative (Rosenkranz
and Speck, 1975).
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All samples were tested in TA-98, TA-100, TA-1535, TA-1537,
and TA-1538 strains. In addition, the diesel-emission and cigarette-
smoke samples were assayed in the NRD strains.

Basically the standard protocol as described by Ames, McCann,
and Yamasaki (1975) was used, except that the minimal histidine
was added to the plating medium rather than to the soft agar overlay.
Since many mutagens and carcinogens do not act directly but must
be metabolized to an active form, mammalian activation in the form
of a 9000 x g supernatant (S-9) of a liver homogenate from Aroclor
1254 induced male Charles River CD-I rats was used with replicate
samples (Ames, McCann, and Yamasaki, 1975). After a 72-hr
exposure of the indicator organisms to the appropriate sample upon
selective media, the number of revertant colonies on each plate was
counted electronically with an Artek model 880 automatic colony
counter. Known positive controls were conducted with each experi-
ment. For the activation situation, 2-anthramine was used as the
positive control for each strain. The positive controls when S-9 was
not present were as follows: 2-nitrofluorene for TA-98 and TA-1538,
9-aminoacridine for TA-1537, and sodium azide for TA-100 and
TA-1535. Spontaneous controls consisting of each component
except for the sample were also used with each experiment. If
positive and spontaneous controls did not fall within expected limits,
the test was recorded as invalid. All other quality-assurance proce-
dures as outlined by Ames, McCann, and Yamasaki (1975) and by
the Washington Committee on the Ames Test (de Serres and Shelby,
1979) were followed. In addition, all experiments were conducted in
a laminar-flow biological exhaust hood under yellow lights. After
data were recorded in permanent laboratory notebooks, they were
also stored in a computerized data-retrieval system (Claxton and
Evans, 1980).

Samples that were to be compared were tested simultaneously
within the same assay. When sufficient sample was available, each
substance was tested at a minimum of five doses and in triplicate at
each dose. All substances were presented to the assay dissolved in
dimethylsulfoxide (DMSO) (Fisher, spectral grade).

For samples that were positive within the Ames test, the data
from the initial linear portion of the dose—response curve were used
to calculate a linear-regression line. The equation for that line was
used to calculate the expected response at 100 jug of organic material
(a dose located within the linear response range). The average
spontaneous revertant value was not subtracted in these calculations.
This response was termed the specific activity and was used as a
convenient method of comparison between the response of the
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different samples (Table 1). It must be noted, however, that
quantitative comparisons between samples are most valid when the
samples are treated within the same experiment.

Strain

TA-98

TA-1538

TA-1537

TA-1535

TA-100

TABLE 1

Specific Activity and Relative Potency
of Various Combustion Organics

Acti- Cigarette
vation smoke

— Negative
+ 98.2(0.3)

— Negative
+ 90.6 (0.6)

— Negative
+ Negative

— Negative
+ Negative

— Negative
+ ?§

Specific activity* (relative potency)t

Roofing
tart

Negative
98.7(0.3)

Negative
34.4(0.3)
Negative
36.5(0.5)

Negative
Negative

Negative
420.0 (1.8)

Diesel
vehicle

1225.2 (8.9)
1367.1 (4.0)

347.2(7.2)
468.0 (3.2)

178.5(6.0)
206.2 (2.6)

Negative
Negative

1270.1(6.5)
881.7(3.9)

Gasoline
vehicle

137.8(1.0)
341.9(1.0)

48.4(1.0
144.1 (1.0)

29.8 (1.0)
79.1(1.0)

Negative
Negative

196.5(1.0)
228.0(1.0)

Residential
heater

90.5(0.7)
152.5 (0.4)

40.2 (0.8)
71.4(0.5)

18.4 (0.6)
33.0(0.4)

Negative
Negative

200.0(1.0)
289.2(1.3)

*Revertants per plate at 100 jUg of organic material calculated from a
linear-regression analysis.

tGasoline vehicle given relative potency of 1.0.
JFrom retest of organics at lower doses.
§Questionable result; to be retested when material is available.

SOURCES TESTED

Five separate types of samples were collected, extracted, solvent
exchanged to DMSO, and tested within the bacterial system. The five
sources of combustion organics were (1) a cigarette-smoke con-
densate; (2) roofing-tar emissions; (3) diesel-engine exhaust particles;
(4) gasoline catalyst engine exhaust particles; and (5) residential-
heater emission particles.

The 2RI Kentucky Reference cigarette-smoke condensate was
generated according to the method of Patel (1977) at Oak Ridge
National Laboratory by W. H. Griest.

The roofing-tar organic was generated and collected by the EPA
(Environmental Protection Agency) Industrial Environmental Re-
search Laboratory (Research Triangle Park, N. C.) under the direction
of Bruce Harris. A large commercial-type container of asphalt roofing
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tar, enclosed within a chamber, was heated to 375°F, a normal
temperature for commercial use. The evaporative emissions were
collected within a large Teflon "sock," and the organics associated
with collection were Soxhlet extracted with methylene chloride and
solvent exchanged to DMSO.

The diesel-exhaust particles were collected from a Datsun Nissan
22 OC diesel vehicle operated on the Highway Fuel Economy Test
Cycle (HWFET). A 1978 Ford Mustang II was the gasoline vehicle
used. It was a catalyst-equipped vehicle using unleaded gasoline and
also was run on the HWFET cycle. The residential heater was a
100,000-Btu model 125-OU-AC-A residential heater manufactured
by Day and Night Air Conditioning Company, The heater, using
0.9 gal of fuel per hour, was operated in a cyclic mode (10 min on
and 20 min off). The diesel vehicle and the residential heater were
both operated with the same No. 2 diesel (Union 76) fuel. The
particles from both vehicles and the residential heater were collected
on the same type of filters (Pallflex T60A20 filters). These three
samples were supplied by Dr. Ron Bradow and Dr. Roy Zweidinger
of the Environmental Sciences Research Laboratory, EPA, Research
Triangle Park, N. C.

RESULTS

The study was divided into three phases: (1) an initial compari-
son between samples at identical doses; (2) a retest of the cigarette-
smoke condensate and roofing-tar emission to clarify their response;
and (3) the testing of the cigarette-smoke-condensate and diesel-
exhaust samples with the NRD strains of Salmonella typhimurium.
Each sample tested was shown to have mutagenic activity within at
least two tester strains (TA-98 and TA-1538) when a mammalian
activation system was used; in the initial comparative assay, however,
this was not demonstrated. Within the initial screening at identical
doses, the roofing-tar organic sample was negative in all five strains,
cigarette-smoke condensate was positive in TA-98 and TA-1538
when mammalian activation was supplied, and the other three
samples were positive in all strains except TA-1535. The results for
each positive sample within a strain are graphically presented in
Fig. 1. Three samples (diesel-engine organics, gasoline-engine or-
ganics, and home-heater organics) demonstrated activity both with
and without activation. The majority of the diesel-engine sample
activity could be attributed to directly acting mutagens. The
gasoline-engine and home-heater samples had directly acting muta-
gens; the addition, however, of an exogenous activating system
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significantly increased the activity of these samples. In all cases the
most significant response was seen with the diesel engine-exhaust
organics. When a mammalian activation mixture was added, the
gasoline-engine sample generally showed a significant increase in
response over the residential-heater and cigarette-smoke samples. Of
the samples tested, cigarette smoke consistently provided the lowest
response. Within this initial comparison the asphalt roofing-tar
sample gave a decreasing number of revertants per plate with
increasing dose, and the average revertant count was never above the
spontaneous level. At the higher doses there was a definite clearing of
bacterial background, which indicated toxicity.

The toxicity of ' the roofing-tar sample suggested retesting at
lower doses. The sample then was found to give a positive response in
TA-98 with an S-9 fraction. With mammalian activation, TA-1537
and TA-1538 demonstrated questionable positive responses (Fig. 2).

Since the response of the cigarette-smoke condensate was
somewhat lower than that recorded within the literature (Kier,
Yamasaki, and Ames, 1974), an aliquot of the same cigarette-smoke
condensate was sent to a second laboratory for testing. The results
from these two laboratories are compared in Fig. 3.

Sample availability limited the use of the nitroreductase-deficient
strains to the diesel-engine sample and the cigarette-smoke conden-

I I

i l I l l I I l I I
50 100 150 200 250

ORGANIC, m

20

10

1
n

i
F*"-*^ -S-9

1 1 ?"~1~^"

1 1

1 1

1 1 1
TA-1537 -

1

0 50 100 150 200 250
ORGANIC, m

Fig. 2 Response of combustion organics from asphalt roofing-tar
emissions in three strains. S-9, supernatant.
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Fig. 3 Response in two laboratories of cigarette-smoke condensate
with TA-98 and TA-100. S-9, supernatant. , laboratory 1.

, laboratory 2.

sate sample. Figure 4 compares the response seen in the NRD strain
TA-98—FR1 with its companion strain TA-98. Both these strains
gave similar responses with cigarette-smoke condensate; there is,
however, a marked difference in the response seen in the diesel
organics.

A completely computerized listing of these and other selected
data in raw and summary forms is available in an EPA report that can
be requested from the authors (Claxton and Evans, 1980). A copy of
these reports will also be submitted to the Environmental Mutagen
Information Center, Oak Ridge National Laboratory.

DISCUSSION

The organic samples from combustion source emissions were all
demonstrated to be mutagenic in the Salmonella typhimurium
mutagenesis assay. This finding is consistent with recently reported
studies on the mutagenicity of a variety of complex mixtures (Waters
et al., 1979). The present study demonstrates that the bioassay of



462 CLAXTON AND HUISINGH

A
T

E

_j
Q_

P
fc

H

n
2
-

DC
it

UJ

a.

2000

1500

1000

500

n

I

-

—

j
/

- /

: / /
i/

\

WITH

1

<

1

ACTIVATION

1 1 i

T A - 9 8 , -

—
_L

_1

-

—

^ TA-98 NRD —

J_
l

—

:

I I I "

WITHOUT ACTIVATION

100 —

50

1

1

1

TA-98

r TA-98

1

NRD

1 1

1 
1

 
1

 1
 

1
1 

1
 1

 
1

200 400
ORGANIC, /jg

i i I r

rA-98

600 0

DOSE PER PLATE

200 400
ORGANIC, fig

Fig. 4 Comparison of the response of diesel organics and cigarette-
smoke condensate in nitroreductase-deficient (NRD) strains with
companion strains.



MUTAGENIC ACTIVITY OF ORGANICS 463

complex mixtures in a comparative manner can be accomplished by
using bacterial assay systems. Some of the difficulties encountered in
the testing of complex mixtures and in the use of additional bacterial
strains for supplementary information also are presented.

One difficulty encountered is that similar sources can show
quantitative differences. Upon initial testing, the cigarette-smoke
condensate gave a similar but slightly lower response to previously
published work (Kier, Yamasaki, and Ames, 1974). The similar
results obtained when the sample was independently tested suggest
that the condensate is slightly less active than previously reported
condensates. This also demonstrates that the same type of source,
e.g., cigarettes, will vary quantitatively from one actual source to the
next. As demonstrated here, however, the activities for any one type
of source will be similar in regard to the responsive strains and the
general dose response within these strains.

The roofing-tar sample is an example of two other interrelated
problems encountered with complex mixtures. First, the sample can
be mutagenic at a much lower or a much higher dose than other
combustion organic samples. In this case, roofing tar was mutagenic
at lower doses than the other samples and gave a negative response at
the initial doses tested. Second, complex mixtures can contain
compounds that are bactericidal. This bactericidal activity can mask
either all or a portion of the mutagenic activity. In the case of
roofing tar, a portion of the activity is masked. When these factors,
i.e., the activity outside the range of normally expected activity and
the partial masking of activity, occur together, a very narrow
dose-response range can exist. This type of dose response could easily
have been missed by normal half-log screening doses. Also, the dose
responses found with this type of sample are often difficult to
interpret, as seen with strains TA-1538 and TA-1537 (Fig. 2).

This work demonstrates that qualitative comparisons can be
made when samples are tested within the same experiment. Several
conclusions can be drawn from these comparisons:

1. The combustion process affects the level of mutagenic
activity. For example, the diesel engine and home heater used
the same fuel that had previously been shown not to be mutagenic
prior to combustion (Huisingh et al., 1979). These two processes
produced remarkably different responses within the positive tester
strains.

2. Mutagenic combustion products from most sources may be
similar by virtue of being planar ring compounds that can act as
frame-shift mutagens. For example, none of these samples showed
any significantly positive activity in the base-pair substitution strain
TA-1535 that would detect alkylating agents.
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3. A marked dissimilarity in the mutagenically active moieties
can be seen by a comparison of the diesel-exhaust sample and the
cigarette-smoke sample. The condensate from cigarette smoke
required activation before a positive response could be seen, but the
diesel sample demonstrated the presence of mostly directly acting
mutagens. The other positives demonstrated what appeared to be one
of two possible situations: (1) samples such as the gasoline sample
could have a mixture of promutagens and directly acting compounds;
or (2) the activation system can detoxify bactericidal compounds
within these complex mixtures, which allows for a greater expression
of mutagenicity. If we examine the initial slopes of the gasoline and
home-heater samples where toxicity would have its least effect, we
find that the slopes are different. Therefore we would suspect that
these samples contain a mixture of promutagens and directly acting
mutagens.

4. The nitroreductase-deficient strains demonstrated another
difference between two samples available for testing. The responses
for TA-98—FR1 and TA-98 were essentially the same for cigarette
smoke; however, for the diesel-exhaust sample, the response of
TA-98—FR1 was approximately one-half that of TA-98 at each dose
tested. This would suggest that diesel exhaust contains inactive nitro
compounds which are reduced to an active form by enzymes within
strain TA-98 of S. typhimurium. These are probably very stable
compounds since the response with and without activation is very
similar.

Simultaneous bioassay of several samples within one experiment
also allows for a more quantitative comparison of relative potencies
through the elimination of variables inherent within the Salmonella
assay. Although reproducibility between experiments within one
laboratory and between laboratories can be demonstrated, the
elimination of such variables as (1) the number of bacteria exposed,
(2) genetic drift that can occur in the subculturing of tester strains,
and (3) variation in the metabolic activity of the S-9 preparation,
allows for a more reliable comparison of relative potency. We have
chosen, arbitrarily, to use the specific activity at 100 jug of organic
per plate for potency comparisons and to designate the gasoline
vehicle as having a potency value of 1.0. This study then demon-
strates as much as a 12.7-fold difference when the strain TA-98 is
examined. The relative potency values are recorded along with
specific activities in Table 1. As seen from Table 1, the range of
relative potencies varies according to the bacterial strain used; the
diesel-exhaust sample, however, always gave the highest relative
potency value. This diesel vehicle was one of several vehicles under
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study, and earlier work (Huisingh et al., 1979) also showed a wide
range of activity among different diesel vehicles.

Although the relative potencies of the extracted organics are
compared, the determination of the relative potential mutagenic
activity of the combustion sources requires a consideration of factors
beyond the scope of this paper. Among the factors needed for a
comparative assessment of the combustion sources are (1) amount of
extractable organics per milligram of particle, (2) emission rate of
particles from the source, (3) residence time of the particles within
ambient air, and (4) exposure to the human population. In addition,
bioassays in mammalian cells and mammals to detect potentially
toxic, mutagenic, and carcinogenic end points are required to provide
a data base for evaluation of potential hazard. These and other
combustion sources are being evaluated in such bioassays.
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ABSTRACT

Cytogenetic effects induced by alpha irradiation were examined by using
short-term assays in Procaryotes and Eucaryotes. Irradiation was produced by
239Pu bound to DTPA as an equimolar complex in the culture medium;
DTP A—Zn was used in control cultures. Induced mutagenesis was not observed
with the Ames test or when the test for ouabain resistance in Chinese hamster
ovary (CHO) cells was used; i.e., TG resistance and chromosome aberrations in
Eucaryote cells were increased at dose-rate exposure down to 5 R/day. These
two biological effects have shown a linear increase as a function of the dose.

Alpha irradiation has appeared to be much more lethal than mutagenic. By
using a low dose rate, corresponding to 1 and 3 R/day, we demonstrated a linear
increase with dose of the induced TG-resistant cells. The efficiency per unit dose
was three to five times superior to what was observed at 5 R/day. This
phenomenon could correspond to an induced cell sensitivity and points out that,
for chronic and low doses, data obtained from flash or short-term alpha
exposure need to be evaluated in terms of dose-rate-dependent responses.

"It is now established that there are various tissues in which the
development of malignancy following irradiation seems to be very
rare" (International Commission on Radiological Protection, 1977).
Thus in vitro correlation between delivered dose and observed
biological effects could be used to analyze the mechanisms of
irradiation damage. These dose—effect relationships, however, could
be of great help in the case of combined action of different
carcinogens. Indeed, in vivo association of alpha irradiation with
different environmental agents has led to unpredictable effects; i.e.,

466
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synergy (Metivier et al., 1979), almost no effect (Gross et al., 1969;
Temple, Marks, and Bair, 1960, or simple additive effects (Sanders,
1973). The determinism of these interactions could be better
approached in vitro because of the tremendous number of combina-
tions to be tested.

Although in vitro effects resulting from low linear energy transfer
(LET) irradiation have been widely studied, few studies are con-
cerned with high LET irradiation, particularly alpha particles. The
relative biological efficiency (RBE) has been established as a function
of LET after acute irradiation with accelerated ions or monoener-
getic alpha particles. The maximum efficiency for lethality, muta-
genesis, or chromosome aberrations occurred at LET's of about 100
to 200 keV/jtim (Cox et al., 1977; Barendsen, 1979). Such LET
corresponds to the LET seen with alpha particles emitted by
actinides. This type of irradiation should result in a high RBE as
compared with low LET irradiation (Hall et al., 1972; Brooks et al.,
1976). In contrast with early experiments on cell lethality (Barend-
sen et al., 1960), it has been established that cell inactivation does
not correlate with the energy deposition of only one alpha particle in
the cell nucleus (Lloyd et al., 1979) since this one-hit event could be
observed only for end-track energy deposition in the peripheral
region of the nucleus (Datta, Cole, and Robinson, 1976).

Survival curves for mammalian cells exposed to alpha particles
are approximate exponential functions of dose (Hall et al., 1972) and
are cell-cycle dependent (Raju et al., 1975). The purpose of this
study is to establish in vitro dose—effect relationships after alpha
irradiation by using different cytogenetic modifications.

MATERIALS AND METHODS

Alpha Irradiation

An equimolar complex of DTP A—239Pu was used, as an alpha
emitter, which was stored in a concentrated stock solution and then
diluted in culture medium. TLo rells were irradiated with different
concentrations of DTP A—2 3 9 Pu for difieier t exposure periods.

Dose was expressed as average dose to the cuituie medium; dose
values overestimate actual energy delivered to layered cells. This was
especially the case for Chinese hamster ovary (CHO) cells. Actual
dose is related to average dose within a constant factor down to 0.5.
An equimolar complex of DTP A—Zn was used for treating control
cultures.
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Procaryote Tests

We have used Ames' methods (McCann and Ames, 1976) to
study induced mutagenesis and lethality of Salmonella typhi-
murium after alpha irradiation. Exponentially gr6wing strain TA-100
was irradiated in phosphate buffer for 30 min. The delivered doses
varied from 0 to 1000 R. After several buffer rinsings, cells were
plated. Spot tests were performed with seven strains of Salmonella
typhirnurium. A semiquantitative study was first performed with
2 3 9 Pu spots of 3 x 103 , 3x 102 , 102 , 30, 10, and 1 nCi. Other
strains were then tested with only 3 juCi as a 5-jul deposit. The
susceptibility of each strain to induced mutagenesis by chemical
compounds was verified. We used 5-/il spots of nitrofluorene (1
mg/ml) for strains TA-98 and TA-1538, amino acridine (1 mg/ml) for
TA-1537, ethyl methane sulfonate for TA-1535, methyl methane
sulfonate for TA-100, and mytomycine C (1 mg/ml) for TA-2420
and TA-2421.

Eukaryote Tests

Cell Culture

Two cell strains maintained at 37°C in a gas phase of 5% CO2
and 95% air were used as follows:

1. A CHO cell line, from which only the clone was isolated from
one cell, was used. These cells were selected for their low-level
frequency of resistance to 6-thioguanine (TG) and ouabain. The cell
line was stored in liquid-nitrogen ampules, each containing at least
5 x 106 cells. Before each experiment, the ampule was thawed and
maintained in exponential growth for several days. Cells were grown
as monolayers, in McCoy's medium buffered with lOmM HEPES and
supplemented with 10% fetal calf serum and 1% kanamycin. Cells
were subcultured every 2 or 3 days after 5 to 10 min incubation in
0.25% trypsin in buffered McCoy's.

2. A human lymphoblastic cell line, LNH13)* cultured as
suspended cells in RPMI 1640 and supplemented with 10% fetal calf
serum and 0.5% lyncocin was used.

LNHj 3 cells were nearly diploid (modal chromosome number
49) and presented a nearly constant karyotype. This cell line was
used only to measure induced chromosome aberrations.

*Kindly provided by Dr. C. Rosenfeld, Institut Gustave Roussy, Villejuif,
Prance.
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During alpha irradiation, whatever the cell line used, 0.86 ng
ZnSO4 • 7 H2O was added to the culture medium to prevent any
free DTPA cytotoxicity (Lohbreier-Dorr and Hotz, 1979).

Cell Growth and Survival Curves

The growth of irradiated CHO cells was compared with control
eel's. DTPA—239Pu was added about 2 hr after cell plating. At the
end of alpha exposure, after thorough washings with fresh medium
and trypsin incubation, cells were suspended in culture medium and
counted in a hematocytometer.

Cloning efficiency was evaluated after plating 130 cells on a
6-cm-diaxneter Petti dish (four dishes per point). Colonies were
counted 5 to 6 days later. Survival curves were deduced, either
directly from cloning efficiency or from the total viable irradiated
cells vs. the total viable control cells. Control cells were plated at the
same time and at the same cell concentration as irradiated cells.

Mutagenesis

For such studies at least 1 to 1.5 x 106 cells were exposed to
alpha irradiation and subcultured every 2 days after exposure.
Resistance to ouabain and TG was tested after 8 to 12 days. The
TG-selective medium was prepared with 10% dialyzed fetal calf serum
and 1.67 /Ug/ml TG. For each determination of mutation frequency,
2 x 106 cells were tested (10 plates, 2 x 10s cells per 9-cm plate).
Resistant colonies were counted after a 7-day culture (Hsie et al.,
1978). The ouabain-selective medium was the same as the basal
culture medium but contained lmM ouabain. Colonies were counted
8 to 9 days after plating, i.e., 6 plates, 106 cells per plate (Thacker,
Stephens, and Stretch, 1978). Frequency of TG or ouabain resistance
was expressed as the number of resistant colonies per 106 cells and
was corrected for cloning efficiency in medium without the selective
agent.

Sister Chromatid Exchange (SCE) Frequency

SCE frequency was measured after an incubation of 18-hr in the
dark with 2 fig bromodeoxyuridine (BUdR) per milliliter. Metaphases
were accumulated after a 3-hr colchicine arrest (50 fig/ml). Cells
suspended by trypsin incubation were fixed with methanol acetic
acid (3 : 1) after suspension in 0.075M KC1 hypotonic. Differential
chromatid staining was performed by the UV and Giemsa method
(Perry and Evans, 1975). BUdR was added to control and to
irradiated cells. Cells were tested at 1, 2, and 3 days following
chronic irradiation; BUdR was added during the last 18 hr.
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Chromosome Aberrations

Chromosome aberrations were scored by using LNHj 3 cells.
These cells were irradiated at an alpha dose rate of 5,10,15, 20, 30,
and 50 R/day. Exposure varied from one cell cycle to 10 days.
Metaphase spreading was nearly the same as described for CHO cells.
Chromosome aberrations were scored after Giemsa staining.

RESULTS

The Ames Test

The in vitro alpha irradiation of TA-100 at 0 to 1000 R, induced
ceil lethality at doses higher than 200 R; radioinduced mutants could
not be observed.

As shown in Fig. 1, 3 fid of DTP A—2 3 9 Pu as a 5-̂ 1 spot was not
mutagenic in TA-100 and the seven different strains of Salmonella
tested. A clear cytotoxic effect, however, could be pointed out.
From TA-100 screening, this cytotoxic effect could be observed only
for spot deposition higher than 0.3 juCi. DTP A—Zn alone used at the
same concentrations as DTP A—239Pu was neither cytotoxic nor
mutagenic in the Ames test or the spot test. Control of mutagenesis

Fig. 1 Spot test using TA-100 strain, (a) 3 X 103 nCi deposit; only
cytotoxic effect is observed, (b) 5-jUl methyl methane sulfonate
deposit; cytotoxic and mutagenic effects ate demonstrated.
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in each of the seven strains used was positive after spot deposition of
mutagenic compounds (Fig. 1).

Cell Growth and Survival Curve

Over a 3-day culture period, chronic alpha irradiation of CHO
cells did not modify cellular proliferation when the dose rate
delivered in the medium was less than 23 R/day (Fig. 2). Cells
exposed to 1, 3, or 9 R/day during 12 days exhibited the same
doubling time as controls. Figure 3 presents cell survival as a function
of dose.
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24 48
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Fig. 2 CHO cell growth following chronic irradiation.

Mutagenesis

Determination of expression time for TG resistance is presented
in Fig. 4. Whatever the dose, an increase of resistant cells was
observed only during a 6- to 10-day period of time postexposure. At
that time mutant frequency remained constant.

Figure 5 presents a dose—effect relationship between dose and
TG-resistance frequency. Two different relations could be demon-
strated; i.e., one concerned a dose rate higher than 9 R/day, and the
other one was for lesser dose rates. For doses lower than 50 R,
dose—effect relationships could be described as linear, but two

J



472 FRITSCH, BEAUVALLET, MASSE, AND LAFUMA

100

300

Fig. 3 Survival curves for CHO cells after alpha irradiation, (a) Per-
cent of viable cells corrected for cell growth of control cells,
(b) Percent of viable cells not corrected for cell growth of control
cells. O, 6-hr exposure. • , 24- to 72-hr exposure.

different efficiencies per unit dose are pointed out. Ouabain
resistance was tested at either high or low dose rate. No significant
increase of resistant clones could be demonstrated between 1 and
70 R.

Sister Chronwtid Exchanges

Table 1 shows SCE after chronic alpha irradiation. At dose rates
that do not induce a significant decrease of cell proliferation, no
change in SCE could be demonstrated over a 3-day period. After
exposure for 24 hr at a higher dose rate, only a few metaphases could
be scored and no significant increase of SCE could be demonstrated.

Chromosome Aberrations

Figure 6 presents chromosome aberrations per LNH13 cell as a
function of dose. Inhibition of cell proliferation was shown to be a
clear dose-rate effect. For dose rates down to 20 R/day,. cell
proliferation was nearly abblished at doses of 50 R; up to 20 R/day,
no significant inhibition was observed down to 100 R.
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Fig. 4 Expression time of radioinduced TG-resistant CHO cells as a
function of dose.

TABLE 1

Sister Chromatid Exchange (SCE)
According to Dose and Dose Rate

Number of SCE's per 30 metaphases*

Dose rate, R/day

Exposure time, hr 9 23

24
48
72

11.7
10.4
11.1

±3.6
±2.4
±3.1

10.7

10.7

±

±

3.2

3.3
12.1
11.6

±
±

3.1
3.0

*PIus or minus standard deviation.
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Fig. 5 Induced TG resistance in CHO cells. Done—effect relation-
ships.

Whatever the dose rate, the relation between dose and chromo-
some aberrations was linear up to 50 R. At higher doses a clear
decrease of chromosome aberrations could be demonstrated within
the range of dose rates that allowed proliferation of irradiated cells.

DISCUSSION

Using several cytogenetic tests, we have examined some cyto-
genetic effects induced by alpha irradiation. Cell survival, measured
in CHO cells, is an approximate exponential function of dose. Two
different relationships are pointed out; i.e., one for an exposure of
6 hr and another for an exposure of from 24 to 72 hr.

These differences in survival curves strongly suggest either a
dose-rate effect or an increase of cell radiosensitivity during the first
hours after trypsination and plating (Raaphorst et ah, 1979). An
exponential function of dose is also observed when survival is
expressed as a fraction of viable cells compared with nonirradiated
control cells. Such experimental data account for a reduced mitotic
delay and an absence of repair of irradiation damages.

Alpha irradiation Was shown to produce neither revertants after
the Ames test nor mutagenesis toward ouabain resistance in CHO
cells. These results could be correlated with the severity of the
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Fig. 6 Chromosome aberrations as a function of dose following
chronic irradiation of a human lymphoblastoid cell line. • , dose
rates > 15 R/day. O, dose rates <15 R/day. At least 100 metaphases
were scored for each point.

genetic damage induced by ionizing radiation (Thacker, Stephens,
and Stretch, 1978). This phenomenon is related to the fraction
of X-chromosome aberrations found in ionizing-radiation-induced
TG-resistant cells (Cox and Masson, 1978). Finally, alpha irradiation
within the range of dose studied, does not increase the frequency of
SCE.

If we compare our alpha-irradiation experimental data with those
available following X, gamma, or neutron irradiations (Leenhouts
and Chadwick, 1978), we find (1) more cell inactivation with alpha
than with X or gamma irradiations and (2) a lesser mutagenesis to TG
resistance when expressed as function of cell survival for alpha
irradiation. The optimal mutagenic dose is lower than with neutron,
X, or gamma irradiation.

In comparison with other ionizing radiations, alpha irradiation
appears to induce more DNA damage, whose biological effects are
more lethal than mutagenic. Such conclusions cannot be established
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from in vivo studies. Neoplastic lesions may be considered as genetic.
Yet the biological efficiency for tumor incidence increases with
increasing LET values. We are not aware of an optimal 100 to 200
keV/jum LET efficiency as described for in vitro studies. Preliminary
observations at Harwell indicate a high efficiency of fission frag-
ments (Batchelor et al., 1980).

On the other hand, the rad efficiency in vivo increases when dose
decreases (paper by R. Masse, this volume). In this in vitro study,
chronic alpha irradiation revealed a similar phenomenon with
induced TG resistance. The dose rates used can be compared with
alpha irradiations that were found in vivo to produce high incidences
of tumors without an important decrease of survival time (Lafuma et
al., 1974). After exposure to 1 and 3 R/day, no detectable lethality
was observed in CHO cells over a 12-day period. Irradiated cells
showed a linear increase of TG-resistant frequency as a function of
dose. The efficiency per unit dose was nearly five times as high as
that for higher dose-rate exposure. This increased efficiency may be
correlated with an induced mechanism that promotes mutagenesis
(Little, 1973). These data clearly demonstrate that, for low-level
alpha irradiation, biological effects cannot be extrapolated from
short-term exposure.

Finally, after chronic exposure at low level, the genetic modifica-
tions cannot be correlated only with basic DNA damage but have
also to be correlated with the modifications of cell physiology and
cellular environment with both parameters being influenced by
irradiation of the tissue.
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ABSTRACT

Cytogenetic tests can reflect in vivo cellular modifications during development
of induced neoplastic lesions. An in vivo cytogenetic test for sister chromatid
exchanges (SCE's) on bone-marrow cells has been developed. This study
establishes the relationships between SCE's in rat bone marrow as a function of
postexposure time following whole-body neutron irradiation and radon inhala-
tion. The data indicate a two-stage response. The first stage is thought to
correspond to direct damage to DNA and is characterized by a short-term
increase of bone-marrow SCE's followed by a rapid decrease to control values.
The second stage is marked by a delayed increase of SCE's followed by a plateau
significantly higher than the control values. The second stage may represent
alterations of the whole body induced by modified target organs after
mutagen—carcinogen exposure.

Analysis of chromosomal aberrations has been most commonly used
for detecting damage to DNA in mammalian cells in vivo. After
exposures to ionizing radiation, these aberrations, scored either in
vivo or in vitro on poorly proliferative cells, could be used to
estimate the absorbed dose in some target organs. Among new
techniques for detecting in vivo "mutagenic—carcinogenic" effects,
sister chromatid exchanges (SCE's) have been considered to measure
rapidly and accurately damage to DNA (Nakanishi and Schneider,
1979). Such in vivo measurements have been widely developed as
short-term assays to determine the effects of carcinogenic and
procarcinogenic compounds. However, the biochemical mechanisms
that induce SCE increase are still unknown (Kato, 1977). From in
vitro studies SCE increase is correlated either with mutagenesis
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(Carrano et al., 1978) or with action of tumor-promoting compounds
(Kinsella et a]., 1978).

Results from such cytogenetic tests may be different from those
seen in chromosome aberrations studies. These two methods of
cytogenetic study may represent different types of damage to or
repair of DNA (Wolff, 1978). Although numerous studies were
performed on induced chromosome aberrations by different ionizing
radiations, only flash exposure to X rays and short-term assay were
used to determine in vivo induced SCE (Nakanishi and Schneider,
1979).

The purpose of this study is to determine the in vivo evolution of
SCE in bone-marrow cells after high linear energy transfer (LET)
irradiation as a function of postexposure time.

Experimental data observed after radon inhalation in rats
are presented. Owing to the fact that SCE was measured on
animals destined for the study of the relationship between ab-
sorbed dose and either tumor incidence or survival time, these
preliminary data will be compared with the results obtained on
whole-body neutron-irradiated animals where a two-stage phe-
nomenon of SCE increase was demonstrated (Poncy et al., in
preparation).

MATERIALS AND METHODS

The male OFA strain Sprague—Dawley rats that were used had
inhaled radon at 100, 500, 3000, and 6000 WLM (i.e., working-level
months), respectively, at the following exposures: 4 weeks at 21
WLM/week; 2 weeks at 214 WLM/week; 5 weeks at 625 WLM/week;
and 10 weeks at 625 WLM/week (Chameaud et al., 1976). The SCE
of bone-marrow cells was determined as a function of time after
inhalation. Another group of 3-month-old animals were irradiated
with neutrons at a dose of 300 ± 100 rads (plus 30% rad gamma) and
SCE's were scored. Restrained animals were perfused during 20 hr by
tail-vein injection with 10/ig 5-bromodeoxyuridine—3.6 jig de-
oxycytidine as a solution in normal saline administered per gram of
animal body weight per hour. At the end of the perfusion, the rats
were injected intraperitoneally with 0.5 fig of colchicine per gram of
body weight. Two hours later the animals were sacrificed and
bone-marrow cells extracted from femurs by normal saline solution
lavage. After treatment with 0.075W KC1, cells were fixed in
methanol—acetic acid ( 3 : 1 ) and mounted on slides. Differential
chromatid staining was performed according to the Hoechst
33258—UV Giemsa method (Perry and Evans, 1975). For determina-
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tion of SCE frequency, 30 differentiated metaphases were scored in
each bone-marrow sample.

RESULTS

Figure 1 presents the SCE of bone-marrow cells as a function of
age of control animals. The SCE is constant from 3 months to 2
years of age. The observed distribution with a mean value of 2.37
SCE's/cell (o - 0.22) indicates low individual variations.

Evolution of the SCE as a function of postexposure time after
whole-body neutron irradiation is shown in Fig. 2. From these
results, a two-stage increase in SCE frequency can be pointed out.
The first one, which is detected early, corresponds to a rapid SCE
increase followed by a decrease in SCE's within a few days. About
100 days after exposure, the second phase is characterized by a new
SCE increase, followed by a plateau until animal death. After radon
inhalation a clear increase of SCE's is observed whatever the dose
(Fig. 3). A continuous increase of SCE frequency is seen from 100 to
200 days after 6000 WLM exposure. After 3000- and 500-WLM
exposure at 500 to 750 days postinhalation, the SCE is constant with
mean values of 4.13 SCE's/cell (a = 1.22) and 3.61 SCE's/cell (a =
0.87), respectively. At the lowest dose, 100 WLM, the SCE's begin to
increase around 600 days, reaching a value of 3.21 SCE's/cell (o =
1.14) at about 750 days.

DISCUSSION

In controls the SCE's of bone-marrow cells are constant whatever
the age of the animals. The frequency shows little individual
variation. These results are consistent with other studies (Renault,
Pot Deprun, and Chouroulinkov, 1978; Nakanishi, Kram, and
Schneider, 1979). Thus accurate measurement of SCE can be related
to "mutagen—carcinogen" treatment in a rather small group of
animals. The increase in SCE's of a cell population is generally
described by a mean value. Under some experimental conditions,
however, an increased SCE has been seen only in a small fraction of
the cells; the others remained at the level of controls (Stetka,
Minkier, and Carrano, 1978). In our experimental study the analysis
of SCE's per cell always shows a normal distribution in treated
animals and controls. Therefore the observed SCE's are always
expressed by a mean value for the whole cells extracted from bone
marrow.
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Fig. 1 Sister chromatid exchange of bone-marrow cells ac a func-
tion of age of control animal*.

Bone-marrow damage induced by whole-body neutron irradiation
was clearly demonstrated by an SCE increase during the first days
following exposure. After a few days the SCE's decreased and
remained at the control value. Such kinetic response is similar to that
described for several mutagenic—carcinogenic chemical compounds
(Stetka and Wolff, 1976). We consider this transient phenomenon as
the first stage of a mutagen—carcinogen exposure inducing the
increase of SCE's. The first stage could reflect genetic lesions
induced in damaged cells, and, as described after in vitro experi-
ments, it could be correlated with either mutagenesis (Carrano et a].,
1978) or repair of damage to DNA (Little, 1978).

The second stage has been pointed out from long-term measure-
ments up to the time of animal death. This stage is characterized by
an increase, delayed by 100 to 150 days, referring to neutron
exposure and followed by a plateau significantly higher than in
controls. From short-term studies such a plateau response has been
described after exposure to some chemical compounds (Abe and
Sasaki, 1977; Juhl etal., 1978). We have observed a similar
phenomenon after in vivo treatment with some mutagen—carcinogen
compounds such as benzopyrene (0.1 to 0.3 mg/kg), butter yellow
dye (DMAB, i.e., p-dimethyl-aminoazobenzene, 0.6% in the food)
and asbestos (crocidolite U.I.C.C., 2 mg intrapleurally). But after a
treatment by a 5,6 benzoflavon (25 mg/kg), described as promotor-
like (Queval et al., 1979), only a transient increase of SCE can be
observed.

From our preliminary results we have also found a second stage
of induced SCE increase after radon inhalation. Since the dose
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delivered to bone-marrow cells could be neglected under the
experimental conditions used (no significant increase of leukemia or
osteosarcoma on about 4000 animals analyzed), the delayed SCE
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increase might not be correlated with any direct radiation damage
induced in tested cells. It may be related to a delayed modification
of the whole organism induced by the action of a mutagen—
carcinogen agent in the tissue at risk. Such a hypothesis could be
consistent with some in vitro or in vivo modifications of normal cells
induced by preneoplastic or neoplastic cells (Azzarone, Pedulla, and
Romanzi, 1976; Todaro, De Larco, and Sporn, 1978; Tice, Windier,
and Rary, 1978). We have recently supported this hypothesis by
demonstrating a second-stage-like induction of bone-marrow SCE
increase in an immunocompetent host after grafts of different tumor
types (Poncy et al., 1979).

Delayed SCE increase, therefore, may not correspond to DNA
damage in bone-marrow cells but to a delayed and continuous
promotor-like action induced by substances secreted by mutagen—
carcinogen interacting tissue. From the preliminary aspect of our
experimental data, no accurate dose—effect relationship can be
established between evolution of the SCE and the dose of mutagen—
carcinogen agents.

These experiments will be developed by using chemical or
physical agents to determine if correlation can be established
between the plateau value of SCE increase or the delayed time of this
increase and other in vivo effects such as survival time or tumor
incidence.
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ABSTRACT

Previous studies of the physical and chemical properties of coal fly ash have
clearly indicated that enhanced concentrations of many potentially toxic trace
elements are associated with the finest, most respirable size fractions of coal fly
ash. Because upon inhalation the surface of the fly-ash particle is directly in
contact with the biological system, high local concentrations of surface-related
trace elements can be expected. Techniques allowing for the cloning of
lymphohematopoietic stem and progenitor cells have been utilized extensively
for studies on radiation effects and have been adapted for studies with fossil-fuel
combustion products. The results of in vitro dose—response studies for zinc and
selenium on murine spleen B-lymphocyte progenitors and bone-marrow granulo-
cyte—monocyte progenitors are presented; techniques for studies on the effects
of energy-related fossil-fuel combustion products on Iymphohematopoiesis are
discussed.

The potential carcinogenic effect of effluents produced by fossil-fuel
combustion is one of the major health issues that must be evaluated
in the determination of risk factors associated with energy produc-
tion. Another issue concerns the effects of the individual compo-
nents, alone and in combination, on host factors against the
expression of neoplastic disease, once carcinogenesis has been
initiated in individual cells. It is important to recognize that,
although several sensitive short-term bioassays exist for the in vitro
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fPresent address: School of Public Health, University of Michigan, Ann
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Fig. 1 Current concepts of lymphohematopoiesis. CFU-S, colony-
forming units, spleen (pluripotent stem cells); HIM's, hematopoietic
inductive microenvironments (stromal elements); PFU-C, plaque-
forming units in culture ("candidate" stromal-cell progenitors);
PHA, phytohemagglutinin; CFU-TL, colony-forming units for
T-lymphocyte progenitors; CFU-BL, colony-forming units for B
lymphocytes; CFU-E, colony-forming units for erythroid pathways;
CFU-Meg, colony-forming units for megakaryocytes; CFU-C,
colony-forming units in culture (progenitors for granulocytes and
monocyte-macrophages); CSF, colony-stimulating factor (granulo-
poietin); RBC's, red blood cells.

detection of mutagenic effects of chemical and physical agents,
relatively little methodology exists for the in vitro determination of
effects on host cellular defense factors.

This deficiency is in large part due to the extremely complicated
nature of the cellular and humoral factors thought to be involved in
host defense, including those responsible for specific immunological
events. For example, a current model for lymphohematopoiesis
(Fig. 1) suggests minimally the involvement of populations of
pluripotent stem cells, microenvironmental factors, committed stem
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cells, and humoral regulators in the production of lymphohemato-
poietic effector cells. Increasing evidence also suggests that extensive
cellular interactions are involved in the production of specific
immune reactions (Cline and Golde, 1979).

Current dogma dictates that both T and B lymphocytes as well as
macrophages are the principal cells involved in host cellular defense
against neoplasia. The model would predict that it is important to
know not only the status of these effector cells but also the
capabilities of stem and progenitor cells, so as to determine the
effects of toxic agents on host defense factors, including those
involved in cell-mediated immunity (CMI).

What methods then are available for the study of progenitor cells
of lymphocytes and macrophages in vitro? Pluznik and Sachs (1966)
and Bradley and Metcalf (1966) reported that, when hematopoietic
cells are immobilized within a semisolid matrix, such as agar
containing appropriate growth factors, colonies composed of
monocyte-macrophages and granulocytes would form. Additional
studies demonstrated that such colonies formed from growth of
single cells (i.e., colony-forming units, or CFU-C) which are
progenitors of monocyte-macrophage and granulocyte pathways.
Thus a method was provided for the quantitation and study of
hematopoietic progenitors in vitro. Subsequent work by a variety of
investigators has demonstrated that it is possible to grow colonies of
essentially all types of lymphohematopoietic elements in semisolid
culture systems (Metcalf, 1977). The various assay systems are
illustrated in Fig. 2. Therefore a number of techniques based on the
colony-forming potentials of "committed" stem cells in semisolid
culture systems are available; the nature of the progenitor assayed is
dependent on the cell source coupled with various growth factors or
mitogens added to the culture environment. The appearance of
lymphocyte and macrophage colonies in culture is shown in Figs. 3
to 6.

Although many sensitive in vitro assays exist for measuring
humoral immunity, techniques for the study of CMI are in general
quite limited. A commonly used in vitro assay reported to measure
CMI involves the stimulation of lymphocyte blastogenesis by T-cell
mitogens such as PHA (phytohemagglutinin) and Con-A (concavalin
A) by using the measurement of tritiated thymidine (3HTdR)
incorporation into the BNA of dividing lymphocytes. The recent
development of techniques that allow for the growth in semisolid cul-
ture systems of both T-lymphocyte colonies (Claesson et alM 1977;
Fibach, Gerassi, and Sachs, 1976; Rosenszajn, Shoham, and Kalech-
man, 1975; Shen et al.ji 1977; Sredni et al., 1976; Wilson et al.,
1978a) and B-lymphocyte colonies (Metcalf et al., 1975a, 1975b;
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Fig. 2 In vitro assays for cloning lymphohematopoietic progenitors.
CSF, colony-stimulating factor (granulopoietin); PHA, phyto-
hemagglutinin; CON-A, concanavalin A; CFU-BL, colony-forming
units for B lymphocytes; CFU-Meg, colony-forming units for
megakaryocytes; CFU-TL', colony-forming units for T-lymphocyte
progenitors; CFU-E, colony-forming units for erythroid pathways;
CFU-C, colony-forming units in culture (progenitors for granulo-
cytes and monocyte-macrophages); PFU-C, plaque-forming units in
culture ("candidate" stromal-cell progenitors).

Rozenszajn et al., 1977) has provided the means for a new approach
to studies on CMI. The lymphocyte colony-forming assays have the
potential advantage over the techniques involving 3HTdR incorpora-
tion in facilitating the isolation of specific clones of lymphocytes and
the characterization of their function. Indeed, a T-lymphocyte
colony-forming assay for measuring allogeneic reactions in mice has
recently been described (Fathrnan and Hengartner, 1978).
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Fig. 3 T-lymphocyte colony (CFU-TL) in agar following staining
with new methylene blue.

Fig. 4 Bone-marrow macrophage colony (CFU-C).
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Fig. 5 Ulbractructural appearance of a tingle T-lymphocyte colony
obtained from agar. Note the presence of lymphoblasts and
lymphocytes a* well ac mitotic figure.

Fig. 6 Ultraatructural appearance of cells obtained from a
B-lymphocyte colony. Plasmocytic morphological feature* are
visible.
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Allogeneic-stimulated clones were in fact isolated from semisolid
cultures and functionally characterized. Another potential advantage
of the colony technique over the standard 3HTdR method is that
studies have indicated that the former technique is more sensitive
than the latter method. An increased sensitivity of T-cell cloning
technique or 3HTdR incorporation has recently been reported for
the detection of immunosuppressor activity in serum from pregnant
women (Stahn, Fabricius, and Hartleitner, 1978) and, in our own
work, for the detection of allogeneic-autologous response in our
recently developed mixed-lymphocyte colony technique for humans
(Wilson, unpublished results).

Numerous studies have shown that the in vitro clonogenic
methods are extremely sensitive bioassays for the detection of
radiation effects (Wilson et al., 1974; Till and McCulloch, 1961;
Wilson et al., 1978b). The sensitivity of the assay is inherent to the
requirement of cell division for colony formation. Thus damage to an
individual progenitor cell is greatly amplified in the effector cell
progeny.

We were therefore interested in determining if in vitro cloning
techniques could also serve as sensitivity bioassays for detection of
toxic effects of fossil-fuel-related energy effluents. For our initial
studies, so as to test the utility of the clonogenic systems to serve as
short-term bioassays for immunotoxicity, we chose the simplest test
system; i.e., determination of dose—response relationships of selected
trace elements (i.e., Se and Zn) on the progenitors. Also, since
lymphocytes and macrophages are the principal cells involved in host
cellular defense against neoplasia, we simultaneously conducted
studies using assays for both splenic B-lymphocyte progenitors
(CFU-BL) and bone-marrow monocyte-macrophage progenitors
(CFU-C).

The investigation of trace elements has major importance for
health-related research on fossil-fuel combustion. A number of
studies have demonstrated that the trace elements volatile at coal
combustion temperatures are preferentially concentrated in fine
fly-ash particles (Fisher and Natusch, 1980). Indeed, fly-ash surfaces
are depository sites for volatile trace elements, with most studies
indicating marked size dependence for the elements Cd, Se, Zn, As,
and Sb. Because Se anil Zn are biologically essential and have been
demonstrated to play a major role in the modulation of both
chemical carcinogenesis and cellular immunity, we selected these
surface-associated elements for our initial studies.

Although some controversy baaed on animal studies exists
concerning the potential human carcinogenicity of Se and Zn, Se has
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been shown to be an effective antagonist to chemical-induced
mutagenesis in bacteria and to carcinogenesis in animals (Fisher,
1980). No efforts have been made, however, to evaluate the effects
of Se exposure on a host's immunological response to neoplasia.

In contrast to Se a number of studies have elucidated the in vivo
and in vitro effects of Zn on immunological factors of the host
defense system. McQuitty et al. (1970) and DeWys et al. (1970)
studied the effects of dietary Zn deficiency in weanling rats on the
growth of injected 256 carcinosarcoma. They showed that the
Zn-deficient group had markedly reduced tumor growth and a
reduction in tumor takes relative to controls.

A more direct role for Zn in immunology is evidenced by studies
of effect of Zn on lymphocyte blastogenesis which use the 3HTdR
incorporation method (Chesters, 1971). Regardless of anion, Zn
addition resulted in increased DNA synthesis. The stimulation by
PHA of pig lymphocytes was inhibited by EDTA '(ethylenediamine
tetraacetic acid); the reduced DNA synthesis was reversed by the
addition of Zn. The effects of Zn in nucleic acid synthesis of
lectin-stimulated lymphocytes were also reported by other investiga-
tors (Ruhl, Kirchner, and Bochert, 1971; Williams and Loeb, 1973).
Furthermore, we (Fisher, unpublished results) have similarly demon-
strated that the addition of Zn at physiological concentrations can
alter macrophage function in vitro. In this regard Chvapil and
co-workers (1977) have performed a variety of studies to support the
hypothesis that Zn may be an in vivo regulator of granulocyte and
macrophage function.

As an extension of the previous work, we conducted studies to
evaluate the role of in vitro Zn and Se exposure on splenic
B-lymphocyte and bone-marrow granulocyte-macrophage progeni-
tors in BALB/C mice. For these studies BALB/C mice, 8 to 10 weeks
old, were sacrificed with an overdose of chloroform, and the femurs
and spleens were removed aseptically. The femoral shafts were
flushed out with Medium 199 containing 5% fetal bovine serum and
1% L-glutamine. Single-cell preparations of bone marrow were
obtained by passing the cells several times through a 27-gauge needle.
After removal the spleens were placed into a 60-ml Petri dish
containing 3 ml of the flushing fluid just described. The spleen* were
then "exploded" by injection of the flushing medium and by teasing
with forceps to obtain single-cell suspensions.

In these preliminary studies the in vitro dose—response relation-
ships for the addition of Se as the selenite (H2SeO3) and Zn
[Zn(NO3)2] were specifically studied. Cultures containing a series of
doses both of Zn and of Se were then prepared by using both CFU-C
and CFU-L assays.
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We have previously reported the technique for the growth of
CFU-C from the bone marrow of mice (Wilson et al., 1978b). The
technique represents a modification of a methyl cellulose culture
system, originally described by Chervenick and Boggs (1970), which
incorporates 1.36% methyl cellulose in Medium 199 supplemented
with 5 ml of inactivated fetal bovine serum and 29.2 mg of
L-glutamine, 10,000 units of penicillin, 10,000 fig of streptomycin,
and 25 /Kg of amphotericin B per 100 ml of medium. Cultures are set
up after adding 5 x 10s viable nucleated marrow cells per milliliter
which were obtained from the femurs of BALB/C mice. As a source
of colony-stimulating activity, 10% of L-cell-conditioned medium
was added. One-milliliter aliquots of this suspension were placed into
35- x 10-mm plastic Petri dishes and then incubated at 37° C for 7
days in 5% CO2 in a humidified incubator prior to counting. Colonies
consisting of 40 or more cells were then counted after staining the
plates with New Methylene Blue.

Marine B-lymphocyte colonies were cultured according to the
technique of Metcalf et al. (1975b). Spleen cells obtained by
the method previously described were cultured in medium
containing Medium 199 with 20 ml of fetal bovine serum (heat
inactivated), 29.2 mg of L-glutamine, 10,000 units of penicillin,
10,000 /ig of streptomycin, 25 fig of amphotericin B, 1 ml
of 2-mercaptoethanol (5 x 10~3 M), 10 ml lipopolysaccharide
{Escherichia coli, 200 //g/ml), 10 ml of sea plaque agarose (a 3%
solution), and 10 ml of cells (2 x 106 cells/ml) per 100 ml of
medium. The cells were cultured in 1-ml aliquots in 35- x 10-mm
Petri dishes at 2 x 10s cells/dish. After 7 days of growth in a
humidified (37°C) 5% CO2 incubator, the cultures were stained with
New Methylene Blue and viewed on a dissecting microscope; colonies
consisting of 40 or more cells were scored.

The results of the preliminary studies on Zn are presented for
CFU-C in Fig. 7(a) and for CFU-BL in Fig. 7(b). The doses producing
a 50% suppression in colony formation were ~3.5 ppm for CFU-C
and ~1.5 ppm for CFU-BL. For Se a 50% suppression was obtained
at ~3.5 ppm for CFU-C [Fig. 7(c)] and at ~0.15 ppm for CFU-BL
[Fig. 7(d)]. It is of interest that for both these elements a 50% sup-
pression was achieved for CFU-BL but not for CFU-C at physiological
concentrations.

It is also of interest that in vitro studies of the effects of these
trace elements on the capacity of mature macrophages for phago-
cytosis similarly produced functional deficits (Fisher, unpublished
results). The results of our preliminary studies demonstrate the
feasibility of using lymphohematopoietic cloning techniques as
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sensitive short-term bioassays to determine the effects of fossil-fuel
combustion products on the cellular pathways involved in hemato-
poiesis and immunological processes. Future experiments will couple
in vitro studies that use cloning techniques to those on the functional
effects of the effector cell products of these progenitors so as to
determine more completely the biological effects of trace-element
exposure on host cellular defense mechanisms. The results of studies
that use this dual approach for macrophage progenitors and
macrophage function for in vitro toxicity studies of aerosols of fly
ash are presented in a separate paper in these proceedings (G. L.
Fisher et al., paper in this volume).
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Histogenesis of Lung Tumors Induced in Rats
by Inhalation of Alpha Emitters:
An Overview

R. MASSE
Commissariat a l'Energie Atomique, Departement de Protection,
Montrouge Cedex, France

ABSTRACT

Recent reviews have shown that similar risk coefficients for alpha irradiation of
the lung in man could be deduced by using epidemiological or experimental data
from animals. Most experimental data were obtained from rats. In this overview
the histogenesis and the ultrastructure of lung tumors are presented. Only a few
tumors originating from lung parenchyma could be considered as not relevant
for extrapolation to man. Most tumors arose from axial bronchi or bronchioles,
and their histogenesis was very similar to what is known in man. The only
striking difference between the two species was related to the growth
characteristics of the tumors. In the rat, tumors, frequently papillary, slowly
acquired their full malignancy. They seemed to be only potentially malignant.
Two main types of tumors were considered; i.e., bronchogenic (B) and
bronchoalveolar (B.A.) carcinomas. The survival of the cancerous rats exhibited
lognormal distribution for most doses and supposedly reflected the latent
period. No difference was found between B and B.A. carcinomas; geometric
standard deviation did not increase when dose decreased. Since risk coefficients
were found to increase when dose decreased, and, although the latent period
fitted well with a power function of dose within the dose range studied, it was
observed that the latent period cannot be deduced by extrapolation at low
doses. The B.A. carcinomas prevailed at low doses; the relevance of this
observation to man, however, is dubious since combined action with environ-
mental carcinogens led to a high prevalence of B carcinomas. Though genetic
susceptibility and immune surveillance are factors of some importance in the
determination of the tumors, it is suggested that critical individuals will be
mostly multiexposed individuals.

Lung cancer is the pathological lesion of greatest concern following
inhalation of transuranic elements. It is now widely accepted that
cancer risk prediction, stated in terms of cancers produced per

498
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million person-rems, can be estimated by using extrapolation of human
or animal data in the range of exposure between 100 and 1000 rems
(Thompson, 1974). Both approaches lead to similar estimates when
data from dog or rat studies are utilized. Based on the first cancers
observed in baboons after the inhalation of 2 3 9 PuO2, experiments
with nonhuman primates will not lead to very different estimates.
Data from hamster and mice studies are far less relevant. Hamsters,
despite an apparent high sensitivity to alpha irradiation following
intratracheal administration of 2 1 0 Po (Little, Grossman, and
O'Toole, 1970), do not develop lung tumors after inhalation of
actinides; mice very often develop spontaneous adenomata, the viral
origin of which is highly suspected (Bucciarelli and Ribacchi, 1972).
Thus most of our knowledge about dose—effect relationships derives
from observations in rats. Lung tumor incidences have been reported
in several studies using hundreds of rats in each study; the data have
been reviewed (Bair and Thomas, 1976; Thomas and Bair, 1979).
Moreover, it has been possible to compare directly the lung-tumor
incidence in rats with lung-tumor incidence in man after hetero-
geneous alpha irradiation following exposure to radon and radon
daughters (Chameaud et al., 1975). Again, comparable responses
were noticed.

Risk estimates applied to exposure in the range of a few rems are
one of the major problems that face persons involved in radiological
protection. Linear extrapolation to zero of incidence as a function of
dose has been considered a safe method for a long time and is the
underlying concept of the person-rem expression. However, different
reappraisals based upon theoretical or empirical models may lead to
more pessimistic conclusions (Thomas and Bair, 1979; Sanders and
Mahaffey, 1979).

The probit model, which was found to fit all data between 10 to
5000 alpha rads (Thomas and Bair, 1979), cannot be simplified by a
person-rem expression. In Fig. 1 risk coefficients derived from the
probit curves are plotted against dose. Here risk coefficient, per 106

rats and per rad, decreases as a power function of dose. If this
relation is extrapolated to 1.5 rads, as tested by Sanders and
Mahaffey (1979), by using many different models, the estimated
value for lung cancers is 0.36%, which is in agreement with most
predictions of the different models.

The predictive value of these results is limited by different
considerations. Natural incidence of lung tumors has previously been
discussed (Sanders and Mahaffey, 1979). We have observed one
spontaneous lung tumor in a group of 433 control rats (0.2%). In the
light of the published results, this agrees with the spontaneous
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10
RISK COEFFICIENT, 10'6 rat-rads

Fig. 1 Risk coefficients, 10 rat-rads as a function of dose.
• , values derived from Thomas and Bair (1979). °, risk coefficients
corresponding to those of the animals used in the study previously
presented elsewhere (Lafuma et al., 1974,1976; Morin et al., 1976).

incidence of 0.1 to 0.2% which is currently accepted. Some other
questions are important. For example, are lung tumors observed in
rats relevant to human lung tumors, especially at the lower level of
dose? The histogenesis of lung tumors in hamster, mouse, and man
has been recently reexamined (Kennedy, Gandy, and Little, 1977;
McDowell et al., 1978; Kauffman, Alexander, and Sass, 1979; Becci,
McDowell, and Trump, 1978). One purpose of this paper is to clarify
the histogenesis of lung tumors induced by actinides in rats.

The first question about such tumors is, Are they malignant? The
answer is not so simple. We observed about 1000 lung tumors in
rats, but only 8% were found to metastasize outside the thorax, most
often to the kidneys. However, if the histological elements of
diagnosis, such as cytology, local invasion, and lymph node invasion,
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Fig. 2 Early growth of a bronchoalveolar carcinoma in the mediasti-
num. The most probable initial lesion is situated in the lower part of
the right superior lobe. (Paraffin section; hematein and eosin stain;
magnification, 4 X.)

are considered, the pathologist is strongly guided toward a conclu-
sion of malignancy. An exception is found in the case of broncho-
alveolar carcinoma. This slowly growing tumor, with papillary
pattern and few cytologic atypia, shares most of the characteristics
of benign tumors. However, clusters frequently invade the mediasti-
num very early during the course of the intraparenchymal develop-
ment which reveals a typical feature of this tumor (Fig. 2).
Transplants in immunocompetent recipients (paper by Nolibe et al.,
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this volume) of the different tumors diagnosed as malignant were
successful in 25 of 27 attempts. Sometimes the growth was slow but
continuous. These patterns are not shown by transplantation of
irradiated lung tissues or by tissue obtained either from metaplastic
areas or from benign lesions (Nolibe et al., 1976).

Gross histopathologic classification of lung malignancies allows
one to separate mesenchymal and epithelial tumors. Among
mesenchymal tumors, lymphosarcomas and reticular cell sarcomas
are mostly found in different strains of non-SPF (specific-pathogen-
free) Wistar rats, with a poor dose^effect relationship; they represent
about 10% of the tumors elicited at doses lower than 500 alpha rads.
Angiosarcomas were observed only after high doses, mainly after
inhalation of 2 3 9 PuO 2 ; one mesothelioma, two fibrosarcomas, and
one malignant fibrohistiocytoma were observed in rats given doses
lower than 500 alpha rads and accounted for only about 5% of the
tumors in that dose group. Thus it appears that connective tissue is a
tissue at risk for exposure at low doses as was previously observed by
Sanders and Mahaffey (1979). All the mesenchymal tumors (except
the mesothelioma, found at necropsy) rapidly killed the host when
transplanted.

Epithelial tumors, equivalent to the tumors of groups I, III, IV,
and V of the World Health Organization (WHO) classification,
occurred in our rats. According to their morphological aspect, 500
lung tumors, selscted for good preservation, were reviewed and
classified (Table 1).

Epidermoid carcinoma, bronchogenic adenocarcinoma, combined
epidermoid and bronchogenic adenocarcinoma, and large-cell car-
cinoma can be compared with human tumors according to the WHO
classification. The use of the electron microscope did not improve
the diagnosis except in the case of large-cell carcinomas (Fig. 3). In
bronchogenic adenocarcinomas the epidermoid component was often
limited. In a few cases (seven observations), the glandular pattern was
almost lacking, whereas mucous secretion was obvious [periodic
acid—Schiff (PAS) and alcian green positive cells]. Under the electron
microscope, bronchogenic adenocarcinomas were characterized by
irregular nuclei, a well-developed complex of rough endoplasmic
reticulum often filled with radiolucent material, mucous granules,
conspicuous desmosomes, and bunches of filaments under the apical
edge with slender microvilli. In the variety adenoacanthoma, nuclei
were more regular, rough reticulum was less developed, and many
small mucous granules similar to those described by McDowell et al.
(1978) were observed (Fig. 4). Adenocarcinomas formed intracellular
and extracellular alveoli. Two bronchogenic adenocarcinomas were



LUNG TUMORS INDUCED (N RATS BY INHALATION 503

TABLE 1

Distribution of 500 Epithelial Lung Tumors in the Rat

WHO
group

I

II

III

IV

V

•>

Morphology

Epidermoid carcinoma
Well-differentiated tumor
Moderately differentiated tumor

Bronchogenic adenocarcinoma
Glandular tumor
Glandular component lost

Bronchoalveolar carcinoma
Mucus-secreting tumor
Non-mucus-secreting tumor

P]! tumor
Clara cell tumor
Unidentified tumor

Large-cell carcinoma
Giant-cell tumor
Solid mucus-secreting tumor

Combined epidermoid carcinoma and
bronchogenic adenocarcinoma

Solid alveolar-cell carcinoma

Percent of observed
epithelial tumon

40

13

36

1.6

5

4.4

35
5

11.6
1.4

12
24

1.2
0.4

Number examined
with electron

microtcope

9

3

16

3

2

1

6
3

3

5
11

2
1

6
2
3

transplanted, with the glandular pattern being lost and epidermoid
differentiation being observed.

The first group of tumors is referred to as bronchogenic
carcinomas (B). They arise from cells that can be found only in the
bronchial epithelium under physiological conditions. Basal cells,
intermediate cells, and mucous and serous cells (Jeffery and Reid,
1975) are potentially capable of hyperplastic, metaplastic, and
neoplastic changes leading to these cancers; conspicuous hyperplastic
and metaplastic lesions preceded the development of bronchogenic
carcinomas within a group of animals given the same dose. The two
main types were adenomatous bronchiolization (Fig. 5) and
squamous metaplassia. The first lesion was always found closely
associated with the bronchiolar cells. This lesion was due to
proliferating basal, mucous, ciliated, and intermediate cells. Clara
ceils were not frequent in these areas. Squamous metaplasia was less
conspicuously associated with bronchi; sometimes it occurred sub-
pleural, most frequently in the case of scarring due to particles
(Sanders and Mahaffey, 1979). Scarring due to particles, however,
was not found to be a prerequisite in our series; moreover, squamous
metaplasia developed in radon-exposed animals where it was always



Fig. 3 Electron micrograph of large-cell carcinomas, (a) Giant-cell
carcinoma with tine typical poorly differentiated cell in close
connection with epidermoid differentiated cells. (Glutaraldehyde
and osmium postfixation; embedded in araldite; uranyl acetate and
lead citrate stain; magnification, 7600 X.) (b) Solid mucous carci-
noma. Characteristics of both squamous and mucous cells are seen.
Alveoli are absent. (Glutaraldehyde and ocmium postfixation; uranyl
acetate and lead citrate stain; magnification, 15,200 X.)
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Fig. 4 Electron micrograph of small mucous granules (indicated by
arrows) faintly stained for typical cell polysaccharides (periodic acid,
thiocarbobydrazide, and silver proteinate). Glycogen is demon-
strated in a polymorphonuclear leucocyte. (Glutaraldehyde and
osmium postfixation; embedded in araldite; magnification,
26,000 X.)

observed in connection with bronchial tissue. Many nonmalignant
growths were observed in exposed animals; the most frequent were
papilloma-like tumors similar to those described by Shabad and Pylev
(1970). Papillornas were not transplantable.

The second broad group comprised lung tumors very similar to
bronchoalveolar (B.A.) tumors in man. Although it is included in the
WHO classification, some controversy exists about this type of tumor
in man. Taking into account the histogenetic aspect, it seems that
this group is not a definite entity (McDowell et al., 1978). On the
other hand, its spreading into lymph nodes, its occurrence in some
ethnic—religious groups (Berg, 1970), and its typical morphology
under the light microscope justify the decision of most pathologists.
Moreover, B.A. carcinomas are not as inducible by exposure to
known environmental carcinogens as the B carcinomas are. A similar
situation occurs with "fear" cancers, which are considered to be a
specific clinical entity by European pathologists but which are made

. L
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Fig. 5 Adenomatou* bronchiolization. Thk initial lesion in an
apparently normal tissue is composed of the different cell type* of
the bronchus-invading adjacent alveoli through Lambert and Kohn
pores. (Paraffin section; hematein and eocin (tain; magnification,
700 X.)

up of different tumors from the point of view of histogenesis. Also,
scar cancers are far less related to environmental carcinogens, except
asbestos (Auerbach, Garfinkel, and Park, 1979).

Ultrastructure of the bronchoalveolar cancers in the rat reveals
also a heterogeneous group of tumors. 1 he common features are:
papillary growth with spreading at the margin without apparent
reaction of the normal tissue; poor stromal component; peripheral
location, preferring the hilum, but with frequent involvement of
distal bronchioles or the end of the axial bronchus. B.A. carcinomas,
randomly distributed ;in upper, median, and lower lobes, were found
associated with bronchioles in 46% of the cases, and 54% were
subpleural (Fig. 6). 'They early invade pleura and mediastinum
(Fig. 2). An exception in papillary morphology are solid alveolar cell
carcinomas. As observed in humans (Greenberg, Smith, and Spjint,
1975; McDowell et all, 1978), some tumors were mucus secreting.
Unlike bronchogenic adenocarcinomas, none of these tumors ex-
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Fig. 6 Bronchoalveolar carcinoma arising from the first bifurcation
of the left axial bronchus in the lower part of the lobe. (Paraffin
section; hematein and eosin stain; magnification, 2.5 X.)

hibited epidermoid differentiation when they spread outside the lung
or when they were transplanted. Under the electron microscope, the
mucus-secreting cells looked like small mucous granule cells (Becci,
McDowell, and Trump, 1978) or serous cells (Jeffery and Reid,
1975); apical bunches of filaments were lacking; desmosomes were
not conspicuous; and ergastoplasmic elements were well developed.
The nuclei appeared round or oval with few membrane infoldings.
Cells were columnar or cuboidal. There was no development of the
smooth reticulum at the cellular apex and no protrusion of the apex
into the lumen. Different dense bodies were observed scattered
throughout the cytoplasm, but none of these were similar to the
peroxisome bodies described by Petrik (1971). Rod-shaped bodies
were seldom observed, usually located only within mitochondrial
membranes (Fig. 7).

Non-mucus-secreting tumors can be divided in three groups
according to the following most frequently encountered cell type:
(1) pneumocyte type II derived tumors (Pn), (2) Clara-cell adeno-
carcinoma, and (3) unidentified adenocarcinoma. If our sampling for
electron microscopy was representative, 37% of the bronchoalveolar
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Fig. 7 Electron micrograph of broncfaoalveolar carcinonia aecreting
mucus, (a) Cells are columnar or cuboidal and nonprotniding. Nuclei
are regular and dense bodies scattered throughout the cytoplasm.
Note largt mitochondria with rod-shaped bodies; myelin bodice are
absent. (Magnification, 4300 X.) (b) Detail of the same tumor
showing various-size email granules (arrow*), terminal ban and a few
desmosomes, and well-developed rough reticuium filled with radio-
lucent material. (Magnification, 17,000 X.)
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tumors were Pj[ derived. Ultrastructural observation revealed
cuboidal cells with round-shaped nuclei of different size, terminal
bars, regular short microvilli, and numerous multivesicuJar bodies and
abnormal myelin bodies. Most often the mitochondria were large.
Rough reticulum was dilated; many polyribosomes were present at
the apex. When serially transplanted, PJI tumors rapidly developed
into undifferentiated types. Myelin-body formation appeared at
random in some strains even after cell-line establishment (paper by
Nolibe et al.. this volume). These tumors were associated with C-type
virus expression (Fig. 8).

Unidentified adenocarcinomas were composed of pleomorphic
cells (Fig. 9), without definite characteristics, except for the develop-
ment of dense bodies irregularly shaped together with fat droplets.
Rough reticulum was limited to small elements, and polyribosomes
were abundant. Some cells exhibited development of the smooth
reticulum [Fig. 10(a)], junctional complexes were infrequent, and
these tumors tended to develop in some places into solid tumors.
Extracellular alveoli were, however, constant, and microvilli were
irregular. Some cells contained glycogen [Fig. 10(b)].

Although no typical Clara cell could be found in the broncho-
alveolar carcinoma of the rat, we have considered that some tumors
without PJI characteristics were sufficiently differentiated to justify
their classification. The most differentiated tumor we have observed
appears in Fig. 11. It was made of tall columnar cells protruding
into the alveoli. Nuclei showed deep folds and imaginations as
described in the hamster (Kennedy, Gandy, and Little, 1977), mouse
(Kauffman, Alexander, and Sass, 1979), and man (McDowell et al.,
1978). Variously shaped dense granules were concentrated near the
apex. These granules do not stain with PAT silver (i.e., periodic
acid—thiocarbohydrazide silver proteinate), the equivalent of PAS
reaction for electron microscopy. Smooth reticulum was not
developed nor were there any rod-shaped or peroxisome-Iike bodies
present. Microvilli were irregular and rough reticulum was well
developed but not dilated. A few desmosomes without developed
filaments were observed together with terminal bars. Mitochondria
were small.

Bronchoalveolar carcinomas were preceded by nonmalignant
hyperplastic lesions, mostly growing from terminal bronchioles. In
early tumors malignant foci coexisted with hyperplastic adenom-
atous proliferation. In hyperplastic nodules many cellular types
were found as compared with single-cell types found in tumors;
mucus-secreting cells, Clara cells, pneumocyte type II, and a few
brush cells were monolayered along the adjacent alveoli in hyper-
plastic lesion. Numerous nests of K cells were scattered between the
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Fig. 8 (a) Election micrograph of alveolar ceil carcinoma, the fif-
teenth transplant in a syngeneic host. Although the tumor U most
often undifferentiated, myeKn-body formation can reappear at any
time. (Ghrtaraldehyde ' and osmium port fixation; embedded in
araldite; aranyl acetsie and lead citrate stain; magnification,
6300 X.) (b) C-type virus partidcc budding at the membrane of the
same tumor (part a). (Dalton; embedded in araldite; uranyl acetate
and lead dtrate stain; magnification, 42,300 X.)
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Fif. 9 (a) Electron micrograph of undifferentiated carcinoma with
pieomorphic nuclei, deme granule*, fat droplets, destnosomes, and
extracellular alveolus formation (indicated by arrow). (GlutaraWe-
hyde and osmium postfixation; embedded in arsldHe; uranyl
acetate and lead citrate stain; magnification, 12,000 X.) (b)Same
tumor (part a) stained with silver for polysaccharides. The strongly
stained dense granules are lysoaomes. (Ijjfagnification, 22,800 X.)
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Fig. 10 (a) Electron micrograph of undifferentiated adenocarci-
noma. Oval- or round-shaped nuclei with chromatin are clumped at
the periphery. Rough reticulum is composed of short elements, and
in some places (indicated by arrow) the smooth reticulum is well
developed. Many fat droplets and a few junctional complexes are
seen in solid parts of the tumor. (Glutaraldehyde and osmium
postfixation; embedded in araldite; uranyl acetate and lead citrate
stain; magnification, 8400 X.) (b) Same tumor (part a) stained with
silver for polysaccharide*. (Magnification, 30,000 X.)
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Fig. 11 Electron micrograph of Clara-cell tumor with cells protrud-
ing in the alveolus, irregular microvilli, terminal bars, small mito-
chondria, dense bodies concentrated near the apex, and nuclei with
deep imagination of the membrane and ehromatin clumps. (Magni-
fication, 20,000 X.)

layers, often in connection with intense mucus secretion (Fig. 12). K
cells represented a small percentage of the total cells. This was not an
exceptional finding, relating to tumorigenesis, since we observed
similar K-cell proliferation in hyperplastic terminal bronchioles after
exposure to cigarette smoke or to different irritant dusts not known
as carcinogenic in the rat. The result is surprising since K cells were
almost lacking in our morphometric analysis of the rat lung (Fritsch
et al., 1977).

With the exception of Pn tumors, which are still controversial in
the human (Coalson et al., 1973; McDowell et al., 1978), there is
little doubt that rat tumors are similar to human tumors from the
histogenetic point of view. As already observed by many authors,
carcinoid and oat cells are lacking. Since K cells were involved in
early pretumoral lesions, we have to consider that phenotypic
expression of K-cell-derived tumors is species dependent. Indeed
phenotypic expression of tumoral K cells is not similar in the lung
and colon of man. Some evidence indicates that K cells can
transform into mucous cells (Pierce, 1977).
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Fig. 12 Alveolar bronchiolization. (a) Semithin section (embedded
in araldite; azure II stain) shows many different types of cells and
nests of K cells. Nuclear characteristics of K cells are shared by
nongranulated cells. (Magnification, 660 X.) (b) Electron micrograph
of the same section (part a) showing typical neuroseeretory granules
of K cells. (Uranyl acetate and lead acetate stain; magnification,
4500 X.)
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Fig. 13 Ratio of bronchogenic (B) to bronchoalveolar (B.A. + B)
carcinomas as a function of dose. The numbers on the curve
represent the total number of tumors (B + B.A.) selected for each
dose group.

If we consider that most of the tumors elicited in the rat lung are
relevant to human tumors from the histogenetic point of view, then
we may look at the factors that were found to influence the
distribution of the tumor types in this series. The first obvious factor
was the dose (Fig. 13); B.A. tumor frequency increases as dose
decreases. A representative group of tumors was utilized with doses
between 300 and 600 rads for the lowest dose group (500 R).

Doses were calculated according to the lung clearance of the
different inhaled alpha emitters as described by Lafuma etal.
(1974). Rats were given 2 3 9 PuO 2 , 2 3 9 Pu nitrate, 2 3 8Pu nitrate,
2 4 ] Am nitrate, 2 4 ' AmO2, and 2 4 4 Cm nitrate (Lafuma et al., 1976;
Morin et al., 1976). The dose was averaged over the whole lung
(weight, 2 g), and the total survival time was taken into account.

According to Morin et al. (1976), the tumor type was not found
to be dependent on the physicochemical form of the transuranic
aerosol. Since it had been observed by Lafuma etal. (1974) that
tumor types were also similar after exposure to radon, dose to the
lung was considered to be a convenient expression.

Differences in distribution of tumor types according to dose were
not influenced by the latent period in either type. This is shown in
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Fig. 14 Survival time of cancerous rats as a function of dose for
both bronchogenic (•) and bronchoalveolar (o) types of carcinomas.

Fig. 14 where median survival of cancerous animals is plotted against
the logarithm of the dose. Data are fit well with a power function, in
agreement with the observations of Druckrey (1967) on chemical
carcinogenesis. As observed by Albert and Altshuler (1973) and by
Clarke and Mayneord (1979), "latent period" is lognormally dis-
tributed among animals given the same dose (Fig. 15). No effect of
the hot spots on the latent period was noticed, as predicted by
Clarke and Mayneord (1979). All the groups obeyed a lognormal
distribution except bronchoalveolar carcinomas at 6000 rads
(Fig. 15). Median survival and geometric standard deviation (ratio of
the values, 84.15% over median) are shown in Table 2. There was not
a broad dispersion at the lbwest level of dose as would have been
expected if very sensitive individuals were mostly at the lowest doses.
Moreover, it seems that the use of a single power function probably
does not fit completely all the data for all doses and latent periods;
extrapolated latent period to 100 rads would lead to a value of 900
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Fig. 15 Test for lognormal distribution in survival of cancerous rats.
At the lowest dose (500 rads), density distribution is almost
perfectly lognormal. At a dose of 3000 rads, five rats died earlier
than predicted. At a dose of 6000 rads, bronchoalveolar tumor
distribution is bimodal and cannot be expressed as lognormal.

TABLE 2

Median Survival and Geometric Standard
Deviation (ag)* of B and B.A.

Carcinomas as a Function of Dose

B carcinoma B.A. carcinoma

Dose, rads

6000
4000
3000

1500
1000

300 to 600

Median

380
450
470

540
610
640

°*
1.42
1.26
1.20

1.22
1.20
1.24

Median

430
455
520

540
600
650

at

1.24
1.18

1.22
1.19
1.21

*Values 84.15% over median; all values are lognormal
except B.A. at 6000 rads.
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TABLE 3

Synergistic Effect of Benzopyrene and Alpha Irradiation in the Rat
(Metivier et al., 1979)

Latent Median
Tumor Histological period, survival,

Treatment incidence, % type,* % days days

Benzopyrenef + Fe2 O3 20 100 600 750
2 3 9PuO2$ + Fe2O3 50 50 777 730
2 3 9PuO2J + benzopy-

rene* + Fe2O3 73 93 330 490

f bronchogenic
fTwo 5-mg doses.
{Irradiation of 1000 rads.

(s-A
\B + B.A.f

days, which is not in agreement with the few tumors we have
observed and with what was observed in other laboratories (Sanders
and Mahaffey, 1979).

Latent period may not be directly related to survival of rats. By
looking at the distribution of cancer bearers in a group, one can
observe that the percentage of lung tumors increases continuously
after the occurrence of the first tumor. Unexpectedly, the median
ourvival time in cancerous animals is longer than the median survival
time of the whole group (Morin et al., 1976). This may be due to the
fact that most lung cancers induced in the rat are not lethal. Indeed,
when epithelial lung tumors are syngeneically transplanted, they grow
continuously. Doubling time is gradually decreased until finally
metastasis occurs. Transplantation at this time results in death of the
host within a couple of weeks after transplantation for both
bronchoalveolar and bronchogenic tumors (paper by Nolibe etal.,
this volume).

Many factors can influence individual susceptibility to induced
cancers. Immune surveillance has been detailed by Nolibe etal.
(this volume). The action of alpha irradiation with benzopyrene leads
to a synergistic increase in lung tumors (Metivier et al., 1979). These
results are summarized in Table 3. Combined administration of some
carcinogens shortens the life span. Death is mainly due to invading
cancers with the latent period being shortened as compared with
plutonium or benzopyrene alone. Similar effects have been obtained
by Queval and Beaumatin (1979) who used combined exposures to
radon and injection of a flavone-inducing aryl hydrocarbon
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hydroxylase, without adding btnzopyrene. Thus not only genetic
susceptibility to irradiation but also genetic susceptibility to environ-
mental chemical carcinogens could be a factor of risk. Moreover,
there is a likelihood that critical individuals are also multiexposed
individuals.

Lung tumors in the rat are very similar to human tumors. Most of
them arise from modified epithelium of the bronchi. Since risk
estimates calculated from rat and human data are similar, it would be
safe to accept the use of rat data for predicting the effects at low
doses. Owing to the high background of smoking-related lung cancers
in man, there is some doubt that any epidemiological survey will
reveal any effect of low doses. A negative finding could not be
considered as proof of no effect (International Regulatory Liaison
Group, 1979). Linear extrapolation is not a safe method for
estimation of lung tumor risk at doses as low as 10 rads.

After survival of cancerous rats is taken into consideration, there
is some doubt whether tumors induced at the lowest doses are
actually fatal. How this observation can be extrapolated to man
remains obscure. Possibly studies in long-lived animals such as dogs
and baboons will provide an answer.

REFERENCES

Albert, R. E., and B. Altshuler, 1973, Considerations Relating to the
Formulation of Limits for Unavoidable Population Exposure to Environ-
mental Carcinogens, in Radionuclide Carcinogenesis, AEC Symposium
Series, Richland, Wash., May 11—13, 1972, C. L. Sanders, R. H. Busch, J. E.
Ballou, and D. D. Mahlum (Eds.), PP. 233-253, CONF-720505, NTIS.

Auerbach, O., L. Garfinkel, and V. R. Park, 1979, Scar Cancer of the Lung
Increase over a 21-Year Period, Cancer, 43: 636-642.

Bair, W. J., and J. M. Thomas, 1976, Prediction of the Health Effects of Inhaled
Transuranium Elements from a Mathematical Analysis of Experimental
Animal Data, in Transuranium Nuclides in the Environment, Symposium
Proceedings, San Francisco, Calif., Nov. 17—21, 1975, pp. 569-585, STI/
PUB/410, International Atomic Energy Agency, Vienna.

Becci, P. J., E. M. McDowell, and B. F. Trump, 1978, The Respiratory
Epithelium. VI. Histogenesis of Lung Tumors Induced by Benzo(a)pyrene—
Ferric Oxide in the Hamster, J. Nati. Cancer Inst, 61(2): 607-618.

Berg, J. W.. 1970, Epidemiology of the Different Histologic Types of Lung
Cancer, in Morphology of Experimental Respiratory Carcinogenesis, AEC
Symposium Series, Gatlinburg, Tenn., May 13—16, 1970, P. Nettesheim,
M. G. Hanna, Jr., J. W. Deatherage, Jr. (Eds.), pp. 93-104, CONF-691001,
NTIS.

Bucciarelli, E., and R. Ribbachi, 1972, C Type Particles in Primary and
Transplanted Lung Tumors Induced in Balb/c Mice by Hydrazine Sulfate.
Electron Microscopic and Immuno Diffusion Studies, J. Nail. Cancer Inst,
49:673-684.



520 MASSE

Chameaud, J., R. Perraud, R. Masse, J. C. Nenot, and J. Lafuma, 1975, Cancers
du poumon provoques chez le rat par le radon et ses descendants a diverses
concentrations, in Biological and Environmental Effects of Low-Level
Radiation, Symposium Proceedings, Chicago, Nov. 3—7, 1975, pp. 223-228,
STI/PUB-409, International Atomic Energy Agency, Vienna.

Clarke, R. H., and W. V. Mayneord, 1979, The Time of Appearance of Radiation
Induced Carcinogenesis and the Implications for Dose Response Relation-
ships, in Biological Implications of Radionuclides Released from Nuclear
Industries, Symposium Proceedings, Vienna, Mar. 26—30, 1979, STI/PUB-
522(Vol. 1), pp. 121-140, International Atomic Energy Agency, Vienna.

Coalson, R. E., R. E. Nordquist, J. J. Coalson, J. A. Mohr, and E. R. Rhoades,
1973, Alveolar Cell Carcinoma: An In Vitro Study, Lab. Invest, 28: 38-47.

Druckrey, H., 1967, Quantitative Aspects of Chemical Carcinogenesis; Potential
Carcinogenic Hazards from Drugs, UICC (International Union Against
Cancer) Monograph Series, Vol. 7, pp. 60-78, Springer Verlag, New York.

Fritsch, P., et al., 1977, Cancers pulmonaires induits chez le rat par irradiation
interne a; cellules cibles et cellules sensibles, pp. 1345-1348, International
Radiological Protection Association, Paris.

Greenberg, S. D., M. N. Smith, and H. J. Spjint, 1975, Bronchiolo Alveolar Cell
Carcinoma Cell of Origin, Am. J. Clin. Pathol, 63: 153-167.

International Regulatory Liaison Group, 1979, Scientific Basis for Identification
of Potential Carcinogens and Estimation of Risks, J. Natl. Cancer Inst, 63:
242-268.

Jeffery, P. K., and L. Reid, 1975, New Observations of Rat Airway Epithelium:
A Quantitative and Electron Microscopy, J. Anat, 120: 295-320.

Kauffman, S. L., L. Alexander, and L. Sass, 1979, Histologic and Ultrastructural
Features of the Clara Cell Adenoma of the Mouse Lung, Lab. Invest., 40(6):
708-716.

Kennedy, A. R., R. M. Gandy, and J. B. Little, 1977, Histochemical Light and
Electron Microscopic Study of Polonium 210. Induced Peripheral Tumors in
Hamster Lungs: Evidence Implicating the Clara Cells as the Cell of Origin,
Eur. J. Cancer, 13: 1325-1340.

Lafuma, J., J. Chameaud, R. Perraud, R. Masse, J. C. Nenot, and M. Morin,
1976, Etude experimentale de la comparaison de l'effet toxique sur les
poumons du Radon 222 et de ses produits de filiation avec les emetteurs a
de la serie des actinides, in Radiation Protection in Mining and Milling of
Uranium and Thorium, pp. 43-53, International Labour Office, Geneva.
, et al., 1974, Respiratory Carcinogenesis in Rats After Inhalation of
Radioactive Aerosols of Actinides and Lanthanides in Various Physico-
chemical Forms, in Experimental Lung Cancer, E. Karbe and J. F. Park
(Eds.), pp. 443-453, Springer Verlag, New York.

Little, J. B., B. N. Grossman, and W. F. O'Toole, 1970, Respiratory
Carcinogenesis in Hamsters Induced by 2 1 0Po Alpha Irradiation and
Benzo(a)pyrene, in Morphology of Experimental Respiratory Carcinogenesis,
AEC Symposium Series, Gatlinburg, Tenn., May 13—16, 1970, P. Nette-
sheim, M. G. Hanna, Jr., and J. W. Deatherage, Jr. (Eds.), pp. 383-392,
CONF-691001, NTIS.

McDowell, E., J. S. McLaugh'lin, D. K. Merenyl, R. F. Kieffer, C. C. Harris, and
B. F. Trump, 1978, The Respiratory Epithelium. V. Histogenesis of Lung
Carcinomas in the Human, J. Natl. Cancer Inst, 61(2): 587-606.

Metivier, H., R. Masse, I. L'Hullier, and J. Lafuma, 1979, Etude de l'action
combinee de 1'oxyde de plutonium inhale et de deux cancerogenes chimiques



LUNG TUMORS INDUCED IN RATS BY INHALATION 521

de 1'environnement, in Biological Implications of Radionuclides Released
from Nuclear Industries, Symposium Proceedings, Vienna, Mar. 26—30,
1979, STI/PUB-522(Vol. 2), pp. 93-103, International Atomic Energy
Agency, Vienna.

Morin, M., J. C. Nenot, R. Masse, D. Nolibe, H. Metivier, and J. Lafuma, 1976,
Induction de cancers chez le rat apres inhalation de radioelements emetteurs
alpha, in Biological and Environmental Effects of Low-Level Radiation,
Symposium Proceedings, Chicago, Nov. 3—7, 1975, STI/PUB-409, pp.
109-119, International Atomic Energy Agency, Vienna.

Nolibe, D., R. Masse, P. Fritsch, and J. Lafuma, 1976, Greffe chez la souris
athymique de tissu pulmonaire de rat contamine par J'oxyde de plutonium,
in Biological and Environmental Effects of Low-Level Radiation, Sympo-
sium Proceedings, Chicago, Nov. 3-7, 1975, STI/PUB-409, pp. 223-228,
International Atomic Energy Agency, Vienna.

Petrik, P., 1971, Fine Structural Identification of Peroxisomes in Mouse and Rat
Bronchiolar and Alveolar Epithelium, J. Histochem. Cytochem., 19:
339-348.

Pierce, G. B., 1977, Relationship Between Differentiation and Carcinogenesis, J.
Toxicol. Environ. Health, 2: 1335-1342.

Queval, P., and J. Beaumatin, 1979, Correlation entre le caractere inducteur
enzymatique pulmonaire et la synergie observee avec quelques substances
dans la cancerogenese radioinduite, in Biological Implications of Radionu-
clides Released from Nuclear Industries, Symposium Proceedings, Vienna,
Mar. 26—30, 1979, STI/PUB-522(Vol. 2), pp. 105-111, International Atomic
Energy Agency, Vienna.

Sanders, C. L., and J. A. Mahaffey, 1979, Toxicology of Transuranium in
Rodents, in Biological Implications of Radionuclides Released from Nuclear
Industries, Symposium Proceedings, Vienna, Mar. 26—30, 1979, STI/PUB-
522(Vol. 1), pp. 89-104, International Atomic Energy Agency, Vienna.

Shabad, L. M., and L. N. Pylev, 1970, Morphological Lesions in Rat Lungs
Induced by Polycyclic Hydrocarbons, in Morphology of Experimental
Carcinogenesis, AEC Symposium Series, Gatlinburg, Tenn., May 13—16,
1970, P. Nettesheim, M. G. Hanna, Jr., and J. W. Deatherage, Jr. (Eds.), pp.
227-242, CONF-691001, NTIS.

Thomas, J. M., and W. J. Bair, 1979, Analysis of Experimental Animal Data on
Carcinogenic Effects of Inhaled Radionuclides, in Biological Implications of
Radionuclides Released from Nuclear Industries, Symposium Proceedings,
Vienna, Mar. 26—30, 1979, STI/PUB-522(Vol. 1), pp. 185-199, Interna-
tional Atomic Energy Agency, Vienna.

Thompson, R. C, 1974, Implications with Respect to Protection Criteria, in
Plutonium and Other Transuranium Elements. Sources, Environmental
Distribution, and Biomedical Effects, B. W. Wachholz (Comp.), pp. 283-301,
USAEC Report WASH-1359, NTIS.



Lifetime Exposures of Rats
to Cigarette Tobacco Smoke

WALDEN E. DALBEY,* PAUL NETTESHEIM,t RICHARD GRIESEMER.i
JOHN E. CATON,§ and MICHAEL R. GUERIN§
•Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee;
fNattonal Institute of Environmental Health Sciences, Research Triangle Park,
North Carolina; ifDivision of Cancer Cause and Prevention, National Cancer
Institute, Bethesda, Maryland; and §Analytical Chemistry Division, Oak
Ridge National Laboratory, Oak Ridge, Tennessee

ABSTRACT

Specific-pathogen-free Fischer-344 rats were exposed by inhalation to cigarette
tobacco smoke in a regimen considered to result in a maximal tolerated dose.
Total pulmonary deposition of smoke participates from a single cigarette was
0.25 mg in young rats. Rats were exposed to smoke from reven cigarettes per
day for up to 2.5 years at which time 30% of the exposed rats remained alive.
Mortality of smoke-exposed animals during exposure was not different from that
of untreated and sham-exposed controls. Of the exposed animals 9% had tumors
in the respiratory tract (one nasal adenocarcinoma, one nasal squamous-cell
carcinoma, and in the lung, five adenomas, two alveologenic carcinomas, and one
squamous carcinoma in seven out of 80 animals) as opposed to only 1% tumor
incidence among the control animals (i.e., a single alveologenic carcinoma in 93
animals). Smoke exposure did not change the total percent of animals with at
least one tumor at some site in the body. However, relative to contiols, exposed
rats had significantly fewer tumors in the hypophysis, hematopoietic—lymphoid
system, uterus, and ovary and an increased number of tumors in the dermis in
addition to the respiratory tract. Several nonneoplastic changes were observed
throughout the respiratory tract. Hyperplastic and metaplastic areas were seen in
the epithelium of the nasal turbinates, larynx., and trachea of exposed animals at
death. Lungs of exposed rats contained areas of focal alveolitis; these areas
consisted of accumulations of pigmented macrophages, epithelial hyperplasia,
fibrosis, and disruption of alveolar structure.

During the last several years, our laboratory has been engaged in the
development of an experimental model for assessing the respiratory
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and cardiovascular effects of chronic inhalation of cigarette tobacco
smoke, with particular emphasis on carcinogenesis in the respiratory
tract. Considerations involved in the choice of species for long-term
exposures to tobacco smoke included susceptibility to toxic effects
of the smoke, longevity of the animals, diseases expected in
unexposed animals, cost of animal care, and the inducibility of
diseases thought to be related to smoking in man. Laboratory
rodents previously have been chosen for chronic smoke exposures
because of some of the above considerations.

Hamsters have been preferred in recent years because of their
relative resistance to respiratory-tract infection and to acute toxic
effects or tobacco smoke (Dontenwill, 1970; Dontenwill et al.,
1973). Also, several studies have demonstrated that preneoplastic
and neoplastic lesions can be induced in the larynx of hamsters with
chronic tobacco-smoke exposure (Dontenwill, 1970; Dontenwill
et al., 1973; Bernfeld, Homburger, and Russfield, 1974). However,
no neoplastic lesions were found at other sites, nor was there any
evidence of cardiovascular or chronic (obstructive) pulmonary
disease that could be attributed to tobacco-smoke inhalation.
Exposure of mice to tobacco smoke resulted in an enhancement of a
spontaneous tumor incidence (Leuchtenberger and Leuchtenberger,
1970).

Our choice of the rat was heavily influenced by the induction of
squamous carcinomas in the respiratory tract after intratracheal
instillations of relatively small amounts of polycyclic hydrocarbons
(Schreiber, Nettesheim, and Martin, 1972) or after implantation in
bronchi of pellets containing cigarette smoke condensate (Stanton
et al., 1972). The susceptibility of the rat to smoke-related pulmo-
nary or cardiovascular disease was unknown, but the life span of our
specific-pathogen-free (SPF) animals was long, and complicating
disease arose only late in life. We report here data from a lifetime
exposure of SPF rats to tobacco smoke and from selected prelimi-
nary experiments that helped to establish the exposure conditions in
the chronic study.

METHODS

Animals

Female Fischer-344 rats from an SPF colony in the Biology
Division of Oak Ridge National Laboratory were housed in laminar-
flow hoods within the exposure laboratory. The exposure laboratory
was operated as a barrier facility in which all personnel were suitably
garbed and all incoming materials were either sterilized or scrupu-
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lously cleaned. SPF animals were used to avoid chronic respiratory
infections that would shorten life span and complicate the interpreta-
tion of respiratory-tract pathology. Food and water were provided
ad libitum except during exposures.

Smoke Generation 11111 Exposure

The intermittent Maddox/ORNL smoking machine (Maddox
et al., 1978) was used for all smoke exposures. Ten rats received
simultaneous nose-only exposures while being restrained in container
tubes attached to the side of a 350-ml exposure chamber, with only
their nostrils protruding into the chamber. In the exposure condi-
tions used for the chronic study, a 2-sec 35-tnl puff of room air was
drawn into the chamber by negative pressure through a horizontal
cigarette on the side of the chamber to produce a nominal 10%
smoke aerosol. The smoke remained in the chamber for 28 sec. The
chamber was then purged with dry breathing air at 80 ml /sec for
30 sec before a second puff was initiated. Rats received an average of
8.4 + 0.3 intermittent 30-sec exposures (puffs per cigarette) during
the burning of a single cigarette to a standard 23-mm butt length.
After every exposure to a cigarette during the lifetime study, rats
were removed from the machine and returned to their cages until
they were placed again in the tubes for exposure to the next
cigarette. The exposure sequence took approximately 15 min, leaving
45 min between the hourly exposures when the rats were not being
handled. The lifetime exposures were to seven cigarettes/8-hr day,
5 days/week.

Standard 85-mm, nonfilter-tipped experimental cigarettes (Na-
tional Cancer Institute, code 16) were used for all exposures after
removal from frozen storage and conditioning, before use, at 73 to
74°F and 60% relative humidity. The mean smoke-particulate and
nicotine deliveries observed by weekly monitoring of chambers
during the lifetime exposures were 18.4 and 0.89 mg per cigarette,
respectively.

In preliminary experiments on smoke deposition and toxicity
with exposure conditions other than 10% smoke and 30 sec/puff,
smoke concentration was increased to 20% by simultaneously
drawing a puff through two cigarettes into the chamber. Also,
exposure duration was increased to 40 sec/puff by altering the timing
sequence for values on the smoking machine to produce 40 sec of
smoke exposure and 20 sec of fresh air between puffs. To quantitate
smoke deposition in the animals, rats were exposed to single
cigarettes injected with 14C-labeled dotriacontane qMC]DTC)
which served as a tracer for the particulate phase of the smoke. Rate
were killed by nitrogen inhalation immediately after exposure, and
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their tissues were analyzed for ' 4 C activity as described by Kendrick
and co-workers (1976).

Chronic Smoke Exposure

Eighty rats received lifetime exposure to seven cigarettes per day.
Sixty-three untreated controls (no handling except for cage cleaning)
and 30 sham-exposed controls (loaded into container tubes seven
times per day) were included in the lifetime study. Animals were first
exposed at 12 to 14 weeks of age. Individual records were kept for
all animals on exposure history, body weight, and external lesions.

A complete autopsy was made at death, and all major organs
were preserved in buffered formalin. Lungs, trachea, larynx, and
lower jaw were removed en bloc. The lungs were inflated by injection
of 8 ml of 10% buffered formalin through a slit in the trachea and
allowed to deflate to a resting volume in the fixative. Histologic
sections were routinely prepared of the respiratory tract, heart, aorta,
and any abnormality in other organs observed during necropsy.
From 10 to 20 interrupted serial sections were prepared from the
larynx and trachea. Each lung lobe was slit along the major bronchus
before it was embedded in paraffin; standard hematoxylin-and-eosin
stained sections were then prepared. Cross sections were also
prepared from the tracheal bifurcation, nasal turbinates, heart, aorta,
and abnormalities in other organs.

Exposures were stopped at 140 weeks of age, by which time only
a few animals remained in each group. It was anticipated that this
procedure would avoid deaths due to smoke toxicity among older
animals and thus provide more animals with a long life span. The
surviving animals were housed an additional 6 months before
sacrificing.

An additional 30 animals were exposed to 10 cigarettes per day
as a high-dose group in a parallel study in which animals were
sacrificed at 18 months of exposure for physiological and morpho-
logical evaluation. Although these animals were not part of the
lifetime study, data on mortality are included here for comparison
with the group exposed to seven cigarettes per day.

RESULTS

Acute Exposures

Smoke Concentration and Duration of Exposure

The exposure conditions of 10% smoke and 30 sec/puff were
chosen after extensive preliminary studies designed to establish a
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Fig. 1 (a) Pulmonary deposition of smoke particles during exposure
to a single cigarette with 10 or 20% smoke concentration and 30 or
40 sec/puff, (b) Number of cigarettes given every 30 min required
for 50% mortality (clear area) or first death (shaded area) with 10 or
20% smoke concentration and 30 or 40 sec/puff.

maximal tolerated dose. One such experiment, described subse-
quently, demonstrated that increases in smoke concentration or
exposure duration per puff (above 10% smoke and 30 sec/puff)
resulted in both increased pulmonary deposition of smoke and
excessive mortality.

We have previously demonstrated (Kendrick et al., 1976) the
need for gradual adaptation of rats to increasing numbers of
cigarettes per day and for fresh-air breaks between individual
cigarettes. Here, groups of 10 rats were adapted to one of four
exposure conditions; i.e., 10% or 20% smoke with 30- or 40-sec
exposures per puff. Pulmonary deposition of smoke particles during
exposure to a single cigarette labeled with [14 C] DTC was measured
in adapted animals. For the determination of acute toxicity of each
exposure condition, adapted rats were exposed to single cigarettes
every 30 min for up to 20 cigarettes. As illustrated in Fig. 1, an
increase in smoke concentration or puff duration above the standard
10% smoke and 30 sec/puff yielded an increased pulmonary reten-
tion of smoke particulates. However, mortality was also increased to
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TABLE 1
Deposition and Retention of Total Particulate Matter

from Single Cigarette*

Organ

Head
Larvnx
Trachea
Bifurcation
Stomach

TPM.t mg

0.057 ± 0.018
0.012 ± 0.005
0.005 ± 0.001
0.002+ 0.000
0.042 ± 0.0:2

Organ

Total lung
Right superior lobe
Right middle lobe
Right inferior lobe
Postcaval lobe
Left lobe

TPM.f mg

0.229 ± 0.030
0.034 ± 0.006
0.033 ±0.006
0.042 ± 0.007
0.026 ± 0.006
0.075 ± 0.018

•Exposure: 10% smoke concentration, 30 sec/puff.
fMean ± standard deviation, bastd on tracer data.

such a degree (Fig. 1) that routine daily exposures to these larger
smoke doses would probably exceed a tolerated level during chronic
exposures.

Distribution of Smoke Deposition •

The distribution of retained smoke particulates within the
respiratory tract of animals in the experiment just described is shown
in Table 1. The lung is obviously the major site of deposition. The
mean pulmonary deposition of 0.23 mg was very close to that of
other deposition studies (0.25 mg, based on data from 50 rats). We
have previously shown (Kendrick et al., 1976) that retention of
smoke particles is additive over a full 8-hr day of exposure to 10
cigarettes. It is therefore apparent that large amounts of smoke
particulate would be deposited in the lung during chronic exposure
to several cigarettes per day even though the actual amount of
deposition might vary over the course of the exposures.

Chronic Exposure to Seven Cigarettes per Day

Observations During Exppsure

Mean body weights during the chronic exposure are shown in
Fig. 2. Several features are apparent. The weight of smoke-exposed
animals decreased at the start of smoke exposures to levels that were
then stable over subsequent months. Because of the stability of
weights in the restrained groups, larger container tubes were not
needed as the rats aged. Mean weights of sham-exposed animals were
low compared with those of untreated controls, possibly a reflection
of stress caused by the restraint in the exposure tubes. Such stress
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Fig. 2 Mean body weights of female Fischer-344 rats exposed to
tobacco smoke. , no treatment. , sham-exposed. - - - -,
exposed to seven cigarettes per day. — . —, exposed to 10
cigarettes per day. The number 1 indicates cessation of restraint
(sham-exposed). The number 2 indicates cessation of smoke ex-
posure.

apparently accounted for much of the weight loss in smoke-exposed
groups also. Mean weights in both exposed and sham-exposed groups
increased when restraint and exposure were stopped near the end of
the study.

A significant exposure-related abnormality occurring during the
lifetime exposure was ulceration of the palmar pad of the front feet,
apparently the result of pushing against the restraining tube during
smoke exposure. About 50% of the smoke-exposed rats had at least
small lesions on the foreleg at any given time; none were observed in
controls. The ulcerations were generally small and caused little
concern. However, several sarcomas apparently developed from these
sores. (See section entitled Neoplasias.)

Survival curves for the group exposed to seven cigarettes per day
and for the untreated and sham-exposed controls are shown in Fig. 3.
Survival curves for the two control groups were not significantly
different. The survival curve of the group exposed to seven cigarettes
per day was not significantly different from that of the two control
groups combined. Mortality of the group exposed to 10 cigarettes
per day, however, was appreciably greater than that of combined
controls (P < 0.01). Daily exposure to seven cigarettes therefore
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Fig. 3 Survival of female Fischer-344 rats exposed to tobacco
smoke. , no treatment. , sham-exposed. , exposed to
seven cigarettes per day. — • —, exposed to 10 cigarettes per day.
The number 1 indicates cessation of restraint (sham-exposed). The
number 2 indicates cessation of smoke exposure.

appeared to be near the maximum dose tolerated without significant
shortening of life span.

Nonneoplastie Changes

The respiratory system, heart, and major blood vessels were the
organs of major concern; no significant nonneoplastic changes were
observed in other organ systems at autopsy. Therefore routine
histology was performed only on these tissues and on any abnor-
mality observed at autopsy.

Changes in the heart were mainly fibrosis and thickening of
arterioles, both of which occurred most frequently in the papillary
muscle. Neither smoke exposure nor restraint altered the incidence
or severity of the fibrosis or other cardiac pathology. No evidence for
smoke-related pathology in the large vessels and other organ systems
was detected.

Histopathological changes were observed throughout the respira-
tory tract and are summarized in Table 2. Epithelial changes were
prominent in the upper airways. Although a few small areas of
squamous metaplasia were observed in the nasal epithelium of
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TABLE 2

Percent (and Number) of Rats with Nonneoplastic Changes in
Respiratory Bpithelia and Lung After Lifetime Exposure

to Tobacco Smoke

Tissue and change

Nasal epithelium
Normal
Hyperplasia
Metaplasia
Rhinitis

Laryngeal epithelium
Normal
Hyperplasia
Metaplasia
Laryngitis

Tracheal epithelium
Normal
Hyperplasia
Metaplasia

Lung
Normal
Mild smoker's lungi
Moderate smoker's lung
Severe smoker's lung
Focal squamous metaplasia

Untreated

98 (52)*
2(1)

82(42)
2 ( l ) t

10(5)t
6(3)

100(52)

100(54)

Controls

Sham-exposed

87 (26)

10(3)
3(1)

90 (27)

3 ( l ) t
7(2)

100(30)

100(30)

Combined

94 (78)
1 ( 1 )
4 ( 3 )
1 ( 1 )

86(69)
KD
7(6)
6(5)

100(82)

100(84)

Rats
exposed to
7 cigarettes

per day

58(44)
5(4)

34 (26)
3(2)

1 1 ( 9 )
9(7)

80(64)

83(66)
14(11)
4(3)

20(16)
41 (33)
39(31)
9(7)

*Numbers in parentheses represent number of rats with a given lesion. Tissues not
available for evaluation are not included.

fVery small lesions relative to smoke-exposed animals.
iDefined in text. Not included are minor focal fibrotic lesions or changes due to

lymphocytic proliferation or metastatic neoplasms originating in other organs.

controls, smoke-exposed animals had a relatively high incidence of
squamous metaplastic lesions. A high incidence of hyperplastic and
metaplastic lesions was also observed in the larynx after smoke
exposure. The few lesions observed in control animals were much
smaller and less severe. Laryngeal alterations became more severe
with time so that by 100 weeks of age squamous metaplasia was
observed in virtually every larynx. The primary site of metaplastic
lesions in the laryngeal epithelium was ventral to the vocal cords on
the sides of the lumen. The effect of exposure on the tracheal
epithelium was less pronounced, but hyperplastic or metaplastic
alterations were still observed.

The lungs of exposed rats had small gray or black foci (1 to
4 mm) scattered over the lobes. Histologically, the lungs had
numerous pigmented macrophages in all regions of the five lobes, but
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they were mostly concentrated in the grossly observable foci. In mild
form thsse foci occupied only a few alveoli in cross section and
consisted of accumulations of pigmented macrophages, epithelial
hyperplasia in alveolar walls, and apparent alveolar fibrosis. The foci
occurred primarily, though not exclusively, in the peripheral areas of
the lungs and were accompanied by a mild form of granulocyte
infiltration. Alveolar structure was well maintained. In more severe
cases of alveolitis, an area equivalent to 10 to 30 alveoli was
obliterated by pigmented macrophages intermixed with other inflam-
matory cells. Alveolar structure was disrupted. These more severe
lesions were a disorganized mixture of epithelial, fibrous, and
vascular elements. The alveolar tissue around the lesions also showed
various degrees of hyperplasia and fibrosis and was commonly
distorted and dilated.

The number and severity of the focal lesions were graded as mild,
moderate, or severe "smoker's lung," the grade being largely based
on the degree of fibrosis. As shown in Table 2, all smoke-exposed
animals had at least some degree of alveolar damage. No evidence of
respiratory-tract infection was found histologically in lungs of either
smoke-exposed or control animals.

In addition to these common lesions, squamous nodules were
observed in 9% of the smoke-exposed group; none were observed in
controls. In squamous nodules the lumens of groups of nearby
alveoli, often in areas of fibrosis, were filled with squamous tissue.
Alveolar structure remained visible, and there was no indication of
invasion or tissue destruction; thus the lesions had a nodular
appearance. The term squamous metaplasia was reserved for focal,
noninvasive squamous lesions of the conducting airways. The
squamous carcinomas mentioned subsequently clearly involved tissue
destruction, invasion into capillaries and blood vessels, and loss of
recognizable alveolar structure.

Neoplasias

Tumor-incidence data for smoke-exposed and control animals are
summarized in Table 3. No difference in tumor incidence was
observed between the two control groups. Data for these groups were
therefore combined for comparison with the smoke-exposed animals.
The percent of animals with neoplasms was not significantly
different between the smoke-exposed animals and the combined
controls. However, pronounced differences existed in the pattern of
tumor incidence. Pituitary adenomas, lymphomas and leukemias, and
genital-tract tumors (mostly ovarian and uterine carcinomas) were
less frequent in the smoke-exposed group than in controls
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TABLE 3

Rats with Tumors at Specific Sites After Lifetime Exposure to Tobacco Smoke

Tumor-bearing animals,
'"t (number of nils)

Tumor sites.
' ' (number of rats)

Respiratory tract
Oral cavityt
Dennis
Bladder

Adrenal
Parathyroid
Thyroid
Hypophysis i;
Uterus and ovary
Mammary gland
Hematopoiet:c-lymphoid system
Epidermis
Head*'
Abdomen**

Untreated

87 (51)

2 ( 1 )
3 ( 2 1

31 (191
2 1 (15)

21 (13)
3-1 (21 )

3 ( 2 )

3 ( 2 )

Controls

Sham-exposed

80 (24)

3 ( 1 )

3 ( 1 )
3 3 ( 1 0 )
20 (6 )

7 (2 )
30 (9)

7 ( 2 )

Combined

85(78)

1 (1)

1 (1)
3 13)

32 (2SJI
23(21)

1 6 (1 5 |
33 (30)

2 ( 2 )

1 ( 4 )

Rats
exposed to
7 cigarettes

per day

68 (54)

10 (8)*
5 (4 it

26 (21 )*
1 (1)

5 ( 4 ) j

0 (7 |*
3(21*

10 (S |
1 3 ( 1 0 ) *

1 ( 1 1

1 1 1 1

•Significantly different fn
tlsicludes one lip fibroin

papilloma.
^Significantly differed" I'n
$ Includes adenomas anil a
* Squamous-cell carcinom
**Includes one carcinoma

>mbined controls at P • 0.05.
lip folliculoma. one cheek-skin papilloma, and one tongue

mbinetl controls at P 0.10.
:]enomatons hyperplasias.

of origin unknown,
both in smoke-exposed animals and in controls plus one fibroma

and two undetermined tumors in controls.

(P < 0.05). The smoke-exposed animals developed more subcutane-
ous sarcomas and tumors in the respiratory tract (P < 0.05) and
tended to have more adrenal tumors and tumors originating from the
oral cavity (including the lips) (P < 0.10). Most of the subcutaneous
sarcomas associated with smoke exposure were located on the
forelegs near the ulcerations on the palmar pads.

Ten respiratory tumors were observed in seven smoke-exposed
rats. These consisted of one early nasal adenocarcinoma, one nasal
squamous-cell carcinoma, and, in the lung, five adenomas, two
alveologenic carcinomas, and one squamous carcinoma. One alveolo-
genic carcinoma was observed in controls. Two pulmonary adenoma-
toid lesions were observed in controls, and one was found in the
smoke-exposed group. Also, one large, highly keratinizing squamous
carcinoma was found in the head (including the nasal cavity) in both
the control and smoke-exposed groups. These tumors are not
included in Table 3, because their origin could not be determined.
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Metastases were noted most frequently in cases of dermal
sarcomas and neoplasms of the hematopoietic—lymphoid system,
often occurring in the lungs. Metastases were also observed with a
few other tumors.

DISCUSSION

We have shown that it is possible to expose rats chronically to a
high dose of cigarette smoke by adapting them to a gradually
increasing number of cigarettes per day to circumvent the problem of
acute toxicity and, also, by allowing time for apparent detoxification
between individual cigarette exposures (Kendrick et al., 1976). The
data from the acute experiments presented here indicated that the
combination of 10% smoke and 30 sec/puff used in the lifetime
study resulted in a dose near a maximal tolerated level for multiple
cigarette exposures. Moreover, although survival was not affected by
chronic exposure to seven cigarettes per day, the increase to 10
cigarettes per day resulted in a marked reduction in survival. We
consider these data to demonstrate that chronic exposure to a dose
of smoke greater than the dose used here would have increased
mortality and therefore decreased the time available for tumor
development. The mean survival time of our smoke-exposed rats
(121 ± 32 weeks) was longer than in other chronic studies with rats
(Davis et al., 1975; Haag, Larson, and Weatherby, 1960) or with
hamsters (Bernfeld, Homburger, and Russfield, 1974; Dontenwill
etal., 1973).

The main nonneoplastic changes resulting from tobacco-smoke
exposure were hyperplastic and metaplastic lesions in the nasal,
laryngeal, and tracheal epithelium, and focal alveolitis and fibrosis in
the lung. In other long-term exposures of rats to tobacco smoke,
Haag and co-workers (1960) observed "no lesions peculiar to the rats
exposed to smoke." On the other hand, squamous metaplasia in the
larynx, primarily near the vocal cords, has been observed after only
6-week exposures of rats. Davis et al. (1975) observed slight
epithelial hyperplasia in the larynx and foci in the lung similar to
those described here. Squamous metaplasia was present in the larynx
of many of our smoke-exposed rats and became virtually universal
after 100 weeks of age (about 88 weeks of exposure). The lungs of
all our smoke-exposed rats had smoke-induced lesions. Little
evidence of damage, however, was found in the bronchi on the
light-microscopic level, and there was no evidence of emphysema or
cardiovascular damage that could be attributed to the tobacco-smoke
exposures.
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Perhaps the most significant observation of the lifetime exposure
was the increased incidence of respiratory-tract tumors among
exposed animals. Besides the studies of Bernfeld, Homburger, and
Russfield (1974) and of Dontenwill et al. (1973), which reported the
occurrence of laryngeal neoplasms in smoke-exposed hamsters, ours
is the only study describing an unequivocal tumor response in the
respiratory tract resulting from long-term tobacco-smoke exposure.
The tumors in the respiratory tract of smoke-exposed rats consisted
of five adenomas and five adenocarcinomas, alveologenic carcinomas,
or squamous carcinomas as compared with one alveologenic carci-
noma^in control animals. This amounted to 10 tumors in seven out
of 80 smoke-exposed rats as opposed to one tumor in 93 controls.
All but two of the tumors in the smoke-exposed animals were in the
lung. Previous studies on increases in tumor incidence after tobacco-
smoke exposure of rats had been much less definite. Guerin (1959)
reported an incidence of three pulmonary adenomas in 68 rats after
2 years of exposure to tobacco smoke, in addition to an increase in
tumors of the mouth such as was observed in our study. Mori (1964)
observed two adenomas in 14 rats exposed to smoke for 186 days,
but a nonexposed control group was not provided.

The etiology of the subcutaneous sarcomas observed in the
smoke-exposed animals was not clear. Almost all were located near
sores on the palmar pad or on the forelegs of smoke-exposed rats.
Since control animals did not have similar ulcerations, it is not
known if the tumors developed from the sores themselves, from
exposure of the subcutaneous tissue to tobacco smoke, or from a
combination of both. The relative decrease in tumors of the
hypophysis, hematopoietic—lymphoid system, uterus, and ovary
among the smoke-exposed animals also cannot be readily explained.
Smoke-exposed rats did not die earlier than controls, i.e., before the
time of onset for these neoplasias in control animals.

In summary, our studies with SPF Fischer-344 rats showed that
significant damage could be induced in various parts of the
respiratory tract by lifetime exposure to tobacco smoke. This
damage consisted of hyperplastic and metaplastic epithelial lesions in
the upper airways and of focal alveolitis and alveolar fibrosis in the
lung. The incidence of respiratory-tract tumors was significantly
elevated in smoke-exposed rats.
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The Effects of Immune Modulation
on Plutonium Dioxide Lung Carcinogenesis
in the Rat
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ABSTRACT

After inhalation of radioactive particles, only some rats develop lung tumors. We
investigated whether this was a random effect or the result of different
individual susceptibilities. The relationships between carcinogenesis and host-
immune status were tested in rats given an inhalation of plutonium dioxide
particles after immunodepression by azathioprine, hydrocortisone, or neonatal
thymectomy. The effects of immunostimulation by bacillus Calmette-Guerin
(BCG) were also studied. The influence of genetic factors was studied in two
strains of outbred and inbred Wistar rats. The incidence, nature, size,
invasiveness, and metastases of tumors were compared between the groups. The
results indicate that azathioprine-treated rats and thymectomized rats have a
greater incidence of spontaneous tumors. This effect is observed at different
levels in the two strains of rats. According to the strain used, immunodepression
had either no or a weak enhancing effect on 39PuC>2 lung tumor induction,
whereas a significant effect on lung tumor histogenesis was observed, as seen in
growth characteristics and a shift toward bronchogenic type. BCG did not
exhibit a protective effect on incidence of lung tumors.

Inhalation of insoluble particles of plutonium dioxide (PuO2) has
been extensively studied by Lafuma et al. (1974) and Sanders et al.
(1976). The main toxic effect is the probable induction of lung
cancer after a variable latent period. The probability increases with
the dose delivered to the lungs; however, not all animals will develop
tumors. It is necessary to research factors of susceptibilities, if
individual susceptibilities exist, in order to define the high-risk
population. This paper discusses the interactions of two possible
factors of risk with 239 PuO2 -induced tumors.

536
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The first concept tested was immunosurveillance. This hypothe-
sis, developed by Burnett (1964), suggests that during neoplastic
changes cells acquire new antigens (e.g., the tumor-specific antigen,
TSA) which are foreign to the host. Such cells with TSA are rejected
as allografts. If a defect in the immune response occurs, the clones of
malignant cells are tolerated. This is supported by the observation
that malignant tumors are more frequent in infancy and old age than
at other ages (Gatti and Good, 1970) and in conditions of acquired
deficiency such as chronic immunosuppression in transplanted
patients (Penn, 1974).

Experimental data are conflicting. For example, in viral careino-
genesis it was shown by Malmgren, Rabson, and Carney (1964) that
immune depression enhanced the development of tumors. A depres-
sion of cell-mediated immunity during the latent period of chemi-
cally induced tumors gave inconclusive results. In other experiments
an enhancing effect was found (Nishizuka, Nakakuki, and Usui,
1965; Trainin et al., 1967), whereas no effect could be shown by
others (Law, 1966; Balner and Dersjant, 1966). The purpose of this
study was to determine the potential effects of manipulating (and
particularly of depressing) the cell-mediated immune functions of
rats after plutonium inhalation.

The second concept tested is the influence of strains of
experimental animals. Genetic factors can also influence the inci-
dence of cancers whether they occur spontaneously or after the
administration of carcinogens. Resistance to neoplasia involves many
processes affected by specific or nonspecific immune reactions; e.g.,
Ruco, Meltzer, and Rosenstreich (1978) reported that development
of activated cytotoxic mouse macrophages is controlled by a gene
closely linked or identical to the endotoxin response gene. Strain
variations have been shown for chronic pulmonary inflammation
(Allen, Moore, and Stevens, 1977) and development of activated
tumoricidal macrophages (Boraschi and Meltzer, 1979). On the other
hand, Chadwick and Leehouts (1978) have proposed the existence of
two types of individuals in a population, those that are either carriers
or noncarriers of a malignant genotype. Thus the same protocol of
immunomodulation was tested on outbred and inbred strains of
Wistar rats.

MATERIALS AND METHODS

Animals

Inbred Wistar AG strain rats (initially purchased by Centre
National de la Recherche Scientifique (Orleans-la-Source, France)
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and random-bred Wistar rats (obtained from our own breeding
colony) were used. They were fed a standard diet (Sanders A04
pellets) and allowed water ad libitum. Three-month-old outbred
Wistar rats and four-month-old inbred Wistar AG strain male and
female rats were exposed to 2 3 9 PuO2 aerosols.

Modification of Immunological Balance of the Host

Except for thymectomy, modifications of the immune system
were induced during the first 4 months after inhalation exposure.
Azathioprine (AZA, Imurel-Wellcome) was given in suspension by
gastric intubation at a dose of 5 mg/kg body weight in 1 ml of saline
three times a month. Hydrocortisone (HYD, Roussel), at a dose of
100 mg/kg body weight in 1 ml of a saline suspension, was injected
once a week intraperitoneally. Thymectomy and sham thymectomy
were performed 24 hr after birth of the rats according to the
technique already described by Dischler and Rudali (1961). The
sternum was split, about 5 mm in the midline, and the thymic lobes
were aspirated through a Pasteur pipette connected to a vacuum
pump. Care was taken to avoid cannibalism by mothers. The
completeness of the thymus removal was verified at necropsy and on
histological slides after systematic sampling of the tissues in the
thymic area. BCG (bacillus Calmette-Guerin), supplied by Institut
Pasteur (Paris), was inoculated subcutaneously at a dose of 0.4 mg/kg
body weight in 0.1 ml of saline two times per month.

Inhalation Exposure

The inhalation device has been previously described by Metivier
et al. (1974). The oxide was obtained by double calcination of
plutonium peroxide at 1000°C; 2 3 9PuO 2 dust had a count median
aerodynamic diameter (CMAD) of 2.06 pim (a = 1.2S).

Calculation of Delivered Doses

Initial lung burdens (ILB's) were determined by external chest
counting 7 days after inhalation by using a proportional counter as
described by Lansiart and Morucci (1964). Lung burdens at death
were determined in the same way. Less than 0.5% of the initial lung
burden was translocated outside the lungs. Lung clearance was
measured in control and treated rats on the basis of initial and final
burdens. It could be fitted by a single exponential equation, the half
time of which was 170 days in the outbred Wistar rats and longer
(about 200 days) in the inbred Wistar AG strain, treated or not. The
radiation doses were smeared doses according to the procedure of



IMMUNE MODULATION EFFECTS ON RAT LUNG CARCINOGENESIS 539

McClellan (1972), with 2 g assumed for fresh lung weights. The total
mean dose delivered to lungs in each group was evaluated between
2000 and 2300 rads.

Histopathology

Autopsies of all rats were performed immediately after death or
sacrifice when the animals were moribund. All organs were carefully
examined, and all tissues with suspected neoplasms were collected
for histological examination. The lungs en bloc were fixed and
embedded. Lung tumors were diagnosed on large slices of whole
tissues sectioned along the longitudinal axis. Size, location, invasive-
ness, and metastases of tumors were recorded. Cancer staging was
performed according to the recommendations of Peters (1977).

Protocol of Experiment

A total of 384 inbred Wistar AG strain and 168 outbred Wistar
rats, distributed nearly equally between both sexes, were used. The
number of animals in each experimental group is given in Table 1 for
control rats and in Table 2 for rats exposed to 2 3 9PuO2 inhalation.

RESULTS

Effect of Immunomodulation on Spontaneous Tumors

The results obtained with inbred Wistar AG strain rats are
reported in Table 3. In 138 controls (mean life span, 744 days), the
frequency of mammary tumors was 9.3%; these tumors arose late in
life in the animals and did not decrease their survival time (mean life
span of rats bearing mammary tumors, 914 days). The incidence of
all extrapulmonary tumors was 8%, with a mean life span for
tumor-bearing animals of 629 days. A significant decrease of life span
was observed after treatment with immunosuppressive drugs, i.e.,
623 days for the AZA group and 632 days for the HYD group.
Despite this effect tumor incidence of extrapulmonary tumors was
significantly increased after treatment with AZA (25%), but these
tumors did not appear earlier, since the mean life span of animals
with tumors was longer than in controls (Table 3).

The thymectomized group with a mean life span comparable to
controls exhibited also a significantly increased frequency of
extrapulmonary tumors (26%), including mammary tumors (17%). In
the group stimulated by injections cjf BCG, no modification of
incidence in any tumors was observed in spite of an increased life
span (792 days). In the outbred strain the mean life span (746 days)
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TABLE 1

Number and Sex of Animals in Different Experimental Groups
of Unexposed Rats

Treatment

No treatment or
sham thymectomy

Azathioprine
Hydrocortisone

Neonatal thymectomy
Bacillus Calmette-

Guerin (BCG)

Sham thymectomy
Azathioprine

Neonatal thymectomy
Bacillus Calmette-

Guerin (BCG)

Animals at beginning
of experiment

Total Male Female

Inbred Wistar.

145
16
16

48

16

70
8
8

24

8

AG Strain Rats

75
8
8

24

8

Outbred Wistar Rats

32
16

24

24

18
8

12

12

14
8

12

12

Number of animals
analyzed*

Total

138
16
16

46

15

31
16

18

24

Male

63
8
8

23

7

18
8

12

12

Female

75
8
8

23

8

13
8

6

12

*Number of animals on which complete pathologic examination was
conducted (loss by intervening death followed by cannibalism or autolysis;
presence of thymic remnants in thymectomized group).

and spontaneous incidence of tumors (6%) were comparable, but the
life span of animals with tumors was significantly increased (832
days) above control levels; mammary tumors were more frequent in
this strain (Table 3). A decreased life span (676 days) was seen in rats
treated with AZA as in inbred rats, but the number of animals was
insufficient in this group, and the weak increase in frequency of
mammary tumors and other tumors was not significantly different
from controls.

The life span was also reduced in the thymectomized group.
Despite this observation tumor frequency was greatly increased in
this group (50%). Thymectomy seemed to accelerate the growth of
tumors. In the thymectomized group, tumor frequency was found to
be maximal between 575 arid 750 days and then decreased, whereas
a continuous increase in tumors was seen in controls. This was in
contradiction to results obtained in the AG strain. In BCG-treated
rats the mean life span (723 days) was not modified, and results in
tumor frequency were not significant (Table 3).
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TABLE 2

Number and Sex of Animals in Different Experimental Groups
Inhaling 239PuO2

Treatment before
or after

2 3 9PuO2 inhalation

No treatment

Azathioprine
Hydrocortisone

Neonatal thymectomy
Bacillus Calmette-

Guerin (BCG)

No treatment

Azathioprine
Hydrocortisone

Neonatal thymectomy
Bacillus Calmette-

Guerin (BCG)

Animals at beginning
of experiment

Total Male Female

Inbred Wistar AG Strain Rats
24

24
24

40

32

12 12

16 8
16 8

15 25

24 8

Outbred Wistar Rats

24

12

24

12

24

12

16 8

12

Number of animals
analyzed

Total

23

21
18

35

25

20

10

21

9

Male

12

14
12

10

19

20

10

13

9

Female

11

7
6

25

6

8

Effect of Immunomodulation on Incidence of Lung Tumors
Induced by Inhaled 2 3 9PuO2

The incidence of lung tumors was expressed as the number of
animals with tumors vs. the total number of animals dying after the
first cancer was diagnosed, i.e., animals at risk. The survival time was
counted from day of inhalation. The results for inbred rats are
reported in Table 4. The control value of lung tumor frequency
(56%) was not modified by immunosuppressive drugs (AZA or HYD
treatment). Increase in extrapulrnonary tumor incidence was con-
firmed only in AZA-treated rats. Immunostimulation by BCG did
not protect against induced lung cancer or spontaneous tumors, but
the mean life span of tumor bearers was slightly increased.

Neonatal thymectomy in the two rat strains appeared to cause
(1) no difference in lung tumor incidences in outbred rats but a
nonsignificant increase in the inbred strain (Table 5) and (2) an
augmentation of spontaneous extrapulmonary tumors in the two
strains which was confirmed by thymectomy. Nevertheless, after
2 3 9 PuO 2 inhalation an important decrease in frequency of these
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TABLE 3

Effect of Immunomodulation on Spontaneous Tumor Incidence

Treatment

No treatment or
sham thymectomy

Azathioprine

Hydrocortisone

Neonatal
thymectomy

Bacillus Calmette-
Guerin (BCG)

Rat
type*

A

B

A

B

A

A

B

A

B

Meant
life span,

dayt

744
168 to 1126§

746
286 to 1083

623
67 to 944

676
208 to 1127

632
343 to 928

727
386 to 1106

638
245 to 953

792
418 to 944

723
247 to 913

Incidence of tumors, %

Pulmo-
nary

0

0

0

6

0

0

0

0

0

Extrapul-
monary

8

6

25

6

12

26

50

6

12

Mam-
mary

9

23

6

12

0

17

17

6

0

Meant
life span of

animals with
tumors, days

629 + 219

832 ±225

720±156

497

758±179

777 ±110

650 ±142

754

860 ± 39

* A denotes inbred Wistar AG strain rats; B denotes outbred Wistar rats.
•(•Calculated from day of inhalation; for real life span add 120 days for inbred Wistar

AG strain rats or 90 days for outbred Wistar rats.
•j:Except animals with mammary tumors.
§ Range indicates from minimum to maximum survival time.

TABLE 4

Effect of Immunomodulation on Lung Tumors Induced by

Inhaled Plutonium Dioxide in Inbred Wistar Rats

Treatment
after 2 3 9PuO2

inhalation

No treatment

Azathioprine

Hydrocortisone

Bacillus Calmette-
Guerin (BCG)

Mean
life span,

days

610
301 to 891*

610
333 to 860

529
96 to 668

591
424 to 848

Number
of

animals
at risk

23

20

15

24

Incidence of animals
with tumors, %

Extrapul-
monary

4

25

0

4

Pul-
monary

56

55

47

54

Mean
life span of

animals with
tumors, days

589 ±123

643 + 136

577 ± 66

631 + 92

*Range indicates from minimum to maximum survival time.
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TABLE 5

Effect of Thymectomy on Lung Tumors Induced
by Inhaled 239PuO2

Treatment
before 2 3 9 PuO 2

inhalation

Inbred rats
No treatment or
sham thymec-
tomy

Outbred rats
Sham thymec-
tomy

Inbred rats
Thymectomy

Outbred rats
Thymectomy

Mean
life span,

days

610
301 to 891*

640
405 to 894

690
469 to 944

628
426 to 848

Number
of

animals
at rick

23

19

35

21

Incidence of animals
with tumors, %

Extrapul-
monary

4

5

23

24

Pul-
monary

56

63

69

62

Mean life
•pan of
animal*

with
tumors, days

589+ 123

679 ±157

707 + 115

663 ±144

•Range indicates from minimum to maximum survival time.

tumors was observed in outbred rats (50 to 24%), but no change was
observed in inbred rats (26 to 23%).

Effect of Immunomodulation on Type and Size
of Tumors Induced by Inhaled 2 3 9PuO 2

Lung tumors are grouped according to the classification of the
World Health Organization in accordance with Masse (paper in this
volume). Bronchogenic adenocarcinomas and squamous-cell, adeno-
squamous, large-cell, and giant-cell carcinomas are grouped in the
first class. In the second class are papillary and compact broncho-
alveolar carcinomas; 90% of all lung tumors are represented in these
two groups. In the third group are mesenchymal tumors, i.e., the
lymphoreticular sarcomas and angiosarcomas.

Bronchoalveolar and bronchogenic carcinomas were equally
represented in controls, whereas in all treated groups a shift toward
the bronchogenic type was observed, particularly after thymectomy
or BCG treatment in inbred rats (Table 6).

Lung tumor invasiveness is recorded according to the staging
described in a previous study (Nolibe, Masse, and Lafuma, 1980).
Size is classified 1 to 4, whereas pleural and lymph node invasion was
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TABLE 6

Effect of Immunomodulation on Type, Size, and Invasiveness
of 2 3 9 puQ2 .induced Lung Tumors in Inbred Rats

Mean survival
of animals

Invasiveness, %

Treatment

No treatment

Azathioprine

Neonatal
thymectomy

Bacillus Calmette-
Guerin (BCG)

Histologic
type*

B.A.
B

B.A.
B

B.A.
B

B.A.
B

Per-
cent

46
46

36
45

16
75

31
62

with tumors,
days

562
561

539
664

776
702

628
622

Size,
mm

1.3
1.6

1.25
2.2

1.3
2.4

2.25
2.6

Pleura

32
16

0
20

0
65

50
75

Lymph
nodes

16
16

0
20

25
59

25
62

*B.A., bronchoalveolar carcinoma; B, bronchogenic carcinoma.

measured as the ratio between the number of invading tumors
vs. the total number of tumors within the group.

In controls (Table 6) the size of bronchogenic tumors is greater
than the size of bronchoalveolar carcinomas, local invasion is
decreased to 20%, and metastasis outside the lung is less frequent
(10%). A significant increase in size and invasiveness is observed after
thymectomy or BCG treatment in the bronchogenic and broncho-
alveolar types, but no increase of metastasis outside the chest was
observed. These results have also been described at different doses in
Wistar outbred rats (Nolibe et al., 1977).

DISCUSSION

Our observations are extensions of earlier studies (Nolibe et al.,
1977; Nolibe, Masse, and Lafuma, 1980). Although these results are
subject to various interpretations, several conclusions can be drawn:

1. These results give good evidence that AZA-treated rats and,
particularly, thymectomized rats have a greater incidence of sponta-
neous tumors.

2. According to the strain used, immunodepression has no or a
weak enhancing effect on 2 39PuO2 tumor induction.

3. Significant effects on size and local invasiveness to pleura and
lymph nodes were observed after immunodepression for lung tumors
induced by 2 3 9 PuO 2 . This observation was not correlated with an
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increase of metastasis (outside the chest) or with a reduction of life
span.

4. A shift of lung tumors toward the bronchogenic type was
observed in T-cell-depleted rats.

5. BCG treatment had similar effects on type, size, and local
invasiveness as did T-cell depletion. No protective effect on sponta-
neous tumors or induced tumors was observed.

6. These modifications induced by our treatments were observed
in outbred rats and in inbred rats but at different levels of effect.

We shall discuss these different points. In our hands, complete
neonatal thymeetomy increased unequivocally the incidence of spon-
taneous tumors. Data collected from man are contradictory; Pifer
et al. (1963) reported an increase of neoplasms in children treated by
X rays for thymic enlargement, but Vessey et al. (1979) mentioned
no effect on tumor incidence in a group of 381 patients after
thymectomy.

Our results are not correlated with observations in athymic mice
(Stutman, 1978) or in thymectomized mice (Sanford et al., 1973).
Also, recent studies of Herberman (1978) have demonstrated that an
immune response against tumor antigens can occur by various
pathways in nude mice. The negative results observed in thymec-
tomized mice by Sanford et al. (1973) were perhaps correlated with
the high tumor incidence in the strain of mice used. Further,
Roubinian et al. (1976) showed that the character of the changes in
immune responses is dependant on experimental parameters. An
important point is to ascertain the degree of immune depression of
each thymectomized animal.

An important difference in spontaneous tumor frequency was
observed between outbred (50%) and inbred rats (26%). Mean life
span of thymectomized outbred rats was significantly lower than
that of outbred controls. This fact suggested that a higher tumor
incidence was in part due to nonspecific factors affecting the general
health of animals. However, the increase of spontaneous tumors
without life-span modification in outbred rats could be related to
thymectomy.

A second point of discussion is the frequency of lung cancers
induced by plutonium dioxide in the immunodepressed animals. The
results obtained in such animals with chemical carcinogens are
contradictory; Trainin et al. (1967) reported an increased suscepti-
bility of mice thymectomized at birth to the carcinogenic effect of
certain hydrocarbons. No difference in the percentage of tumor-
bearing animals was observed by Grant and Miller (1965) or Law
(1966) after subcutaneous injection of methylcholanthrene.
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In our experiment with radiation-induced carcinogenesis, T-cell
depletion had no effect on frequency of tumors (of different types),
on metastasis to other organs, or on the tumor incidence in the
group, which is expressed as the ratio of cancer-bearing animals vs.
animals at risk, which was not found statistically different in outbred
rats, whether immunodepressed or not. A small increase was
observed in thyraectomized Wistar outbred rats. That effects may be
different in different strains is an important point.

The exact time of appearance of lung tumors (latency) could not
be determined, and it is difficult to say if tumors appeared earlier in
immunosuppressed animals. The mean life span of animals with
tumors, however, was not shorter than in the control group, which
strongly suggests that these tumors did not kill the animals as was
observed in transplants (Nolibe, 1980a).

The general usefulness of our model depends on the induction
and maintenance of immunodeficiency and on full documentation
on the suppression state. HYD treatment is known to reduce the
number of small unreactive thymocytes and/or the activity of killer
cells (Fernandes, Yunis, and Good, 1975); but no increased incidence
of neoplastic disease was observed, which indicates that drug-
damaged cells of the immune system were replaced after cessation of
treatment. The selectivity of AZA is a subject of controversy.
Otterness and Chang (1976) have reported, however, an equivalent
depression in vivo of both the humoral and cellular responses (K
cell). The validity of immunodepression was confirmed by increase in
frequency of spontaneous tumors. Neonatal thymectomy has been
shown to prevent seeding of peripheral lymphoid tissue with T cells;
when thymectomized rats were tested in adult life they exhibited a
significantly depressed immunity. However, the wasting disease that
follows neonatal thymectomy in mice was not observed in the inbred
strain and was seldom seen in the outbred rats.

It is known that immunosurveillance is less effective against
nonimmunogenic tumors. We have tested immunogenicity of several
239PuO2-induced lung tumors in inbred rats by challenging animals
previously surgically cured of a first tumor graft (Nolibe, 1980b). All
radiation-induced tumors tested were weakly antigenic even if they
originated in thymectomized rats. This observation could explain the
lack of any effects upon lung tumor frequency. In fact, the more
efficient cellular reaction was expected in the early stages of tumor
growth when the antigenicity of newly transformed cells are fully
expressed, which is contrary to the reaction in the late stages tested
here when the least antigenic clones of tumor cells may have been
selected. In a subsequent experiment the evolution of antigenicity
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will be carefully tested. We have not tested the immunogenicity of
spontaneous tumors.

Unequivocally, AZA treatment and thymectomy have a stimu-
lant action on tumor development; significant increase in stage and in
local invasiveness to mediastinal lymph nodes was observed in the
two rat strains. The reasons were not entirely clear. An increased
survival time could explain these differences in only a few cases. It is
also possible that tumors that occurred earlier in immunodepressed
rats were more developed and invasive. It may be helpful to measure
the real latency and doubling time of the tumors.

Also, an immunologic hypothesis can be envisaged whereby there
occurs an overwhelming of the local defense mechanisms in the
stroma surrounding tumors. It was suggested by Zinzar, Svet
Moldavsky, and Karmanova (1978) that some kinds of stromal cells
are natural killers. The destruction of these cells may stimulate
tumor growth.

Associated with results in the AZA- and the thymectomy-treated
groups was a shift to bronchogenic carcinomas. An increase of
squamous carcinoma was also described by Norbury and Kripke
(1978) in T-cell depleted mice. It is possible that immunosuppressive
drugs may affect the proliferative control of bronchial epithelium,
which causes the development of spontaneous neoplasms.

In fact, squamous carcinomas present some peculiarities in the
infiltration of associated lymphocytes into areas of proliferating
tumor cells. This "stroma reaction" was greatest in bronchogenic
carcinomas and was always more effective than in bronchoalveolar
carcinomas. It was also observed that squamous carcinomas had a
good growth rate in syngenic hosts but very seldom killed animals or
metastasized.

We have found that BCG has a beneficial effect on growth of
tumor cell lines established from different 239PuO2-induced lung
tumors when inoculated into syngenic rats (Nolibe, 1980b). The
finding that rats treated with BCG during the latency period of
induced tumors have an enhancement of tumor development without
modification of tumor frequency is of particular interest. This is in
good agreement with results for established grafted tumors. In these
models several investigators have found that immunotherapy is
potentially growth enhancing. The BCG tumor enhancement could
be explained by two possibilities: Mitchell, Mokyr, and Davis (1974)
described an increase in serum-blocking factors in patients receiving
BCG, and Florentin et al. (1978) reported the BCG induction of
suppressor-cell activity in rats. On the other hand, Baldwin and Pimm
(1973) reported that grafted, weakly immunogenic tumors were



548 IMOLIBE. DISCOUR, MASSE, AND LAFUMA

enhanced rather than suppressed. From a both theoretical and
practical point of view, we must at least say that further studies on
the mechanism of enhancement of tumor growth is necessary for
design of the clinical use of BCG.

Several differences between the two rat strains used were
observed, e.g., life-span expectancy, incidence of spontaneous
tumors, and incidence of induced lung tumors. It is known that
spontaneous or induced tumors are influenced by genetic factors.
Genetic influences can be exerted through variation in the prob-
ability of mutations or in the capacity to initiate specific immune
responses or to express the consequences of specific immunity.

The comparisons in the Wistar strain, outbred or inbred, have
shown no difference in spontaneous tumor incidence except for
mammary tumors. After AZA treatment or thymectomy, however, a
significant difference was observed. Thus within the same strain
subclasses of individual susceptibility may be selected. Here inbreed-
ing tends to eliminate the individuals potentially at high risk for
unknown agents that lead to the so-called spontaneous tumors. This
high-risk group was revealed only by T-cell immunodepression. The
result emphasizes the potential complex role of genetic factors on
individual response.
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ABSTRACT

Over the last 10 years, more than 500 lung cancers have been induced in rats by
inhalations of radon daughter products at various concentrations and cumulated
doses. These cancers were compared with human cancers. Another study
examines the cocarcinogenic effect of tobacco smoke.

In the first experiment, 100 rats were exposed to a 4000-WLM (working
level month) cumulated dose of radon daughter products. Fifty animals were
then administered tobacco smoke by inhalation in a fume box during 5 months
(i.e., for a total of 352 hr). In the group inhaling radon only, 17 cancers
appeared; in the radon—tobacco group, 32 cancers were observed, many of them
larger and more invasive than those seen in animals exposed to radon only.
Under the same conditions tobacco smoke was inhaled by rats previously
exposed to lower doses of radon daughter products (two groups of 30 rats each,
at 500 and 100 WLM, respectively). Again, the number of cancers observed was
greater than the number of cancers expected if the rats had inhaled radon only.
The carcinogenic and potentiating action of tobacco smoke was clearly demon-
strated.

The carcinogenic activity of tobacco smoke is clearly demonstrated
by human epidemiological data. Many investigators, using cutaneous
or tracheobronchial applications or trachea! or parietal injections of
tars, induced cancerous lesions. On the other hand, after inhalation
exposures to tobacco smoke, only benign lesions of bronchial
epithelium and lung parenchyma were observed (Chretien, Hirsch,
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and Thieblemont, 1973). This failure to induce malignant lung
tumors with cigarette smoke seems to be due to the chemical
toxicity of the components of tobacco smoke. In particular, carbon
monoxide and nicotine limit the amount of smoke that may be
inhaled, thus limiting the induction of lung cancer in the com-
paratively short life span of the rodents.

Tobacco smoke is rarely inhaled alone by humans, for it is
usually in the presence of other pollutants. Thus we undertook
experiments in which tobacco smoke was administered as a cofactor
to rats previously submitted to inhalations of radon and its
descendants since radon exposure is found in uranium miners and
other hard-rock miners.

During the last 10 years, more than 500 lung cancers have been
observed in rats exposed to variable cumulative doses of radon.
Radon seems to be well suited for the investigation of pulmonary
synergisms, because, unlike tobacco smoke and many other pol-
lutants, its carcinogenic agent is free of chemical toxicity. This lack
of chemical toxicity allows for experimentation with animals that
inhale radon during a short time period, which gives a dosimetric
pattern similar to that seen in humans (Chameaud et al., 1971;
Chameaud et al., 1976). The occurrence of lung tumors in rodents is
at a rate similar to that found at comparable doses in epidemiological
studies in uranium miners (Chameaud et al., 1974; Perraud et al.,
1972).

The general condition of the animals remains good during radon
inhalations as well as during the latent period, which allows the
animals to inhale other pollutants at sublethal doses. We undertook
first the investigation of the synergistic action of cigarette smoke
with radon exposure. The portion of cancer risk associated with
tobacco smoking in the etiology of lung cancer in uranium miners is
an important question (Archer, Wagoner, and Lundin, 1973).

MATERIALS AND METHODS

The inhalation exposures to radon and its daughters have been
previously described by Blondeau et al. (1973).

A 500-liter box for cigarette smoke inhalations was used to
expose 50 rats at a time. Cigarette smoke was produced by the
simultaneous combustion of nine cigarettes (Gauloises Bleues brand).
The cigarettes were placed on a cigarette holder communicating with
the box. Aspiration of smoke into the chamber was ensured by
means of a slight pressure differential created in the box with a



INHALATION OF RADON DAUGHTER PRODUCTS AND TOBACCO SMOKE 553

vacuum pump. A ventilation system renewed the chamber atmo-
sphere with fresh air at the end of each smoke-exposure session.

All organs were examined. The pulmonary circulatory system of
the lungs was perfused in situ with physiological saline to remove
blood, and the lungs were macroscopically examined for lesions.

After fixation the lungs were sectioned transversally, from above
downward, in a frontal plane, into two equal parts; each part was
embedded in paraffin and then cut systematically in the same
direction in slices 20 or 5 nm thick. The 5-jum sections selected were
spread and stained with hemalum, phloxin, alcian green, and saffron.

The lung lesions were described according to the following
classification derived from T.N.M. (tumor—node—metastasis) classifi-
cation (Renault and Merlier, 1975):

TO Absence of tumor
Tl Presence of tumor < 2 mm in diameter
T2 Presence of tumor 2 to 5 mm in diameter
T3 Presence of tumor 5 to 10 mm in diameter
T4 Presence of tumor > 10 mm in diameter
P0 No spread to the pleura
PI Spread to the pleura
NO No lymph node involvement
Nl Lymph node involvement
MO No metastasis
Ml Metastasis outside the thoracic cavity
M2 Intrapulmonary metastases or presence of several tumors in

the lungs
M3 Association of Ml and M2

We thus have for each histological specimen a formula (e.g., T4 PI
Nl MO) utilized for making a simple classification and comparison.

The doses of radon and its daughters chosen were 4000, 500, and
100 WLM because we knew from experience that such doses resulted
in 30 to 40, 5 to 10, and 1 to 2% of cancers, respectively.

The smoke concentration (nine cigarettes per 500 liters of air)
was chosen so that the animals were given 10- to 15-min inhalation
sessions daily. The rats were exposed to smoke for 1 year, 4 days a
week. Such exposures are well tolerated by the rats, and their life
span was not altered. Their lungs, loaded with tars, only displayed
changes in bronchoalveolar structure in the form of metaplasia
without any malignant lesion. Blood carbon monoxide levels in
smoking animals were about 0.6%. Table 1 lists the distribution of
animals with various treatments and tumor types.



TABLE 1

Classification of Lung Cancers Induced in Different Groups of Exposed Rats

T N.M
classifi-
cation*

T l
T2
T3
T4

Total?

PI
N l
Ml
M2
M3

iGroup 1
4000 WLMf

Radon only
(50 rats)

2
4
5
6

17(34%)

10
1
0
4
0

Radon + smoke
(50 rats)

2
4
6

22

34 (68%)

20
7
0

16
1

Group 2
500 WLMt

Radon only Radon + smoke
(28 rats)

2
0
0
0

2 (7%)

0
0
0
0
0

(30 rats)

1
3
2
2

8 (28%)

6
1
0
1
0

Group 3
100 WLMt

Radon only Radon + smoke
(28 rats) (30 rats)

0
0
0
0

0

0
0
0
0
0

0
1
0
0

1 (3.3%)

0
0
0
0
0

Group 4

Smoke only
(45 rats)

0

*See text for definitions.
•(•Cumulative dose.
$Total number of cancers; percentage is in parentheses.
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RESULTS

Group 1

Two groups of 50 SPF (specific-pathogen-free) Sprague—Dawley
rats, distributed into cages of 10, were exposed from 3 months of age
to inhalations of radon in equilibrium with its daughters at a
concentration of 3000 WL during 34 six-hour sessions, at a rate of
four nocturnal sessions a week. Cumulative exposure was about 4000
WLM. One of the groups was then exposed to smoke. The total
duration of exposure to smoke under the above described conditions
was 352 hr.

All rats except two smokers and three nonsmokers were
examined. Histological examination of lungs disclosed a highly
significant difference between the two groups. All lungs from
smokers displayed numerous lesions, often in contact with tar
deposits, ranging from isolated cellular lesions to adenomatosis. Such
benign lesions were much rarer in nonsmokers.

Whereas 17 malignant tumors were seen in the 47 animals (36%)
exposed only to radon and its daughters, 34 smokers in 48 (71%)
given radon and smoke developed lung tumors; 62% of the tumors
were T4 in smokers and 41% in nonsmokers, 21% had lymph node
metastasis (Ml) in smokers and 6% in nonsmokers. There was one
remote metastasis (M3) in smokers and none in nonsmokers. In
addition, multiple malignant lesions (M2) were seen more frequently
in smokers (35%) than in nonsmokers (97%).

Group 2

Fifty-eight rats were given a cumulative dose of 5 00-WLM radon
in the course of 10 three-hour inhalation sessions at a concentration
of 3000 WLM; 30 of these rats were also exposed to cigarette smoke
for 352 hr in the same way as the animals in group 1.

All lungs from smokers were examined; the lungs from three
nonsmokers could not be examined. In the smoker group nearly all
animals showed isolated cellular lesion or adenomatosis, and eight
cancers were seen: one Tl, three T2, two T3, two T4, with one M2.
In the nonsmokers, on the other hand, there were a few benign
lesions besides adenomatosis and also two cancers, both Tl .

Group 3

Fifty-eight rats inhaled 100 WLM of radon and its daughters in
the course of 17 three-hour sessions at a concentration of 300 WLM.
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Thirty rats of this group were exposed to smoke for 352 hr under
the same conditions just described. Three smoker rats were not
examined. Practically all the lungs from smokers displayed isolated
cellular lesions and adenomatosis, with one case of cancer (T2). The
lungs from nonsmokers showed no cancer.

Group 4

Forty-five rats were given only smoke inhalations for 352 hr;
four rats could not be examined. No lung cancer was observed. The
lungs from three rats displayed adenomatosis. a

DISCUSSION

The synergistic action of cigarette smoke inhaled after exposure
to cumulative doses of radon and its daughters of 4000 or of 500
WLM has been demonstrated in these two groups since the number
of cancers was significantly increased and the tumors were more
invasive and metastatic. At 100 WLM we found one cancer and one
suspicious adenomatosis in smokers vs. none in nonsmokers, i.e., a 3
to 4% incidence, whereas 1 to 2' was expected. The synergistic
effect could not be demonstrated at this exposure level. The
combined effect of cigarette smoke and radon is not additive, since
cancer was not found in rats exposed only to smoke.

It will be difficult to show how this multiplicative factor varies as
a function of the amount of tobacco smoked since as the smoking
level increases a lethal threshold is rapidly reached. We do not know
the comparative number of cigarettes smoked by a human being
which would be equivalent to the rat exposure. Blood carbon
monoxide level in the animals during smoke exposure was 0.60%.
This is the sole datum available for dosimetry comparisons.

The histological type of cancer is not altered by tobacco. The
smoker and nonsmoker groups showed approximately 75% of
epidermoid carcinoma and 20% of adenocarcinoma with a few
bronchoalveolar and undifferentiated carcinomas.

An important point remains to be resolved: does the potentiating
effect of smoke occur when the animals are exposed to smoke before
inhaling radon. Experiments in progress may help to solve this
question.

These experiments clearly demonstrated the cocarcinogenic
action of tobacco smoke, which confirms the epidemiological data
concerning the uranium miners.
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The Metabolic Characteristics
of an Industrial 238PuO2 Dust
and Its Effects in Rodent Lungs

H. SMITH, J. W. STATHER, A. C. JAMES, and G. N. STRADLING
National Radiological Protection Board, Harwell, Didcot, United Kingdom

ABSTRACT

The physical and biological properties of a 238PuO2 dust were examined in
rodents following an accidental human contamination with a 238PuC>2 dust. The
rodents were exposed to a respirable fraction of the dust, either by direct
intubation into the pulmonary region of the lung or by inhalation of an
aerosolized suspension at two levels [i.e., 1.1 kBq and 7.3 kBq initial lung
deposit (ILD)]. Groups of animals were studied for up to 600 days after
exposure. In this period about 8% of the ILD was translocated to bone and liver.
Approximately half the ILD was cleared with a half-time of about 20 days.
Long-term retention of the remainder depended upon the ILD. At the low level
the half-time of long-term retention was about 240 days; at the highest level it
corresponded to over 1000 days. The difference in retention characteristics was
related to the degree of fibrosis in lung tissue, which increased in severity
according to the radiation dose.

Plutonium-238 is used commercially in the manufacture of cardiac
pacemakers, low-energy photon sources, heat sources, and (a,n)
neutron sources. The preparation of these products involves the
handling of large amounts of powdered forms of the dioxide, which
in the event of an accident could be inhaled.

The International Commission on Radiological Protection (ICRP,
1979) has recently recommended that 2 3 8 Pu0 2 be best described as
a Class Y compound. The general lung model thej< use predicts that,
in the case of a Class Y compound, 40, 15, and 5% of the
radioactivity associated with the inhaled particles should clear from
the pulmonary (alveolar) region of the lungs to the gastrointestinal
tract, pulmonary lymph nodes, and blood with half-times of
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500 days. Ninety percent of the radioactivity associated with the
lymph nodes slowly translocates to the blood with a half-time of
1000 days.

About 3 years ago a worker in the United Kingdom accidentally
inhaled ~1 juCi (37 kBq) of a commercially used 2 3 8PuO2 dust
(Stott, 1976). The experiments to be described w«re designed to
determine the metabolic behavior of a sample of this particular dust
and how that behavior might be influenced if lung tissue were
damaged by alpha radiation.

MATERIALS AND METHODS

Animals
The golden Syrian hamsters used were a dominant spot normal

(DSN) strain, 6- to 8-week-old males weighing 100 to 130 g
(Coombehurst Breeding Establishment, Basingstoke, Hints., U. K.).
They were provided with food and water ad libitum.

Radiochemicals
2 3 8 PuO 2 , initially prepared by calcination of the oxalate at

750°C, was obtained from The Radiochemijal Centre (Amersham,
Bucks., U. K.). By weight the material contained 79.9% of 2 3 8Pu,
15.4% of 2 3 9Pu, 2.7% of 2 4 0Pu, 1.0% of 2 4 ' Pu, and less tian 1% of
other plutonium isotopes. The principal contaminating nuciides were
2 4 ' A m (0.08%) and isotopes of neptunium (0.09%), thorium
(0.14%), and uranium (0.01%). About 99% of the total alph i activity
was due to 2 3 8 Pu. The specific activity of the dust was 630 G Bq per
gram.

Respirable 2 3 8PuO2 particles were separated from the bulk
powder by sedimentation in water. A mass of 8 (±1) mg of 2 3 8PuO2
powder was ground with a nickel spatula in 0.3 ml of ethane. This
was then transferred onto a 10-cm column of ultrafiltered dii tilled
water in a 10-ml measuring cylinder. The particles were allowed to
sediment for about 20 min; the top 5-cm depth of water was toen
transferred to a standard dispensing vial. It was calculated tha>:. all
particles less than ~2 jum Stokes diameter would be left in
suspension. Freshly prepared suspensions were used for aerosol
generation or for administration to animals by intubation into t.ie
pulmonary region of the lungs.

Exposure Techniques

The facility used for exposing hamsters to 2 3 8PuO2 dust by
inhalation has been described in detail (Strong, James, and Hodgson,
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1977). Briefly, the freshly prepared suspension (of particles <2 jum)
was suspended in ethanol and nebulized with a Retec compressed-air
device (Retec Corporation, U. S. A.) operated at 20 psi (14 kN) with
an airflow of 6 liters/min. The aerosol was dried at 300°C and then
mixed with approximately 12 liters of dry air per minute before
passing into the exposure chamber that had a capacity of 28.5 liters.

For each exposure, groups of 30 hamsters were held in tapered,
open-ended glass tubes in ports in the sides of the exposure chamber.
Exposures lasted about 30 min during which the aerodynamic size
distribution of aerosol particles in the chamber was determined by
seven-stage cascade impactors (Mercer, Tillery, and Newton, 1970).

Two experiments were conducted in which hamsters inhaled
2 3 8PuO2 to give initial lung deposits (ILD's) of about 1.1 kBq*
[activity median diameter (AMAD), 2.2 jum; geometric standard
deviation (ffg), 2.2] and about 7.3 kBq (AMAD, 2.0 £an; ag, 2.3).

For the determination of the ILD of plutonium, groups of five
hamsters for each exposure were killed immediately (~15 min) after
exposure with an overdose of ether, and the lungs and upper airways
were removed for analysis. Additional groups of five animals were
killed at intervals thereafter with an overdose of barbiturate
(350 mg/kg of Brietal sodium, Lilly). The lungs from some animals
were tied off, dissected out, and fixed in Carnoy's fluid. The left lung
was sectioned from paraffin blocks for autoradiographic and histo-
logical examination. The remaining lung tissue was subsequently
analyzed for plutonium content. To minimize cross contamination,
the gut, head, tail, pelt, and limb extremities (paws, radii-ulnae, and
tibiae-fibulae) were removed but not analyzed; the liver and remain-
ing carcass were analyzed separately for plutonium content. The
remaining carcass contained about 66% of the extrapulmonary tissue
deposit of plutonium other than that in the liver. In selected groups
the thoracic lymph nodes were dissected out and analyzed separately
as described previously for rats (Brightwell, Smith, and Ellender,
1976).

Eight animals from the high-exposure (7.3-kBq) group were
measured for total body activity at intervals up to 380 days after
exposure. The animals were held in a restraining cage placed between
two phoswich detectors. Counting began 6 days after exposure,
which allowed time for completion of clearance of particles from the
nasopharynx, trachea, and ciliated bronchi and for the removal of
any surface contamination on the pelt.

*1 kBq = 27 nCi.



EFFECTS OF PLUTONIUM-238 DUST ON RODENT LUNGS 56'i

In another experiment seven hamsters were each given about
1 kBq of 2 3 8PuO2 in water suspension (100 pi) by direct injection
into the pulmonary region of the lung (Stather and Howden, 1975).
The animals were measured for total body activity at intervals up to
1 year after exposure.

Preparation of Diffusion Chambers

Diffusion chambers were prepared by bonding membrane filters
[nominal pore diameter of 25 nm, Millipore (UK) Ltd.] to either side
of rings (2 mm thick; ID, 10 mm; OD, 14 mm) made of nontoxic
plexiglass U-100 material [Millipore (UK) Ltd.], The rings were
partially filled with a suspension (100 pi) of 2 3 8PuO2 in distilled
water through a hole (0.59 mm in diameter) in the wall of the
chamber which was plugged with Lucite rod and sealed with
adhesive. Diffusion chambers prepared in this way were inserted into
the peritoneal cavity of a group of 17 male hamsters. In another
group 20 hamsters were each given 100 pi of the same suspension of
2 3 8PuO2 by injection into the pulmonary region of the respiratory
system (Stather and Howden, 1975). The remainder of the suspen-
sion was kept at ambient temperature, and the fraction of the total
suspension that would pass a membrane filter (25-mm pore diameter)
was measured at intervals.

RESULTS AND DISCUSSION

Clearance of Plutonium from the Lungs

Figure 1 shows the lung retention of 2 3 s Pu as a function of time
after inhalation for the group of eight animals from the high-dose
group measured for total body activity. The results have been
corrected to take account of 2 3 8 Pu that has entered the systemic
circulation, and, by means of a fitted retention function, they have
been extrapolated back to zero time.

A best fit to the collective data was given by the sum of two
exponential terms. Fifty-five percent and 45% of the ILD cleared
with respective half-times of 20 and 1060 days. The average
cumulative lung dose to death in this group of eight animals was
100 Gy.* Because this group showed widely varying individual levels
of lung activity, it was subdivided on the basis of terminal lung
content. Three animals had a mean terminal lung content of 4.1 kBq,

*1 Gray (Gy) = 100 rads.



562 SMITH, STATHER, JAMES, AND STRADLING

100 200 300
TIME POSTINHALATION, days

2 3 8 ,

400

Fig. 1 Retention of inhaled PuO2 in the pulmonary region of
lung averaged for a group of eight hamsters. Terminal lung content,
2.5 kBq ±1.3 kBq (1 S.D.). Retention function is fitted to the data
as follows:

The bars show the range of lung contents in the eight animals.

three had 1.9 kBq, and two had 0.6 kBq. By best-fit analysis the
retention functions for these three subgroups are shown in Figs. 2 to
4. It is apparent that the animals exposed to highest dose are not
clearing 2 3 8 Pu as efficiently as the other two subgroups; in
particular, the long-term component of clearance is markedly
prolonged.

Histological examination of lungs from animals in these sub-
groups revealed a definite pattern. Animals in the subgroup exposed
to highest dose had developed extensive focalized fibrosis in areas
densely populated with "stars" (Fig. 5), and the fibrotic process was
apparent after about 90 days. In addition to extensive fibrosis, there
were other recognizable changes at later stages. These included
bronchiolar-wall hyperplasia with pleomorphism, thickening of some
blood capillaries near the fibrotic areas, and multinucleate cells in
alveolar regions, but there was no neoplasia. This may not be
surprising in view of the very high radiation doses in areas of
concentrated alpha activity (~104 Gy).
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1800

100 200 300
TIME POSTINHALATION, days

400

Fig. 2 Retention of inhaled 2 3 8 PuC>2 in the pulmonary region of
lung averaged for a group of three hamsters. Terminal lung content,
4.1 kBq ± 0.8 kBq (1 S.D.). Retention function is fitted to the data
as follows:

At = Ao [o.43 exp 0.57 J

The bars show the range of lung contents in the three animals.

1600

100 200 300
TIME POSTINHALATION, days

100

Fig. 3 Retention of inhaled 238PuO2 in the pulmonary region of
lung averaged for a group of three hamsters. Terminal lung content,
1.9 kBq ± 0.2 kBq (1 S.D.). Retention function is fitted to the data
as follows:

A ,At=A [ 0.67 exp * 0.33 exp
\ l) J

The bars show the range of lung contents in the three animals.



564 SMITH, STATHER, JAMES, AND STRADLING

1200

100 200 300
TIME POSTINHALATION, days

400

Fig. 4 Retention of inhaled 2 3 8PuO 2 in the pulmonary region of
lung averaged for two hamsters. Terminal lung content,
0.6 kBq ± 0.1 kBq (1 S.D.). Retention function is fitted to the data
as follows:

°-74 ex*> (-VT-J+°-26 exp

The bars show the range of lung contents in the two animals.

In the other two subgroups, only minimal fibrosis was observed,
the number of areas of concentration of stars was much less, and
much of the alpha activity was seen as "single-track" or "several-
track" events (Fig. 6).

In the low-dose group, animals were not measured during life for
total body activity. The tissue-retention data vs. time are, however,
plotted in Fig. 7. Although there are insufficient data to define the
early-clearance phase, the results for the long-term clearance compo-
nent are consistent with a half-time of clearance of about 240 days
for about 60% of the initial lung deposit. This group had a terminal
lung content of 0.15 (±0.08) kBq (mean plus or minus standard error
of the mean), and the average lung dose to death was about 15 Gy.

Histological examination of the lungs from those animals killed
after 90 days revealed no abnormalities. Alpha activity when found
was present mainly as single-track or several-track events; occasional
stars were found (Fig. 8). After 600 days the pattern was similar.
There was no evidence of localized scarring except for some minimal
increase in connective tissue around subpleural concentrations of
alpha activity. Small areas around alpha activity showed some cell
destruction and the movement of fibroblast-like cells into the area.

A retention function was computed from the whole-
body counting data from seven animals given 2 3 8 PuO2 by
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Fig. 5 Section from an area of lung receiving about 10* Gy in 430
days. Extensive fibrosis is apparent around the "stars" of
plutonium-2 38.
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Fig. 6 Section from an area of lung showing a moderate amount of
alpha activity. Some concentration of "stars" is apparent, but
fibrosis is minimal after 430 days.
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Fig. 7 Retention of plutonium-238 in the tissues of the hamster
after inhalation as the oxide (ILD, 1.1 ± 0.6 kBq).

intubation. Combined counts from all body tissues were
fitted by computer analysis. Fifty-two percent of the initial
pulmonary deposit was cleared with a half-time of about 20 days; the
majority of the remaining activity appeared to be retained in-
definitely in the body. At the end of 1 year, 9 (±1)% of the ILD had
translocated to extrapulmonary tissues; 44 (±4)% remained in the
lungs and thoracic lymph nodes.

Histological examination of the lungs showed that at the end of
1 year, in all but one animal, the 2 3 SPu was virtually confined to
discrete foci, usually in a single lobe. The major part of the alpha
activity occurred as highly active particles (stars); the remainder was
found as diffusely distributed single tracks. Most of the activity was
intracellular, usually in hemosiderin-laden macrophages. In those
regions of intense alpha activity, the normal lung tissue was replaced
by connective tissue.

Translocation of Plutonium from the Lungs to the Blood

A feature of these experiments with hamsters is the greater
transportable fraction of 2 3 8 Pu after inhalation as the oxide than is
found after the inhalation of 2 3 9PuO2 (Stather et al., 1979). Similar
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Fig. 8 Section of lung from an animal in tht low-dw« group
(av«rag* lung ckwe, lft Oy). No ttbtosia WM —n aft«r 90 day*.
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Fig. 9 ICRP Task Group on Lung Dynamics model showing
clearance of plutonium from the respiratory system in man after
inhalation as a Class Y compound. AMAD, 2.0 (im.

results have been described previously by Stuart et al. (1968); Park
et al. (1975); and Mewhinney et al. (1976).

The results in Table 1 show the tissue retention of2 3 8 Pu in the
two groups of hamsters that inhaled the oxide. In both groups the
extrapulmonary tissue deposit (ETD, i.e., in liver and carcass)
increased with time up to about 90 days after exposure. Analyses of
individual tissues showed that about 25% of the ETD at 30 days after
exposure was present in the liver. This implies that the plutonium
entering the blood was in a soluble form. The amount translocated to
the liver and carcass, via the blood, varied between 0.9 and 2.6%
after 30 days and increased to about 7% after 90 days, thereafter
appearing to plateau around 400 to 600 days. There is no significant
difference between the two dose groups, so the presence
of fibrosis is not influencing the translocation process. The high-dose
group results are compared wiih the values shown in Pig. 9, which
refer to man after inhaling 2f-jum-size particles of a Class Y com-
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TABLE 1

Distribution of Plutonium-238 in Hamsters at Various Times After
Inhalation as the Oxide

Time
after

tration,
days

High-dose group*

Initial lung deposit,! %

Lymph
Lung nodes ETD§' |

Low-dote groupt

Initial lung deposit,! %

Lymph
Lung nodes ETD§<]

91.4 ± 17.3 0.71 + 0.15
30 79.8 + 24.0 ** 0.92 + 0.19 82.3+10.9 ** 2.60 ± 0.33

90 65.1 ± 15.2 2.4 ± 0.8 3.63 ± 0.93 48.9 ± 8.8 0.64 ± 0.27 8.72 ± 2.52
180 43.7 + 8.7 ** 7.20±1.63

430 34.0 ±9.8 4.1 + 1.3 6.3 ±1.8
600 11.4 + 2.6 3.17 + 0.95 7.01 ± 0.9

"High dose, 7.3 ± 2.2 kBq.
+Low dose, 1.1 ± 0.26 kBq.
tMean plus or minus standard error of the mean.
§Extrapulmonary tissue deposit.
fl Estimated from sample of carcass (see text).
**Lymph nodes not analyzed separately from lung tissue.

pound; it can be seen that 2 3 8PuO 2 is behaving as predicted for a
Class Y compound.

In vitro measurements, however, of the ultrafilterable fraction of
the suspension of the 2 3 8 PuO2 showed a progressive increase with
time of the fraction of 2 3 8 Pu present in particles less than 25 nm in
size. This fraction consists almost entirely of particles ~1 nm in
diameter (Stradling et al., 1978). The proportion of the 1-nm-
diameter 2 3 8PuO 2 particles increased from about 2.1% on the first
day to 12% after 56 days and to 38% at 224 days, which indicated a
fairly constant rate of fragmentation of about 0.2% per day. It is
apparent that, although the movement of plutonium from the lungs
in the first few weeks after exposure to some extent reflects this rate
of fragmentation of particles, subsequent changes in the systemic
activity do not.

If the 2 3 8 PuO2 fragmented in the lungs to give particles < 25 nm
in size at a rate of 0.2% per day, then the amount theoretically
available for translocation would increase as shown in Fig. 10. There
is clearly a considerable difference between this potentially trans-
portable component of the 2 3 8PuO2 (35% after 430 days) and the
amount actually deposited in extrapulmonary tissues (~7% after
430 days). Up to about one-half the 2 3 8 Pu present in the lungs at
the end of the study (430 days) is expected to be represented by
particles ~1 nm in size. The basis of this calculation is the
assumption that the rate of fragmentation of 2 3 8 PuO2 in vivo is the
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Fig. 10 Retention of plutonium-238 in hamsters after inhalation as
the oxide (ILD, 7.3 ± 2.2 kBq). • , lung retention. • , total Pu
translocated to blood. • , retention in lymph nodes. • , total Pu
retained in body as 1-nm particles (assuming rate of formation of
small particles is 0.2% per day). , estimated lung retention of Pu if
all 1-nm particles transferred to the blood.

same as that measured in vitro. For the measurement of the rate of
fragmentation of 2 3 8PuO2 particles in suspension in vivo, a novel
method is being developed. Diffusion chambers containing a suspen-
sion of 2 3 8 PuO2 have been implanted in the body cavity of a group
of hamsters, and the systemic deposit of plutonium is being
measured at intervals. Table 2 shows the results for the first group of
animals to be killed and, for comparison, the measurements of the
systemic deposit of plutonium in hamsters given 2 3 8PuO2 by
pulmonary intubation. With allowance for the amount of plutonium
excreted (Rodwell and Stather, 1978), the amount of plutonium
entering the systemic circulation from either the lungs or the
diffusion cell has been calculated. There is good agreement between
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TABLE 2

Dissolution of 2 3 8 PuO2 Particles

2 -18 Pu remaining after 30 days, %

In vitro solubility

In vivo solubility
Diffusion chamber implants

In diffusion chamber
Found in carcass
Pu entering blood*

Pulmonary intubation
In lungs
Found in carcass
Pu entering blood*

(X ± SE)

4.9

96.2 ± 0.6
4.4 ± 0.2
5.1 ±0.2

55.0 ± 6.4
2.6 ± 0.3
3.0 ± 0.3

•Corrected for excretion (X 1.15).

the in vitro and in vivo measurements. Why, then, is the potentially
transportable material not leaving the lungs to enter the blood at
later times? One explanation could be that the plutonium is being
held in intracellular protein sites in macrophages. If this is the case,
then it should be possible to remove the finely divided particulate
2 3 8 p u w j j n TJTPA, provided the chelating agent can be persuaded to
cross the cell membranes. A recently developed lipophilic form of
DTP A, synthesized in our laboratories (Bulman et al., 1979), should
afford such a possibility, and an experiment is planned to study this
in the near future.

CONCLUSIONS

The estimated long-term components of clearance and transloca-
tion of 2 3 8 Pu after the inhalation of 2 3 8PuO2 best fit those
described for a Class Y compound. There is protraction of clearance
if extensive focalized fibrosis is present. Translocation is not affected
by fibrosis, but the amount translocating to the blood is much less
than would be predicted from in vitro measurements of the rate of
formation of easily transportable small particles. It could be that
these small particles are being retained by biological ligands in
intracellular sites in the lung tissue. If this is so, it should be possible
to remove them with a chelating agent capable of penetrating into
cells.
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ABSTRACT
Syrian hamsters wore exposed to lung irradiation by various modalities that have
differed in degree of localization and the fraction of lung exposed. The animals
have been given alpha emitters under several exposure conditions such as
intratrachea) instillation of 2 l 0 P o and 239PuO2~ZrOj ceramic microspheres,
inhalation of 2 38i239PuO2—ZrOi particles and/or intravenous injection of
238>239PuO2—ZrO2 microspheres. Beta-emitting l 4 7 P m was also administered
by our standard intravenous injection technique in which the radionuclide is
incorporated into 10-pm-diameter ZrO2 microspheres and deposited in the lungs
via the jugular vein. The microspheres lodge quantitatively in the pulmonary
capillary bed for the duration of the animal's life span. Total intravenous
Pu-laden microsphere lung burdens have ranged from 0.14 to 484 nCi and the
number of spheres, from 1500 to 880,000. Plutonium burdens from inhalation
have ranged from 8 to 101 nCi, intratracheally instilled polonium burdens, from
25 to 122 nCi, and promethium-laden microsphere burdens, from 427 to
15,750 nCi.

Intratracheal instillation of 2 > 0 Po solution resulted in nearly uniform alpha
irradiation of the entire lung; intravenous injection of large numbers of ZrO2
microspheres laden with ' 4 Pm gave whole-lung exposures to low-LET (linear
energy transfer) radiation; and intravenous injection of plutonium microspheres
provided a gradation of focal alpha exposures. The polonium and promethium
exposures were highly tumorigenic, whereas the plutonium microsphercs
produced tumors only when a large fraction of the lung was exposed to large
radiation doses. However, PuO2—ZrO2 administered via inhalation was very
carcinogenic and resulted in tumor incidences of 50% in some experiments.

The intratracheal instillation of Fe2 O3 following intravenous or intratracheal
administration of PuO2—ZrO2 microspheres dramatically enhanced lung tumor
induction.

In the late 1960's the Los Alamos Scientific Laboratory (LASL)
embarked on a program to delineate the role of internally deposited

57S
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radiation in carcinogenesis of the respiratory tract. Initially the
principal concern was to study the comparative tumorigenicity of
localized vs. diffuse alpha irradiation in the hamster by using
10-/um-diameter ceramic microspheres of PuO2—ZrO2 lodged in the
pulmonary capillary bed. The purpose of this approach was to
determine whether irradiation from localized "hot spots" was more
hazardous than an equivalent amount of irradiation uniformly
distributed throughout the entire lung. It was generally believed at
the time that dose localization probably would decrease rather than
increase tumor risk (Bair, Richmond, and Wachholz, 1974; National
Academy of Sciences, 1976; International Commission on Radiation
Protection, 1978). LASL's endeavor was conceived by W. H. Lang-
ham and C. R. Richmond, and calculations by Dean and Langham
(1969) suggested that, if the dose—response curve for rat skin
(Albert, Bums, and Heimbach, 1967) approximated the curve for
single cells in the pulmonary milieu, a relatively small number of
Plutonium-containing particles deposited in the lungs of animals
should elicit a significant number of primary tumors.

The Syrian golden hamster was selected because of its low
spontaneous lung tumor incidence, freedom from infectious chronic
respiratory disease (CRD), and susceptibility to both chemical
carcinogenesis of the respiratory tract (Saffiotti, Cefis, and Kolb,
1968) and radiation-induced tumorigenesis in the lung (De Villiers
and Gross, 1966; Warren and Gates, 1968; Little, Grossman, and
O'Toole, 1970). The "hot particle" studies were extended to include
low-LET radiation under carefully defined conditions of dose rates
and fraction of lung exposed. Promethium-147, a soft beta emitter,
was incorporated into the ZrO2 ceramic microspheres and lodged in
the pulmonary capillary bed via jugular vein injection (Anderson
et ah, 1979b).

Finally, attempts were made to address other fundamental
problems associated with radiation-induced respiratory carcino-
genesis such as the role of enhancing agents and the effects of
particle composition and chemical matrix on inhaled-radionuclide-
induced tumor development. This paper summarizes the results
obtained from this multidisciplinary approach.

MATERIALS AMD METHODS

Awiwwli

Syrian (golden) hamsters (Meaocricetus auratus) were obtained
from either the Lakeview Hamster Colony (Newfield, N. J.) or Engle
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Laboratory Animals (Hammond, Ind.) at an age of 4 to 6 weeks and
were admitted to our experimental animal colony after a two-weeks'
quarantine. Exposed or control animals were housed two to a
polycarbonate cage with aspen shavings (low dust) for bedding. A
sheet of Du Pont No. 22 spin bonded-polyester filter covered each
shelf and minimized contamination between individual cages. Cages
and bedding were changed twice weekly, and animals were inspected
daily. Water and a commercial stock diet (Teklad Hamster Diet,
Teklad Mills, Winfield, Iowa) were provided ad libitum. Water bottles
were equipped with disposable caps and autoclaved sipper tubes. The
animals were exposed at an age of about 100 days after at least 50
days of conditioning at Los Alamos altitude (2200 m).

When anesthesia was necessary (for intravenous microsphere
injections and intratracheal instillations of Fe2O, and saline), the
hamsters were given intramuscular ketamine hydrochloride (Ketaset,
Winthrop Laboratories, New York, N. Y.)- For injecting the spheres,
a jugular vein was exposed and isolated by sharp and blunt
dissection, and the spheres, suspended in saline, were flushed into the
vein (Holland etal., 1971). The animals were suspended vertically
against a plexiglass stand with their mouths held open by a fixed wire
and an elastic band for the intratracheal instillations. A 19-gauge,
7-cm blunt-tipped cannuia was used to instill the hematite and saline
solution at the trachea! bifurcation (Smith et al., 1974).

After the injections all animals were inspected daily, moribund
hamsters were killed, and dead animals were necropsied as soon as
feasible. The respiratory tract was instilled via the trachea with 5 to
6 ml of 10% neutral buffered formalin, and the trachea was occluded
by clamping with forceps. The trachea, lung, and heart were removed
en bloc and fixed in formalin.

Complete gross and microscopic examinations were performed
on all organs. For histology right and left lungs were separated after
fixation. The left lung was bisected along the rostral—caudal axis
parallel to the main stem bronchus, and both portions were
embedded in a single block. The right lung was embedded in a
separate block. The blocks were sectioned at 6 Jim and routinely
stained with hematoxylin and eosin. Lung tumors and other lesions
were scored by scanning multiple sections that included longitudinal
sections of major bronchi. All results were stored in a computerized
data base for retrieval and analysis.

Production and properties of the intravenously injected micro-
spheres have been described in detail (Anderson and Perrings, 1978).
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The spheres consisted of a high-fired (1000°C) ceramic of ZrO2
containing a small fraction (9 x 10~ s to 1.1 x 10~~2) of PuO2 or, in
a few experiments, the beta emitter l 4 7 Pm. Measurements of the
distribution of sphere volumes with a Coulter counter (Coulter
Electronics, Hialeah, Fla.) give a coefficient of variation of 4%,
which corresponds to 1.3% diameter resolution. The variability in
plutonium content, determined by counting alpha radiation of
individual spheres from the most active batches, was found to be
±2.6%. The amount of plutonium added to the various batches of
spheres was varied within wide limits (i.e.; 0.07 to 59 pCi per sphere)
to determine which specific particle activity was most tumorigenic.

Particles of pure PuO2 with these activities would have diameters of
0.09 to 0.86 ixm for 2 3 8Pu and 0.6 to 5.6 nm for 2 3 9Pu and thus
would approximate the size range of respirable particles. The isotope
actually used in microspheres of a given activity was governed by the
desire to keep the chemical concentration of the plutonium below
1%. Thus 2 3 9Pu was used in the spheres with activities below 2 pCi
and 2 3 SPu, in spheres with higher activities. Because the spheres
were predominantly ZrO2, all specific activities were far below those
of pure PuO2 particles of similar size, and effects, such as increased
apparent solubility, associated with the very high specific activity of
238PuO2 did not occur. The only difference between the two
isotopes is the greater energy and range of the 2 3 8 Pu alpha particles.

The number of alpha microspheres injected ranged from zero (in
controls) to 880,000, which yielded lung burdens of 0 to 484 nCi
(Holland et al., 1976; Smith et al., 1976; Anderson et al., 1977;
1979a). A low-level tag of s 7Co was added to all spheres to facilitate
the in vivo measurements of injected and retained doses. Cobalt-57
decays by pure electron capture with the emission of gamma rays at
energies of 122 and 136 keV. The amount added (typically 1 to
2 pCi per sphere) gave a gamma dose to the lung '/3Oo of that from
the plutonium alpha spheres on a rad basis. For intravenous injection
the desired number of microspheres (verified by 57Co counting)
were suspended in saline and drawn into a 40-cm length of
polyethylene tubing (0.58 mm ID). The contents of the tubing were
injected into the jugular vein by flushing with 0.5 ml of 0.15Af NaCI
from a pulsed-flow dental hygiene device (Holland et al., 1971). The
pulsations were necessary to keep the dense spheres in suspension
and to obtain quantitative delivery. Detailed retention studies
showed no detectable excretion or translocation. The average
coefficient of variation of individual hamster doses about their mean
was 28%. The actual number of spheres given each animal was
recorded.
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Results obtained with beta-emitting microspheres containing
M 7 Pm are summarized in Table 1. Details are reported elsewhere
(Anderson et ah, 1979b).

Palonwm-210 Instillations

In the experiment with 2 I 0 P o , intratracheal instillation under
sodium methohexital anesthesia was performed according to the
procedure established by Little and Kennedy (1980). Each animal
was given 0.2 ml of freshly prepared solution (10 pA of a 1A? HN03
solution of polonium in 10 ml of physiological saline). The dose was
estimated by liquid scintillation counting of "dummy dose" aliquots
and was given weekly for 7 or 15 weeks. No ferric oxide was added
as carrier, and the hydrolyzed polonium was freshly dispersed at
administration.

Instillations of F i 2 0 3 in Srine

One week following either the intratracheal or intravenous
administration of microspheres (Table 2), the hamsters were intrave-
nously given either 0, 1, or 10 (once a week for 10 weeks) doses of
0.3 mg or 3 mg of Fe2O3 in 0.2 ml of saline. Ferric oxide (Fe2O3),
certified to be anhydrous (Fisher Scientific Co., Fair Lawn, N. J.),
was suspended in 0.15Af NaCl via sonification with a sonifier cell
disruptor (Heat Systems Co., Melville, N. Y.).

Inhaled PuO 2 - Z r O 2 Particles

Details for this facet of our work are given elsewhere (Thomas
and Smith, 1979a; 1979b). Briefly, groups of hamsters were divided
and exposed as shown in Table 3. In addition to those animals used
to assess the incidence of tumorigenesis, a few were killed to
establish tissue distributions of the radionuclide. The animals given
combined inhalation and intravenous administrations received the
injected microspheres 1 week prior to the inhalation. The nose-only
inhalation chamber and aerosol generation system have been de-
scribed (Raabe et ah, 1973). The starting material in the nebulizer
(Mercer, Tillery, and Chow, 1968) was ZrO2 sol identical to
that used in the process of manufacturing microspheres for intra-
venous injection (Anderson and Perrings, 1978). The desired amount
of 2 3 8 ' 2 3 9 Pu(NO 3 ) 4 was added tci the sol plus a small amount
of 57Co gamma-emitting tracer. The droplets were passed through a
heating column at 900°C beforej they entered the inhalation
chamber, and the animals were exposed nose only for periods of
approximately 20 min.



TABLE 1

Summary of LASL "Hot Particle" Data

Treatment

Controls

Localized exposures
Alpha-emitting
spheres

Diffuse exposures
Alpha-emitting
spheres

Beta-emitting
spheres

Alpha-emitting
solution^

No. of
spheres

0 to 1,000,000

1,500 to 15,000

34,000 to 880,000
m

6,000 to 152,000

Radio-
nuclide

2 3 8Puor
23*Pu

2 3 8Puor
23i>Pu

147Pm

2 1 0 Po

Lung
burden,

nCi

0

0.14 to 484

31 to 131

427 to 15,750

25 to 122

No. of
hamsters

521

862

307

239

155

Incidence, %

Lung tumor*

0.6
(0 to 3)

0.8
(0to4)

6.8
(1 to 12)

20
(0 to 38)

44
(39 to 50)

Malignant
lung tumor

0.2

0.5

2.3

13

19

BALt

14

4

20

30

S
M

I1

H

D
M

A
S

. A
N

D
 A

N
C

m
3)

8

•Numbers in parentheses indicate the range of mean lung tumor incidences.
fBronchiolar adenomatoid lesion in nontumor-bearing animals.
$Administered intratracheally.
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TABLE 2

Effect of Ferric Oxide on Tumor Induction by Microspheres

581

Fe2O3

None
One 3-mg dose
Weekly 0.3-mg dose,

for 10 weeks (total
dose, 3 mg)

Weekly 3.0-mg dose,
for 10 weeks (total
dose, 30 mg)

"Total burdens, nCi

33
45
54

t 33
76

Intravenous spheres

Animals
with tumors/
total animals

1/66
0/27

7/41

1/24

Dose/sphere

1.1
0.9
0.9

1.1
2.1

Incidence
%

2 + 2*
Q+ 3

17 ± 6

4 ± 4

, pCi No

Intratracheal spheres

Animals
, with tumors/

total animals

4/73
8/21

13/33

18/35

. of spheres No.

30,000
50,000
60,000

Incidence,
%

5+3f
38+ 11

39 ±9

51 ±8

of animals

17
21
28

Total 66

30,000
3i6,000

17
56

Total 73

All lesions were classified morphologically according to descrip-
tions given elsewhere (Smith et al., 1974, 1976; Thomas and Smith,
1979a).

RESULTS

A summary of the "hot particle" data is provided in Table 1 in
which the experiments are tabulated into three categories as follows:
controls, localized exposures, and diffuse exposures. Control animals
received either no treatment, microspheres containing no radioactivity,
or microspheres with only the 57Co tag (about 1.6 pCi/sphere).
Three of the control animals, from a group of 88 that had received
106,000 spheres containing only the S7Co tag, were the only
controls that developed lung tumors. This is the only experiment in
our program in which animals receiving only the s 7 Co-tagged spheres
developed tumors. Thus it is difficult to ascribe tumorigenicity to
5 7 Co gamma irradiation at these levels. The overall incidence in
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TABLE 3

Experimental Design for Studies with PuO2—ZrO2

Injected Intravenously into and/or Inhaled by Syrian Hamsters

. . .. Mean initial Pu
M t „ ... Mean No. lung burdens, nCif
No. of Radio- of spheres - - -

Group hamsters* nuclide injected Injection Inhalation

A 53 2 3 9Pu ~60,000 117 0
B 43 2 3 9Pu 0 0 8

C 40 2 3 9Pu ~30,000 49 6
D$ 45 ~30,000 0 0

E§ 55 0 0 0
F^ 44 0 0 0

G 50 238Pu ~20,000 56 87
H 60 238Pu ~20,000 53 76

I 44 238Pu 0 0 101
J 45 0 0 0

*Does not include serially killed animals out to 32 days postexposure.
fEstimated from long-teim lung-retention kinetics (alveolar burden). The

two digits used in these numbers were determined from retention equations, but
it is obvious from such techniques that rounding off is a sufficiently accurate
accounting of the actual lung burdens (e.g., 87 nCi could as accurately be
reported as 90 nCi).

$ Group D received 5 7 Co-labeled ZK>2 microspheres intravenously and
aerosol particles.

§ Group E received Co-labeled ZrC*2 aerosol particles.
f Group F received unlabeled ZrO2 aerosol particles.

control animals of bronchiolar adenomatoid lesion (BAL) prolifera-
tion of terminal bronchiolar epithelium into alveoli, which is
considered by some to be a preneoplastic change, was 14%.

Animals in the localized-exposure category were given alpha-
emitting micrpspheres intravenously in such numbers (1500 to
15,000) that less than 10% of the lung mass was irradiated focally.
This minimized overlapping of individual radiation fields and
ensured that exposure conditions would be truly from focal point
sources. The activity of individual spheres was from 0.07 pQ [the
minimum activity originally defined by Tamplin and Cochran (1970)
as being a "hot particle"] to 59 pCi. Seven of the 862 animals at risk
developed primary lung tumors, and the BAL incidence was 4%.
Total lung burdens in diffuse alpha-emitting microsphere exposures
were from 31 to 131 nCi, which were calculated to irradiate from
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TABLE 4

Tumorigenicity of Alpha-Emitting Microspheres

Fraction of Microsphere Lung Tumor
No. of spheres lung irradi- specific ac- burden, No. of tumors/ incidence,

per animal ated, % tivity, pCi nCi No. of animals % ± SD*

2,360
10,900

58,800

312,000

•Standard

1

5

28

80

deviation.

58.9
8.9

2.0

0.4

139

97

118

131

0/68
0/17

19/160

2/25

0± 2
0 ± 6

12 ± 3

8± 6

17% to greater than 99% of the lung mass. Numbers of microspheres
injected intravenously were 34,000 to 880,000. The primary lung
tumor incidence was 6.8% with a 2.3% incidence of malignant
adenocarcinomas, and 20%, of BAL. Tumorigenicity of alpha-
emitting microspheres vs. fraction of lung irradiated is given in
Table 4. Significant numbers of lung tumors were not produced until
28% of the total lung was exposed to the alpha irradiation.

Animals receiving beta-emitting( l47Pm) spheres were given large
numbers, i.e., 6000 to 152,000, so that lung burdens ranged from
427 to 15,750 nCi and irradiated 100% of the lung at the higher
levels. The mean lung tumor incidence in these studies was from 0 to
38% (Anderson et al., 1979b). Tumors were not produced until the
lung burden was 3360 nCi. The BAL frequency in these animals was
30%.

Lung burdens from the instillation of solutions of 2 ' °Po were
from 25 to 122 nCi, which resulted in an overall tumor incidence of
44%; 19% of the animals had malignant tumors of the respiratory
tract, i.e., usually mixed adenosquamous carcinomas, which arose
peripherally in the bronchial tree.

Details of the exposure regimen for the studies that used Fe2O3
and saline as enhancing agents to alpha-induced lung tumor develop-
ment are presented in Table 2. Tumor incidences are similarly
summarized in this table, which gives the ratio of animals with
tumors to total animals. The standard deviations (SD) were calcu-
lated for binomial statistics (a2 = npq, where n is the number of
animals, p is the fraction with tumors, and q is the fraction without
tumors). Approximately one-third of the tumors were adeno-
carcinomas and two-thirds adenomas, with induction times of 25 to
82 weeks. Of 18 control animals receiving only Fe2O3 once a week
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for 10 weeks, none developed tumors (incidence, 0 ± 5%; data not
shown). Animals intravenously receiving only the spheres had a
primary lung tumor incidence of 2 ± 2%, and those intravenously
given spheres plus a single instillation of Fe2O3 had an incidence of
0 ± 3%. Ten instillations of Fe2 O3 increased the lung tumor
incidence. When microspheres were given intratracheally, lung tumors
developed. Even a single Fe2O3 instillation raised the tumor
incidence in marked contrast to the lack of effect with intravenously
administered spheres. Ten repeated instillations at two different
levels did not result in a significant additional increase in tumor
incidence. It is concluded from these results that intratracheal
instillation of Fe2 O3 and saline enhanced tumor induction by both
the intravenous and intratracheal administration of PuO2—ZrO2
microspheres, that enhancement was greater after intratracheal
injection of spheres, and that spheres given intratracheally may be
somewhat more tumorigenic than spheres given intravenously in the
absence of hematite enhancement.

The experimental design for our studies with injected PuO2 —
ZrO2 as microspheres and/or as inhaled particles in Syrian hamsters
is included as Table 4. The incidence and type of pulmonary tumors
and BAL incidence are given in Table 5. The highest frequency of
lung tumors (50%) occurred in group I animals that received mean
initial long-term lung burdens of 101 nCi of 2 3 8 Pu via inhalation
only. Group G, with a mean total lung burden of 143 nCi of 2 3 8 Pu
(56 nCi via 20,000 microspheres intravenously plus 87 nCi via
inhalation), had a 40% lung tumor incidence. Twenty-eight percent
of the hamsters in group H developed pulmonary tumors. The
animals received a mean total lung burden of 129 nCi of 2 3 8 Pu
achieved with 53 nCi from 20,000 microspheres intravenously given
and 76 nCi via inhalation. The predominant tumors in groups G, H,
and I were adenomas; however, adenocarcinomas were prevalent in
all three groups. The only squamous-cell (epidermoid) carcinomas
found in this study were in group I. The vast majority (~90%) of all
tumors were peripheral, i.e., arising from the bronchial tree in or
distal to secondary bronchi, with the notable exception of group Fs
squamous-cell carcinomas that originated from bronchial epithelium
in hilar portions of the lung. Those groups (A and D) which
received microspheres without inhaled particles had an extremely
low or a zero incidence of pulmonary neoplasms. It is of interest that
group B, which received only 8nCi of 2 3 9Pu via inhalation, and
group C, which was given 30,000 microspheres intravenously (49 nCi
of 2 3 9 Pu) plus 6 nCi of inhaled 2 3 9 Pu, had lung tumor incidences of
12 and 5%, respectively. It is obvious from Tables 4 and 5 that the



Group

A
B

C
D

E
F

G
H

I
J

•In

TABLE 5

Pulmonary Neoplasms and Bronchiolar

No. of tumor-bearing
animals/

No. of animals
(Incidence, %)

1/53(2)
5/43(12)

2/40(5)
0/45 (0)

1/55(2)
0/44 (0)

20/50 (40)
17/60 (28)

22/44 (50)
0/45(0)

nontumor-bearing animals.

No. of animals with
multiple tumors/
No. with tumors
(Incidence, %)

0/1 (0)
0/5 (0)

0/2(0)

0/1 (0)

4/20(20)
3/17(18)

4/22(18)

AdenomatoidI Lesion (BAL) Incidence

Type of pulmonary tumor (incidence, %)

Adenoma

1/1(100)
5/5(100)

2/2(100)

1/1(100)

12/20(60)
11/17(65)

10/22 (45)

Squamous Squamous-
adeno- cell

carcinoma carcinoma

8/20(40)
6/17 (35)

9/22(41) 3/22(14)

BAL*
incidence,

24/52 (46)
4/38(11)

7/38(18)
1/45 (2)

5/54(9)
5/44(11)

18/30(60)
11/43(26)

12/22(55)
1/45(2)

R
E

S
P

IR
A

T
C

33

-1
33

C
T

 
C

A
R

C
IN

O
G

E
M

E
S

IS
IN

 
T

H

m

-nIA
N

 
H

A
M

S
T

E
R



586 SMITH, THOMAS, AND ANDERSON

major factor resulting in lung tumor growth and development in this
study was the administration of 2 3 9 Pu or 2 3 8 Pu via inhalation.
Apparently 239Pu-laden microspheres lodged intravascularly had
little or no influence in tumorigenesis.

Bronchiolar adenomatoid lesion (BAL) occurred at an unusually
high and unexpected frequency in group A, considering the low
number of tumors observed in this group and the lower incidence
obtained in earlier studies (Smith et al., 1976). Further, since this
lesion was also found in hamsters that received no radiation (i.e.,
groups F and J), it is difficult to define this change as being
definitively preneoplastic.

In conclusion, significant numbers of primary lung tumors were
induced in Syrian hamsters that received PuO2 —ZrO2 via inhalation.
The addition of radiation administered intravenously via plutonium-
laden ceramic microspheres, which lodged in the lung capillary beds,
had little effect on tumor production. Radiation emitted from
plutonium particles deposited in the respiratory tract after inhalation
was the major factor in tumorigenesis.

DISCUSSION

Under the experimental conditions prevailing in our laboratory,
isolated sources of intense alpha irradiation (microspheres) repeat-
edly have been very ineffective in inducing lung tumors. Micro-
spheres induce significant numbers of lung tumors only when large
portions of the lung mass are irradiated (Table 4). When the activity
is confined to smaller numbers of particles, there is no detectable
tumorigenicity. Thus the greater hazard is present when the
radiation is more uniformly distributed throughout the pulmonary
milieu.

The results indicate that the hamster is not insensitive to tumor
induction by beta radiation in the form of ceramic microspheres
lodged in the lung parenchyma (Anderson et al., 1979b). Our ' 4 7Pm
response is similar to that of a number of low-LET radiations in
several species, as summarized by Bair, Richmond, and Wachholz,
(1974). The primary features are (1) the high doses required to
produce a modest tumor incidence (104 rads give 10 to 30% tumors),
(2) the insensitivity of the response to large increases in dose (15 to
20% increment for a decade of dose increase), and (3) the lack of
indication of declining incidence even at very high cumulative doses.

The 2 ' °Po exposures confirm the extensive studies of Little and
Kennedy (1980) and demonstrate the high tumorigenicity (39 to
50%) of this modality of exposure.
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The discovery that the adhering of chemical carcinogens to ferric
oxide (F~2O3, "hematite") particles dramatically increases the
respiratory-tract tumor incidence laid the foundation for modern
lung carcinogenesis studies (Saffiotti et al., 1964, 1972; Saffiotti,
Cefis, and Kolb, 1968). It was thought initially thatFe2O3 particles
served merely as "inert" carriers which facilitated carcinogen
transport across bronchial epithelium. More recent work suggested,
however, that Fe2O3 is in itself cocarcinogenic (Creasia and
Nettesheim, 1974). Steinback, Ferrero, and Shubik (1973) found
that several dusts, i.e., MgO, A12O3, and C, when given intra-
tracheally, acted synergistically with diethylnitrosamine injected
subcutaneously in the induction of respiratory-tract tumors in Syrian
hamsters.

The role of intratracheally instilled saline in this enhancement
remains to be elucidated. We have addressed this question, and the
results are oncoming. Relationships between amounts and varying
dose schedules of Fe2O3 and benzo(a)pyrene (BaP) and subsequent
respiratory-tract tumor induction have been reported by Saffiotti
et al. (1972). One possible mechanism for Fe2O3 tumor enhance-
ment, other than concentrating carcinogens and delaying their
clearance from the respiratory tract (Creasia and Nettesheim, 1974),
is that, when it was administered alone intratracheally, cell turnover,
as evidenced by 3 H—thymidine incorporation into respiratory-tract
epithelium, was increased by a factor of 16 over controls 24 hr after
injection (Nettesheim, 1972). Anything that increases DNA synthesis
has the proclivity for acting as a cocarcinogen. Little, Kennedy, and
McGandy (1975), however, found no marked difference in the
tumorigenicity of intratracheally administered 2 ' ° Po solutions with
and without Fe2O3 , which suggests that alpha irradiation given
diffusely may induce respiratory tumors via mechanisms different
from chemical carcinogens.

With the inhalation exposure experiments, two factors were
introduced which varied from the "hot particle" concept; namely,
the aerosol particles were much smaller and more numerous than the
microspheres, and the particles were in motion and actively
transported out of the lung. Both these factors greatly reduced
localized concentration of dose and resulted in a much more diffuse
deposition of energy. However, they do not differ in these respects
from aerosols of PuO2, which are also nontumorigenic in hamster
lung.

Results of these studies were surprising in that the inhalation of
PuO2 particles alone had not indicated a tumorigenicity in the Syrian
hamster in our laboratory nor in at least two other laboratories
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(Hobbs etal., 1976; Sanders, 1977). The obvious questions now
being answered through further study center about the reproduci-
bility of the results and the possible adjunctive role of the ZrO2
matrix in tumor formation. This latter factor is a real enigma because
of the presumed biological inactivity of a ZrO2 particle, as evidenced
by the lack of foreign-body reactions or other lesions when the ZrO2
particles are administered alone without radioactivity. Experiments
are in progress in which thoria and urania are substituted for zirconia
to determine if a similar effect exists. These materials are of interest
because, in addition to being chemically similar to ZrO2, they are
used in the fuel elements of breeder reactors. Results of these further
investigations soon will become available.
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Tumors of the Tracheobronchial Lymph Nodes
in Beagle Dogs After Inhalation of a Relatively
Insoluble Form of Cerium-144

F. F. HAHN and B. B. BOECKER
Inhalation Toxicology Research Institute, Lovelace Biomedical
and Environmental Research Institute, Albuquerque, New Mexico

ABSTRACT

A portion of inhaled radioactive particles initially deposited in the lung is
translocated slowly to tracheobronchial lymph nodes. Although the fraction of
the particles which is translocated may be small, the concentrations of particles
in these nodes may exceed the concentration in the lung in a matter of months,
which gives relatively large radiation doses to these nodes. Beagle dogs were
exposed by inhalation to cerium-144 in a relatively insoluble form in aerosols of
heat-fused aluminosilicate particles. The initial lung burdens of l 4 Ce achieved
ranged from a level that produced early mortality (i.e., 210/jCi/kg body weight)
to a low level equal to the maximal permissible lung burden of l 4 4 C e for man
(i.e., 0.0024 pCi/kg body weight). Seven dogs died at times ranging from 1763
to 3280 days after exposure, with hemangiosarcomas in the mediastinum which
presumably arose from the tracheobronchial lymph nodes. In fives cases the
tumors killed the dog. In two cases the tumors were small and were confined
within the tracheobronchial lymph nodes. The calculated cumulative doses to
the tracheobronchial lymph nodes of the dogs with tumors ranged from 50,000
to 170,000 rads. The doses were six to seven times the doses delivered to the
lungs. These finding* indicate that under local high-doce beta irradiation, the
tracheobronchial lymph nodes can be a site of neoplasia after inhalation of
radioactive materials.

Particles deposited in the lung are removed by several pathways
including transport via the airways by mucociliary movements, by
dissolution and by movement into lymphatics and hence to the
tracheobronchial lymph nodes (Morrow, 1973; Lauweryns and Baert,
1977). Relatively insoluble radioactive particles may be cleared from
the lung to the tracheobronchial lymph nodes where they achieve
relatively high concentrations. It has been shown, based on experi-
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mental data from inhalation of compounds of uranium, thorium,
plutonium and polonium by dogs or rats, that the ratio of the
pulmonary lymph node to lung concentration bears a time-
dependent linear logarithmic relationship (Thomas, 1968). In dogs,
after a single exposure to aerosols of PuO2, the ratio of tracheo-
bronchial lymph node concentration to lung concentration reached
150 to 3000 by 7 to 9 years after exposure (Park, Bair, and Busch,
1972). After a single exposure of dogs to aerosols of l 4 4 Ce in an
insoluble form, the concentration ratio was 15 at 2 years after
exposure (Hahn et al., 1976). Concentration ratios of 12 to 64 have
been seen in persons exposed to either PuO2 (Foreman, Moss, and
Langham, I960) or to ' 4 4Ce from fallout (Liebscher, Schonfeld, and
Schaller, 1961).

Because of the concentration of materials in the tracheobronchial
lymph nodes, they have been considered as possible "critical organs"
in evaluating radiation hazards (Casarett, 1960). In experimental
studies, atrophic lesions have been seen in the lymph nodes of dogs
exposed to relatively high lung burdens of PuO2 or 1 4 4Ce (Park et
al., 1962; Hahn et al., 1976). However, at lower exposure levels no
lesions, such as tumors, have been reported from the many studies of
animals that have inhaled radioactive materials. This paper reports
the occurrence of primary hemangiosarcomas in the tracheobronchial
lymph nodes of beagle dogs that inhaled aerosols of cerium-144
(1 4 4Ce in equilibrium with its daughter, l 4 4 Pr) in a relatively
insoluble form.

MATERIALS AND METHODS

The experimental design (Hahn et al., 1973), breeding and
management procedures (Bielfelt et al., 1969; Redman et al., 1970),
exposure methods (Boecker, Aguilar, and Mercer, 1964), and
radioactive aerosol preparation (Raabe, Kanapilly, and Newton,
1971) have been reported. Briefly, 126 purebred beagle dogs (66
males and 60 females, including 15 controls) were exposed to
aerosols of either ' 4 4 Ce in fused aluminosilicate particles or stable
cerium in fused aluminosilicate particles. Individual dogs were
exposed briefly, nose only for different times to achieve graded
initial lung burdens of > 4 4Ce. The radioactivity in the dogs was
measured in a whole-body counter at intervals after exposure to
determine the retention of the radionuclide in the body. Interorgan
distribution of the radionuclide was determined from a separate
group of similarly exposed dogs that were sacrificed at predeter-
mined times. Absorbed radiation doses to the tracheobronchial
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lymph nodes and lung were calculated by using the following
equation:

Cumulative radss = — rr=—2—/ B(t) dt (1)

where E = average beta energy of ' 4 4 C e - ' 44Pr (1.27 MeV)
Ao = initial lung burden of ' 4 4 Ce in microcuries

f = fraction of released beta energy deposited in the tissue of
interest. A value of f = 1 was assumed for both the lung
and the lymph nodes

W = total body weight at time of exposure
T = ratio of tissue weight (including blood) to body weight.

Values of 0.011 and 0.00005 were used for the lung and
the tracheobronchial lymph nodes, respectively

B(t) = organ content of l 4 4 Ce as a function of time, t, in days
after inhalation exposure

The dogs in this'study are being observed for their life span.
Survivors are now 8 to 10.5 years after exposure. They are observed
daily and given detailed periodic physical examinations. Dogs which
die or which are euthanized near death are given detailed post-
mortem examinations which include observation of all organ
systems.

RESULTS

The initial lung burdens of l 4 4Ce achieved ranged from 0.0024
to 210 *tCi of ' 44Ce/kg body weight. Of 111 exposed dogs, 60 now
have survived 8 to 10.5 years after exposure.

Figure 1 shows the major causes of death in relation to time of
death and initial lung burden. Survival time after the inhalation
exposure progressively shortened as the initial lung burden was
increased. At early times after exposure (up to 410 days), 17 dogs
died of pulmonary injury as a result of pulmonary vascuiitis,
pneumonitis, or fibrosis. At later times (> 750 days after exposure),
13 dogs died of primary pulmonary tumors (Hahn et al., 1973). At
still later times (>1253 days after exposure), 15 dogs also died of
tumors of various organs, such as mediastinum, heart, bone, liver,
spleen, and nasal cavity.

Of primary importance in this study are the seven tumors that
arose in the mediastinum or tracheobronchial lymph nodes. Data for
the seven dogs with these tumors are listed in Table 1. In five cases
large tumors ranging in size from 2 cm in diameter to 4 by 6 by 10
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TABLE 1

Dosimetric and Pathologic Data for Dogs That Died with Tumors
Arising from Tracheobronchial Lymph Nodes (TBLN) After a

Single-Inhalation Exposure to a Relatively Insoluble Form of ' 4 4Ce

Dog
No.

211F
208D

467A

455B

326C

323V

478B

ILB,
AiCi/kg

19
15

13

12

12

7.8

5.7

Dose to

Cumulative
radtto
TBLN .

170,000
130,000

110,000

170,000

100,000

68,000

50,000

death

Cumulative
rads to

lung

25,000
20,000

17,000

25,000

16,000

10,000

7,500
i|

Days
after

exposure

3,250
2,396

1,763

2,179

3,280

2,107

2,502

Primary cause
of death

Tumor (lung)
Tumor (medi-

astinum)
Tumor (medi-

astinum)
Epilepsy

Tumor (medi-
astinum)

Tumor (medi-
astinum)

Tumor (medi-
astinum)

Metastasis
of TBLN

tumor

No
Yes

Yes

N o

Yes

Yes

Yes
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Fig. 2 Sclerotic tracheobronchial lymph node with nidus of heman-
giosarcoma in center of node in dog 455B at 2179 days after an
inhalation exposure to 1 4 4 Ce in a relatively insoluble form.
(Hematoxylin and eosin stain. Magnification, 32 X.)

cm were found in the mediastinum near the bifurcation of the
trachea. They expanded the mediastinum and invaded local adjacent
structures such as the trachea and esophagus. In addition, all five
metastasized to other organs. The lung and kidney were the most
frequent sites. In two cases (dogs 211F and 455B), the tumors were
small and confined to the middle tracheobronchial lymph node
(Fig. 2). These tumors were incidental findings when the dogs died of
other causes.

All the tumors had histologic characteristics of hemangiosar-
comas, which are tumors of blood vessels. Cavernous and sinusoidal
blood-filled spaces were formed and lined by flattened but anaplastic
cells with large prominent nucleoli (Fig. 3). The cytologic character-
istics were similar to those previously described in detail by Benjamin
and co-workers (1975).

The cumulative absorbed radiation doses for lung and tracheo-
bronchial lymph nodes are very large and are summarized in Table 1.
The patterns of accumulation^ of average absorbed radiation dose in
the tracheobronchial lymph nodes and lungs of the seven dogs are
illustrated in Fig. 4. The curves mark the average doses for the group
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Fig. 3 Anaplastic cells lining cavernous blood-filled spaces of
mediastinal tumor in dog 455B. (Hematoxylin and eosin stain.
Magnification, 320 X.)
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Fig. 4 Pattern of accumulation of average absorbed radiation dote
in the tracheobronchial lymph nodes and lung of seven dogs with
lymph node tumors after a single inhalation exposure to 144Ce in a
relatively insoluble form. Curves represent the average doses for the
group of seven dogs, and individual points represent the calculated
cumulative doses to death for each dog.
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of seven dogs, and the individual points denote the calculated
cumulative doses to death for each dog. The cumulative doses were
initially higher in the lung, but, by 100 days after exposure, the dose
in the tracheobronchial lymph nodes exceeded that in the lung. The
calculated cumulative doses to the tracheobronchial lymph nodes
ranged from 50,000 to 170,000 rads. These doses were six to seven
times the doses delivered to the lungs of the dogs.

DISCUSSION

Primary tumors in the tracheobronchial lymph nodes after
inhalation of radioactive particulates have not been reported before,
either in animals or man. The primary site for a tumor is not easily
determined when the tumor kills the animal, because the tumor has
frequently grown, invaded, and metastasized. Such was the case in
five of the tumors observed in this study. However, the size and
location of tumor in the region of the tracheobronchial lymph nodes
and the pattern of growth and metastasis point to the tracheo-
bronchial lymph nodes as the site of origin. Also, the finding of a
tumor confined to the tracheobronchial lymph nodes in two
dogs which died of other causes adds evidence that the five tumors of
the mediastinum did, in fact, originate in the tracheobronchial lymph
nodes.

The type of tumor found, i.e., a hemangiosarcoma, is an
unreported spontaneous tumor of lymph nodes in either dog or man.
However, it does occur relatively frequently in other organs of
animals that receive high radiation doses from internally deposited
beta emitters. For example, it has been the most common type of
tumor seen in dogs with 14 4 Ce deposited in lung, bones, or liver
(Hahn et al., 1973; Benjamin et al., 1975). Such tumors are of the
blood vascular system and are generally similar in morphologic and
biologic characteristics, regardless of the organ of tumor origin.

The dose absorbed by the tracheobronchial lymph nodes cannot
be measured directly but must be calculated. Three factors which
greatly influence the calculation are (1) the concentration of 1 4 4Ce
in the lymph nodes, (2) the fraction of the energy emitted from
14 4 Ce in the lymph nodes which is actually absorbed in the lymph
nodes, and (3) the contribution of beta particles emitted from ' 4 4 Ce
in the surrounding lung.

The first factor, the temporal pattern for the concentration of
1 4 4 Ce in the lymph nodes, was estimated from actual measurements
made in another group of dogs that also were exposed to an aerosol
of I 4 4 Ce in fused aluminosilicate particles for the purpose of
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defining the resulting radiation dose pattern. The initial lung burdens
ranged from 2.3 to 24 juCi of I44Ce/kg body weight in the dose
pattern study and from 5.7 to 19 fid I44Ce/kg body weight in the
seven dogs with lymph node tumors. For both studies, the particle
size distribution measured in the inhalation exposure chamber was
lognormally distributed with an activity median aerodynamic diame-
ter between 1.6 and 2.0 for individual exposures. Because of these
similarities, it seems reasonable to assume that the temporal pattern
of translocation from the lung to lymph nodes seen in the radiation
dose pattern study was applicable to these seven dogs.

Determination of the concentration of ' 4 4Ce in the lymph nodes
also required information on the weight of the nodes. This was
estimated from a ratio of the weight of the combined tracheo-
bronchial lymph nodes to the dog's total body weight. The ratio was
derived from necropsy data on 127 serially sacrificed, healthy, young
adult dogs (Cuddihy, Griffith, and Boecker, 1970). Use of the
foregoing procedures should have given reasonable estimates of the
14 4 Ce concentrations in the lungs and tracheobronchial lymph nodes
in these dogs.

The amount of beta radiation dose actually absorbed in the
lymph nodes is less well defined because of factors (2) and (3) listed
previously. Since the beta particles emitted from ' 44Ce—' 4 4Pr have
a maximum range of ~1.4 cm in tissue with a density of 1.0, it is
obvious that some of the energy emitted within the lymph nodes
may escape them. Thus the assumption used here that the fractional
energy absorption was 1.0 is an overestimation.

These lymph nodes are situated, however, near the bifurcation of
the main bronchi and are thus surrounded by the lung that also
contains ' 4 4 Ce. Because of this, some of the energy that escaped
from the lung irradiated the lymph nodes. These two factors tend to
counteract each other. An exact definition of the absorbed doses
received by the tracheobronchial lymph nodes would require a much
more extensive study of the local dosimetry in which all the factors
could be measured directly. In the absence of such data, it is assumed
that the actual beta dose absorbed by the tracheobronchial lymph
nodes was bracketed by the dose values calculated for the lung and
lymph nodes.

Determination of the relative sensitivity of the tracheobronchial
lymph nodes and other organs from these data is difficult since many
competing risks were present. For example, dogs that died with
radiation pneumonitis or with lung tumors might have developed
lymph node tumors if they had lived long enough. The surviving dogs
will be watched for type and incidence of tumors. These data do
show, however, that tumors of the tracheobronchial lymph nodes
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can be induced by inhaled beta-emitting radioactive particles which
translocate to the nodes and result in high radiation doses to the
nodes.

These results are of particular interest in light of the most recent
publication of the International Commission on Radiological Protec-
tion (1979) dealing with internally deposited radionuclides. In that
report the tracheobronchial region, pulmonary region, and pulmo-
nary lymph nodes are considered to be one composite organ for
radiological protection even though it is known that for inhaled,
relatively insoluble particles, the dose to the pulmonary lymph nodes
may substantially exceed the dose to the tracheobronchial or
pulmonary region of the respiratory tract. The occurrence of the
tumors reported here raises the question as to whether this is the
appropriate way to account for the possible risks due to irradiation
of the lung, lymph nodes, and contiguous tissues. It is important to
recall that the results reported here were observed at very high
exposure levels as compared with routine occupational exposures. A
determination of their general applicability must await completion of
the study when the dogs exposed at much lower levels reach the end
of their life spans.
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ABSTRACT

Pulmonary carcinogenesis, after inhalation of 239PuO2, in rats and in dogs was
compared. Both for rats and dogs, the exposure regimes gave the highest tumor
incidence in the dose range of 1400 to 11,000 rads to the lung, with lung tumor
incidences in rats and dogs that lived longer than the shortest latency periods of
54 and 84%, respectively. Survival time was inversely proportional to the average
rads per day dose in both dogs and rats. The latency period for lung tumors was
longer for dogs than for rats except when calculated as percent of life span, in
which case the rats had a longer latency period. The tumors developed in
peripheral areas of the lungs of both rats and dogs and consisted most frequently
of adenocarcinomas in rats and bronchiolo-alveolar carcinomas in dogs. Other
tumors included epidermoid carcinomas in both dogs and rats, adenosquamous
carcinomas in dogs, hemangiosarcomas in rats, and one mesothelioma in a rat.
Radiation pneumonitis and pulmonary fibrosis were widespread in both rats and
dogs.

Pulmonary carcinogenesis after inhalation of 2 3 9PuO2 has been
studied in rats (Lafuma et al., 1974; Lisco, 1959; Sanders et al.,
1976; Sanders and Mahaffey, 1979a); in dogs (Clarke, Park, and Bair,
1966; Park, Bair, and Busch, 1972); in baboons (Metivier et al.,
1972); and in hamsters (Sanders, 1977). Several reviews have
summarized pulmonary cancer dose—response data from animal
studies with inhaled plutonium as reported in the literature (Bair and
Thomas, 1975; Thompson, 1975). These dose—response data have
been used to estimate the human health risk of inhaled plutonium
(Bair and Thomas, 1975). As compared with dogs, the 2- to 3-year
life span of rats allows earlier results, and the smaller animal size
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allows experiments with greater numbers of animals for providing
more data for statistical evaluation. The dog's life span, physiology,
and response to inhaled particles may more closely resemble those of
man than is the case with rats (Boecker, 1973). Comparison of
life-span pulmonary cancer dose—response data in rats and dogs after
inhalation of 2 3 9 PuO2 is not possible, because life-span data from
dogs are not yet available at low dose levels and low tumor incidence
which permit survival to normal life span. Therefore this initial study
compares dosimetry and some morphologic features of lung tumors
in rats and dogs after inhalation of 2 3 9PuO2 at the highest
carcinogenic dose.

For our study we used data from experiments in which 24 out of
29 dogs surviving longer than 1000 days after inhalation of 2 39PuO2
developed lung tumors (Park, Bair, and Busch, 1972). For compari-
son we selected data on rats exposed under similar regimens in which
a high incidence of lung tumors was observed (Sanders et al., 1976).
Both for dogs and rats, the exposure regimens resulted in the highest
lung tumor incidence in the exposure range of 1400 to 11,000 rads
to the lungs. At higher exposure levels the dogs and rats died with
radiation pneumonitis or pulmonary fibrosis before lung tumors
could appear. Life-span data are not yet available for both species at
lower doses. Further studies comparing dogs and rats are in progress.

METHODS

The methods and materials were described by Park, Bair, and
Busch (1972) for dogs and by Sanders et al. (1976) for rats. We
included unpublished data from three additional dogs and several rats
from experiments that used the same exposure methods. Plutonium
oxalate was calcined at 300 to 350°C for the dogs and at 750°C for
the rats to form the 2 3 9 PuO2. The dogs were masked for single
exposures to aerosols produced by atomizing a suspension of the
oxide in 0.1% polypropylene—glycolethylene oxide polymer; the
count mean diameter (CMD) of the aerosol ranged from 0.1 to 0.5
jum. The rats were given single nose-only exposures to water
suspensions of the 2 3 9PuO 2 which formed aerosols with activity
median aerodynamic diameters (AMAD) of 2.5 ± 0.7 pm with a
geometric standard deviation of 1.8 ± 0.1 and a CMD of 0.30 ± 0.13.
The male and female beagle dogs were exposed at 12 to 43 months
of age, with the mean age (plus or minus the standard error) of 18
(±1.2) months. The rats [female specific-pathogen-free (SPF) Wistar
strain] were exposed at approximately 70 days of age. For
determining plutonium content, the tissues were weighed, wet ashed



PULMONARY CARCINOGENESIS WITH INHALED Pu IN RATS AND DOGS 603

with nitric acid, muffled at 600°C, and counted by liquid scintilla-
tion for plutonium content (Keough and Powers, 1970).

Histopathologic examination of lung sections from dogs and rats
was performed on formalin-fixed specimens embedded in paraffin
and stained with hematoxylin and eosin. Special stains, including the
periodic acid—Schiff reaction and mucin stains, were performed on
selected slides. The histopathology of the lung tumors from the dogs
was reevaluated and changed slightly since the review by Howard
(1970). The terminology used here generally follows the recom-
mended nomenclature of the World Health Organization.

We considered the optimum life expectancy of dogs to be 15
years and of rats, 1000 days.

The amounts of plutonium initially deposited in the deep lung of
the dogs were estimated by using the following equation (Stuart,
Dionne, and Bair, 1970):

T = R + 0 . 0 3

where B t is the final body burden in nanocuries at survival time t in
days, and Lo is the initial lung burden (ILB) in nanocuries. The
retention half-time in the lung was estimated on the basis of Lo, t,
and Lt (where Lt is the lung burden in nanocuries at time t) as

$ t i n 2
T12 ln(L0 /L t)

and rad dose Rt to the lung at t was estimated as

where X is In 2/T,, W is the exsanguinated lung weight in grams
estimated as 8.5 plus 6.2 times the body weight in kilograms (Bair
and Willard, 1962), and 0.264 is

(3.7 x 104 dps/MCi)(8.6 x 104 sec/day)(5.15 MeV/dis)
(6.24 x 10s MeV/erg)(102 ergsg"1 r ad^KlO 3 nCi/jiiCi)

On the basis of the dose range of 1400 to 11,000 rads observed
in dogs surviving long enough to develop lung tumors, a group of rats
with doses in this range were selected. These animals were from
high-dose, singly exposed groups (Sanders et al., 1976; Sanders and
Mahaffey, 1979a). The dose calculations for rats were based on
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Eq. 1, substituting the clearance curve fit to all animals in the
high-exposure groups of the experiments, and on a revised estimate
of ILB. A revised initial lung burden L'o was estimated for each
animal to be

where Yt = e ~ 0 0 0 4 9 t j s the proportion of ILB in the lung at t days
postexposure. This method assumes that the difference between the
clearance curve of an individual animal and that of the group is
totally uncounted for by a difference in L'o from the group mean.
For comparison with dogs we estimated an exsanguinated lung net
weight of 2 g for the rat.

RESULTS

The total rad dose at which the highest carcinogenic effect
occurred was similar in dogs and in rats (Table 1). Rats clear
2 3 9PuO2 from the lung' faster than beagles (Fig. 1), and the average
rads-per-day dose for the rat was higher than for the dogs (Table 1).
Survival increased inversely proportional to average rads per day for
all dogs and rats whether or not lung tumors developed (Fig. 2). At
the exposure levels examined, there was no relationship between
total rads accumulated and survival time. The absolute latency period
for lung tumor production was longer for dogs than for rats, but,
when it was calculated as percent of life span, the rats had a longer
latency (Table 2).

The most frequent lung tumors after inhalation of 2 3 9PuO2
(Table 3) were bronchiolo-alveolar carcinomas in dogs and adeno-
carcinomas in rats. The incidences of lung tumors in rats and dogs
that lived longer than the minimal latency periods were 54 and 84%,
respectively. Areas of alveolar adenomatous metaplasia were present
in both dogs and rats dying at time intervals prior to the observation
of tumors. The majority of pulmonary adenocarcinomas in rats were
solitary and well differentiated (Fig. 3) although many cases of
multicentric tumors also were seen and occasional, poorly differen-
tiated adenocarcinomas infiltrated whole lobes and spread by
implantation throughout the thoracic cavity. The bronchiolo-alveolar
carcinomas in dogs consisted of multiple masses with tubular
patterns with some tendency for papillary growths in larger masses
(Fig. 4). Metastases to regional lymph nodes and systemic organs
were more frequent in dogs than rats. The kidney was a frequent site
of the metastases that occurred in the rat.
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TABLE 1

Group Average Dosimetry Parameters*

Initial alveolar deposition
In lung, nCi
In nanocurics per gram of lung

Burden at death
In lung, nCi
In nanocuries per gram of lung
In lung, rads
In lung, average rads per day
In lung, Ti, (days)

Survival time, days after exposure

Do«
(n = 32)f

1300 ±130
16 t 1.6

390 ± 60
•J.7 ± 0.8

4200 ± 350
2.3 + 0.3

1100 ±50
2300 + 150

Rat
(n = 48 )t

230 ± 16
120 ± 8.4

17 ±2.0
8.6 + 1.0

5800 ±400
11 ±0.8

140+32
560 ± 15

*Mean ± standard error of the mean.
tAnimals living longer than the minimal latency period

after exposure to develop the first lung tumor. Basis for dogs is
1151 days and for rats, 347 days.
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Fig. 2 Relationship between average radiation dose rate (radi per
day) to the lung and survival of rats and dofs after inhalation of
2 3 9 PuO 2 .

Adenosquamous carcinomas, or combined adenocarcinoma and
epidermoid carcinomas, were the next most frequently occurring
type of lung tumor induced by 2 3 9PuO2 in dogs. The tumors had
large areas of nonkeratinized, stratified squamous epithelium in
addition to single cuboidal to low columnar glandular epithelium
(Fig. 5). These patterns not only were occasionally present in the
same microscopic field but would also appear in different lobes. The
tumors with different patterns sometimes metastasized separately.
Since neither the cell nor cell types of origin are known, it cannot be
categorically stated that they arp biologically distinct from adeno-
carcinomas in rats. Two rats with epidermoid carcinomas also had
adenocarcinomas, which suggests a possible relationship, although
the tumors were clearly distinct firom each other both in location and
in morphology.

Epidermoid carcinomas occurred in eight rats and one dog. These
occurred in peripheral areas of rat lung (Fig. 6) near areas of scar



TABLE Z

Cutler—Ederer Estimates of Cumulative
Lung Tumor Incidence in Dogs and Rats

Receiving the Maximum Carcinogenic
Dose (1400 to 11,000 rads at Death)

607

Percent of life spanf

0 to 10
10 to 20
20 to 30

30 to 40
40 to 50
50 to 60

60 to 70
70 to 80
80 to 90

Cumulative incidence
of animals with
lung tumors, %*

Dogs Rats

0 0
0 0

23 ± 7.7 0

38 ±9.1 2 ±2.0
65 ±9.2 11 ±4.8
77 ±8.2 46 ±8.3

96 ± 3.8 79 ± 8.0
79 + 8.0
93 ± 8.5

*Mean ± standard error of the mean.
fBasis for dogs is 15 years and for rats, 1000

days.

TABLE 3

Classification of Lung Tumors
in Dogs and Rats

Classification

Bronehiolo- alveolar
carcinoma

Adenocarcinoma
Adenosquamous carcinoma

Epidermoid carcinoma
Hemangiosarcoma
Mesothelioma

Total

Number of tumors
(percent of total)
Rat*

(n = 26)

15(45%)

8*(24%)
9f (27%)

1 (3%)
33

Dogs
(n = 27)

17(63%)

9(33%)

1(4%)

27

•Two rats with epidermoid carcinomas also had
adenocarcinomas. !

fOf the nine rats with hemangiosarcomas, two
also had epidermoid Carcinomas, two had adenocarci-
nomas, and one had both an adenocarcinoma and an
epidermoid carcinoma.



Fig. 3 Pulmonary adenocarcinoma in rat. (Hematoxylin and eosin
stain. Magnification, 21 X.)

Fig. 4 Bronchiolo-alveolar carcinoma in dog. (Hematoxylin and
eocin stain. Magnification, 9 X.)



Fig. 5 Adenosquamous carcinoma in lung of dog. (Hematoxylin
and eosin stain. Magnification, 175 X.)

? '
•' _ H!1 * . '•T1

Fig. 6 Epidermoid carcinoma in lung of rat. (Hematoxylin and
eoginfttain. Magnification, 21 X.)
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formation and without apparent connection to the major bronchi or
trachea. The epidermoid carcinoma in the dog (Fig. 7) occurred
around smaller bronchioles, without obvious connection to major
bronchi. Squamous metaplasias associated with severe alveolar
fibrosis were present in regions of high 2 3 9 PuO2 concentrations.

The hemangiosarcomas observed in rats were solitary masses
composed of dilated vascular spaces filled with blood and large
thrombi and lined with endothelial cells (Fig. 8). Metastasis did not
occur. These may be the only unique type of lung tumor induced by
inhaled 2 3 9PuO2 in rats; such tumors did not occur in dogs even
though hemangiosarcomas were produced in dogs by inhaled beta-
emitting radionuclides (Hahn et al., 1973). Hemangiosarcomas were
not induced in rats by inhaled 23SPuO2 or 2 4 4CmO2 (Sanders et al.,
1977; Sanders and Mahaffey, 1978).

The single mesothelioma in a rat was of a combined spindle-cell
and epithelial pattern. Although mesotheliomas were reported in
dogs exposed to 2 3 9PuO2 (Howard, 1970), these lesions were
considered by others (Dagle, Lund, and Park, 1976) to consist of
mesothelial extensions of concurrent pulmonary carcinomas in the
same dogs. Mesothelial hyperplasia was observed in several rats and
dogs given high doses of 2 3 9 PuO2. The induction of mesotheliomas
in rats with 2 3 9PuO2 from intraperitoneal injections was reported
(Sanders, 1973).

Radiation pneumonitis or pulmonary fibrosis was widespread
both in rats and in dogs at the exposure levels examined. This
consisted primarily of focal interstitial fibrosis in areas of 2 3 9 PuO2
particle concentration (Rhoads, 1979) such as subpleural or peri-
bronchiolar regions, with minimal amounts of alveolar epithelial
hyperplasia and increased numbers of alveolar macrophages. Occa-
sionally in dogs there were areas of occlusive intimal hyperplasia of
small blood vessels in scar tissue and small irregularly shaped cavities
measuring a few millimeters in diameter. Small foci of lymphocytes
or of other inflammatory cells were occasionally present, seemingly
in response to necrotic tissue.

The dogs had severe sclerosing lesions in the tracheobronchial
and other regional lymph nodes of the lung, resulting from the heavy
concentration of 2 3 9PuO2 particles filtered from the pulmonary
lymph. Probably related to this sclerosing lymphadenitis was a
dose-related lymphopenia (Ragan et al., 1976). The rats did not
develop lymphadenopathy or lymphopenia. Two dogs with lung
tumors developed hypertrophic pulmonary osteoarthropathy. No
other systemic lesions related to the pulmonary deposition of
2 3 9PuO2 in dogs or rats were observed.
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Fig. 7 Epidermoid carcinoma in lung of dog. (Hematoxylin and
eosin stain. Magnification, 217 X.)

Fig. 8 Hemangiosarcoma in lung of rat. (Hematoxylin and eosin
stain. Magnification, 23 X.)

i
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DISCUSSION

The combined dog and rat survival data more closely correlated
with average rads per day than with total dose. A dose—rate
correlation suggests repair mechanisms enhancing survival at lower
dose rates. If repair occurs, it would probably involve repair of
tissues compensating for cell death from alpha radiation and not
repair of individual cells damaged by alpha tracks. A dose—rate
correlation with scarring was observed in tracheobronchial lymph
nodes of beagles after inhalation of 2 3 9PuO 2 and 2 3 8PuO2 (Yuile,
Gibb, and Morrow, 1970).

The peripheral areas of the lung which seem to concentrate
inhaled 2 3 9PuO2 are the locations where 239PuO2-induced lung
tumors in dogs (Clarke, Parke, and Bair, 1966) and in rats (Sanders et
al., 1977; Rhoads, 1979) occur. It could be argued that peripheral
tumors would thus be the type induced by plutonium in man in
contrast to the more central or hilar location of the cigarette-smoke-
induced lung tumors, which are the most prevalent lung tumor in
man (Kreyberg, 1962). Peripheral lung tumors, however, are the
most common spontaneous type occurring in dogs (Moulton, 1978),
and the radiation exposure may be merely increasing their incidence.
Peripheral tumors could be the type most prevalent in man if tumors
resulting from smoking-related causes were removed (Weiss et al.,
1972).

Sanders et al. (1976) described a low incidence of lung tumors in
rats at the 50- to 100-rad dose range; more-definitive low-level
inhalation studies are planned for rats. Further low-level 2 3 9PuO2
and 2 3 s PuO2 inhalation studies in dogs, as described by Park, Bair,
and Busch (1972), are under way.

The slightly different physicochemical forms of the 2 3 9PuO2
used in the exposures of the dogs and rats were not considered
sufficient to alter the comparisons being made. Differences in
clearance of 2 3 9 PuO2 calcined at different temperatures were
minimized by comparing doses in absorbed energy (rads). On a
rad-per-dose basis, air-oxidized 2 3 9 PuO2 was no more efficient than
high-fired 2 3 9PuO2 in the induction of lung tumors in rats (Sanders
and Mahaffey, 1979b).

The critical steps in the development of 239PuO2-induced lung
tumors remain unknown (Dagle, Lund, and Park, 1976). After
inhalation plutonium particles are phagocytized by alveolar macro-
phages (Adee, Sanders, and Berlin, 1968; Sanders and Adee, 1970;
Lutz et al., 1970; Nolibe and Daniel, 1973) and by alveolar type I
cells in rats (Sanders and Adee, 1970). Mitosis-linked cell death and
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necrosis are the general response to radiation injury. Fibrosis and
inflammatory changes respond to this necrosis and have a tendency
to sequester the plutonium particles. Epithelial cell proliferation
could result from continued radiation-induced cell death or, more
likely, from focal fibrosis and chronic inflammation. It is perhaps of
significance that one-third of the lung carcinomas in man reported to
be associated with fibrosis have been classified as bronchiolo-alveolar
carcinomas, whereas this type accounts for only 3 to 6% of total lung
tumors in man (Fraire and Greenberg, 1973). Pulmonary carcino-
genesis after plutonium inhalation could thus be related to lethal
cellular injuries and not necessarily to direct transformation of cells.
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Breathing Is an Old Habit*

J. N. STANNARD
Department of Community Medicine and Department of Radiology,
University of California, San Diego, California

The title chosen for these remarks probably fooled no one into
thinking I was going to do other than delve a bit into the history of
inhalation toxicology. But what may not have been obvious is that I
have succumbed to a disease of sorts. I think that you will all find
that, as you enter your sixties, matters of our heritage and the debt
we owe to our predecessors assume much greater significance in your
thoughts. You no longer are satisfied with the graduate student
version of history which had it starting at, or very nearly at, the time
he began his researches. This is the mild version of the disease.

A more overwhelming version comes on when you accept an
assignment, as I have, to write a book on the history of a field you
have worked in for many years. The process of gathering information
in a particular field always involves exposure to broader aspects. You
find yourself looking at analogous or predecessor happenings in
these. It is not an unpleasant way to spend one's time, but it does
come on without any bidding—hence I liken it to a disease.

Here I hope to sketch out a few of the facts which this
compulsion has caused me to extract and some of the correlations
which they have engendered. I bring you no great expertise as a
historian—only a lot of interest, some good friends to ask questions
of, and some good libraries reasonably accessible.

The geologists and origin-of-life people figure the earth has had
three or four different phases in the composition of its atmosphere.
The oxygen atmosphere we now have is relatively new, being dated

•Banquet address.

616



BREATHING IS AN OLD HABIT 617

from the age of plants when CO2 was first converted to oxygen in
photosynthesis. Some forms of life predate this age. So breathing is
not a habit as old as life on the planet. Breathing as we now regard it,
i.e., something more than cellular respiration alone, could have begun
with the lungfish. And, as that creature made the first tentative steps
of extracting oxygen from ambient air instead of from surrounding
water, I will wager he got a lungful of volcanic ash which made him
wonder if he was really going in the right direction. And there have
been problems ever since!

Now let us skip several millennia and narrow our focus onto
human history and the problems of worker exposure to inhalation of
toxic materials. This leaves out all the common respiratory diseases
and much else not connected with worker exposure, but, obviously,
we must limit our scope.

I was somewhat surprised to find that the ancients dealt with
occupational diseases and the inhalation of toxic materials in some
detail. Hippocrates had things to say about them. However,
Hippocratic medicine in general was not worker oriented. Workers
were not citizens in the Greek culture, and the medical teachings
from Hippocrates were applied primarily to citizens.

We do find Pliny the Elder, who lived from A.D. 23 to 79,
describing how workers with lead products tied up their faces in
loose bags "lest they should inhale the pernicious dust." Pliny the
Elder discoursed on diseases of miners and metal workers to a
considerable extent, but somehow it didn't take. Throughout the
Dark Ages the condition of the working man was neglected, and so
were the diseases connected with the inhalation of toxic substances.

It was not until the stirrings of the Renaissance that the subject
came up again. In 1556 De Re Metallica was published, a year after
the death of its author, Georgius Agricola (1494—1555). It was a
twelve-volume work dealing with every aspect of mining and smelting
as they were practiced in central Europe. It included a complete
account of the need for ventilation and the machinery to accomplish
it as well as descriptions of the diseases of the lungs in miners. The
Latin edition of this book, incidentally, was translated into English
in 1912 by Herbert Hoover, later the president, and his wife.

Concurrently with Agricola, Paracelsus (1493—1541), who lived
in Switzerland, published a monograph on diseases of mine and
smelter workers. Both these works came at the very beginning of the
revival of learning.

While we are looking at the Middle Ages, we should tip our hats
to the medieval craft guilds. I was surprised to find in some of the
literature concerning the guilds suggestions for ventilation devices to
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remove dust and toxic fumes. By the way, the guild's insistence on
the highest quality of workmanship, with severe penalties for a poor
job, is something we could use more of today. We are still enjoying
the products of their craftsmanship.

But now we move ahead by a full quantum jump. Bewiardini
Ramazzini, who had a relatively long life (1633—1714) and who
occupied the chair of medicine at the University of Padua, completed
his book De Morbis Artificum. This text was published in Latin in
1713, just one year before his death. It was translated into modern
English in 1940 by Wilmer Cave Wright, a professor emeritus of
Greek at Bryn Mawr College. Ramazzini was clearly the father of
occupational medicine as we now know it. The book still makes good
reading. In the 43 chapters there is hardly an occupation you can
think of the diseases and general maladies of which are not described.

We find in Ramazzini many references to the dangers of
inhalation of dust and vapors. For example, he described how gilders
tried to avoid toxic mercury vapors by turning their faces away. But
they still developed the characteristic disease. In the chapter on
gilders, he also criticized the demand for gilded objects, "In our time
nothing is considered fine or elegant unless it glitters with gold, so
much so that in the houses of the great the very chamberpots and
stool-pans are a sight to see with their guilt, and more is spent on
voiding than on drinking. . ." (Ramazzini, 1713).

The book also includes a dissertation on "Diseases of Learned
Men." He draws a contrast, which does not seem totally out of date,
between the sedentary scholar with aches and pains and stomach
cramps and the clinician who usually goes scot-free when there are
serious epidemics about. "This I could not ascribe to any particular
precautions on their part, but rather to their taking a good deal of
exercise and to their cheerful frame of mind when they go home
with their pockets full of fees" (Ramazzini, 1713). Of course, the
idea of immunity had not yet come on the scene.

Nothing of equal significance occurred for nearly 200 years.
There was full awareness of the growing problems of air pollution
brought on largely by the burning of coal in the eighteenth and
nineteenth centuries. Coal made possible the Industrial Revolu-
tion—and also smog. (It is interesting that the term "smog" was
coined in 1911 by Dr. Harold Antoine Des Voeux as a contraction of
smoke and fog, long before there were any problems in southern
California.) However, the approaches to these growing air-pollution
problems of the 1700's and 1800's were mostly legal, forbidding this
or that practice which could seldom be stopped. There was relatively
little activity in biomedical research except around mining problems.
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A real appreciation of the nature of miners'lung diseases grew, with
the term "pneumonokoniosis" being introduced in 1867.

At the turn of the century, there began what we could call the
modern era in inhalation toxicology and occupational medicine in
general. Some of the greats of the early twentieth century were, in
England, Legge, Oliver, and Goaddy; in France, Meillere; in
Germany, Keleky; and in the United States, Alice Hamilton. Alice
Hamilton's book The Dangerous Trades had an impact comparable in
its way to the Kamazzini book more than 200 years earlier.

An examination of the early issues of the Journal of Industrial
Hygiene and Toxicology reveals how little escaped Alice Hamilton's
scrutiny and penetrating analysis. However, it does not tell how the
industrialists whose sins against humanity were being exposed bridled
at its being done by a woman. But quality prevailed, and in 1920
Alice Hamilton became the first woman member of the medical
faculty at Harvard. It is said that her appointment contained the
proviso that she would never march in commencement or other
academic processions! There is no record that she fought this.
Perhaps she held the same view of academic processions which many
of our present undergraduates seem to have.

Legge also published extensively in the Journal of Industrial
Hygiene and Toxicology, which had an international clientele at the
time (early 1920's). We will pause to quote only one of his several
aphorisms, namely: "Practically all industrial lead poisoning is due to
the inhalation of dust and fume; and if you stop their inhalation you
will stop the poisoning."

Many in those days felt this was an apt description of the
attitude of management, i.e., "Let them stop breathing." But we find
Legge and many others working hard and with success to introduce
process controls, local ventilation, and personal respirators. In fact,
the World War I army gas mask was pressed into industrial service in
the early 1920's, for people were familiar with its use. However, it
was misapplied to carbon monoxide or low oxygen atmospheres for
which it was not suited.

Near the turn of the century, some of the best toxicology of the
era was produced by two English physiologists, John Scott Haldane
and Joseph Barcroft. I refer to their classical work on carbon
monoxide which treated of its ability to displace oxygen from
hemoglobin, to make the unloading of oxygen in the capillaries more
difficult, and its use as a tool in studying the mechanisms of
respiration. Most of us remember Haldane from his apparatus for air
analysis. How many of you have at some time pumped that
mercury-leveling bulb up and down to pass the gas through reagents?
And did you ever do an analysis without spilling at least one tiny
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drop of mercury on the floor? I seldom did. Perhaps that explains
why I frequently had a headache after a day of gas analysis. There
were little rivulets of mercury on the floor.

A more careful look at Haldane's career shows that we remember
him for only a small facet of his work. He was interested in miners
and the problems of mines from the very start of his career. Indeed
he had more publications in that field than in basic physiology. It
was he who separated out blackdamp and afterdamp, and his interest
in carbon monoxide developed because of its presence in the latter.
It was he who suggested putting small animals with high metabolic
rates and rapid circulations in mines to warn of the presence of toxic
atmospheres. He also designed self-contained breathing equipment.
He seemed to be quite unaware—or at least not to care—whether
what he was doing would be termed "applied" or "basic." For that
reason he is one of my heroes, for I have yet to see the basis for the
condescension meted out in many academic circles to those who do
something "applied." Basic and applied are but two sides of a single
coin.

Barcroft stuck more closely to the physiology of respiration
per se and is remembered for his work in high-altitude physiology
and biological control mechanisms as well as for his work on carbon
monoxide. However, he belongs on the list of pioneer twentieth
century workers in our field. Indeed, I am puzzled not to find
Haldane and Barcroft included in the Hall of Fame when the history
of toxicology is dealt with by authors from within the field. More
people have died of CO poisoning than from any other inhaled
substance.

We come now to names and places easily recognized; namely,
Henderson and Haggard at Yale, who worked on auto exhaust fumes
in the early twenties and beyond; the development of inhalation
toxicology in the Public Health Service both at the Hygienic
Laboratory in Washington (at National Institutes of Health during
World War II) and in collaboration with the Bureau of Mines in
Pittsburgh; the Cincinnati group at Kettering Laboratory; and on
into the efforts of World War II.

Are there any lessons to be drawn from this wandering about in
the past? There have to be. I would like to discuss only two: (1) the
problem of mixtures and (2) functional changes, particularly sensory
and behavioral changes.

In the early days they did not know what the constituents were
of the toxic atmospheres they inhaled. They knew, however, they
differed from each other, and gradually they attached generic names
to the atmospheres. One of the most revealing insights was the
careful separation in the late 1800's of dusts which produced
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pneumoconiosis (or silicosis) from those which did not. The success
of this effort naturally led to considerable efforts to separate out
prime offenders in other dusts, vapors, fumes, or gases. The
understanding that came from the carbon monoxide work further
strengthened this trend, i.e., work with a simple, well-characterized
atmosphere. Now we have become so enamored of the beautiful
controlled experiment which uses a single substance that a large
fraction of the literature pertains to such work, with a few notable
exceptions which include some work done here at Battelle and some
being presented in this symposium. All well and good, but have we
gotten too far from the real world? All through the older literature,
there is the implication that exposures in nature are nearly always to
mixtures. Now we hear some pleas to reevaluate the potentials for
synergism, antagonism, and potentiation in the light of the knowl-
edge gained on single substances. Perhaps we are ready to swallow
hard and do more with mixtures even if the results are harder to
interpret. This morning session indicated many have already swal-
lowed hard and proceeded, but I am not sure whether it was overt or
by force of circumstances.

If any protestation is needed that we are exposed to mixtures,
heed this statement by Howard Lewis in his book With Every Breath
You Take (1965):

Chattanooga, Tennessee, has a population of only 130,000, and
surrounding Hamilton County has but 108,000 more. Yet residents
of this community endure in their air this barrage: smoke from wire
salvaging: smoke and odor from burning junked cars and tires; odor
from a rendering plant; dust from a cement plant; odor from a food
company; smoke from a brickworks; dust from a glass company:
smoke from burning wood wastes; ammonium chloride from
galvanizing operations; emissions from heat treating and annealing;
acids and alkalis from electroplating; fumes from a brass foundry;
fluorides from an aluminum foundry; acid mist from a battery
plant; ferrosilicon, chrome, manganese, and tare from an electro-
metallurgical plant; odors and tars from a roof-material producer;
solvents, varnish, and oxides of nitrogen from a paint company:
paint spray; solvents from enameling operations; odors from a
tannery; dust and odor from the burning of varnish and insulation:
and smoke from burning coal and wood wastes for fuel.

Over twenty sources, al! different.
In my foray into the past, I was impressed also with how often

the effects of various agents on function were described. The clinical
descriptions contained details of changes in behavior and in the
sensorium as well as motor changes. Indeed, the hallmarks of many
of the classical heavy-metal poisonings were functional disturbances,
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but, as our experimental work has evolved, we seem to be focusing
down on things like carcinogenesis and looking less at broad
functional changes. Is this wise?

I have long wondered why the field of behavioral toxicology has
not gained the same attention as that given to carcinogenesis. I think
I have found out why. A recent review by Laties and Merigan (1979)
on behavioral effects of carbon monoxide is revealing. Certainly CO
would be a prime candidate for bringing about changes in function
which could be measured. In my Navy days we did a bit of work
with CO. Among other things I thought we had demonstrated, along
with Ross McFarland at Harvard, were real changes in visual acuity in
the dark and changes in flicker—fusion frequency at about 10%
COHb (carbon monoxide hemoglobin). But the Laties review points
out that sometimes things happen and sometimes they don't. The
more testing is done, the more confused it gets. The nice, simple
animal experiments have had to be replaced by double-blind
experiments and tasks for the animals, which sometimes seem hardly
fair. For example, I noted one experiment in which some monkeys
had to choose one of three response buttons to indicate whether the
stimulus was shorter, equal to, or longer than 2 sec. The order of
presentation of the tasks makes a difference, too, and the primary
change both in animals and men seemed to lie in response times and
the ability to focus attention rather than on the ability to do the job
if motivated. This is all part of experimental psychology wherein the
very sophisticated as well as the simpler tests seem to rest.

The answer is partly that measuring behavior satisfactorily or
measuring real changes in the sensorium is a very complicated
business. It is not ready for use in everyday toxicology at low levels
of exposure or effect. Motivation seems to be more important than
anything else, and that is most difficult to measure.

I wish someone would design some simple measurements that
would be, like the clinical observations, just there. But until then we
probably should not count on dealing quantitatively with these
important but evanescent aspects of toxicology except through the
specialists.

There still, however, may be things we can do without becoming
snared in the complexities of experimental psychology. For one
thing we can see to it that opportunities to make observations of
functional changes are not missed. I was astonished and disap-
pointed, when our National Committee on Radiation Protection
(NCRP) committee was trying to look back at the clinical records
for uranium workers, to find how little useful information on
physiology or pathophysiology was recorded in the files of industrial
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medical departments. I refer to such things as blood pressure
measurements and similar data which might alert us to functional
changes. It seems to take a highly organized effort like the
U. S. Transuranium Registry and the U. S. Uranium Registry to
remind people that simple observations can be useful.

It was, therefore, encouraging to see that much of the sessions
tomorrow will be devoted to pulmonary cellular interactions and
pathophysiology. Obviously, I do not intend to minimize the
importance of cancer as an end result of the inhalation of toxic
dusts. I do wish to point out the contrast between some of the earlier
approaches which were quite broad and what I feel has been a
tendency to single out one effect and to neglect others.

These few remarks may not require a summary, but I shall
conclude with the following points:

1. The appreciation of the importance of the inhalation route
goes back to the very beginnings of medicine.

2. The understanding of symptom complexes was well advanced
much earlier than I had expected. Of course, the thoughts on
mechanisms and treatment were quite another matter. The proposals
for these seem weird indeed until almost the end of the nineteenth
century.

3. Two periods can be cited for striking advances that paved the
way for future work: one is the early 1700's, and the other is the late
1800's and early 1900's.

4. Physiologists at the turn of the century did some strikingly
good toxicology and are seldom cited by toxicologists.

5. I wonder if we are not now ready to put a stronger emphasis
on studying exposure to and the effects of mixtures.

6. Functional changes that were strongly emphasized in earlier
work seem to have been somewhat neglected overall in work of the
last decade or two and should perhaps be reemphasized now.

7. Our work reported today in this conference stands on the
shoulders of a long and venerable history.
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Alpha stars, distribution and aggre-
gation in beagle lungs as a function
of time after acute nose-only
239PuO2 inhalation, 249-253,
250 (Figs. 1 and 2), 251 (Fig. 3),
252 (Table 1), 252 (Fig. 4), 254
(Fig. 5)

Aluminum
analysis by atomic absorption

spectroscopy, calibration
curves, 50-51, 53-54, 50
(Fig. 1)

content of rat lungs after chronic
coal fly ash inhalation, 51, 51
(Table 1)

effects on hexose monophosphate
shunt activity in rat alveolar
macrophages in vitro, 274,
274 (Table 4)

effects on membrane integrity of
rat alveolar macrophages in
vitro, 270-271, 271 (Table 1)

effects on oxygen consumption of
rat alveolar macrophages in vitro,
271-273, 272 (Table 2)

effects on rat alveolar macrophages
in vitro, experimental protocol,
268-270
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effects on release of superoxide
anions by rat alveolar macro-
phages in vitro, 273-274, 273
(Table 3)

Alveolar bronchiolizalion, ultra-
structural characteristics, 509-
513, 514 (Fig. 12)

Alveolar lipoproteinosis, lung lipid
content in human, correlation
with pulmonary response to
nickel, 364-365

Alveolar macrophages
See also Macrophages
activity of lysosomal acid phos-

phatase in vitro, effects of Cd
and Pb ions on, 275-276, 276
(Table 6)

adhesion to walls of tissue
culture flasks as a function of
chlorosulfonic acid concentra-
tion, 330-331, 332 (Fig. 4)

colony growth in vitro after
acute inhalation of coal fly ash
or silica aerosol by mice, 305,
309, 307 (Fig. 5)

count in lung lavage fluids as
indicator of pulmonary re-
sponse to inhaled NO2 in
hamsters, 385, 388 (Fig. 5)

density-gradient profiles after
in vitro fly ash ingestion, 292,
293 (Fig. 2)

electrophoretic profiles of mem-
brane proteins after in vitro
exposure to oil fly ash, 293-294,
295 (Fig. 4)

electrophoretic profiles of mem-
brane proteins after in vitro
ingestion of polystyrene par-
ticles, 294-295, 296 (Figs. 5
and 6)

function after exposure to re-
aerosolized fly ash, experi-
mental protocol, 280-283, 282
(Fig. 1)

harvesting from rabbits for in
vitro studies, 326-327

hexose monophosphate shunt
activity in vitro, effects of
metallic ions on, 274, 274
(Table 4)

identification of phagocytized coal
fly ash particles by SEM using
freeze-drying and ethanol
cryofracture techniques, 63-64

long-term hazards from phago-
cytized coal fly ash particles,
effects of nonuniform toxic ele-
ment distribution in particles on,
60-61

lysosomal stability in vitro, effects
of Cd and Ni ions on, 275-276,
276 (Table 7)

membrane integrity in vitro,
effects of metallic ions on,
270-271, 271 (Table 1)

membrane protein changes after
in vitro exposure to coal fly ash
or oil fly ash, experimental
protocol, 290-291

membrane proteins electrophoretic
profiles after in vitro exposure
to coal fly ash, 293, 294 (Fig. 3)

migration to lymph nodes after
chronic inhalation of nickel dust
by rabbits, 322

morphological changes after
chronic inhalation of nickel
dust by rabbits, 315-318, 321-
322, 316 (Fig. 2), 317 (Fig. 3;
Table 1), 318 (Fig. 4), 319
(Fig. 5)

morphological changes after
inhalation of chromium, cobalt,
or iron dusts by rabbits, 320-
321

morphology of latex-fed colony,
303, 304 (Fig. 2b)

morphology of single colony, 303,
304 (Fig. 2a)

nickel uptake after chronic inhala-
tion of nickel dust by rabbits,
318, 319 (Fig. 6)

oxygen consumption in vitro,
effects of metallic ions on,
271-273, 272 (Table 2)

phagocytic activity after acute
inhalation of coal fly ash or
silica aerosol by mice, 303-305,
308-309, 305 (Fig. 3)

phagocytic activity after inhalation
of coal combustion effluents by
mice, 41, 44, 40 (Table 4)
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phagocytic activity after inhala-
tion of reaerosolized fly ash
by mice, 284-287, 286 (Table 3)

phagocytic activity in vitro, effects
of metallic ions on, 274-275,
275 (Table 5)

phagocytic activity in vitro after
chronic inhalation of nickel dust
by rabbits, 315, 321-322, 315
(Table 1)

phagocytic activity in vitro after
inhalation of chromium, cobalt,
or iron dusts by rabbits, 320-321

phagocytosis in vitro of 2 4 ' A111O2
particles, 329-330, 335-336,
330 (Fig. 2), 331 (Fig. 3)

phagocytosis in vitro of 2 4 ' AmO2
particles, intracellular solubility
of particles, 333-336, 333
(Table 1), 334 (Fig. 6),

phagocytosis of coal fly ash and
silica in vitro, 305, 306 (Figs. 4a
and 4b)

phagocytosis of reaerosolized fly
ash particles as a function of
time after inhalation by mice,
283-284, 284 (Table 1), 285
(Fig. 2b), 286 (Table 2)

release of superoxide anions in
vitro, effects of metals on,
273-274, 273 (Table 3)

response to metal ions in vitro,
experimental protocol, 268-270

separation from contaminating
erythrocytes in lavage fluid,
292, 292 (Fig. 1)

size distribution after chronic
inhalation of nickel dust by
rabbits, 314-315, 321-322,
314 (Fig. 1)

superoxide anion release in vitro,
effects of metallic ions on,
273-274, 273 (Table 3)

viability and attachment in vitro
after inhalation of coal fly ash
or silica by mice, 305-308

viability and phagocytic activity
after inhalation of coal fly ash
or silica aerosol by mice, ex-
perimental protocol, 300-303,
301 (Fig. 1), 302 (Table 1), 304
(Fig. 2)

viability after in vitro phagocytosis
of 2 4 1 AmO, particles, 331-333,
335-336, 332 (Fig. 5)

Alveoli
morphological changes in epithelial

cells after chronic inhalation
of nickel dust by rabbits, 318-
322

PuO;> deposition in mice after
inhalation, 108, 112-114, 109
(Table 3)

TI1O2 deposition in mice in
relation to aerosol dose, 105-
112-114, 108 (Fig. 1)

TI1O2 deposition in mice after
inhalation, 105, 108, 112-114,
107 (Table 2), 109 (Table 3)

AMAD (see Activity median aerody-
namic diameter)

Americium-241
binding by citrates in urine,

effects o n 2 4 1 AmO2 mobility,
214

binding by serum proteins in
biood, effects on 2 4 ' AmO2
mobility, 214

content of urine in relation to
systemic burdens, sources of
error, 218-219

excretion in urine, effects of
DTPA, 214

lung clearance after pulmonary
intubation of oxide in rats,
factors affecting, 216-218

nonuniform distribution in
subpleural regions, detector
response to, 233, 233 (Fig. 4)

nonuniform distribution in
tracheobronchial regions,
detector response to, 233-234,
234 (Fig. 5)

translocation from lungs to blood
and urine after pulmonary
intubation in rats, 213-214, 212
(Table 1)

Americium-241 oxide
effects on viability of cultured

rabbit alveolar macrophages
after phagocytosis in vitro,
331-333, 335-336, 332 (Fig. 5)
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intracellular solubility after in
vitro phagocytosis by rabbit
alveolar macrophages, 333-336,
333 (Table 1)

kinetics in rats after pulmonary
intubation, experimental
protocol, 209-211

lung clearance of inhaled, 23-24, 24
(Table 3)

phagocytosis in vitro by rabbit
alveolar macrophages, 329-330,
335-336, 330 (Fig. 2), 331
(Fig. 3)

physicochemical instability in
lungs after pulmonary intuba-
tion, effects on clearance rate,
214, 212 (Table 1)

preparation for in vitro phago-
cytosis, solubility, and toxicity
studies, 326

separation of in vitro macrophage-
phagocytized from unphago-
cytized particles, 327, 327
(Fig. 1)

solubility in cell-free medium
and after phagocytosis, effects
of DTPA, 334-336, 334 (Fig. 6)

Ames test
See also Mutagen screening
bacterial cell counts and

spontaneous reversion rates
on plates at ANL, ITRI, and
LEHR, 442, 442 (Table 5),
443 (Table 6)

procedures at ANL, ITRI, and
LEHR for screening coal fly
ash, 436-442, 437 (Table 2),
439 (Table 3), 442 (Table 4)

results for ANL coal fly ash
extracted with DMSO, 442-444,
448-449, 443 (Table 7)

results for ANL coal fly ash
samples, effects of extraction
method, sample source, and
strain sensitivity on compara-
tive, 444-449, 445 (Table 10),
446 (Table 11), 451 (Tables 16
and 17)

results for cigarette smoke, diesel-
engine exhaust particles, gasoline-
engine exhaust particles,
residential-heater emission

particles, and roofing-tar
emissions, experimental
protocol, 454-457, 456
(Table 1)

results for cigarette smoke,
diesel-engine exhaust particles;
gasoline-engine exhaust particles;
residential-heater emission
particles; roofing-tar emissions,
initial screening, 457-465, 458
(Fig. 1), 460 (Fig. 2)

results for cigarette smoke, inter-
laboratory comparison, 460,
463, 461 (Fig. 3)

results for cigarette smoke using
nitroreductase-deficient strain,
460-461, 464, 462 (Fig. 4)

results for coal combustion
effluent particulates (fly ash),
43, 45, 43 (Table 7)

results for diesel-engine exhaust
particles using nitroreductase-
deficient strain, 460-461, 464,
462 (Fig. 4)

results for ITRI coal fly ash ex-
tracted with MeCl2, 442-444,
448-449, 444 (Table 8)

results for ITRI coal fly ash
samples, effects of extraction
method, sample source, and
strain sensitivity on compara-
tive, 444, 448-449, 447
(Table 12), 448 (Table 13),
451 (Tables 16 and 17)

results for LEHR coal fly ash
extracted with benzene—
methanol, 442-444, 448-449,
445 (Table 9)

results for LEHR coal fly ash
samples, effects of extraction
method, sample source, and
strain sensitivity on compara-
tive, 444, 447-449, 449
(Table 14), 450 (Table 15),
451 (Tables 16 and 17)

ANL (see Argonne National
Laboratory)

Argonne National Laboratory
Ames test procedure for screening

coal fly ash, 436-437, 437
(Table 2)

if

1 J
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coal fly ash solvent extraction
methods for mutagenesis
testing, 434

Arteriosclerosis, incidence in
coronary arterioles after chronic
cigarette smoke inhalation by
rats, 529

Atomic absorption spectroseopy,
calibration curves for aluminum
analysis, 50-51, 53-54, 50 (Fig. 1)

Automatic Smoke Exposure Ma-
chine (SEM II) (see Smoke-
exposure machines

Azothioprine
effects on life span and spon-

taneous tumor incidence in
rats, 539-540, 544-548,
542 (Table 3)

effects on lung tumor incidence
in inbred 3 PuO2-exposed
rats, 543-548, 544 (Table 6)

effects on lung tumor incidence
in PuC>2-exposed rats,
541-548, 542 (Table 4)

Bacillus Calmette-Guerin
effects on life span and sponta-

neous tumor incidence in rats,
539-540, 544-548, 542
(Table 3)

effects on lung tumor incidence in
inbred PUO2-exposed rats,
543-548, 544 (Table 6)

effects on lung tumor incidence
in 2 3 9 PuO3 -exposed rats,
541-548, 542 (Table 4)

Batteile Mk HI Smoking Machine
(see Smoke-exposure machines)

BCG (see Bacillus Calmette-Guerin)
Beagles

See also Dogs
alveolar-arterial O2 exchange as

a function of pulmonary pa-
thology after acute inhalation of
144Ce or2 3 8Pu0 2 , 411, 416-
417, 411 (Fig. 2)

CO diffusing capacity and respi-
ratory frequency as a function
of pulmonary pathology after
acute inhalation of ' 4 Ce or
2 3 8PuO2 , 412-414, 416-417,
413 (Fig. 3)

2 3 8 ,

cumulative radiation dose to
lungs and tracheobronchial
lymph nodes as a function of
time after acute ' 44Ce inhala-
tion, 595-599, 594 (Table 1),
596 (Fig. 4)

lung compliance as a function
of pulmonary pathology after
acute inhalation of Ce or
2 3 8PuO2 , 414-417, 414
(Fig. 4)

lung tumor incidence by
histological type following
acute 239PuO2 inhalation,
604, 607 (Table 3)

Plutonium retention in lungs of
neonates after inhalation of
2 3 8 Pu nitrate, 2 38Pu oxide, or
2 3 9Pu oxide, 243, 246, 245
<F*g-6)

Pu nitrate distribution in
neonates after gavage or
inhalation, 239-240, 246,

,240 (Fig. 1)
* Pu nitrate distribution in

neonates after inhalation,
242, 246, 243 (Fig. 4)

2 3 8Pu oxide distribution in
neonates after gavage or
inhalation, 242-243, 245-246,
241 (Fig. 2)

Pu oxide distribution in
neonates after inhalation,
242, 245-246, 243 (Fig. 4)
9Pu02 clearance from lungs

after acute inhalation, 604,
605 (Fig. 1)

239PuO2 distribution in lungs
after acute nose-only inhalation,
experimental protocol, 249
9PuO2 distribution in lungs

as a function of time after
acute nose-only inhalation,
249-253, 250 (Figs. 1 and 2),
251 (Fig. 3), 252 (Fig. 4 and
Table 1), 254 (Fig. 5)

pulmonary carcinogenesis after
acute inhalation of 2 3 9PuO2,
experimental protocol, 602-604

pulmonary function and
pathology after acute inhalation
of ' 44Ce or 2 38PuO2, dose-

2 3 9 T

239,
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time-response relationships for,
404-406, 405 (Fig. 1)

pulmonary function as a function
of dose and time after acute
inhalation of ' 4 4 Ce or 2 3 8PuO2,
experimental protocol, 406-408,
405 (Fig. 1), 407 (Table 1)

pulmonary function loss as a
function of time after acute
inhalation of ' 4 4 Ce or 2 3 8 PuO2,
415-417, 415 (Fig. 5)

pulmonary pathology as a func-
tion of time after acute inhala-
tion of l 4 4Ce or 2 3 8PuO2 ,
408,412,416-417,409
(Table 2), 410 (Table 3),
412 (Table 4)

pulmonary tumor induction after
acute 239PuO2 inhalation,
latency period for, 604, 607
(Table 2)

radiation dose and dose rate in
lungs after acute 2 3 9 PuO2
inhalation, 604, 605 (Table 1)

radiation pneumonitis incidence
after ' Ce inhalation, dose-
time relationships for, 593,
594 (Fig. 1)

survival after ' 4 4 Ce inhalation,
dose—time-pathology relation-
ships for, 593, 594 (Fig. 1)

survival time as a function of dose
rate after acute 239PuO2 inhala-
tion, 604, 612, 606 (Fig. 2)

tumor incidence in mediastinum
after acute l 4 4Ce inhalation,
dose—time relationships for, 593-
595, 597-599, 594 (Table 1)

tumor incidence in selected
organs after ' 44Ce inhalation,
dose—time relationships for,
593, 594 (Fig. 1)

tumor incidence in tracheo-
bronchial lymph nodes after
acute 4 Ce inhalation, dose—
time relationships for, 593-595,
597-599, 594 (Table 1), 595
(Fig. 2)

tumor incidence in tracheo-
bronchial lymph nodes after
1 44Ce inhalation, experimental
protocol, 592-593

Behavioral toxicology, general over-
view, 221-223

Benzopyrene, synergistic effects on
incidence of 39PuO2-induced
lung tumors in rats, 518-519,
518 (Table 3)

Beryllium
body burden as a function of

time after inhalation of
BeCl2 aerosol by guinea pigs,
98,100-101,99 (Table 5),
100 (Fig. 3)

clearance from soft tissue after
inhalation of BeCl2 aerosol by
guinea pigs, 97-98,100-101, 94
(Table 2), 96 (Table 3)

deposition in carcass after inhala-
tion of BeCI2 aerosol by guinea
pigs, 92, 100-101, 93 (Table 1)

deposition in guinea pigs after
inhalation of BeCl2 aerosol, 92,
100-101, 93 (Table 1)

deposition in head region after
inhalation of BeCl2 aerosol by
guinea pigs, 92, 100-101, 93
(Table 1)

deposition in nasopharyngeal
region after inhalation of
BeCl2 aerosol by guinea pigs,
92, 100-101, 93 (Table 1)

deposition in soft tissues after
inhalation of BeCI2 aerosol by
guinea pigs, 92, 100-101, 93
(Table 1)

distribution in guinea pigs after
BeCl2 aerosol inhalation,
protocol for determining,
91-92

distribution within lungs of
guinea pigs after inhalation of
BeCl2 aerosol, 93-97, 100-101,
96 (Table 3), 97 (Table 4)

distribution in soft tissues of
guinea pigs after inhalation of
BeCl2 aerosol, 93-97, 100-101,
94 (Table 2), 96 (Table 3),
97 (Table 4)

excretion in guinea pigs after
inhalation of BeCI2 aerosol,
98,100-101, 99 (Table 5),
100 (Fig. 3)
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retention in guinea pigs after
inhalation of BeCU aerosol, 98,
100-101, 99 (Table 5), 100
(Fig. 3)

Beryllium chloride aerosols
inhalation by guinea pigs, beryl-

lium clearance from soft tissue
after, 97-98, 100-101, 94
(Table 2), 96 (Table 3)

inhalation by guinea pigs, beryl-
lium distribution after, 93-97,
100-101, 94 (Table 2), 96
(Table 3), 97 (Table 4)

inhalation by guinea pigs, body
burden, retention, and excretion
as a function of time after, 98,
100-101, 99 (Table 5), 100
(Fig. 3)

inhalation by guinea pigs, design
of nose-only exposure chamber
for, 89, 92, 98-100, 90 (Figs. 1
and 2)

inhalation by guinea pigs, intra-
pulmonary distribution after,
93-97, 100-101, 96 (Table 3),
97 (Table 4)

Biological adaptation, effects on
incidence and severity of dyspnea
in guinea pigs exposed to sulfuric
acid aerosols, 370-375, 374
(Fig. 3)

Biphenyl hydroxylase, activity in
mouse liver microsomes after
inhalation of coal combustion
effluents, 42-43, 45, 43 (Table 6)

Bladder, tumor incidence in rats
after chronic cigarette smoke
inhalation, 531-533, 534, 532
(Table 3)

Blood serum, analysis for FDP
content as indicator of pul-
monary response to inhaled
H2 SO4 mist in rats, 385

Body burden, 60Co, in man after
accidental inhalation, 165-167,
171-174,166 (Fig. 2a)

Bone marrow, growth of
monocyte macrophage CFU's
in vitro after acute inhalation
of coal fly ash or silica aerosol
by mice, 305, 309, 307 (Fig. 6)

Bone marrow cells
SCE incidence in rats as a func-

tion of age, 481, 482 (Fig. 1)
SCE incidence in rats after

radon inhalation, 481, 483-484,
483 (Fig. 3)

SCE incidence in rats after
whole-body neutron irradiation,
481-483, 483 (Fig. 2)

Bovine serum albumin, effects on
in vitro phagocytosis of

4 ' AmO2 particles by rabbit
alveolar macrophages, 329-330,
335-336, 330 (Fig. 2), 331 (Fig. 3)

Bronchi, response to H2 SO4 mist
inhalation in guinea pigs, man, and
rats, 131

Bronchiolitis, incidence in hamsters
after NO2 inhalation, biochemical
and cytological analyses of lavage
fluids to determine, 385, 388
(Figs. 5 and 6)

Bronchoalveolar carcinomas
effects on survival time of rats

as a function of radiation dose,
515-518, 516 (Fig. 14), 517
(Fig. 15 and Table 2)

histology and growth patterns,
500-502, 501 (Fig. 2)

incidence as a function of
radiation dose, 515, 515 (Fig. 13)

morphology, 502, 503 (Table 1),
504 (Fig. 3)

ultrastructure of similar tumors
in rats, 505-507, 507 (Fig. 6),
508 (Fig. 7)

Bronchoconstriction, response to
H2 SO4 mist inhalation in guinea
pigs, man, and rats, 131

Bronchogenic adenocarcinomas,
morphology, 502-503, 503
(Table 1), 504 (Fig. 3), 505
(Fig. 4)

Bronchogenic carcinomas
effects on survival time of rats as a

function of radiation dose, 515-
518, 516 (Fig. 14), 517 (Fig. 15
and Table 2)

incidence as a function of radia-
tion dose, 515, 515 (Fig. 13)
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pathogenesis, role of adenomatous
bronchiolization in, 503-505,
506 (Fig. 5)

Brownian diffusion
role in deposition of inhaled

aerosols, 14,14 (Fig. 7)

Cadmium
effects on activity of lysosomal

acid phosphatase in rat alveolar
macrophages in vitro, 275-276,
276 (Table 6)

effects on hexose monophosphate
shunt activity in rat alveolar
macrophages in vitro, 274, 274
(Table 4)

effects on lysosomal stability in
rat alveolar macrophages in
vitro, 275-276, 276 (Table 7)

effects on membrane integrity of
rat alveolar macrophages in
vitro, 270-271, 271 (Table 1)

effects on oxygen consumption
of rat alveolar macrophages in
vitro, 271-273, 272 (Table 2)

effects on phagocytic activity of
rat alveolar macrophages in
vitro, 274-275, 275 (Table 5)

effects on rat alveolar macrophages
in vitro, experimental protocol,
268-270

effects on release of superoxide
anions by rat alveolar macro-
phages in vitro, 273-274, 273
(Table 3)

Cadmium chAovide
effects on hamster lungs after

inhalation biochemical and
cytological analysis of lavage
fluid to determine, 381-384,
382 (Table 1), 383 (Fig. 2),
384 (Fig. 3), 386 (Fig. 4)

effects on lungs, correlation be-
tween type of acute injury
produced and lavage fluid
profile, 385-389, 389 (Table 2)

Calcium, concentration in
individual coal fly ash particles,
58-60, 60 (Table 1)

Carbon monoxide, concentration in
fluidized-bed coal combustor
effluents, 38, 39 (Table 3)

Carbon monoxide diffusing
capacity, alterations as a function
of pulmonary pathology after
acute inhalation of ' 4 Ce or
238PuO2 by beagles, 412-414,
416-417, 413 (Fig. 3a)

Carcass
beryllium deposition after inhala-

tion of Bed2 aerosol by guinea
pigs, 92,100-101, 93 (Table 1)

clearance of inhaled TI1O2 particles
in mice, 111-112,114-115,113
(Fig. 5)

Plutonium kinetics in neonatal
beagles after inhalation of 2 38Pu
as nitrate or oxide, 242, 246,
243 (Fig. 4)

Plutonium kinetics in neonatal
swine after inhalation of oxide
of 238Pu or 2 39Pu, 242, 246,
243 (Fig. 5)

Pu content as a function of
time after 2 38PuO2 inhalation by
hamsters, 567-570, 569 (Fig. 9),
570 (Table 1)

2 3 8
Pu retention after inhalation as

oxide dust by hamsters, 564,
567 (Fig. 7)

ThOi content after inhalation by
mice, 105,112-114, 106
(Table 1)

Carcinogens, mechanisms of
induction of sister chrotnatid
exchanges, 482-484

Carcinomas
histological appearance in

beagle and rat lungs, 604-610,
608 (Fig. 4), 609 (Figs. 5 and 6),
611 (Fig. 7)

incidence in hamster lungs after
intratracheal instillation of
2 ' °Po solution, 583, 586,
580 (Table 1)

incidence in hamster lungs after
intravenous injection of
23S-239PuO2-ZrO2
microspheres, 582-588, 580
(Table 1), 583 (Table 4), 585
(Table 5)

incidence by histological type in
beagle and rat lungs after acute
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2 3 9 P u O 2 inhalation, 604, 607
(Table 3)

incidence in radionuclide-exposed
hamster lungs, experimental
protocol, 576-579, 582 (Table 3)

incidence in rat lungs as a func-
tion of inhaled radon dose,
potentiating effects of cigarette
smoke inhalation, 555-556, 554
(Table 1)

incidence in rat lungs after inhala-
tion of radon and cigarette
smoke, experimental protocol,
552-553

incidence in rats after chronic
cigarette smoke inhalation,
531-534, 532 (Table 3)

Cardiolipin, content of rabbit lung
lavage fluid after chronic inhalation
of nickel dust, 363-364, 363
(Table 3)

Cell count, differential
determination in lung lavage fluid

as indicator of pulmonary re-
sponse to inhaled CdCl2 or
CrCI3 in hamsters, 381-384,
382 (Table 1), 384 (Fig. 3)

determination in lung lavage
fluids as indicator of pulmonary
response to inhaled NO2 in
hamsters, 385, 388 (Figs. 5
and 6)

Cell flow systems, use to determine
response of respiratory tract cell
to raw shale, spent shale, or
silica exposures, 256-257, 262-
265

Cell-mediated immunity, in vitro
assay methods, 488-492

Cell membranes
integrity of rat alveolar

macrophages in vitro, effects
of metallic ions on, 270-271,
271 (Table 1)

protein changes in rabbit alveolar
macrophages after in vitro ex-
posure to coal or oil fly ash,
experimental protocol, 290-291

Cell proliferation, in cultured CHO
cells after chronic alpha irradia-
tion, dose rate dependence, 471,
474-476,471 (Fig. 2)

Cerium-144
cumulative radiation dose to lungs

and tracheobronchial lymph
nodes after acute inhalation by
beagles, 595-599, 594 (Table 1),
596 (Fig. 4)

effects on alveolar-arterial O2 ex-
change as a function of pulmo-
nary pathology after acute
inhalation by beagles, 411,
416-417, 411 (Fig. 2)

effects on CO diffusing capacity
and respiratory frequency as a
function of pulmonary pathol-
ogy after acute inhalation by
beagles, 412-414, 416-417,
413 (Fig. 3)

effects on incidence and severity
of pulmonary pathology as a
function of time after acute inha-
lation by beagles, 408, 412, 416-
417, 409 (Table 2), 412 (Table 4)

effects on incidence of pneu-
monitis and lung tumors in
beagles after inhalation, dose -
time relationships for, 593,
594 (Fig. 1)

effects on lung compliance as a
function of pulmonary pa-
thology afler acute inhalation
by beagles, 414-417, 414
(Fig. 4)

effects on pulmonary function
as a function of dose and time
after acute inhalation by
beagles, experimental protocol,
406-408, 405 (Fig. 1), 407
(Table 1)

effects on pulmonary function
as a function of time after
acute inhalation by beagles,
415-417,415 (Fig. 5)

effects on pulmonary function in
beagles after acute inhalation,
dose—time—response relations
for, 404-406, 405 (Fig. 1)

effects on survival of beagles
after inhalation, dose—time-
pathology relationships for,
593, 594 (Fig. 1)
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effects on tracheobronchial
lymph nodes after inhalation
by beagles, experimental
protocol, 592-593

effects on tracheobronchial
lymph nodes of beagles after
acute inhalation, dose—time
relationships for neoplastic,
593-595, 597-599, 594
(Table 1), 595 (Fig. 2)

effects on tumor incidence in
tracheobronchial lymph nodes
and other organs of beagles
after inhalation, dose—time
relationships for, 593, 594
(Fig. 1)

CFU (see Colony-forming units)
Chemiluminescence, generation by

rat alveolar macrophages in vitro,
effects of metallic ions on, 273-
274, 273 (Table 3)

Chest
6 0 Co content in man after ac-

cidental inhalation, 162-163,
165-167, 169-171, 174, 163
(Fig. 1), 166 (Fig. 2b), 170
(Fig. 5a)

5 4Mn content in man after
accidental inhalation, 162-163,
167-171,175, 163 (Fig. 1),
169 (Fig. 4), 170 (Fig. 5b)

Chinese hamster ovary cells (see
CHO cells)

Chlorosulfonic acid, effects on
adhesion of rabbit alveolar
macrophages to walls of tissue
culture flasks, 330-331, 332
(Fig. 4)

CHO cells
mutation frequency after

alpha irradiation, dose—
response relationships, 471-472,
474-476, 473 (Fig. 4),
474 (Fig. 5)

proliferation and survival in
culture after chronic alpha ir-
radiation, dose dependence,
471, 474-476, 471 (Fig. 2),
472 (Fig. 3)

SCE incidence in cultures after
chronic alpha irradiation,
472, 475, 473 (Table 1)

use in dose—response studies of
cytogenetic and mutagenic
effects of alpha sources,
experimental protocol, 468-470

Cholesterol, content of rabbit
lung tissues and lavage fluids after
chronic inhalation of nickel dust,
361-363, 363-365, 362 (Table 2)

Chromium
effects on hexose monophosphate

shunt activity in rat alveolar
macrophages in vitro, 274, 274
(Table 4)

effects on membrane integrity of
rat alveolar macrophages in
vitro, 270-271, 271 (Table 1)

effects on oxygen consumption
of rat alveolar macrophages in
vitro, 271-273, 272 (Table 2)

effects on phagocytic activity
of rat alveolar macrophages in
vitro, 274-275, 275 (Table 5)

effects on rat alveolar macro-
phages in vitro, experimental
protocol, 268-270

effects on release of superoxide
anions by rat alveolar macro-
phages in vitro, 273-274, 273
(Table 3)

Chromium-51 oxide
lung clearance in NO2 -exposed

mice, experimental protocol,
135-137

lung clearance in NO2 -exposed
mice as a function of dose and
time after NO2 inhalation,
140-142, 145-147, 144 (Fig. 5)

lung clearance in NO2 -exposed
mice in relation to extent and
type of lung injury, 142-147,
145 (Fig. 6)

Chromium chloride
effects on hamster lungs after

inhalation, biochemical and
cytological analysis of lavage
fluid to determine, 381-384,
382 (Table 1)

effects on lungs, correlation be-
tween type of acute injury
produced and lavage fluid
profile, 385-389, 389 (Table 2)
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Chromium dusts, effects on
alveolar macrophages after
inhalation by rabbits, 320-321

Chromosomal aberrations
dose—response studies for alpha

particles in procaryotes and
eucaryotes, experimental
protocol, 470

incidence in cultured LNHj 3
cells after chronic alpha ir-
radiation, dose—response
relationships, 472-475, 475
(Fig. 6)

Cigarette smoke
aerosol particle size, 178-180
cocarcinogenic effects on lungs

of radon-exposed rats as a
function of inhaled radon dose,
555-556, 554 (Table 1)

cocarcinogenic effects on rat
lungs previously exposed to
radon, experimental protocol,
552-553

effects on body and lung weights
in rats, 424-426, 425 (Table 1)

effects on body weight of rats
during chronic inhalation,
527-528, 528 (Fig. 2)

effects on FRC and lung com-
pliance values in rats, 426-429,
427 (Table 2)

effects on heart after chronic
inhalation by rats, 529

effects on incidence of neoplastic
changes in rats after chronic
inhalation, 531-534, 532
(Table 3)

effects on incidence of non-
neoplastic changes in respiratory
tract of rats after chronic
inhalation, 529-531, 533, 530
(Table 2)

effects on lung compliance values in
rats after in vitro exposure, 426-
429, 427 (Table 3)

effects on residual volume of rat
lungs after in vitro exposure,
426-428, 427 (Table 3)

effects on survival time of rats
after chronic inhalation, 528-
529, 533, 529 (Fig. 3)

effects on total lung capacity in
rats after in vitro exposure,
426-428, 427 (Table 3)

generation in smoke exposure
machines, 178-184, 179
(Fig. la), 180 (Fig. lb), 181
(Fig. 2), 182 (Fig. 3), 183
(Fig. 4)

lifetime exposure studies in rats,
exposure protocol, 525

mutagenic activity as deter-
mined by Ames test, experi-
mental protocol, 454-457,
456 (Table 1)

mutagenic activity in Ames test,
initial screening, 457-465, 458
(Fig. 1)

mutagenic activity in Ames test,
interlaboratory comparison,
460, 463, 461 (Fig. 3)

mutagenic activity in Ames test
using nitroreductase-deficient
strain, 460-461, 464, 462
(Fig. 4)

TPM dosimetry in SEM II and
Walton smoke-exposure
machines, 185-186

Cigarettes, Kentucky reference
2A1, use in TPM dosimetry and
deposition studies, 185-186

Cilia, matting in rat tracheal
epithelium after inhalation of
H2SO4 mist, 126-127, 127
(Fig. 3a), 128 (Fig. 3b), 129
(Fig. 3c)

Citrates, binding of Pu in blood
and urine, effects on Pu trans-
port, 211-213, 212 (Table 1)

Clara cell adenocarcinomas,
ultrastructure, 509, 513 (Fig. 1)

Clearance, definition in relation
to inhaled aerosols, 11-12

Coal combustion effluents
analysis of particulate com-

ponents for elemental composi-
tion and particle size distribution,
35-36

collection from experimental,
process-development-scale,
atmospheric pressure fluidized-
bed coal combustor for mam-
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malian mutagenicity and toxicity
studies, 30

concentrations of particulate and
gaseous components in sam-
ples taken from atmospheric
effects simulator, 38, 44, 39
(Table 3)

determination of biological and
mutagenic effects, experi-
mental protocol, 36-37

effects on alveolar macrophage
function in mice after inhala-
tion, 41, 44, 40 (Table 4)

effects on liver microsomal
biphenyl hydroxylase activity
after inhalation by mice, 42-
43, 45, 43 (Table 6)

effects on selected organs in
exposed mice, 39, 41-42, 44-45,
40 (Pig. 7), 42 (Fig. 8)

effects on spleen stem-cell count
after inhalation by mice, 41,
44,41 (Table 5)

mutagenicity of particulate
components as measured by
the Ames test, 43, 45, 43
(Table 7)

Coal fly ash

Ames test procedures at ANL,
ITRI, and LEHR, 436-442,
437 (Table 2), 439 (Table 3),
442 (Table 4)

Ames test results for ANL
sample extracted with DMSO,
442-444, 448-449, 443
(Table 7)

Ames test results for ANL
samples, effects of extraction
method, sample source, and
strain sensitivity on compara-
tive, 444-449, 445 (Table 10),
446 (Table 11), 451 (Tables 16
and 17)

Ames test results for ITRI
sample extracted with MeCI2 ,
442-444, 448-449, 444
(Table 8)

Ames test results for ITRI
samples, effects of extraction
method, sample source, and
strain sensitivity on com-
parative, 444, 447-449, 447

(Table 12), 448 (Table 13),
451 (Tables 16 and 17)

Ames test results for LEHR
sample extracted with benzene—
methanol, 442-444, 448-449,
445 (Table 9)

Ames test results for LEHR sam-
ples, effects of extraction
method, sample source, and
strain sensitivity on compara-
tive, 444, 447, 449 (Table 14),
450 (Table 15), 451 (Tables 16
and 17)

analysis for elemental composi-
tion and particle size distribu-
tion, 35-36

deposition in lungs after chronic
inhalation by rats, 51, 53, 55,
51 (Table 1)

effects on alveolar macrophage
colony growth after acute
inhalation by mice, 305, 309,
307 (Fig. 5)

effects on body weight and lung
DNA and water contents after
chronic inhalation by rats,
52, 54, 52 (Table 2)

effects on electrophoretic
profiles of membrane proteins
from rabbit alveolar macro-
phages exposed in vitro, 293,
294 (Fig. 3)

effects on glycoprotein content
of tracheal explants after
chronic inhalation by rats,
52-55, 53 (Table 3)

effects on glycoprotein secretion
rates in tracheal explants after
chronic inhalation by rats,
52-55, 53 (Table 3)

effects on growth of bone
marrow and spleen macrophage
CFU's after acute inhalation by
mice, 305, 309, 307 (Fig. 6)

effects on membrane proteins
of rabbit alveolar macrophages
in vitro, experimental protocol,
290-291

effects on mouse alveolar macro-
phage function, experimental
protocol, 280-283, 282 (Fig. 1)
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Coal fly ash (continued)
effects on phagocytic activity of

alveolar macrophages after
acute inhalation by mice,
303-305, 308-309, 305 (Fig. 3)

effects on phagocytic activity of
mouse alveolar macrophages
after inhalation, 284-287,
286 (Table 3)

effects on viability and attach-
ment of alveolar macrophages
in vitro after inhalation by
mice, 305-308

effects on viability and phago-
cytic activity of alveolar macro-
phages after inhalation by mice,
experimental protocol, 300-
303, 301 (Fig. 1), 302 (Table 1),
304 (Fig. 2)

electron micrographic appearance,
300, 301 (Fig. lb)

elemental analysis, 300, 302
(Table 1)

elemental analysis by emission and
atomic absorption spectroscopy,
37, 44, 37 (Tables 1 and 2)

elemental analysis of individual
particles, 58-60, 60 (Table 1)

identification within alveolar
macrophages by SEM using
freeze-drying and ethanol cryo-
fracture techniques, 63-64

inhalation by rats, aluminum
content of lungs after chronic,
51, 51 (Table 1)

morphological and elemental
analysis techniques using SEM
and X-ray spectroscopy, 57-58

morphological and elemental
analysis using frozen-hydrated
specimen technique with SEM
and X-ray spectroscopy, 61-63

morphological classification of
individual particles, 58-60

mutagenesis test procedures for
interlaboratory comparison,
433-434

mutagenicity as measured by
the Ames test, 43, 45, 43
(Table 7)

nonuniform toxic element con-
centration in individual

particles, effects on long-term
hazards to alveolar macrophages,
60-61

particle size and shape as deter-
mined by SEM, 38, 44, 38 (Fig. 6)

phagocytosis by alveolar macro-
phages as a function of time after
inhalation by mice, 283-284,
284 (Table 1), 285 (Fig. 2b),
286 (Table 2)

phagocytosis by mouse alveolar
macrophages in vitro, 305,
306 (Fig. 4a)

quantification in rat lungs after
inhalation, experimental
protocol, 48-50

solvent extraction methods for
mutagenesis testing at ANL,
ITRI, and LEHR, 434-436,
435 (Table 1)

Coal liquefaction distillate
effects on activity of acid

phosphatase and glucose-6-
phosphate dehydrogenase in
lavage fluid from rats after
intratracheal instillation,
342-343, 353-354, 344
(Table 3)

effects on rat lungs after intra-
tracheal instillation, gross
pathology, 343-344, 351-353

effects on rat lungs after
multiple intratracheal instil-
lations, histopathology, 347-
351, 353

effects on rat lungs after single
intratracheal instillation,
histopathology, 344-347, 351-
353, 345 (Table 4), 346
(Fig. 2b), 347 (Fig. 3), 348
(Fig. 4), 349 (Fig. 5), 350,
(Figs. 6b, 6c, and 6d), 352
(Fig. 7)

effects on thymidine incorpora-
tion into pulmonary DNA after
intratracheal instillation in rats,
342, 343 (Table 2)

flow diagram of neutral frac-
tions, 339, 340 (Fig. 1)

fractions used in pulmonary
toxicity studies, 340, 341
(Table 1)
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pulmonary toxicity in rats,
experimental protocol for
determining, 339-342, 340
(Fig. 1), 341 (Table 1)

Cobalt-60
body burden in man after

accidental inhalation, 165-167,
171-174, 166 (Fig. 2a)

content of human abdomen after
accidental inhalation, 167-171,
175, 168 (Figs. 3a and 3b),
170 (Fig. 5a)

content of human chest after
accidental inhalation, 162-163,
165-167,169-171,174,163
(Fig. 1), 166 (Fig. 2b), 170
(Fig. 5a)

effective hall-life in man after
accidental inhalation, 171-175

excretion in man after accidental
inhalation, 171, 172 (Figs. 6a
and 6b), 174 (Fig. 8)

Cobalt dusts, effects on alveolar
macrophages after inhalation
by rabbits, 320-321

Collagen, content of lung extracts
after inhalation of 3< PuO;
aerosol by rats, 396-401, 400
(Table 5), 401 (Tables 6 and 7)

Colony-forming units (CFU's)
appearance in culture, 488, 490

(Figs. 3 and 4), 491 (Figs. 5
and 6)

bone marrow and spleen mono-
cytic macrophage, growth in
vitro after acute inhalation of
coal fly ash or silica aerosol by
mice, 305, 309, 307 (Fig. 6)

count after inhalation of coal
combustion effluents by mice,
spleen, 41 , 44, 41 (Table 5)

in vitro assay methods, 488,
489 (Fig. 2)

response to selenium or zinc
in vitro, dose—response
relationships, 494-496, 495
(Fig- 7)

response to selenium or zinc in
vitro, experimental protocol,
492-494

Cortisol
effects on life span and spon-

taneous tumor incidence in rats,
539-540, 544-548, 542
(Table 3)

effects on lung tumor incidence
in 239PuC>2 -exposed rats, 541-
548, 542 (Table 4)

Curium-244
binding by citrates in urine,

effects on 2 4 4 C m O 2 mobility,
213

binding by serum proteins in
blood, effects on 2 4 4 C m O 3

mobility, 213
content of urine in relation to

systemic burdens, sources of
error, 218-219

excretion in urine, effects of
DTPA, 214

lung clearance after pulmonary
intubation of oxide in rats,
factors affecting, 216-213

translocation from lungs to blood
and urine after pulmonary
intubation in rats, 213-214,
212 (Table 1)

Curium-244 oxide
kinetics in rats after pulmonary

intubation, experimental
protocol, 209-211

lung clearance of inhaled,
23-24, 24 (Table 3)

physicochemical instability in
lungs after pulmonary intuba-
tion, effects on clearance rale,
213, 212 (Table 1)

Daughter products (see Decay prod-
ucts)

Decay products
lung clearance kinetics after inha-

lation of 2 3 2 U, mathematical
model and mechanisms for, 196-
199, 196 (Table 1), 206 (Tabie 7)

recoil emanations from inhaled
2 3 2XJ, role in calculating dose
commitments to internal organs,
199-201, 207, 200 (Table 2),
206 (Table 7)

Deoxyribonucleic acid (see DNA)
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Deposition
definition in relation to inhaled

aerosols, 11-12
mechanisms for inhaled aerosols,

13-14, 14 (Fig. 7)
Dermis, tumor incidence in rats after

chronic cigarette smoke inhalation,
531-534, 532 (Table 3)

Diesel-engine exhaust particles
mutagenic activity in Ames test,

initial screening, 457-465, 458
(Fig. 1)

mutagenic activity in Ames test
using nitroreductase-deficient
strains, 460-461, 464, 462
(Fig. 4)

mutagenic activity as determined
by the Ames test, experimental
protocol, 454-457, 456 (Table 1)

Diethylenetriaminepentaacetic acid
{see DTP A)

Diffusion chambers, use for in vivo
measurement of 238PuO2 particle
fragmentation rate, 571-572, 572
(Table 2)

Dissolution
See also Fragmentation
effects on lung clearance of in-

haled actinide oxides, 23-24, 24
(Table 3)

effects on lung clearance and reten-
tion of inhaled aerosols, 1 7-24,
23 (Table 2), 24 (Table 3)

DNA
content of hamster respiratory-

tract cells after intratracheal in-
jection of raw shale, spent shale,
or silica, 258-261, 259 (Fig. 2)

content of normal hamster respira-
tory-tract cells, 258, 258 (Fig. 1)

content of rat lungs after chronic
coal fly ash inhalation, 52, 54,
52 (Table 2)

thymidine incorporation in rat
lungs after instillation of coal
liquefaction distillate, 342, 343
(Table 2)

Dogs
See also Beagles
mucociliary clearance after inhala-

tion of H2SO4 mist, 128-131,
130 (Fig. 4)

Dose commitments
calculations for internal organs

from inhaled 232V, effects of
aerosol and particle parameters
and 2 20Rn diffusion coefficient
on, 201, 206-207, 202 (Table 3),
203 (Table 4), 204 (Table 5),
205 (Table 6), 206 (Table 7)

calculations for internal organs
from inhaled 2 3 2 U, role of
decay-product recoils in, 199-
201, 207, 200 (Table 2), 206
(Table 7)

to human organs from inhaled
2 3 2 U, effects of particle solu-
bility coefficient on, 206, 202
(Table 3), 203 (Table 4), 204
(Table 5), 205 (Table 6)

DTPA
effects on solubility of cell-free or

phagocytized 241AmO2 particles,
334-336, 334 (Fig. 6)

effects on urinary excretion of
2 4 lAmand 2 4 4Cm, 214

therapeutic effectiveness in cases of
actinide inhalation, effects of
actinide particle size on, 219-220

Dyspnea, incidence and severity in
guinea pigs exposed to su If uric acid
aerosols, effects of strain and pre-
exposure history, 370-375, 374
(Fig. 3)

Effective half-life
6 °Co, in man after accidental inha-

lation, 171-175
s4Mn, in man after accidental

inhalation, 171-175
Electrophoresis

profiles of membrane proteins in
alveolar macrophages exposed
in vitro to polystyrene particles,
294-295, 296 iF;«s. 5 and 6)

profiles of membrane proteins in
rabbit alveolar macrophages ex-
posed in vitro to coal fly ash,
293, 294 (Fig. 3)

profiles of membrane proteins in
rabbit alveolar macrophages ex-
posed in vitro to oil fly ash, 293-
294, 294 (Fig. 4)
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Electrostatic attraction, role in depo-
sition of inhaled aerosols, 13, 14
(Fig. 7)

Epidermis, tumor incidence in rats
after chronic cigarette smoke in-
halation, 531-534, 532 (Table 3)

Epidermoid carcinomas, morphology
of pulmonary, 502, 503 (Table 1),
504 (Fig. 3)

Epithelial cells, count in hamster
respiratory tract after intratracheal
injection of raw shale, spent shale,
or silica, 261-262, 263 (Fig. 4b),
264 (Figs. 4c and 4d)

Epithelium
cilial matting in rat trachea after

inhalation of H2SC>4 mist, 126-
127, 127 (Fig. 3a), 128 (Fig. 3b),
129 (Fig. 3c)

incidence of hyperplastic and
metaplastic changes in respira-
tory tract of rats after chronic
cigarette smoke inhalation, 529-
531, 533, 530 (Table 2)

Esophagus, beryllium content after
inhalation of BeCI2 aerosol by
guinea pigs, 93, 100-101, 94
(Table 2)

Exponential clearance models (see
Mathematical models)

Exposure chambers
See also Smoke-exposure machines
design for mammalian mutagenicity

and toxicity studies with fluid-
ized-bed coal combustion efflu-
ents, 30-35, 31 (Fig. 1), 32
(Fig. 2), 33 (Fig. 3), 33 (Fig. 4),
34 (Fig. 5)

design for nose-only exposure of
guinea pigs, 89, 92, 98-100, 90
(Fig. 1), 90 (Fig. 2)

FDP (see Fibrin degradation prod-
ucts)

Feces
6 ° Co content in man after acci-

dental inhalation, 171, 172
(Fig. 6a), 174 (Fig. 8)

54Mn content in man after acci-
dental inhalation, 171, 173
(Fig. 7a), 174 (Fig. 8)

Fibrin degradation products, con-
tent of blood serum as indicator
of pulmonary response to inhaled
H2SO4 mist in rats, 385

Fibrosis
incidence in lungs of rats after

chronic inhalation of cigarette
smoke, 529-531, 533, 530
(Table 2)

incidence in rat heart after chronic
cigarette smoke inhalation, 529

Flow-cylometric techniques (see Cell
flow systems)

Fly ash (see Coal fly ash or Oil fly
ash)

Fragmentation
See also Dissolution
effects on lung clearance and re-

tention of inhaled aerosols,
19-20, 23, 24 (Table 3)

rate of inhaled 2 '1sPu02 particles
in hamster lungs, effects on
2 3 8Pu translocation from lungs,
570-571 571 (Fig. 10)

rate of 2 3 PuO2 particles in
in vivo diffusion chambers, 571-
572, 572 (Table 2)

FRC (see Functional residual
capacity)

Functional residual capacity (FRC)
measurement by nitrogen washout

technique, 422-423, 422 (Fig. 1)
values in rats exposed to cigarette

smoke, 4 26, 427 (Table 2)

G6PDH (see Glucose-6P-dehydroge-
nase)

Gasoline-engine exhaust particles
mutagenic activity as determined

by the Ames test, experimental
protocol, 454-457, 456 (Table 1)

mutagenic activity in Ames test,
initial screening, 457-465, 458
(Fig. 1)

Gastrointestinal tract
beryllium clearance after inhalation

of BeCl2 aerosol by guinea pigs,
97-98, 100-101, 94 (Table 2)

beryllium content after inhalation
of BeCI; aerosol by guinea pigs,
93, 100-101, 94 (Table 2)
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clearance of inhaled TI1O2 particles
in mice, 110-111, 114-115, 112
(Fig- 4)

Plutonium kinetics in neonatal
beagles after inhalation of 2 1 8 P u
as nitrate or oxide, 242, 246,
243 (Pig. 4)

Plutonium kinetics in neonatal
beagles and swine after gavage
or inhalation of 2" 8Pu as nitrate
or oxide, 239-241, 246, 240
(Fig. 1), 241 (Fig. 2)

Plutonium kinetics in neonatal
swine after gavage or inhalation
of 2 VJPu oxide, 241, 246, 242
(Fig- 3)

Plutonium kinetics in neonatal
swine after inhalation of oxide
of 2 3 8Pu or 2 ' "Pu, 242-243,
246, 244 (Fig. 5)

ThO2 content after inhalation by
mice, 105, 112-114, 106
(Table 1)

Genetic variability, effects on inci-
dence and severity of dyspnea in
guinea pig strains exposed to sul-
furic acid aerosols, 370-375, 374
(Fig.3)

Genotype, effects on lung tumor
incidence in 2 3 9PuO2 -exposed
rats, experimental protocol, 537-
539, 540 (Table 1), 541 (Table 2)

Glucose-6P-dehydrogenase
activity in lung lavage fluid after

intratracheal instillation of coal
liquefaction distillate in rats,
342-343, 353-354, 344 (Table 3)

analysis in lung lavage fluid as in-
dicator of pulmonary response
to inhaled CdCl2 or CrCI3 in
hamsters, 381-384, 382
(Table 1)

(3-Glucuronidase, analysis in lung
lavage fluid as indicator of pul-
monary response to inhaled
CdCl2 or CrCl3 in hamsters, 381-
384,382 (Table 1)

Glutathione reductase, activity in
lung lavage fluids as indicator of
pulmonary response to inhaled
NO2 in hamsters, 385, 388
(Fig. 5)

Glycoproteins
content of tracheal explants after

chronic coal fly ash inhalation
by rats, 52-55, 53 (Table 3)

secretion rates in tracheal explants
after chronic coal fly ash inhala-
tion by rats, 52-55, 53 (Table 3)

Gravitational settling, role in deposi-
tion of inhaled aerosols, 14, 14
(F'g- 7)

Guinea pigs
beryllium body burden as a func-

tion of time after inhalation of
BeCI2 aerosol, 98, 100-101,
99 (Table 5), 100 (Fig. 3)

BeCl2 aerosol inhalation, design
of nose-only exposure chamber
for, 89, 92, 98-100, 90 (Fig. 1),
90 (Fig. 2)

beryllium clearance from soft
tissue after inhalation of BeCl2
aerosol, 97-98, 100-101, 94
(Table 2), 96 (Table 3)

beryllium deposition after inhala-
tion of BeCl2 aerosol, 92, 100-
101, 93 (Table 1)

beryllium distribution after inhala-
tion of BeCl2 aerosol, 93-97, 100-
101, 94 (Table 2), 96 (Table 3),
97 (Table 4)

beryllium distribution within lungs
after inhalation of BeCi2 aerosol,
93-97, 100-101, 96 (Table 3),
97 (Table 4)

beryllium excretion after inhala-
tion of BeCl2 aerosol, 98, 100-
101, 99 (Table 5), 100 (Fig. 3)

beryllium retention after inhala-
tion of BeCI2 aerosol, 98, 100-
101, 99 (Table 5), 100 (Fig. 3)

bronchoconstrictive response to
H2SO4 mist inhalation, 131

mortality after H2 SO4 aerosol
inhalation, effects of aerosol
particle size, 371, 373-374,
373 (Fig. 2),

pulmonary function after H2 SO4
aerosol inhalation, 369-375,
372 (Fig. 1)
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pulmonary function after H2SO4
aerosol inhalation, effects of
strain and preexposure history,
370, 371-375, 374 (Fig. 3)

Gut content
Plutonium kinetics in neonatal

beagles and swine after gavage or
inhalation of 2 3 sPu as nitrate
or oxide, 239-241, 246, 240
(Fig. 1), 241 (Fig. 2)

Plutonium kinetics in neonatal
swine after gavage or inhalation
of 2 3 9 Pu oxide, 241, 246, 24 2
(Fig. 3)

Hamsters
deposition of inhaled aerosols in

respiratory tract, 16-17, 21
(Fig. 14)

DNA content of respiratory-tract
cells after intratracheal injection
of raw shale, spent shale, or
silica, 258-261, 259 (Fig. 2)

lung tumor incidence after expo-
sure to radionuclides, experimen-
tal protocol, 576-579, 582
(Table 3)

238Pu content of lungs, thoracic
lymph nodes, liver, and carcass
as a function of time after
238PuO2 inhalation, 567-570,
569 (Fig. 9), 570 (Table 1)

2 3 8Pu retention in lungs, lymph
nodes, and carcass after inhala-
tion as oxide dust, 564, 567
(Fig. 7)

Pu retention in lungs and
thoracic lymph nodes after pul-
monary intubation of PUO2,
564-567, 569 (Fig. 9)
^ Pu translocation from lungs as

a function of time after 238PuO2
inhalation, effects of fragmenta-
tion rate on, 570-571, 571 (Fig.
10)

238PuO2 clearance from lungs as
a function of dose after inhala-
tion, 561-562, 562 (Fig. 1), 563
(Fig. 2), 563 (Fig. 3), 564
(Fig. 4)

2 3 8 ,

2 3 8 ,

" 8PuC>2 clearance from respira-
tory tract after pulmonary intu-
bation, 564-567, 569 (Fig. 9)

pulmonary fibrosis incidence after
238PuO2 inhalation, 562-564,
565 (Fig. 5), 566 (Fig. 6), 568
(Fig. 8)

pulmonary response to inhaled
CdCl2 or CrCl3, biochemical and
cy tological analysis of lavage
fluids to determine, 381-384,
382 (Table 1), 383 (Fig. 2), 384
(Fig. 3), 386 (Fig. 4)

pulmonary response to inhaled
NOj, biochemical and cytologi-
cal analysis of lavage fluids to
determine, 385, 388 (Fig. 5),
388 (Fig. 6)

pulmonary response to Triton
X-100 exposure, measurement
of LDH content of lavage fluid
to determine, 380-381, 381

pulmonary retention of PuO2
after inhalation or pulmonary
intubation, experimental proto-
col, 559-5C1

respiratory macrophage, leuko-
cyte, and epithelial cell counts
after intratracheal injection of
raw shale, spent shale, or silica,
261-262, 263 (Fig. 4b), 264
(Figs. 4c and 4d)

respiratory tract cell count after
intratracheal injection of raw
shale, spent shale, or silica,
261-262, 262 (Fig. 3)

response of respiratory tract cells
to raw and spent oil shale and
silica after intratracheal admin-
istration, experimental protocol,
257

Head
beryllium deposition after inhala-

tion of BeCl2 aerosol by guinea
pigs, 92, 100-101, 93 (Table 1)

deposition of tobacco smoke par-
ticulates after acute cigarette
smoke inhalation by rats, 527,
533, 527 (Table 1)

ThO2 content after inhalation by
mice, 105, 112-114, 106 (Table 1)
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TPM deposition and concentration
in mice exposed on automatic
smoking machines, 187-190,
187 (Table 1), 188 (Table 2), 190
(Table 4)

Heart
arteriosclerotic changes after

chronic inhalation of cigarette
smoke by rats, 529

beryllium content after inhalation
of BeCl2 aerosol by guinea pigs,
93, 100-101, 94 (Table 2)

fibrotic changes after chronic
cigarette smoke inhalation by
rats, 529

Hemangiosarcomas
cytological characteristics in medi-

astinum and tracheo bronchial
lymph nodes of beagles, 595,
596 (Fig. 3)

histological appearance in rat lung,
610, 611 (Fig. 8)

incidence in beagle and rat lungs
after acute 23 PuC>2 inhalation,
604, 607 (Table 3)

incidence in tracheobronchial
lymph nodes after ' 44Ce inha-
lation by beagles, experimental
protocol, 592-593

Hematopoietic system, tumor inci-
dence in rats after chronic cigarette
smoke inhalation, 531-534, 532
(Table 3)

Heterodisperse aerosols (see Aero-
sols)

Hexosamine, content of proteins in
lung extracts after inhalation of
:39PuO2 aerosol by rats, 395,
396 (Table 3)

Hexose, content of proteins in lung
extracts after inhalation of
2 39Pu02 aerosol by rats, 395,
396 (Table 3)

Hexose monophosphate shunt, ac-
tivity in rat alveolar macrophages
in vitro, effects of metallic ions on,
274, 274 (Table 4)

H2SC>4 mists (see Sulfuric acid
aerosols)

Human lymphoblastic cells (See
LNH13 cells)

Hydrocarbons, concentration in
fluidized-bed coal combustor ef-
fluents, 38, 39 (Table 3)

Hydrocortisone (see Cortisol)
Hydroxyproline, content of lung ex-

tracts after inhalation of 2 3 9PuO2
aerosol by rats, 396-401, 400
(Table 5), 401 (Tables 6 and 7)

Hyperemia, incidence in mouse lungs
after inhalation of coal combus-
tion effluents, 39, 41-42, 44-45,
40 (Fig. 7)

Hyperplasia, incidence in respiratory
tract epithelium after chronic
cigarettt smoke inhalation by rats,
529-531, 533, 530 (Table 2)

Hypophysis, tumor incidence in rats
after chronic cigarette smoke inha-
lation, 531-534, 532 (Table 3)

ICRP Task Group on Lung Dy-
namics, calculated values for depo-
sition of inhaled aerosols in human
respirator tract, 14-15, 15 (Fig. 8)

Immunomodulation
effects on incidence of 2 3 y PuC>2 -

induced lung tumors in rats, 541-
548, 542 (Table 4), 543
(Table 5)

effects on life span and spontane-
ous tumor incidence in rats,
539-540, 544-548, 542 (Table 3)

effects on lung tumor incidence in
2 39PuC>2-exposed rats, experi-
mental protocol, 537-539, 540
(Table 1), 541 (Table 2)

effects on type, size, and invasive-
ness of 2 3 9 PuO2 -induced lung
tumors in inbred rats, 543-548,
544 (Table 6)

Impaction, role in deposition of in-
haled aerosols, 13-14, 14 (Fig. 7)

In vitro clonogenic assays
application to studies of cell-

mediated immunity, 488-492
use to determine immunotoxicity

of fossil-fuel effluents, 492, 494-
496

Inhalation toxicology, historical
overview, 616-623

Inhalation Toxicology Research
Institute (ITRI)
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Ames test procedure for screening
coal fly ash, 438, 439 (Table 3)

coal fly ash solvent extraction
methods for mutagenesis testing,
434-435

Inositol, content of rabbit lung
lavage fluid after chronic inhala-
tion of nickel dust, 363-364, 363
(Table 3)

Interception, role in deposition of
inhaled aerosols, 13, 14 (Fig. 7)

Iron
concentration in individual coal

fly-ash particles, 58-60, 60
(Table 1)

effects on hexose monophosphate
shunt activity in rat alveolar
macrophages in vitro, 274, 274
(Table 4)

effects on membrane integrity of
rat alveolar macrophages in vitro,
270-271, 271 (Table 1)

effects on oxygen consumption of
rat alveolar macrophages in vitro,
271-273, 272 (Table 2)

effects on rat alveolar macrophages
in vitro, experimental protocol,
268-270

effects on release of superoxide
anions by rat alveolar macro-
phages in vitro, 273-274, 273
(Table 3)

Iron dusts, effects on alveolar macro-
phages after inhalation by rabbits,
320-321

Iron oxide (Fe2 O3)
potentiating effects on microsphere

carcinogenesis in hamster lungs,
experimental protocol, 576-579,
581 (Table 2)

potentiating effects on tumori-
genicity of alpha-emitting micro-
spheres, 583-584, 587, 581
(Table 2)

ITRI (see Inhalation Toxicology
Research Institute)

Kidneys
beryllium content after inhalation

of BeCli aerosol by guinea pigs,
93, 100-101, 94 (Table 2)

dose commitment from inhaled
2 3 2 U, effects of particle solu-
bility coefficient on, 206, 202
(Table 3), 203 (Table 4), 204
(Table 5), 205 (Table 6)

dose commitment (50 years) from
inhaled 2 3 2 U, role of decay-
product recoil in calculating,
199-201, 207, 200 (Table 2), 206
(Table 7)

dose commitments from inhaled
2 3 2 U, effects of aerosol and
particle parameters and 2 20Rn
diffusion coefficient on, 201,
206-207, 202 (Table 3), 203
(Table 4), 204 (Table 5), 205
(Table 6), 206 (Table 7)

Laboratory for Energy-Related
Health Research (LEHR)

Ames test procedure for screening
coal fly ash, 439-442, 442
(Table 4)

coal fly ash solvent extraction
methods for mutagenesis testing,
435-436, 435 (Table 1)

Lactate dehydrogenase
activity in lung lavage fluids as

indicator of pulmonary response
to inhaled NO2 in hamsters, 385,

388 (Fig. 5)
analysis in lung lavage fluids as

indicator of pulmonary response
to inhaled CdCl2 or CrCl3 in
hamsters, 381-384, 382
(Table 1), 383 (Fig. 2)

content of lung lavage fluids in
relation to method of lavage,
389, 390 (Table 3)

content of pulmonary lavage fluid
in hamsters as indicator of
pulmonary response to Triton
X-100 exposure, 380-381, 381
(Fig. 1)

Lamellar bodies, incidence in lymph
node macrophages after chronic
inhalation of nickel dust by rabbits,
320, 322, 320 (Fig. 7)

Large-cell carcinomas, morphology
of pulmonary, 502, 503 (Table 1),
504 (Fig. 3)
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Larynx
deposition of tobacco smoke

particulates after acute cigarette
smoke inhalation by rats, 527,
533, 527 (Table 1)

incidence of hyperplastic and
metaplastic changes in epi-
thelium after chronic cigarette
smoke inhalation by rats, 529-
531, 533, 530 (Table 2)

TPM deposition and concentra-
tion in mice exposed in automatic
smoking machines, 187-190,
187 (Table 1), 188 (Table 2),
190 (Table 4)

Latency period, for pulmonary
carcinogenesis after acute 2 3 9Pu02
inhalation by beagles and rats,
604, 607 (Table 2)

Lavage fluids (see Pulmonary
lavage fluids)

LDH (see Lactate dehydrogenase)
Lead

effects on activity of lysosomal
acid phosphatase in rat alveolar
macrophages in vitro, 275-276,
276 (Table 6)

effects on hexose monophosphate
shunt activity in rat alveolar
macrophages in vitro, 274, 274
(Table 4)

effects on membrane integrity of
rat alveolar macrophages in vitro,
270-271, 271 (Table 1)

effects on oxygen consumption of
rat alveolar macrophages in vitro,
271-273, 272 (Table 2)

effects on rat alveolar macrophages
in vitro, experimental protocol,
268-270

effects on release of superoxide
anions by rat alveolar macro-
phages in vitro, 273-274, 273
(Table 3)

LEHR (see Laboratory for Energy-
Related Health Research)

Leukemia, incidence in rats after
chronic cigarette smoke inhala-
tion, 531-533, 534, 532 (Table 3)

Leukocytes, count in hamster
respiratory tract after intra-
tracheal injection of raw shale,

spent shale, or silica, 261-262,
263 (Fig. 4b), 264 (Figs. 4c and 4d)

life span, variations in rats as a
function of immunomodulation,
539-540, 544-548, 542 (Table 3)

Lipids
content of lungs in ALP in relation

to pulmonary response to nickel,
364-365

content of rabbit lung tissues and
lavage fluids after chronic inha-
lation of nickel dust, 361-365,
362 (Table 2)

Liver
activity of microsomal biphenyl

hydroxylase after inhalation of
coal combustion effluents by
mice, 42-43, 45, 43 (Table 6)

beryllium content after inhalation
of BeCl2 aerosol by guinea pigs,
93, 100-101, 94 (Table 2)

dose commitment from inhaled
2 3 2

U, effects of aerosol and
2 2 0 ,particle parameters and Rn

diffusion coefficient on, 201,
206-207, 202 (Table 3), 203
(Table 4), 204 (Table 5), 205
(Table 6), 206 (Table 7)

dose commitment from inhaled
2 3 2U, effects of particle solu-
bility coefficient on, 206, 202
(Table 3), 203 (Table 4), 204
(Table 5), 205 (Table 6)

dose commitment (50 years) from
inhaled 2 3 2U, role of decay-
product recoil in calculating,
199-201, 207, 200 (Table 2),
206 (Table 7)

plutonium kinetics in neonatal
beagles following inhalation of
2 3 8Pu as nitrate or oxide, 242,
246, 243 (Fig. 4)

plutonium kinetics in neonatal
beagles and swine after gavage
or inhalation of 38Pu as nitrate
or oxide, 239-241, 246, 240
(Fig. 1), 241 (Fig. 2)

plutonium kinetics in neonatal
swine following gavage or inha-
lation of 239Pu oxide, 241, 246,
242 (Fig. 3)
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plutonium kinetics in neonata!
swine following inhalation of
oxide of 2 3 8Pu or 239Pu, 242-
243, 246, 244 (Fig. 5)

2 3 8Pu content as a function of
time after 238PuO2 inhalation
by hamsters, 567-570, 569
(Fig. 9), 570 (Table 1)

LNH, 3 cells
incidence of chromosomal aberra-

tions after chronic alpha irradia-
tion, dose—response relationships,
472-475, 475 (Fig. 6)

use in dose—response studies of
cytogenetic and mutagenic
effects of alpha sources, experi-
mental protocol, 468-470

Lung cells (see Respiratory tract
cells)

Lung clearance
exponential clearance model for

inhaled particles, 156-157, 157
(Fig. 3), 158 (Table 2)

of inhaled ThO2 particles in mice,
110,114-115, 111 (Fig. 3)

kinetics of AmC>2 and C111O2,
factors affecting, 216-218

kinetics of PUO2, effects of
particle size on, 215-216

kinetics for 2 3 2 U and decay
products, mathematical model
and mechanisms for, 196-199,
196 (Table 1), 206 (Table 7)

measurements from deep lung
in man, experimental protocol,
151-153,152 (Table 1), 154
(Fig. 1)

mechanisms and factors affecting,
17-24, 23 (Table 2), 24 (Table 3)

plutonium kinetics in neonatal
beagles and swine after inhalation
of 238Pu nitrate, 238Pu oxide,
or 2 3 9Pu oxide, 243, 246, 245
(Fig. 6)

rate for s l Cr2 O3 in NO2 -exposed
mice in relation to extent and
type of pulmonary injury, 142-
147, 145 (Fig. 6)

rates for s ' Cr2 O3 in NO2 -exposed
mice as a function of dose and
time after NO2 inhalation, 140-
142, 145-147,144 (Fig, 5)

Lung clearance models (see
Mathematical models)

Lung compliance
dynamic changes as a function of

pulmonary pathology after acute
inhalation of 144Ce or 238PuO2
by beagles, 414-417, 414 (Fig. 4)

measuring methods in vitro, 423-
424, 424 (Fig. 2)

measuring methods in vivo, 422-
423, 422 (Fig. 1)

values for rat lungs exposed
in vitro to cigarette smoke,
426-428, 427 (Table 3)

values in rats exposed to cigarette
smoke, 426-428, 427 (Table 2)

Lung fluids, electrostatic reaction of
charged components with PuO2,
effects on Pu transport in blood,
211-213

Lung lavage fluids (see Pulmonary
lavage fluids)

Lungs
aluminum content after chronic

coal fly ash inhalation by rats,
51,51 (Table 1)

alveolar—arterial O2 exchange as a
function of pulmonary pathology
after acute inhalation of ' 44Ce
or 238PuO2 by beagles, 411,
416-417, 411 (Fig. 2)

alveolar macrophage size distribu-
tion after chronic inhalation of
nickel dust by rabbits, 314-315,
321-322, 314 (Fig. 1)

alveolar response to chronic nickel
dust inhalation by rabbits,
experimental protocol for
determining, 312-313

beryllium clearance after inhalation
of BeCl2 aerosol by guinea pigs,
97-98,100-101, 94 (Table 2),
96 (Table 3)

beryllium content after inhalation
of BeCl2 aerosol by guinea pigs,
93-97, 100-101, 94 (Table 2),
96 (Table 3), 97 (Table 4)

beryllium distribution after inhala-
tion of BeCl2 aerosol by guinea
pigs, 93-97,100-101,96
(Table 3), 97 (Table 4)
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Lungs (continued)
cholesterol content of tissues and

lavage fluids from rabbits after
chronic inhalation of nickel dust,
361-365, 362 (Table 2)

5 ' Cr2 O3 clearance as a function
of dose and time after NO2
inhalation by mice, 140-142,
145-147, 144 (Fig. 5)

51 &2O3 clearance in NO2 -exposed
mice in relation to extent and
type of pulmonary injury, 142-
147,145 (Fig. 6)

clearance of 2 4 ' Am and 2 4 4 Cm
after pulmonary intubation of
oxides in rats, factors affecting
216-218

clearance of polystyrene particles
after inhalation by man, ex-
ponential clearance model for,
156-157, 157 (Fig. 3), 158
(Table 2)

clearance of polystyrene particles
in man as a function of time
after inhalation, 154-156,155
(Fig. 2)

CO diffusing capacity and respira-
tory frequency as a function of
pulmonary pathology after acute
inhalation of I 4 4Ce or 238PuO2
by beagles, 412-414, 416-417,
413 (Fig. 3)

collagen content of extracts after
inhalation of I 39PuO2 aerosols
by rats, 396-401, 400 (Table 5),
401 (Tables 6 and 7)

compliance after in vitro exposure
to cigarette smoke, 426-428,
427 (Table 3)

connective tissue modifications
after inhalation of 239PuO2
aerosol by rats, experimental
protocol, 393-395, 394 (Table 1)

cumulative radiation dose as a
function of time after acute
inhalation of ' 44Ce by beagles,
595-599, 594 (Table 1), 596
(Fig. 4)

deposition of coal fly ash after
chronic inhalation by rats, 51,
53, 55, 51 (Table 1)

deposition of tobacco smoke
particulates after acute cigarette

smoke inhalation by rats, 527,
533, 527 (Table 1)

deposition of tobacco smoke
particulates in rats as a function
of smoke concentration and puff
duration, 525-527, 533, 526
(Fig. 1)

DNA and water contents after
chronic coal fly ash inhalation
by rats, 52, 54, 52 (Table 2)

dose commitment from inhaled
2 3 2 U, effects of aerosol and
particle parameters and 2 2 0Rn
diffusion coefficient on, 201,
206-207, 202 (Table 3), 203
(Table 4), 204 (Table 5), 205
(Table 6),206 (Table 7)

dose commitment from inhaled
2 3 2U, effects of particle solu-
bility coefficient on, 206, 202
(Table 3), 203 (Table 4), 204
(Table 5), 205 (Table 6)

dose commitment (50 years) from
inhaled 2 3 2U, role of decay-
product recoil in calculating,
199-201, 207, 200 (Table 2),
206 (Table 7)

dosimetry models for inhaled Pu,
effects of nonuniform spatial
and temporal distribution on,
253-255

dynamic compliance changes as a
function of pulmonary pathology
after acute inhalation of M 4 Ce
or 238PuO2 by beagles, 414-417,
414 (Fig. 4)

fibrosis incidence after 2 3 8PuO2
inhalation by hamsters, 562-
564, 565 (Fig. 5), 566 (Fig. 6),
568 (Fig. 8)

function and pathology after
acute inhalation of Ce or
238PuO2 by beagles, dose—time-
response relationships for, 404-
406, 405 (Fig. 1)

functional alterations as a function
of dose and time after acute
inhalation of ' 44Ce or 238PuO2
by beagles, experimental proto-
col, 406-408, 405 (Fig. 1),
407 (Table 1)
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Lungs (continued)
functional loss as a function of

time after acute inhalation of
1 4 4 Ceor 2 3 8 Pu0 2 by beagles,
415-417, 415 (Fig. 5)

hexose and hexosamine contents
of proteins in various extracts
after inhalation of 239PuOj
aerosol by rats, 395, 396
(Table 3)

histopathologic classification of
tumor types, 502

hydroxyproline content of extracts
after inhalation of 239PuO2
aerosol by rats, 396-401, 400
(Table 5), 401 (Tables 6 and 7)

incidence of carcinomas as a
function of inhaled radon dose
in rats, potentiating effects of
cigarette smoke inhalation,
555-556, 554 (Table 1)

incidence of carcinomas after
inhalation of radon and cigarette
smoke by rats, experimental
protocol, 552-553

incidence of hyperemia after
inhalation of coal combustion
effluents by mice, 39, 41-42,
44-45, 40 (Fig.7)

incidence of hyperplasia as a
function of dose and time after
NO2 inhalation by mice, 138-
140,145,138 (Fig. 1), 139
(Fig. 2a), 140 (Fig. 2b), 141
(Fig. 2c), 142 (Fig. 2d), 143
(Figs. 3 and 4)

incidence of hyper plastic, meta-
plastic, and fibrotic changes in
rats after chronic cigarette
smoke inhalation, 529-531, 533,
530 (Table 2)

incidence of radiation pneumonitis
in beagles after ' 44Ce inhalation,
dose—time relationships for,
593, 594 (Fig. 1)

lipid content in ALP, correlation
with pulmonary response to
nickel, 364-365

lipid content of tissues and lavage
fluids from rabbits after chronic
inhalation of nickel dust, 361-
365, 362 (Table 2)

lobar distribution of inhaled PuO2
and ThO2 in mice, effects of
AMAD, 108-110,112-114,
109 (Fig. 2)

migration of alveolar macrophages
to lymph nodes after chronic
inhalation of nickel dust by
rabbits, 322

morphological changes in alveolar
epithelium after chronic inhala-
tion of nickel dust by rabbits,
318-322

morphological classification of
epithelial tumors, 502, 503
(Table 1), 504 (Fig. 3)

morphology of alveolar macro-
phages after chronic inhalation
of nickel dust by rabbits, 315-
318, 321-322, 316 (Fig. 2), 317
(Fig. 3), 317 (Table 2), 318
(Fig. 4), 319 (Fig. 5)

morphology and phagocytic
activity of alveolar macrophages
after inhalation of chromium,
cobalt, or iron dusts by rabbits,
320-321

nickel uptake by alveolar macro-
phages after chronic inhalation
of nickel dust by rabbits, 318,
319 (Fig. 6)

nonuniform Am distribution
in sub pleura I regions, detector
response to, 233, 233 (Fig. 4)

nonimifortn 2 4 1 Am and Pu distri-
butions in tracheobronchial
region, detector response to,
233-234, 234 (Fig. 5)

nonuniform Pu distribution as a
function of time postexposures
detector response error proba-
bility for, 234-235, 235 (Table 4)

nonuniform Pu distribution in
subpleural regions, Phoswich
detector responses to, 232-233,
232 (Fig. 3)

particle clearance and retention
mechanisms and factors affecting,
17-24, 23 (Table 2), 24 (Table 3)

pathological changes as a function
of time after acute inhalation of
144Ce or 23BPuO2 by beagles,
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Lungs (continued)
408, 412, 416-417, 409 (Table
2), 410 (Table 3), 412 (Table 4)

pathological response to instillation
of coal liquefaction distillate by
rats, experimental protocol, 339-
342, 340 (Fig. 1), 341 (Table 1)

pathological response to intra-
tracheal instillation of coal
liquefaction distillate in rats,
343-344, 351-353

phagocytic activity of alveolar
macrophages in vitro after
chronic inhalation of nickel
dust by rabbits, 315, 321-322,
315 (Table 1)

phospholipid content of lavage
fluid from rabbits after chronic
inhalation of nickel dust, 363-
364, 363 (Table 3)

phospholipid content of tissues
and lavage fluids from rabbits
after chronic inhalation of
nickel dust, 361-365, 362
(Table 2)

Plutonium accumulation in sub-
pleura] regions, 226-227

Plutonium clearance after pul-
monary intubation of PuC>2 in
rats, effects of particle size on,
215-216

Plutonium clearance in neonatal
beagles and swine after inhalation
of 2 3 8Pu nitrate, 2 3 8Pu oxide,
or 2 3 9 Pu oxide, 243, 246, 245
(Fig. 6)

Plutonium clearance rate, factors
affecting, 225-226

plutonium distribution factors
resulting in nonuniform, 225

plutonium kinetics in neonatal
beagles after inhalation of 2 3 8Pu
as nitrate or oxide, 242, 246, 243
(Fig. 4)

plutonium kinetics in neonatal
swine after inhalation of oxide
of 2 3 8Puor 239Pu, 242-243,
246, 244 (Fig. 5)

plutonium retention in neonatal
beagles and swine after inhalation
of 238Pu nitrate, 2 3 8Pu oxide,

238T

or 239Pu oxide, 243, 246, 245
(Fig. n

2 3 8Pu clearance as a function of
time after 238PuO2 inhalation
by hamsters, effects of fragmen-
tation rate on, 570-571, 571
(Fig. 10)

2 3 8Pu content as a function of
time after 238PuO2 inhalation
by hamsters, 567-570, 569
(Fig. 9), 570 (Table 1)

2 3 8Pu retention in hamsters after
pulmonary intubation of238PuO2
564-567, 569 (Fig. 9)

2 3 8Pu retention after inhalation
as oxide dust by hamsters, 564,
567 (Fig. 7)
rPuC»2 clearance (retention) a.s

a function of dose after inhala-
tion by hamsters, 561-562, 562
(Fig. 1), 563 (Fig. 2), 563 (Fig.
3), 564 (Fig. 4)

239PuC>2 clearance in tumor-
bearing beagles and rats after
acute inhalation, 604, 605
(Fig. 1)

PuC>2 distribution after acute
nose-only inhalation by beagles,
experimental protocol, 249

2 P u d distribution as a function
of time after acute nose-only
inhalation by beagles, 249-253,
250 (Figs. 1 and 2), 251 (Fig. 3),
252 (Table 1), 252 (Fig. 4),
254 (Fig. 5)

239PuO2 distribution in sub-
pleural regions after inhalation
by rats, 227-229, 228 (Fig. 1),
228 (Table 1), 229 (Table 2)

2 3 9Pu02 retention after inhalation
or pulmonary intubation in
hamsters, experimental protocol,
559-561

239PuO2 retention in tissue com-
ponents as a function of time
after inhalation by rats, 229-
230, 230 (Table 3)

positional morphology of intact
airways, SEM techniques for,
64-66

239,
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Lungs (continued)
protein content of extracts after

inhalation of 39PuO2 aerosol
by rats, 396, 398-401, 399
(Table 4), 401 (Tables 6 and 7)

protein distribution in various
extracts after inhalation of
239PuO2 aerosol by rats, 395,
398-402, 396 (Table 2)

quantification of coal fly ash
after inhalation by rats, experi-
mental protocol, 48-50

radiation dose and dose rate in
beagles and rats after acute
239PuO2 inhalation, 604, 605
(Table 1)

residual volume after in vitro
exposure to cigarette smoke,
426, 428-429, 427 (Table 3)

response to acute intratracheal
instillation of coal liquefaction
distillate in rats, histopatho-
logical, 344-347, 351-353, 345
(Table 4), 346 (Fig. 2b), 347
(Fig. 3), 348 (Fig. 4), 349
(Fig. 5), 350 (Figs. 6b, 6c, and
6d), 352 (Fig. 7)

response to inhaled CdCl2 in
hamsters, correlation of histo-
pathologjc with biochemical and
cytological analyses in deter-
mining, 381-384, 382 (Table 1),
383 (Fig. 2), 384 (Fig. 3), 386
(Fig. 4)

response to inhaled CdCl2 or
CrCl3 in hamsters, biochemical
and cytological analysis of
lavage fluids to determine, 381-
384, 382 (Table 1), 383 (Fig. 2),
384 (Fig. 3), 386 (Fig. 4)

response to H2 SO4 aerosol expo-
sures in guinea pigs, 370-371,
373,372 (Fig. 1)

response to inhaled H2 SO4 mist
in rats, effectiveness of lavage
fluid and blood serum analyses
for determining, 385

response to inhaled irritants,
correlation between type of
acute injury and lavage fluid
profile, 385-389, 389 (Table 2)

response to inhaled irritants,
experimental protocol for
analysis of lavage fluids to
determine, 379-380

response to inhaled NO2 in ham-
sters, biochemical and cytological
analysis of lavage fluids to deter-
mine, 385, 388 (Figs. 5 and 6)

response to multiple intratracheal
instillations of coal liquefaction
distillate, histopathological,
347-351,353

response to NO2 inflation by
mice, experimental protocol,
135-137

response of rat alveolar macro-
phages to metal ions in vitro,
experimental protocol, 268-270

response to Triton X-100 exposure
in hamsters, measurement of
LDH content of lavage fluid to
determine, 380-381, 381 (Fig. 1)

sialicacid content of lavage fluid
from rats after inhalation of
H2SO4 mist, 125-126,131,
126 (Table 3)

ThO2 content after inhalation by
mice, 105,112-114,106
(Table 1)

thymidine incorporation into DNA
after instillation of coal liquefac-
tion distillate in rats, 342, 343
(Table 2)

total capacity after in vitro expo-
sure to cigarette smoke, 426,
428, 427 (Table 3)

TPM deposition and concentration
in mice exposed on automatic
smoking machines, 187-192,187
(Table 1), 188 (Table 2), 189
(Table 3), 190 (Table 4)

triglyceride content of tissues and
lavage fluids from rabbits after
chronic inhalation of nickel dust,
361-365, 362 (Table 2)

tumor incidence in beagles after
144Ce inhalation, dose—time
relationships for, 593, 594
(Fig. 1)
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Lungs (continued)
tumor incidence in beagles and

rats after acute inhalation of
2;1'-)PuO2, experimental
protocol, 602-604

tumor incidence as a function of
immune status and genetic
makeup aftev 2<9Pu inhalation,
experimental protocol, 537-539,
540 (Table 1), 541 (Table 2)

tumor incidence as a function of
radiation dose, risk coefficients
for, 499-500, 500 (Fig. 1)

tumor incidence in inbred
2:)9PuO2-exposed rats, effects
of immunomodulation treatment
on, 543-548, 544 (Table 6)

tumor incidence in hamsters after
exposure to alpha-emitting
microspheres, potentiating
effects of FejO3 administered
intratracheally, 583-584, 587,
581 (Table 2)

tumor incidence in hamsters after
exposure to radionuclides,
experimental protocol, 576-
579, 582 (Table 3)

tumor incidence in hamsters after
intratracheal instillation of
2 ' °Po solution, 583, 586, 580
(Table 1)

tumor incidence in hamsters after
intravenous injection of ' 4 7Pm—
ZrO2 microspheres, 583, 586,
580 (Table 1)

tumor incidence in hamsters after
intravenous injection of
2 3 8-2 3 9PuO2-ZrO2 micro-
spheres, 582-588, 580 (Table 1),
583 (Table 4), 585 (Table 5)

tumor incidence by histological
type after acute 2 39PuO2
inhalation by beagles and rats,
604, 607 (Table 3)

tumor incidence after inhalation
of 239PuO2 by rats, synergistic
effects of benzopyrene, 518-
519, 518 (Table 3)

tumor incidence in 239PuO2-
exposed rats, effects of immuno-
modulation treatment on, 541-
548, 542 (Table 4), 543 (Table 5)

tumor induction after acute
2:!9PuO2 inhalation by beagles
and rats, latency period for,
604, 607 (Table 2)

water content as a function of
time after NO2 inhalation by
mice, 137-138,137 (Table 1)

weight in rabbits after chronic
inhalation of nickel dust, 361,
364,361 (Table 1)

weight in rats exposed to cigarette
smoke, 424-426, 425 (Table 1)

Lymph nodes
incidence of lamellar bodies in

macrophages after chronic
inhalation of nickel dust by
rabbits, 320, 322, 320 (Fig. 7)

influx of alveolar macrophages
after chronic inhalation of nickel
dust by rabbits, 322

2 3 8pu r e t e n t j o n after inhalation
as oxide dust by hamsters, 564,
567 (Fig. 7)

Lymph nodes, tracheobronchial
cumulative radiation dose as a

function of time after acute
inhalation of 1 Ce by beagles,
595-599, 594 (Table 1), 596

JFlg-4)

Pu content as a function of
time after 2 3 8Pu02 inhalation
by hamsters, 567-570, 569
(Fig. 9), 570 (Table 1)

. 2 s8Pu retention in hamsters after
pulmonary intubation of 2 3 8PuO2,
564-567, 569 (Fig. 9)

radiosensitivity, 598-599
tumor incidence in beagles after

acute 144Ce inhalation, dose—
time relationships for, 593-595,
597-599, 594 (Table 1), 595
(Fig. 2)

tumor incidence in beagles after
l 4 4Ce inhalation, dose—time
relationships for, 593, 594
(Fig. 1)

tumor incidence after ' 44Ce
inhalation by beagles, experi-
mental protocol, 592-593

Lymphatic system, tumor incidence
in rats after chronic cigarette
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smoke inhalation, 531-534, 532
(Table 3)

Lymphocytes
appearance of T- and B-progenitor

cells in culture, 488, 490 (Fig. 3),
491 (Figs. 5 and 6)

response of B-progenitor cells to
selenium or zinc in vitro, dose—
response relationships, 494-496,
495 (Figs. 7b and 7d)

Lymphohematopoiesis
current concepts and model, 487-

488, 487 (Fig. 1)
in vitro assay methods for pro-

genitor cells, 488, 489 (Fig. 2)
response of B-lymphocyte and

bone-marrow monocyte-
macrophage precursor cells of
mice to selenium or zinc in vitro,
experimental protocol, 492-494

response of CFU's from mice to
selenium or zinc in vitro, dose—
response relationships, 494-
496,495 (Fig. 7)

Lymphomas, incidence in rats after
chronic cigarette smoke inhalation,
531-534, 532 (Table 3)

Lysosomes
enzyme activity in rat alveolar

macrophages in vitro, effects of
Cd and Pb ions on, 275-276,
276 (Table 6)

stability in rat alveolar macro-
phages in vitro, effects of Cd and
Ni ions on, 275-276, 276
(Table 7)

Macrophages
See also Alveolar macrophages
count in hamster respiratory tract

after intratracheal injection of raw
shale, spent shale, or silica, 261-
262, 263 (Fig. 4b), 264 (Figs.
4c and 4d)

incidence of lamellar bodies after
chronic inhalation of nickel dust
by rabbits, 320, 322, 320 (Fig. 7)

response of progenitor cells to sele-
nium or zinc in vitro, dose-
response relationships, 494-496,
495 (Figs. 7a and 7c)

6 0 ,

Maddox/ORNL Smoking Machine
(see Smoke-exposure machines)

Magnesium, concentration in individ-
ual coal fly ash particles, 58-60,
60 (Table 1)

Mammary glands, tumor incidence in
rats after chronic cigarette smoke
inhalation, 531-534, 532 (Table 3)

Man
bronchoconstrictive response to

H2SO4 mist inhalation, 131
1 Co body burden after accidental
inhalation, 165-167, 171-174,
166 (Fig. 2a)

6 ° Co chest burden after accidental
inhalation, 162-163, 165-167,
169-171, 174, 163 (Fig. 1), 166
(Fig. 2b), 170 (Fig. 5a)

6 0 Co content of abdomen after
accidental inhalation, 167-171,
175, 168 (Figs. 3a and 3b), 170
(Fig. 5a)

60Co effective half-life after acci-
dental inhalation, 171-175

6 ° Co excretion after accidental
inhalation, 171, 172 (Figs. 6? and
6b), 174 (Fig. 8)

deep-lung clearance measurements,
experimental protocol, 151-153,
152 (Table 1), 154 (Fig. 1)

dose commitments to internal
organs from inhaled 232V,
effects of particle solubility coef-
ficient on, 199, 206-207, 202
(Table 3), 203 (Table 4), 204
(Table 5), 205 (Table 6)

dose commitments to selected in-
ternal organs from inhaled 2 3 2 U,
effects of aerosol and particle
parameters and 2 2 0Rn diffusion
coefficient on, 201, 206-207, 202
(Table 3), 203 (Table 4), 204
(Table 5), 205 (Table 6), 206
(Table 7)

dose commitments (50 years) to
selected internal organs from in-
haled 2 3 2 U, role of decay-
product recoil in calculating,
199-201, 207, 200 (Table 2), 206
(Table 7)
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5 4 ,

Man (continued)
lung clearance of polystyrene par-

ticles as a function of time after
inhalation, 154-156, 155 (Fig. 2)

lung clearance of polystyrene par-
ticles after inhalation, exponen-
tial clearance model for, 156-157,
157 (Fig. 3), 158 (Table 2)

5 4Mn chest burden after accidental
inhalation, 162-163, 167-171,
173, 163 (Fig. 1), 169 (Fig. 4),
170 (Fig. 5b)
Mn content of abdomen after

accidental inhalation. 167-171
170 (Fig. 5b)

5 Mn effective half-life after acci-
dental inhalation, 171-175

5 Mn excretion after accidental
inhalation, 171, 173 (Figs. 7a and
7b), 174 (Fig. 8)

mucociliary clearance after inhala-
tion of H2SO4 mist, 128-131,
130 (Fig. 4)

personal and pulmonary function
baseline data for deep-lung clear-
ance studies, 151, 152 (Table 1)

Manganese, concentration in individ-
ual coal fly-ash particles, 58-60,
60 (Table 1)

Manganese-54
content of human abdomen after

accidental inhalation, 167-171,
170 (Fig. 5b)

content of human chest after acci-
dental inhalation, 162-163,167-
171, 175, 163 (Fig. 1), 169
(Fig. 4), 170 (Fig. 5b)

effective half-life in man after acci-
dental inhalation, 171-175

excretion in man after accidental
inhalation, 171, 173 (Figs. 7a
and 7b), 174 (Fig. 8)

Mathematical models
development for lung clearance

kinetics of U and decay prod-
ucts, 196-199, 196 (Table 1), 206
(Table 7)

development for lung dosimetry of
inhaled Pu, effects of nonuniform
spatial and temporal pulmonary
distribution on, 253-255

development for thorax and
Phoswich counting system, 230-
232, 231 (Fig. 2)

exponential clearance models for
polystyrene particles as a func-
tion of time after inhalation by
man, 156-157, 157 (Fig. 3), 158
(Table 2)

Mediastinum, tumor incidence in
beagles, after acute 1 4 4 Ce inhala-
tion, dose—time relationships for,
593-595, 594 (Table 1)

Megakaryotes, appearance of progen-
itor cells in culture, 488, 490
(Fig. 4)

Mercury
effects on hexose monophosphate

shunt activity in rat alveolar
macrophages in vitro, 274, 274
(Table 4)

effects on membrane integrity of
rat alveolar macrophages in vitro,
270-271, 271 (Table 1)

effects on oxygen consumption of
rat alveolar macrophages in vitro,
271-273, 272 (Table 2)

effects on phagocytic activity of
rat alveolar macrophages in vitro,
274-275, 275 (Table 5)

effects on rat alveolar macrophages
in vitro, experimental protocol,
268-270

effects on release of superoxide
anions by rat alveolar macro-
phages in vitro, 273-274, 273
(Table 3)

Mesotheliomas
histological appearance in rat lung,

610
incidence in beagle and rat lungs

after acute 2 3 * PuO2 inhalation,
604, 607 (Table 3)

Metaplasia, incidence in respiratory
tract epithelium after chronic ciga-
rette smoke inhalation by rats,
529-531, 533, 530 (Table 2)

Metastases, incidence in rats after
chronic cigarette smoke inhalation,
531-534, 532 (Table 3)
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Mice
alveolar macrophage colony growth

in vitro after acute inhalation of
coal fly ash or silica aerosol, 305,
309, 307 (Fig. 5)

alveolar macrophage function after
exposure to reaerosolized fly ash,
experimental protocol, 280-283,
282 (Fig. 1)

alveolar macrophage function after
inhalation of coal combustion
effluents, 41, 44, 40 (Table 4)

clearance of inhaled ThO2 from
gastrointestinal tract and nasal
passages, 110-111, 114-115, 112
(Fig. 4)

clearance of inhaled TI1O2 parti-
cles from carcass (pelt), 111-112,
114-115, 113 (Fig. 5)

s ' Cr2 O3 clearance from lungs as a
function of dose and time after
NO2 inhalation, 140-142, 145-
147, 144 (Fig. 5)

s ! Cr2 O3, clearance from NO2 -
exposed lungs in relation to
extent and type of lung injury,
142-147, 145 (Fig. 6)

growth of bone marrow and spleen
macrophage CFU's after acute
inhalation of coal fly ash or silica
aerosol, 305, 309, 307 (Fig. 6)

incidence of pulmonary hyperemia
after inhalation of coal combus-
tion effluents, 39, 41-42, 44-45,
40 (Fig. 7)

incidence of pulmonary hyperplasia
as a function of dose and time
after NQ2 inhalation, 138-140,
145, 138 (Fig. 1), 139 (Fig. 2a),
140 (Fig. 2b), 141 (Fig. 2c), 142
(Fig. 2d), 143 (Figs. 3 and 4)

liver microsomal biphenyl hydrox-
ylase activity after inhalation of
coal combustion effluents, 42-43,
45, 43 (Table 6)

lobar distribution of inhaled PuO2
and ThO2, effects of AMAD,
108-110, 112-114, 109 (Fig. 2)

lung clearance of inhaled ThO2
particles, 110,114-115, 111
(Fig. 3)

phagocytic activity of alveolar
macrophages after acute inhala-
tion of coal fly ash or silica aero-
sol, 303-305, 308-309, 305
(Fig. 3)

phagocytic activity of alveolar
macrophages after inhalation of
reaerosolized fly ash, 284-287,
286 (Table 3)

phagocytosis of reaerosolized fly
ash particles by alveolar macro-
phages as a function of time after
inhalation, 283-284, 284
(Table 1), 285 (Fig. 2b), 286
(Table 2)

PUO2 deposition in alveoli after
inhalation, 108, 112-114,109
(Table 3)

positioning in smoke-exposure
machines, 184-185, 179 (Fig. la),
180 (Fig. lb), 182 (Fig. 3), 183
(Fig. 4)

pulmonary response to NO2 inhala-
tion, experimental protocol,
135-137

response to inhaled coal combus-
tion effluents, exposure param-
eters, 36

response of lymphohematopoietic
CFU's to selenium or zinc in
vitro, dose—response relation-
ships, 494-496, 495 (Fig. 7)

response of lymphohematopoietic
precursor cells to selenium or
zinc in vitro, experimental proto-
col, 492-494

spleen stem-cell count after inhala-
tion of coal combustion effluents,
41, 44, 41 (Table 5)

ThC>2 deposition in alveoli after
inhalation, 108, 112-114, 109
(Table 3)

ThO2 deposition in alveoli after
inhalation in relation to aerosol
dose, 105, 112-114, 108 (Fig. 1)

ThO2 deposition in respiratory
tract after inhalation, 105, 112-
114, 107 (Table 2)

tissue distribution of inhaled tho-
rium oxide, 105, 112-114, 106
(Table 1)
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Mice (continued)
TPM deposition and distribution

on smoke-exposure machines,
187-190, 187 (Table 1), 188
(Table 2), 189 (Table 3), 190
(Table 4), 191 (Table 5)

viability and attachment of alve-
olar macrophages in vitro after
inhalation of coal fly ash or silica
aerosol, 305-308

viability and phagocytic activity of
alveolar macrophages after inha-
lation of coal fly ash and silica
aerosol, experimental protocol,
300-303,301 (Fig. 1), 302
(Table 1), 304 (Fig. 2)

water content of lungs as a func-
tion of time after NO2 inhala-
tion, 137-138, 137 (Table 1)

Miniature swine (see Swine, miniature)
Monkeys, mucociliary clearance

after inhalation of Hi SO4 mist,
128-131, 130 (Fig. 4)

Monocytes, response of progenitor
cells to selenium or zinc in vitro,
dose—response relationships,
494-496, 495 (Figs. 7a and 7c)

Monodisperse aerosols (see Aerosols)
Morphology

classification of individual coal fly
ash particles, 58-60

of intact airways, SEM techniques
for determining positional, 64-66

Mortality
among guinea pigs exposed to

sulfuric acid aerosols, effects of
aerosol particle size, 371, 373-
374, 373 (Fig. 2)

among rats after chronic cigarette
smoke inhalation, 528-529, 533,
529 (Fig. 3)

among specific-pathogen-free rats
after acute inhalation of tobacco
smoke particulates, 525-527, 533,
526 (Fig. 1)

Mucociliary clearance (see Trachea!
mucus clearance)

Mutagen screening
See also Ames test
procedures for coal fly ash for

interlaboratory comparison,
433-434

Mutagenesis, dose—response studies
for alpha particles in procaryotes
and eucaryotes, experimental
protocol, 469

Mutagens, mechanisms of induction
of sister chromatid exchanges,
482-484

Mutations
incidence in cultured CHO cells

after alpha irradiation, dose -
response relationships, 471-472,
474-476, 473 (Fig. 4), 474
(Fig. 5)

incidence in Salmonella strains
exposed to alpha particles in
vitro, 470-471, 474-476, 470
(Fig. 1)

Nasopharynx
aerosol deposition in human, com-

parison of observed with calcu-
lated values, 15-16, 17 (Fig. 10)

beryllium deposition after inhala-
tion of BeCh aerosol by guinea
pigs, 92, 100-101, 93 (Table 1)

deposition of inhaled aerosols in
hamsters and rats, 16-17, 21
(Fig. 14)

description, 12-13, 12 (Fig. 6)
Nasal passages

clearance of inhaled TI1O2 particles
in mice, 110-111, 114-115, 112
(Fig. 4)

incidence of hyperplastic and meta-
plastic changes in epithelium
after chronic cigarette smoke
inhalation by rats, 529-531, 533,
530 (Table 2)

Neonatal thymectomy (see Thymec-
tomy, neonatal)

Neoplasms (see Tumors)
Neutrons, effects on incidence of

SCE in rat bone-marrow cells
after whole-body exposure, 481-
483, 483 (Fig. 2)

Nickel
effects on hexose monophosphate

shunt activity in rat alveolar
macrophages in vitro, 274, 274
(Table 4)
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effects on lysosomal stability in
rat alveolar macrophages in vitro,
275-276, 276 (Table 7)

effects on membrane integrity of
rat alveolar macrophages in vitro,
270-271, 271 (Table 1)

effects on oxygen consumption of
rat alveolar macrophages in vitro,
271-273, 272 (Table 2)

effects on phagocytic activity of
rat alveolar macrophages in vitro,
274-275, 275 (Table 5)

effects on rat alveolar macrophages
in vitro, experimental protocol,
268-270

effects on reiease of superoxide
anions by rat alveolar macro-
phages in vitro, 273-274, 273
(Table 3)

uptake by alveolar macrophages
after chronic inhalation of nickel
dust by rabbits, 318, 319 (Fig. 6)

Nickel dusts
effects on alveolar epithelium after

chronic inhalation by rabbits,
318-322

effects on in vitro phagocytic
ictivity of alveolar macrophages
after chronic inhalation by
rabbits, 315, 321-322, 315
(Table 1)

effects on incidence of lamellar
bodies in lymph node macro-
phages after chronic inhalation
by rabbits, 320, 322, 320 (Fig. 7)

effects on migration of alveolar
macrophages to lymph nodes
after chronic inhalation by
rabbits, 322

effects on morphology of alveolar
macrophages after chronic in-
halation by rabbits, 315-318,
321-322, 316 (Fig. 2), 317 (Fig.
3), 317 (Table 2), 318 (Fig. 4),
319 (Fig. 5)

effects on phospholipid content of
rabbit lung lavage fluid after
chronic inhalation, 363-364,
363 (Table 3)

effects on rabbit lung weights after
chronic inhalation, 361, 364,
361 (Table 1)

effects on rabbit lungs after chronic
inhalation, experimental protocol
for determining, 312-313

effects on size distribution of al-
veolar macrophages after chronic
inhalation by rabbits, 314-315,
321-322, 314 (Fig. 1)

Nitrogen dioxide
effects on 5 ' O2 O3 clearance from

mouse lungs as a function of dose
and fime after inhalation, 140-
142, 145-147, 144 (Fig. 5) .

effects on hamster lungs after in-
halation, biochemical and cyto-
logical analysis of lavage fluids to
determine, 385, 388 (Figs. 5
and 6)

effects on lungs, correlation be-
tween type of acute injury pro-
duced and lavage fluid profile,
385-389, 389 (Table 2)

effects on mouse lungs after inhala-
tion, experimental protocol, 135-
137

effects on water content of mouse
lungs as a function of time after
inhalation, 137-138, 137
(Table 1)

histopathological effects on mouse
lungs as a function of dose and
time after inhalation, 138-140,
145, 138 (Fig. 1), 139 (Fig. 2a),
140 (Fig. 2b), 141 (Fig. 2c), 142
(Fig. 2d), 143 (Figs. 3 and 4)

Nitric oxide (NO), concentration
in fluidized-bed coal combustor
effluents, 38, 39 (Table 3)

Nitrogen washout, technique for de-
termining functional residual ca-
pacity, 422-423, 422 (Fig. 1)

Occupational diseases, historical
overview, 217-220

Oil fly ash
effects on electrophoretic profiles

of membrane proteins in rabbi,L'
alveolar macrophages exposed
in vitro, 293-294. 295 (Fig. 4)

effects on membrane proteins of
rabbit alveolar macrophages in
vitro, experimental protocol.
290-291
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Oil shale, raw
effects on DNA content of ham-

ster respiratory-tract cells after
intratracheal injection, 258-261,
259 (Fig. 2)

effects on respiratory macrophage,
leukocyte, and epithelial cell
counts in hamsters after intra-
tracheal injection, 261-262, 263
(Fig. 4b)

effects on respiratory-tract cell
count in hamsters after intra-
tracheal injection, 261-262, 262
(Fig. 3)

effects on respiratory-tract cells of
hamsters after intratracheal in-
stillation, experimental protocol,
257

Oil shale, spent
effects on DNA content of hamster

respiratory-tract cells after intra-
tracheal injection, 258-261, 259
(Fig. 2)

effects on respiratory macrophages,
leukocyte, and epithelial cell
counts in hamsters after intra-
tracheal injection, 261-262, 264
(Fig. 4c)

effects on respiratory-tract cell
count in hamsters after intra-
tracheal injection, 261-262, 262
(Fig. 3)

effects on respiratory-tract cells of
hamsters after intratracheal in-
stillation, experimental protocol,
257

Oral cavity, tumor incidence in rats
after chronic cigarette smoke in-
halation, 531-534, 532 (Table 3)

Organs, tumor incidence in beagles
after 144Ce inhalation, dose—time
relationships for, 593, 594 (Fig. 1)

Ovaries, tumor incidence in rats after
chronic cigarette smoke inhalation,
531-534, 532 (Table 3)

Oxygen consumption, by rat alveolar
macrophages in vitro, effects of
metallic ions on, 271-273, 272
(Table 2)

Oxygen exchange, ratio for alveolar-
arterial region as a function of
pulmonary pathology after acute

inhalation of ' 4 4Ce or 2 3 8PuO2
by beagles, 411, 416-417, 411
(Fig. 2)

Parathy/oid gland, tumor incidence
in rats after chronic cigarette
smoke inhalation, 531-534, 532
(Table 3)

Particle size
aerodynamic diameter designations

for aerosols, 9-11
designations and relationships for

aerosols, 2-5, 4 (Fig 1), 5 (Fig. 2)
effects on lung clearance and re-

tention of inhaled aerosols, 22-
24, 23 (Table 2), 24 (Table 3)

effects on lung clearance of inhaled
actinide oxides, 23-24, 24 (Table
3)

effects on PuO2 lung clearance
kinetics, 215-216

effects on rate of 2 3 8Pu translo-
cation from hamster lungs after
238PuO2 inhalation, 570-571,
571 (Fig. 10)

effects on toxicity of H2SO4 aero-
sols in exposed guinea pigs, 371,
373-374, 373 (Fig. 2)

Particles
lung clearance mechanisms and

factors affecting, 17-24, 23
(Table 2), 24 (Table 3)

pulmonary retention mechanisms
and factors affecting, 17-24,
23 (Table 2), 24 (Table 3)

Phagocytosis
activity of alveolar macrophages

after acute inhalation of coal fly
ash or silica aerosol by mice,
303-305, 308-309, 305 (Fig. 3)

activity of mouse alveolar macro-
phages after exposure to reaero-
solized fly ash, experimental
protocol, 280-283, 282 (Fig. 1)

activity of mouse alveolar macro-
phages after inhalation of coal
combustion effluents, 41, 44,
40 (Table 4)

activity of mouse alveolar macro-
phages after inhalation of reaero-
solized fly ash, 284-287, 286
(Table 3)
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activity in rat alveolar macro-
phages in vitro, effects of metal-
lic ions on, 274-275, 275 (Table
5)

effects on solubility of 24 ' AmO2
particles, effects of DTP A, 334-
336, 334 (Fig. 6)

in vitro response of alveolar macro-
phages to chronic inhalation of
nickel dust by rabbits, 315, 321-
322, 315 (Table 1)

Phosphatidic acid, content of rabbit
hing lavage fluid after chronic in-
halation of nickel dust, 363-364,
363 (Table 3)

Phosphatidyl choline, content of
rabbit lung lavage fluid after
chronic inhalation of nickel dust,
363-364, 363 (Table 3)

Phosphatidyl ethanolamine, content
of rabbit lung lavage fluid after
chronic inhalation of nickel dust,
363-364, 363 (Table 3)

Phosphatidyl glycerol, content of
rabbit lung lavage fluid after
chronic inhalation of nickel dust,
363-364, 363 (Table 3)

Phospholipids
content of rabbit lung lavage fluid

after chronic inhalation of nickel
dust, 363-364, 363 (Table 3)

content of rabbit lung tissues and
lavage fluids after chronic inha-
lation of nickel dust, 361-365,
362 (Table 2)

Phosphorus, concentration in indi-
vidual coal fly ash particles, 58-60,
60 (Table 1)

Phoswich detectors (see Radiation
detectors, Phoswich)

Plutonium
accumulation in subpleural region

of lungs, 226-227
binding by citrate in blood and

urine, effects on tissue distribu-
tion, 211-213, 212 (Table 1)

binding by transferrin in blood,
effects on tissue distribution,
211-213, 212 (Table 1)

content of urine in relation to
systemic burdens, sources of
error, 218-219

distribution in lungs, factors re-
sulting in nonuniform, 225

dosimetry in lungs after inhalation,
effects of nonuniform spatial and
temporal distribution on mathe-
matical models for, 253-255

lung clearance rate, factors affect-
ing, 225-226

nonuniform distribution in lungs
as a function of time postexpo-
sure, detector response error
probability for, 234-235, 235
(Table 4)

nonuniform distribution in sub-
pleural regions, Phoswich detec-
tor response to, 232-233, 232
(Fig. 3)

nonuniform distribution in tracheo-
bronchial region, detector re-
sponse to, 233-234, 234 (Fi^ 5)

Plutonium oxide
alveolar deposition in mice after

inhalation, 108, 112-114, 109
(Table 3)

electrostatic reaction with charged
components of lung fluids, effects
on Pu transport in blood, 211-213

lobar distribution in mice, effects
of AMAD, 108-110, 112-114,
109 (Fig. 2)

PIutonium-238
content of lungs, thoracic lymph

nodes, liver, and carcass as a
function of time after 2 3 8PuO2
inhalation by hamsters, 567-570,
569 (Fig. 9), 570 (Table 1)

lung clearance after pulmonary
intubation of oxide in rats, ef-
fects of particle size on, 215-216

retention in hamster lungs, lymph
nodes, and carcass after inhala-
tion as oxide dust, 564, 567
(Fig. 7)

retention in lungs and thoracic
lymph nodes of hamsters after
pulmonary intubation of
i 3 8PuO2 , 564-567, 569 (Fig. 9)

translocation from hamster lungs
as a function of time after
238PuO2 inhalation, effects of
fragmentation rate on, 570-571,
571 (Fig. 10)
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translocation from lungs to blood
and urine after pulmonary intu-
bation of oxide in rats, 211-213,
212 (Table 1)

translocation rate from hamster
lungs after 238PuO2 inhalation,
effects of intracellular ligation
on, 272

Plutonium-238 nitrate
distribution in neonatal beagles

and swine after gavage or inhala-
tion, 239-240, 246, 240 (Fig. 1)

distribution in neonatal beagles
after inhalation, 242, 246, 243
(Fig. 4)

retention in lungs of neonatal
' beagles and swine after inhala-

tion, 243, 246, 245 (Fig. 6)
Plutonium-238 oxide

carcinogenesis in hamster iungs,
experimental protocol, 576-579,
582 (Table 3)

carcinogenesis in hamster lungs
after intravenous injection in
ZrO2 microspheres, 582-588.
580 (Table 1), 583 (Table 4),
585 (Table 5)

clearance from respiratory tract
of hamsters after pulmonary in-
tubation, 564-567, 569 (Fig. 9)

distribution in neonatal beagles
and swine after gavage or inhala-
tion, 240-241, 246, 241 (Fig. 2)

distribution in neonatal beagles
after inhalation, 242, 246, 243
(Fig. 4)

distribution in neonatal swine after
inhalation, 242-243, 246, 244
(Fig. 5)

effects on alveolar—arterial O2 ex-
change as a function of pulmo-
nary pathology after acute inha-
lation by beagles, 411, 416-417,
411 (Fig. 2)

effects on CO diffusing capacity
and respiratory frequency as a
function of pulmonary pathology
after acute inhalation by beagles,
412-414, 416-417, 413 (Fig. 3)

effects on incidence and severity of
pulmonary pathology as a func-
tion of time after acute inhala-

tion by beagles, 408, 412, 416-
417, 410 (Table 3), 412 (Table
4)

effects on incidence of pulmonary
fibrosis after inhalation by ham-
sters, 562-564, 565 (Fig. 5), 566
(Fig. 6), 568 (Fig. 8)

effects on lung compliance as a
function of pulmonary pathology
after acute inhalation by beagles,
414-417, 414 (Fig. 4)

effects on pulmonary function as a
function of dose and time uil.sr
acute inhalation by beagles, ex-
perimental protocol, 406-408,
405 (Fig. 1), 407 (Table 1)

effects on pulmonary function as a
function of time after acute in-
halation by beagles, 415-417,
415 (Fig. 5)

effects on pulmonary function in
beagles after acute inhalation,
dose—time—response relation-
ships for, 404-406, 405 (Fig. 1)

fragmentation rate in in vivo diffu-
sion chambers, 571-572, 572
(Table 2)

kinetics in rats after pulmonary
intubation, experimental proto-
col, 209-211

lung clearance as a function of dose
after inhalation by hamsters,
561-562, 562 (Fig. 1), 563
(Figs. 2 and 3), 564 (Fig. 4)

lung clearance of inhaled, 23-24,
24 (Table 3)

pulmonary retention as a function
of dose after inhalation by
hamsters, 561-562, 562 (Fig. 1),
563 (Figs. 2 and 3), 564 (Fig. 4)

retention in hamster lungs after
inhalation or pulmonary intuba-
tion, experimental protocol,
559-561

retention in lungs of neonatal
beagles and swine after inhala-
tion, 243, 246, 245 (Fig. 6)

PIutonium-239
lung clearance after pulmonary

intubation of oxide in rats, ef-
fects of particle size on, 215-216
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translocation from lungs to blood
and urine after pulmonary intu-
bation of oxide in rats, 211-213,
212 (Table 1)

Plutonium-239—DTP A, use as alpha
source for in vitro dose—response
studies, experimental protocol,
467

Plutonium-239 oxide
carcinogenesis in beagle and rat

lungs after acute inhalation,
experimental protocol, 602-604

carcinogenesis in beagle and rat
lungs after acute inhalation, in-
cidence of tumor by histological
type, 604, 607 (Table 3)

carcinogenesis in beagle and rat
lungs after acute inhalation,
latency period for, 604, 607
(Table 2)

carcinogenesis in hamster lungs,
experimental protocol, 576-579,
582 (Table 3)

carcinogenesis in hamster lungs
after intravenous injection in
ZrC>2 microspheres, 575-576,
582-588, 580 (Table 1), 583
(Table 4), 585 (Table 5)

carcinogenesis in inbred rat lungs,
effects of immunomodulation
treatment on, 543-548, 544
(Table 6)

carcinogenesis in rat lungs as a
function of immune status and
genetic makeup, experimental
protocol, 537-539, 540 (Table 1),
541 (Table 2)

carcinogenesis in rat lungs, effects
of immunomodulation treatment
on, 541-548, 542 (Table 4), 543
(Table 5)

carcinogenesis in rat lungs, syner-
gistic effects of benzopyrene,
518-519, 518 (Table 3)

distribution in beagle lungs after
acute nose-only inhalation, ex-
perimental protocol, 249

distribution in beagle lungs as a
function of time after acute nose-
only inhalation, 249-253, 250
(Figs. 1 and 2), 251 (Fig. 3), 252

(Table 1), 252 (Fig. 4), 254
(Fig. 5)

distribution in neonatal swine after
gavage or inhalation, 241, 246,
242 (Fig. 3)

distribution in neonatal swine after
• inhalation, 242-243, 246, 244

(Fig. 5)
distribution in subpleural regions of

rat lungs after inhalation, 227-
229, 228 (Fig. 1), 228 (Table 1),
229 (Table 2)

dosimetry in beagle and rat lungs
aftei- acute inhalation, 604, 605
(Table 1)

effects on collagen content of lung
extracts after inhalation by rats,
396-401, 400 (Table 5), 401
(Tables 6 and 7)

effects on hexose and hexosamine
contents of proteins in lung ex-
tracts after inhalation by rats,
395, 397 (Table 3)

effects on hydroxyproline content
of lung extracts after inhalation
by rats, 396-401, 400 (Table 5),
401 (Tables 6 and 7)

effects on protein content of lung
extracts after inhalation by rats,
396, 398-401, 399 (Table 4),
401 (Tables 6 and 7)

effects on protein distribution in
lung extracts after inhalation by
rats, 395, 398-402, 396 (Table 2)

effects on pulmonary connective
tissue of rats after inhalation, ex-
perimental protocol, 393-395, 394
(Table 1)

effects on survival time of beagles
and rats after acute inhalation,
dose rate dependence, 604, 612,
606 (Fig. 2)

kinetics in rats after pulmonary
intubation, experimental proto-
col, 209-211

lung clearance of inhaled, 23-24,
24 (Table 3)

lung clearance in tumor-bearing
beagles and rats after acute inha-
lation, 604, 605 (Fig. 1)
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retention in lung tissues as a func-
tion of time after inhalation by
rats, 229-230, 230 (Table 3)

retention in lungs of neonatal
beagles and swine after inhala-
tion, 243, 246, 245 (Fig. 6)

Pneumocyte type Il-derived tumors,
ultrastructure, 507-509, 510
(Fig. 8)

Pneumotachograph
positioning in the ALD/II smoke-

exposure system for measuring
inhalation flow rate, 73-74, 75
(Fig. 5)

response to rapid inspiratory flow
on ALD/H smoke-exposure
machine, 74-75, 76 (Fig. 6)

use for measuring inhalation flow
rate, 73-75, 75 (Fig. 5), 76
(Fig. 6)

PNM (see Polymorphonuelear leuko-
cytes)

Polonium-210
carcinogenesis in hamster lungs,

experimental protocol, 576-579
carcinogenesis in hamster lungs

after intratracheal instillation,
583, 586, 580 (Table 1)

Polydisperss aerosols (see Aerosols)
Polymorphonuclear leukocytes,

count in lung lavage fluids as indi-
cator of pulmonary response to
inhaled NO2 in hamsters, 385, 388
(Fig. 6)

Polystyrene particles
effects on electrophoretic profiles

of alveolar macrophage mem-
brane proteins after in vitro inges-
tion, 294-295, 296 (Figs. 5 and 6)

lung clearance after inhalation in
man, exponential clearance model
for, 156-157, 157 (Fig. 3), 158
(Table 2)

lung clearance in man as a function
of time after inhalation, 154-156,
155 (Fig. 2)

Potassium, concentration in individ-
ual coal fly ash particles, 58-60,
60 (Table 1)

Progenitor cells (see Colony-forming
units)

Promethium-147
carcinogenesis in hamster lungs,

experimental protocol, 576-578
carcinogenesis in hamster lungs

after intravenous injection in
ZrC>2 microspheres, 583, 586,
580 (Table 1)

Proteins
alterations in rabbit alveolar macro-

phage membranes after in vitro
exposure to coal or oil fly ash,
experimental protocol, 290-291

content of lung extracts after in-
halation of 9PuO2 aerosol by
rats, 396, 398-401, 399 (Table
4), 401 (Tables 6 and 7)

content of lung lavage fluids in
relation to method of lavage,
389, 390 (Table 3)

distribution in lung extracts after
inhalation of 2 3 PuO2 aerosol
by rats, 395, 398-402, 396
(Table 2)

electrophoretic profiles in alveolar
macrophage membranes exposed
in vitro to coal fly ash, 293, 294
(Fig. 3)

electrophoretic profiles in alveolar
macrophage membranes exposed
in vitro to oil fly ash, 293-294,
295 (Fig. 4)

electrophoretic profiles in alveolar
macrophage membranes exposed
in vitro to polystyrene particles,
294-295, 296 (Figs. 5 and 6)

hexose and hexosamine contents in
lung extracts after inhalation of
2 3 9 Pu0 2 aerosol by rats, 395,
396 (Table 3)

Pulmonary clearance (see Lung
clearance)

Pulmonary edema
effects on clearance of 5 ' Cr2O3

from lungs of NO2 -exposed mice,
142-147, 145 (Fig. 6)

incidence in mice as a function of
time after NO2 inhalation, 137-
138, 137 (Table 1)

Pulmonary failure
inception a* a function of time

after acute inhalation of l 4 4 Ce
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or 23 8Pu02 by beagles, 415-417,
415 (Fig. 5)

incidence and severity after acute
inhalation of ' 4 4 Ce or 2 3 8Pu02
by beagles, 408, 412, 416-417,
409 (Table 2), 410 (Table 3),
412 (Table 4)

Pulmonary fibrosis
incidence in beagles and rats after

acute 239PuO2 inhalation, 610
incidence in hamsters after low-

dose 238PuO2 intubation into
lungs, 567

incidence in hamsters after
238PuO2 inhalation, 562-564,
565 (Fig. 5), 566 (Fig. 6), 568
(Fig. 8)

Pulmonary function
alterations after acute inhalation

of or " 8 P u O 2 by beagles,
dose—time—response relation-
ships for, 404-406, 405 (Fig. 1)

alterations as a function of dose
and time after acute inhalation
of ' 4 4 Ce or 2 3 8PuO2 by beagles,
experimental protocol, 406-408,
405 (Fig. 1), 407 (Table 1)

alterations as a function of time
after acute inhalation of ' 4 4Ce
or 238PuO2 by beagles, 408,
412, 416-417, 409 (Table 2),
410 (Table 3), 412 (Table 4)

baseline data from man for deep-
lung clearance studies, 151, 152
(Table 1)

loss as a function of time after
acute inhalation of ' 4 4 Ce or
238PuO2 by beagles, 415-417,
415 (Fig. 5)

response to H2SC>4 aerosol expo-
sures in guinea pigs, 370-371,
373, 372 (Fig. 1)

response to H2 SO4 aerosol expo-
sures in guinea pigs, effects of
strain and preexposure history,
371-375, 374 (Fig. 3)

Pulmonary hyperplasia
effects on clearance of 5 ' Cr2 O3

from lungs of NO2 -exposed
mice, 142-147, 145 (Fig. 6)

incidence in mice as a function of
dose and time after NO2 inhala-

tion, 138- J • , 145, 138 (Fig. 1),
139 (Fig. 2a), 140 (Fig. 2b),
141 (Fig. 2c), 142 (Fig. 2d), 143
(Figs. 3 and 4)

Pulmonary insufficiency
inception as a function of time

after acute inhalation of 144Ce
or 2 3 8PuO2 by beagles, 415-
417, 415 (Fig. 5)

incidence and severity after acute
inhalation of 144Ce or 239PuO2
by beagles, 408, 412, 416-417,
409 (Table 2), 410 (Table 3),
412 (Table 4)

Pulmonary lavage fluids
biochemical and cytological analy-

sis to determine pulmonary
response to inhaled CdCl2 or
CrCl3 in hamsters, 381-384, 382
(Table 1), 383 (Fig. 2), 384
(Pig- 3)

biochemical and cytological analy-
ses to determine pulmonary re-
sponse to inhaled H2 SO4 mist in
rats, 385

biochemical and cytological analy-
sis to determine pulmonary
response to inhaled irritants, ex-
perimental protocol, 379-380

biochemical and cytological analy-
ses to determine pulmonary
response to inhaled NO2 in ham-
sters, 385, 388 (Figs. 5 and 6)

biochemical and cytological pro-
files in relation to type of acute
pulmonary injury, 385-389, 389
(Table 2)

biochemical profiles in relation to
method of lavage, 389, 390
(Table 3)

Pulmonary region
aerosol deposition in human,

comparison of observed with
calculated values, 15-16, 20
(Fig. 13)

deposition of inhaled aerosols in
hamsters and rats, 16-17, 21
(Fig. 14)

description, 13,12 (Fig. 6)
Pulmonary retention, mechanisms

and factors affecting, 17-24,
23 (Table 2), 24 (Table 3)
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Rabbit serum, effects OR in vitro
phagocytosis of 2 4 1 AmO2 par-
ticles by rabbit alveolar macro-
phages, 329-330, 335-336, 330
(Fig. 2), 331 (Fig. 3)

Rabbits
alveolar macrophage size distribu-

tion after chronic inhalation of
nickel dust, 314-315, 321-322,
314 (Fig. 1)

incidence of lamellar bodies in
lymph node macrophages after
chronic inhalation of nickel
dust, 320, 322, 320 (Fig. 7)

lipid content of lung tissues and
lavage fluids after chronic
inhalation of nickel dust, 361-
365, 362 (Table 2)

lung weights after chronic inhala-
tion of nickel dust, 361, 364,
361 (Table 1)

migration of alveolar macrophages
to lymph nodes after chronic
inhalation of nickel dust, 322

morphological changes in alveolar
epithelium after chronic inhala-
tion of nickel dust, 318-322

morphology of alveolar macro-
phages after chronic inhalation
of nickel dust, 315-318, 321-322,
316 (Fig. 2), 317 (Fig. 3), 317
(Table 2), 318 (Fig. 4), 319
(Fig. 5)

morphology and phagocytic ac-
tivity of alveolar macrophages
after inhalation of chromium,
cobalt, or iron dusts, 320-322

nickel uptake by alveolar macro-
phages after chronic inhalation
of nickel dust, 318, 319 (Fig. 6)

phagocytic activity of alveolar
macrophages in vitro after
chronic inhalation of nickel
dust, 315, 321-322, 315 (Table 1)

phospholipid content of lung
lavage fluid after chronic inhala-
tion of nickel dust, 363-364,
363 (Table 3)

protein changes in alveolar macro-
phage membranes after in vitro
exposure to coal or oil fly ash,
experimental protocol, 290-291

Radiation detectors, Phoswich
mathematical model for thorax

counting system, 230-232, 231
(Fig. 2)

response changes to nonuniform
2 4 1 Am distribution in sub-
pleural regions, 233, 233 (Fig. 4)

response changes to nonuniform
Pu distribution in subpleural
regions, 232-233, 232 (Fig. 3)

response error probabilities with
time for nonuniform Pu distri-
bution in lungs, 234-235, 235
(Table 4)

responses to nonuniform 2 4' Am
and Pu distributions in tracheo-
bronchial region, 233-234, 234
(Fig. 5)

Radiation pneumonitis
incidence in beagle and rat lungs

after acute 2 3 PuC>2 inhalation,
610

incidence in beagles after ' 44Ce
inhalation, dose—time relation-
ships for, 593, 594 (Fig. 1)

Radon
carcinogenic effects on rat .lungs

as a function of inhaled dose,
potentiating effects of cigarette
smoke inhalation, 555-556,
554 (Table 1)

carcinogenic effects on rat lungs
after inhalation, experimental
protocol, 552-553

effects on incidence of SCE in rat
bone marrow cells after inhala-
tion, 481, 483-484, 483 (Fig. 3)

Radon-220, diffusion coefficients,
effects on internal organ dose
commitment calculations for
inhaled 2 3 2U, 201, 206-207, 203
(Table 4), 204 (Table 5), 205
(Table 6), 206 (Table 7)

Rats
actinide oxide kinetics a'ter

pulmonary intubation, experi-
mental protocol, 209-211

activity of acid phosphatase and
G6PDH in lung lavage fluid
after intratracheal coal lique-
faction distillate instillation,
342-343, 353-354, 344 (Table 3)
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Rats (continued)
aluminum content of lungs after

chronic coal fly ash inhalation,
51, 51 (Table 1)

arteriosclerotic and fibrotic changes
in heart after chronic cigarette
smoke inhalation, 529, 533

body weight after exposure to
cigarette smoke, 424-426, 425
(Table 1)

body weight values after chronic
coal fly ash inhalation, 52, 52
(Table 2)

body weight variations during
chronic cigarette smoke inhala-
tion, 527-528, 528 (Fig. 2)

bronchoconstrictive response to
H2SO4 mist inhalation, 131

cilial matting in trachea! epi-
thelium after inhalation of
H2SO4 mist, 126-127, 127
(Fig. 3a), 128 (Fig. 3b), 129
(Fig. 3c)

clearance of 2 4 1 Am and 244Cm
from lungs after pulmonary
intubation of oxides, factors
affecting, 216-218

collagen content of lung extracts
after inhalation of 239PuO2
aerosol, 396-401, 400 (Table 5),
401 (Tables 6 and 7)

deposition of coal fly ash in lungs
after chronic inhalation, 51, 53,
55, 51 (Table 1)

deposition of inhaled aerosols in
respiratory tract, 16-17, 21
(Fig. 14)

distribution of tobacco smoke
particulates in respiratory tract
after acute cigarette smoke
inhalation, 527, 533, 527
(Table 1)

DNA and water contents of lungs
after chronic coal fly ash inhala-
tion, 52, 54, 52 (Table 2)

FRC values after exposure to
cigarette smoke, 426, 428-429,
427 (Table 2)

glycoprotein content of tracheal
explants after chronic coal fly
ash inhalation, 52-55, 53
(Table 3)

glycoprotein secretion rates in
tracheal explants after chronic
coal fly ash inhalation, 52-55,
53 (Table 3)

hexose and hexosamine contents
of proteins in lung extracts
after inhalation of 239PuO2
aerosol, 395, 396 (Table 3)

hexose monophosphate shunt
activity of alveolar macrophages
in vitro, effects of metal ions on,
274, 274 (Table 4)

hydroxyproline content of lung
extracts after inhalation of
2 l 9PuO2 aerosol by rats, 396-
401, 400 (Table 5), 401 (Tables
6 and 7)

incidence of lung carcinomas as a
function of inhaled radon dose,
potentiating effects of cigarette
smoke inhalation, 555-556,
554 (Table 1)

incidence of lung carcinomas after
inhalation of radon and cigarette
smoke, experimental protocol,
552-553

incidence of lung tumors after
inhalation of 2 "'9PuO2, syner-
gistic effects of benzopyrene,
518-519, 518 (Table 3)

incidence of neoplastic changes
after chronic cigarette smoke
inhalation, 531-534, 532
(Table 3)

incidence of nonneoplastic changes
in respiratory-tract after chronic
inhalation of cigarette smoke,
529-531, 533, 530 (Table 2)

incidence of spontaneous tumors
as a function of immune status,
539-540, 544-548, 542 (Table 3)

lung compliance values after
exposure to cigarette smoke,
426-428, 427 (Table 2)

lung compliance values after
in vitro exposure to cigarette
smoke, 426-428, 427 (Table 3)

lung pathology after instillation
of coal liquefaction distillate,
experimental protocol, 339-
342, 340 (Fig. 1), 341 (Table 1)
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Rats (continued)
lung tumor incidence as a function

of immune status and genetic
makeup after 239PuO2 inhala-
tion, experimental protocol,
237-239, 540 (Table 1), 541
(Table 2)

lung tumor incidence by histo-
logical type after acute 239PuO2
inhalation, 604, 607 (Table 3)

lung tumor incidence in inbred
239PuO2-exposed, effects of
immunomodulation treatment
on, 543-548, 544 (Table 6)

lung tumor incidence after
239PuC>2 inhalation, effects of
immunomodulation treatment
on, 541-548, 542 (Table 4),
543 (Table 5)

lung weight after exposure to
cigarette smoke, 424-426, 425
(Table 1)

membrane integrity of alveolar
macrophages in vitro, effects of
metals on, 270-271, 271 (Table 1)

mortality after acute inhalation
of tobacco smoke particulates,
525-527, 533, 526 (Fig. 1)

mucociliary clearance after inhala-
tion of sulf uric acid aerosol, 125,
128-131, 125 (Table 2), 130
(Fig. 4)

oxygen consumption of alveolar
macrophages in vitro, effects of
metals on, 271-273, 272
(Table 2)

pathological response of lungs to
acute intratracheal instillation
of coal liquefaction distillate,
histology, 344-347, 351-353,
345 (Table 4), 346 (Fig. 2b),
347 (Fig. 3), 348 (Fig. 4), 349
(Fig. 5), 350 (Figs. 6b, 6c, and
6d), 352 (Fig. 7)

pathological response of lungs to
intratracheal coal liquefaction
distillate instillation, gross,
343-344, 351-353

phagocytic activity of alveolar
macrophages in vitro, effects
of metal ions on, 274-275, 275
(Table 5)

239t

Pu clearance from lungs after
pulmonary intubation of P':O2 ,
effects of particle size on, 215-
216

Pu translocation from lungs to
blood and urine after pulmo-
nary intubation of oxices, 211-
213, 212 (Table 1)

239PuC>2 clearance from lungs
after acute inhalation, 604,
605 (Fig. 1)

239PuO2 distribution in sub-
pieural regions of lungs after
inhalation, 227-229, 228 (Fig. 1),
228 (Table 1), 229 (Table 2)
9PuC>2 retention in lung tissues

as a function of time after
inhalation, 229-230, 230
(Table 3)

protein content of lung extracts
after inhalation of PuG2
aerosol, 396, 398-401, 399
(Table 4), 401 (Tables 6 and 7)

protein distribution in lung
extracts after inhalation of
239PuO2 aerosol, 395. 398-402,
396 (Table 2)

pulmonary carcinogenesis after
acute inhalation of 239PuO2 ,
experimental protocol, 602-604

pulmonary connective tissue
modifications after inhalation
of 239PuO2 aerosol, experi-
mental protocol, 393-395,
394 (Table 1)

pulmonary deposition of tobacco
smoke particulates as a function
of smoke concentration and
puff duration, 525-527, 533,
526 (Fig. 1)

pulmonary response to inhaled
H2 SO4 mist, effectiveness of
lavage fluid and blood serum
analyses for determining, 385

pulmonary tumor induction after
acute 239PuO2 inhalation,
latency period for, 604, 607
(Table 2)

quantification of inhaled coal fly
ash in lungs, experimental
protocol, 48-50
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Rats (continued)
radiation dose and dose rate in

lungs after acute 2 39PuC>2
inhalation, 604, 605 (Table 1)

release of superoxide anions by
alveolar macrophages in vitro,
effects of metals on, 273-274,
273 (Table 3)

residual volume values for lungs
exposed in vitro to cigarette
smoke, 426, 428, 427 (Table 3)

response of alveolar macrophages
to metal ions in vitro, experi-
mental protocol, 268-270

response of lungs to multiple
intratracheal instillations of
coal liquefaction distillate,
histopathological, 347-351, 353

SCE incidence in bone marrow
cells as a function of age, 481,
482 (Fig. 1)

SCE incidence in bone marrow
cells after radon inhalation,
481,483-484, 483 (Fig. 3)

SCE incidence in bone marrow
cells after whole-body neutron
irradiation, 481, 482-483,
483 (Fig. 2)

sialic acid content of lung lavage
fluid after inhalation of H2SO4
mist, 125-126, 131, 126
(Table 3)

specific-pathogen-free, use for
lifetime cigarette tobacco smoke
exposure studies, 523-524

sulfuric acid aerosol inhalation,
experimental exposure parame-
ters, 121-122,122 (Table 1)

survival time after chronic cigarette
smoke inhalation, 528-529, 533,
529 (Fig. 3)

survival time as a function of dose
rate after acute 239PuO2 inha-
lation, 604, 612, 606 (Fig. 2)

survival time as a function of
radiation dose and presence of
lung tumors, 515-518, 516
(Fig. 14), 517 (Fig. 15), 517
(Table 2)

thymidine incorporation into
pulmonary DNA after instilla-

tion of coal liquefaction distil-
late, 342, 343 (Table 2)

total lung capacity values after
in vitro exposure to cigarette
smoke, 426-428, 427 (Table 3)

tracheal mucus clearance profile
scans, 123-124 124 (Fig. 2)

translocation of Am and
244Cm from lungs to blood
and urine after pulmonary
intubation, 213-214, 212
(Table 1)

Raw oil shale (see Oil shale, raw)
Residential-heater emission particles

mutagenic activity as determined
by the Ames test, experimental
protocol, 454-457, 456 (Table 1)

mutagenic activity in Ames test,
initial screening, 457-465,
458 (Fig. i )

Residual volume, values for rat
lungs exposed in vitro to cigarette
smoke, 426-428, 427 (Table 3)

Respiratory frequency, alterations
as a function of pulmonary path-
ology after acute inhalation of
144Ce or 238PuO2 by beagles,
412-414, 416-417, 413 (Fig. 3b)

Respiratory tract
aerosol deposition in human,

comparison of observed witr
calculated values, 15-16,16
(Fig. 9), 17 (Fig. 10), 18 (Fig. 11),
19 (Fig. 12), 20 (Fig. 13)

deposition of inhaled aerosols in
hamsters and rats, 16-17, 21
(Fig. 14)

deposition of inhaled aerosols in
human, ICRP calculations, 14-
15,15 (Fig. 8)

deposition mechanisms for inhaled
aerosols, 13-14,14 (Fig. 7)

description of human, 12-13, 12
(Fig. 6)

distribution of tobacco smoke
particulates after acute cigarette
smoke inhalation by rats, 527,
533, 527 (Table 1)

incidence of nonneoplastic changes
after chronic cigarette smoke
inhalation by rats, 529-531,
533, 530 (Table 2)
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: I S P u 0 ; clearance in hamsters
after pulmonary intubation,
564-567, 569 (Fig. 9)

response to Hi S 0 4 aerosol
exposures in guinea pigs, 370-
371, 373, 372 (Fig. 1)

TI1O2 deposition in mice after
inhalation, 105, 112-114,107
(Table 2)

TPM deposition and concentration
in mice exposed on automatic
smoking machines, 187-193,
187 (Table 1), 188 (Table 2),
189 (Table 3), 190 (Table 4)

tumor incidence in rats after
chronic cigarette smoke inhala-
tion, 531-533, 534, 532 (Table 3)

Respiratory tract cells
count in hamsters after intra-

tracheal injection of raw shale,
spent shale, or silica, 261-262,
262 (Fig. 3)

differential cell counts in hamsters
after intratracheal injection of
raw shale, spent shale, or silica,
261-262, 263 (Fig. 4b), 264
(Figs. 4c and 4d)

DNA content after intratracheal
injection of raw shale, spent
shale, or silica in hamsters,
258-26J,259(Fig. 2)

DNA content from normal
hamsters, 258, 258 (Fig. 1)

morphological and elemental
analysis using frozen-hydrated
specimen technique with SEM
and X-ray spectroscopy, 61-63

response to raw and spent oil
shale and silica after intra-
tracheal administration, experi-
mental protocol, 257

Retention, definition in relation
to inhaled aerosols, 11-12

Roofing-tar emissions
mutagenic activity as determined

by the Ames test, experimental
protocol, 454-457, 456 (Table 1)

mutagenic activity in Ames test,
initial screening, 457-465, 460
(Fig. 2)

Salmonella typhimurium
cell count in Ames test plates used

at ANL, ITRI, and LEHR, 442,
442 (TableS)

cytotoxic effects of alpha particles
in vitro, 470-471, 474-476, 470
(FiK. 1)

differential sensitivity of strains
TA-98 and TA-100 to mutagcns,
effects on Ames test results, 448-
450,451 (Tables 16 and 17)

mutagenic effects of alpha particles
in vitro, 470-471, 474-476, 470
(Fig. 1)

spontaneous reversion rates on
Ames test plates at ANL, ITRI,
and LEHR, 442, 443 (Table 6)

use in dose—response studies of
lethal and mutagenic effects of
alpha sources, experimental
protocol, 468

Sarcomas, incidence in rats after
chronic cigarette smoke inhalation,
531-534, 532 (Table 3)

Scanning electron microscopy
freeze-drying and ethanol cryo-

fracture techniques for identifica-
tion of phagocytized coa! fly ash
particles within alveolar macro-
phages, 63-64

frozen-hydrated specimen tech-
nique for determining positional
morphology of intact airways,
64-66

frozen-hydrated specimen technique
for morphological and elemental
analysis of coat fly ash and lung
cells, 61-63

techniques for morphological and
elemental analysis of coal fly ash
particles, 57-58

SCE (see Sister chromatic! exchanges)

Sclerosing lymphadenitis incidence
in tracheobronchial lymph nodes
after acute 2 3 9PuO2 inhalation
by beagles, 610

Selenium
effects on lymnhohematopoietic

CFU's from mice in vitro, dose—
response relationships, 494-496,
495 (Figs. 7c and 7d)
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effects on lymphohematopoietic
colony-forming units from mice
in vitro, experimental protocol,
492-494

SEM (see Scanning electron micros-
copy)

SEM II Smoking Machine (see Smoke-
exposure machines)

Serine, content of rabbit lung lavage
fluid after chronic inhalation of
nickel dust, 363-364, 363 (Table 3)

Sialic acid
analysis in lung lavage fluid as in-

dicator of pulmonary response
to inhaled CdCl2 orCrClj in
hamsters, 381-384, 382 (Table 1)

content of lung lavage fluid as in-
dicator of pulmonary response to
inhaled H;SO4 mist in rats, 385

content of lung lav-age fluid in re-
lation to method of lavagc, 389,
390 (Table 3)

content of rat lung lavage fluid
after inhalation of HUSO4 mist,
12512(5, 131, 126 (Table 3)

Silica
effects on alveolar macrophage

colony growth after acute in-
halation by mice, 305, 309,
?07(Fig. 5)

effects on DNA content of ham-
ster respiratory-tract cells after
intratracheal injection, 258-261,
259 (Fig. 2)

effects on growth of bone marrow
and spleen macrophage CFU's
after acute inhalation by mice,
305, 309, 307 (Fig. 6)

effects on phagocytic activity of
alveolar macrophages after acute
inhalation by mice, 303-305,
308-309, 305 (Fig. 3)

effects on respiratory macrophage,
leukocyte, and epithelial cell
counts in hamsters after intra-
tracheal injection, 261-262, 264
(Fig. 4d)

effects on respiratory-tract cell
count in hamsters after intra-
tracheal injection, 261-262, 262
(Fig- 3)

effects on respiratory-tract cells
of hamsters after intratracheal
instillation, experimental proto-
col, 257

effects on viability and attachment
of alveolar macrophages in vitro
after inhalation by mice, 305-308

effects on viability and phagocytic
activity of alveolar macrophages
after inhalation by mice, experi-
mental protocol, 300-303, 301
(Fig. 1), 302 (Table 1), 304
(Fig. 2)

electron micrographic appearance,
300, 301 (Fig. la)

elemental analysis, 300, 302
(Table 1)

phagocytosis by mouse alveolar
macrophages in vitro, 305, 306
(Fig. 4a)

Sister chromatid exchanges
dose—response studies for alpha

particles in procaryotes and
eucaryotes, experimental proto-
col, 469

incidence in cultured CHO cells
after chronic alpha irradiation,
472, 475, 473 (Table 1)

incidence in rat bone-marrow cells
as a function of age, 481, 482
(Fig. 1)

incidence in rat bone-marrow cells
after radon inhalation, 481, 483-
484, 483 (Fig. 3)

incidence in rat bone-marrow cells
after whole-body neutron irra-
diation, 481-483, 483 (Fig. 2)

mechanisms of induction by
mutagen or carcinogen treatment,
482-484

Skeleton
dose commitment from inhaled

2 3 7 U, effects of aerosol and
particle parameters and 2 2 0 R n
diffusion coefficient on, 201,
206-207, 202 (Table 3), 203
(Table 4), 204 (Table 5), 205
(Table 6, 206 (Table?)

dose commitment from inhaled
2 3 2 U, effects of particle solu-
bility coefficient on, 206, 202
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(Table 3), 203 (Table -1), 204
(Table 5), 205 (Table 6)

dose commitment (50 years) from
inhaled 2i2U, role of decay-
product recoil in calculating, 199-
201, 207, 200 (Table 2), 206
(Table 7)

plutonium kinetics in neonatal
beagles and swine after gavagc
or inhalation of 'H Pu as nitrate
or oxide, 239-241, 246, 240
(Fig. 1), 241 (Fig. 2)

Smoke-exposure machines
See also Exposure chambers
ADL/II, animal breathing patterns

during tobacco-smoke exposure,
82, 83 (Fig. 9)

ADL/I1 smoke-expo«ure system,
design and characteristics, 69
69 (Fig. 1)

Maddox/ORNL, use for lifetime
cigarette tobacco-smoke exposure
studies with rats, 524-525

SEM II, deposition and distribution
characteristics summarized, 190-
191, 191 (Table 5)

SEM II, description, 180-184, 181
(Fig. 2), 182 (Fig. 3), 183 (Fig. 4)

Walton horizontal, deposition and
distribution characteristic sum-
marized, 190-191, 191 (Table 5)

Walton horizontal, description,
178-180, 179 (Fig. la), 180
(Fig. 1b)

Smoke-particulale dosimeter
design and operation schematic,

70-71,71 (Fig. 2)
electronic circuitry, 75, 78 (Fig. 8)
field evaluation trials, 82-81, 83

(Fig. 9), 85 (Table 3)
instrumental configuration, 75-80,

77 (Fig. 7), 78 (Fig. 8)
laboratory performance evaluation,

80-82, 81 (Table 2)
linear response characteristics in

relation to aerosol concentration,
71-73, 73 (Table 1)

operation and placement in tra-
chea I cannula, 71, 72 (Fig. 3)

response to ADL/IIgenerated
smoke puff, 73. 74 (Fig. 4)

response to tobacco-smoke inhala-
tion on ADL/II smoke-exposure
system, 84, 85 (Table 3)

schematic diagram, 75, 77 (Fig. 7)
Solid alveolar-cell carcinomas, mor-

phology, 502, 503 (Table 1), 504

Solubility, coefficients for ' " O
particles, effects on dose commit-
ments to internal organs, 206,
202 (Table 3), 203 (Table 4), 204
(Table 5), 205 (Table 6)

Solvent extraction
methods for coal fly ash muta-

gencsis testing at ANL, ITRI,
and LEHR, 434-<!36, 435
(Table 1)

methods for coal fly ash samples,
effects on Ames test results,
448-450

Specific activity, effects on lung
clearance of inhaled actinide oxides,
23-24, 24 (Table 3)

Spent oil ''hale {see Oil shale, spent)
SphinRonjv-'in, content of rabbit

lung lavage fluid after chronic in-
halation of nickel dust, 363-364,
363 (Table 3)

Spleen
beryllium content after inhalation

of BeCI; aerosol by guinea pigs,
93, 100101, 94 (Table 2)

growth of monocyte macrophage
CFU's in vitro after acute inhala-
tion of coal fly ash or silica
aerosol by mice, 305, 309, 307
(Fig. 6)

stem-cell count in mice after inhala-
tion of coal combustion effluents.
41,44.41 (Table 5)

Slapkylococcus aureus. phagocytosis
by mouse alveolar macrophages
after inhalation of reaerosolized
1y ash, 284-287, 286 (Table 3)

btomach
deposition of tobacco smoke par-

ticulates after acute cigarette
smoke inhalation by rats, 527,
533, 527 (Table 1)

TPM deposition and concentration
in mice exposed on automatic
smoking machines, 187-192,
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187 (Table 1), 188 (Table 2),
190 (Table 4)

Sulfur, concentration in individual
coal fly ash particles, 58-60, 60
(Table 1)

Sulfur dioxide, concentration in
Duidized-bed coal combustor ef-
fluents, 38, 39 (Table 3)

Sulfuric acid aerosols
concentration, particle size, and

experimental exposure parame-
ters, 121-122, 122 (Table 1)

effects on bronchi of guinea pigs,
man, and rats after inhalation,
131

effects on cilia of tracheal epi-
thelium after inhalation by rats,
126-127, 127 (Fig. 3a), 128
(Fig. 3b), 129 (Fig. 3c)

effects on lungs, correlation be-
tween type of acute injury pro-
duced and lavage fluid profile,
385-389, 389 (Table 2)

effects on mucociliary clearance
after inhalation, species dispari-
ties, 128-131, 130 (Fig. 4)

effects on mucociliary clearance
rate after inhalation by rats, 125,
128-131, 125 (Table 2), 130
(Fig. 4)

effects on pulmonary function in
guinea pigs, 370-371, 373, 372
(Fig- 1)

effects on pulmonary function in
guinea pigs, effects of strain and
preexposure history, 371-375,
374 (Fig. 3)

effects on rat lungs after inhalation,
effectiveness of lavage fluid and
blood serum analyses for deter-
mining, 385

effects on sialic acid content of
rat lung lavage fluid after inhala-
tion, 125-126, 131, 126 (Table 3)

generation svstem design, 120-121,
121 (Fig. 1)

toxicity to guinea pig?, effects of
particle size, 371, 373-374, 373
(Fi«. 2)

Superoxide anions, release by rat
alveolar macrophages in vitro, ef-

fects of metallic ions on, 273-274,
273 (Table 3)

Survival
of cultured CHO cell* after chronic

alpha irradiation, dose depend-
ence, 471, 474-476, 472 (Fig. 3)

dose-rate dependence in beagles
and rats after acute 2 3 9 PuO 2
inhalation, 604, 612, 606 (Fig. 2)

Jose—time—pathology relationships
for beagles after l l S 4Ce inhala-
tion, 593,594 (Fig. 1)

of rats after chronic cigarette smoke
inhalation, 528-529, 533, 529
(Fig. 3)

Swine, miniature
plutonium retention in lungs of

neonates after inhalation of
2 3 " Pu nitrate, 2 3 8 Pu oxide, or
2 3 vPu oxide, 243. 246, 245
(Fig. 6)

: 3HPu nitrate distribution in
neonates after gavage or inhala-
tion, 239-240, 246, 240 (Fig. 1)

2 3 8 Pu oxide distribution in neo-
nates after gavage or inhalation,
240-241, 246, 241 (Fig. 2)

23*Pu oxide distribution in neo-
nates after inhalation, 242-243,
246, 244 (Fig. 5)

J 3*Pu oxide distribution in neo-
nates after gavage or inhalation.
241,246, 242 (Fig. 3)

2 3 9 Pu oxide distribution in neo-
nates after inhalation, 242-243,
246, 244 (Fig. 5)

Thorax, mathematical model for
simulation of nonuniform Pu
distribution in lungs, 230-232,
231 (Fig. 2)

Thorium-232, decay chain with
principal emissions and half-li-ves,
194,195 (Fig. 1)

Thorium oxide
•iveoUr depoti. ion in mice after

inhalation, 108, 112-114,109
(Table 3)

alveolar deposition in mice in
relation to aerosol dose, 105,
112-114,108 (Fif. 1)
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clearance from carcass (pelt) of
mice after inhalation, 111-112,
114-115, 113 (Fig. 5)

clearance from gastrointestinal
tract and nasal passages in mice,
110-111, 114-115,112 (Fig. 4)

deposition in respiratory tract of
mice after inhalation, 105, 112-
114, 107 (Table 2)

lobar distribution in mice, effects
of AM AD, 108-110, 112-114,
109 (Fig. 2)

lung clearance in mice after
inhalation, 110,114-115, 111
(Fig. 3)

tissue distribution in mice after
inhalation, 105, 112-114, 106
(Table 1)

Thymectomy, neonatal
effects on life span and spontaneous

tumor incidence in rats, 539-540,
544-548, 542 (Table 3)

effects on lung tumor incidence in
inbred I39PuO2-exposed rats,
543-548, 544 (Table 6)

effects on lung tumor incidence
in 239PuO2-exposed rats, 541-
548, 543 (Table 5)

Thyroid, tumor incidence in rats
after chronic cigarette smoke
inhalation, 531-534, 532 (Table 3)

Tissue culture flasks, adhesion of
rabbit alveolar macrophages to
walls as a function of chlorosul-
fonicacid concentration, 330-331,
332 (Fig. 4)

Titanium, concentration in individual
coal fly ash particles, 58-60, 60
(Table 1)

Tobacco smoke particulars
deposition in rat lungs as a function

of smoke concentration and puff
duration, 525-527, 533, 526
(Fig. 1)

distribution in rat respiratory
tract after acute cigarette smoke
inhalation, 52", 533, 527
(Table 1)

effects on rat mortality after
acute inhalation, 525-527, 533,
526 (Fig. 1)

Tobacco-smoke dosimetry, instru-
mentation design and performance
characteristics, 70

Total lung capacity, values for rat
lungs exposed in vitro to cigarette
smoke, 426, 428, 427 (Table 3)

Total particulate matter
deposition and distribution in

inbred and hybrid mice exposed
on Walton smoking machine,
189-191,189 (Table 3)

deposition and distribution in
mice exposed on SEM II and
Walton smoking machines, 190-
191.190 (Table 4)

deposition and distribution in
mice exposed on SEM-II or
Walton smoking machines,
factors affecting, 190-191,191
(Table 5)

deposition and distribution in
mice exposed on Walton smok-
ing machine, effects of smoke
concentration, 188-191,188
(Table 2), 191 (Table 5)

deposition and distribution in
mice exposed on Walton smok-
ing machine, effects of total
exposure time, 187-188,190-
191.191 (Table 1)

dosimetry in smoke-exposure
machines, 185-186

TPM (see Total particulate matter)
Trachea

beryllium content after inhalation
of BeCl2 aerosol by guinea pigs,
93,100-101, 94 (Table 2)

deposition of tobacco smoke
particubtes after acute cigarette
smoke inhalation by rats, 527,
533, 527 (Table 1)

glycoprotein content of explants
after chronic coal fly-ash
inhalation by rats, 52-55, 53
(Table 3)

glycoprotein secretion rates in
explants after chronic coal
fly-ash inhalation by rats, 52-
55, 53 (Table 3)

incidence of hyperplastic and
metapbstic changes in epi-
thelium after chronic cigarette
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smoke inhahtion by rats, 529-
531, 533, 530 (Table 2)

matting of ciliated epithelium
after inhalation of H2 SO4 mist
by rats, 126-127, 127 (Fig. 3a),
: 28 (Fig. 3b), 129 (Fig. 3c)

Tracheal mucus clearance
profile scans in rats, 123-124,

124 (Fig. 2)
in rats after inhalation of H2 S0 4

mist, 125, 128-131,125
(Table 2), 130 (Fig. 4)

in selected species after inhalation
of Hj SO4 mist, comparison,
128-131, 130 (Fig. 4)

Tracheobronchial lymph nodes
(see Lymph nodes, tracheo-
bronchial)

Tracheobronchial region
aerosol deposition in human,

comparison of observed with
calculated values, 15-16,19
(Fig. 12)

deposition of inhaled aerosols in
hamsters and rats, 16-17, 21
(Fig. 14)

deposition of tobacco smoke particu-
lates after acute cigarette smoke
inhalation by rats, 527, 533,
527 (Table 1)

description, 13, 12 (Fig. 6)
ThOi content after inhalation by

mice, 105,112-114, 106 (Table 1)
Transferrin, binding of Pu in bloodv

effects on Pu transport, 211-213,
212 (Table 1)

Triglycerides, content of rabbit lung
tissues and lavage fluids after chronic
inhalation of nickel dust, 361-365,
362 (Table 2)

Triton X-100, effects on hamster
lungs after inhalation, measure-
ment of LDH content in lavage
fluid to determine, 380-381, 381
(Fig. 1)

Tumors
See also specific type of tumor
histopathologic classification of

pulmonary, 502
incidence by histological type in

beagle and rat lungs after acute

2 3 9PuO2 inhalation, 604, 607
(Table 3)

incidence in beagle and rat lungs
after acute inhalation of 2 3 9 PuO 2 ,
experimental protocol, 602-604

incidence in beagle lungs after
1 44Ce inhalation, dose—time
relationships for, 593, 594
(Fig. 1)

incidence in hamster lungs after
exposure to alpha-emitting
microspheres, potentiating effects
of Fe2Oj administered intra-
tracheally, 583-584, 587, 581
(Table 2)

incidence in hamster lungs after
intravenous injection of 147Pm—
ZrO2 microspheres, 583, 586,
580 (Table 1)

incidence in lungs as a function of
radiation dose, risk coefficients
for, 499-500, 500 (Fig. 1)

incidence in lungs of inbred
239Pu0j-exposed rats, effects of
immunomodulation treatment on,
543-548, 544 (Table 6)

incidence in mediastinum and
tracheobronchial lymph nodes of
beagles after acute ' 4 4Ce inhala-
tion, dose—time relationships for,
593-595, 597-599, 594 (Table 1),
595 (Fig. 2)

incidence in rat lungs as a function
of immune status and genetic
makeup after 239PuO2 inhalation,
experimental protocol, 537-539,
540 (Table 1), 541 (Table 2)

incidence in rat lungs after inhala-
tion of 2 3 9 Pu0 2 , synergistic
effects of benzopyrene on, 518-
519, 518 (Table 3)

incidence in rat lungs after 2 3 9PuOi
inhalation, effects of immunomodu-
lation treatment on, 541-548,
542 (Table 4), 543 (Table 5)

incidence in rats after chronic
cigarette smoke inhalation, 531-
534, 532 (Table 3)

incidence in rats as a function of
immunomodulation treatment,
spontaneous, 539-540, 544-548,
542 (Table 3)
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incidence in selected organs of
beagles after ' 44Ce inhalation,
dose—time relationships for,
593, 594 (Fig. 1)

incidence in tracheobronchial lymph
nodes of beagles after ' 44Ce
inhalation, dose—time relation-
ships for, 593, 594 (Fig. 1)

induction in beagle and rat lungs
after acute 2 PuC>2 inhalation,
latency period for, 604, 607
(Table 2)

morphological classification of
pulmonary epithelial, 502, 503
(Table 1), 504 (Fig. 3)

Uranium-232
decay chain with principal emis-

sions and half-lives, 194,195
(Fig. 1)

dosimetry calculations for internal
organs after inhalation, effects of
particle solubility coefficient on,
201, 206, 202 (Table 3), 203
(Table 4), 204 (Table 5), 205
(Table 6)

dosimetry calculations for selected
organs after inhalation, effects of
geometric standard deviation, mass
median diameter, and 2 2 0Rn
diffusion coefficient on, 201, 206-
207, 202 (Table 3), 203 (Table 4),
204 (Table 5), 205 (Table 6),
206 (Table 7)

dosimetry calculations for selected
organs after inhalation, role of
decay-product recoil in, 199-201,
207, 200 (Table 2), 206 (Table 7)

lung clearance kinetics, mathematical
model and mechanisms for, 196-
199,196 (Table 1), 206 (Table 7)

Urine
2 4 1 Am content in relation to

systemic burdens, sources of error,
218-219

244Cm content in relation to
systemic burdens, sources of error,
218-219

6 0 Co content in man after acci-
dental inhalation, 171,172
(Fig. 6b), 174 (Fig. 8)

54Mn content in man after acci-
dental inhalation, 171,173
(Fig. 7b), 174 (Fig. 8)

Pu content in relation to systemic
burdens, sources of error, 218-219

Uterus, tumor incidence in rats after
chronic cigarette smoke inhalation,
531-534, 532 (Table 3)

Walton Horizontal Smoke Exposure
Machine (see Smoke-exposure
machines)

Water, content of rat lungs after
chronic coal fly ash inhalation, 52,
54, 52 (Table 2)

Weight
values for rats after chronic coal

fiy ash inhalation, 52, 52 (Table 2)
variations in rats during chronic

cigarette smoke inhalation, 527-
528, 528 (Fig. 2)

Whole-body counters, description of
system for deep-lung clearance
studies in man, 153,154 (Fig. 1)

X-ray spectroscopy, techniques in
conjunction with SEM for morpho-
logical and elemental analysis of
coal fly ash particles, 57-58

Zinc
effects on lymphohematopoietic

CFU's from mice in vitro, dose-
response relationships, 494-496,
495 (Figs. 7a and 7b)

effects on lymphohematopoietic
colony-forming units from mice
in vitro, experimental protocol,
492-494
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