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PREFACE 

The 1978 Annual Report from Pacific Northwest Laboratory (PNL) to the DOE Assistant Secre

tary for Environment is the first report covering a full year's work under the Department of 

Energy since it came into existence on October 1, 1977. Most of the research conducted during 

this period and described in this report was begun under the Energy Research and Development 
Administration or its predecessor agency, the Atomic Energy Commission. However, several new 

projects have enhanced the PNL emphasis on environment, health and safety research in the area 
of synthetic fuels. Preliminary reports on these efforts are spread throughout the five parts 

of this annual report. 

The five parts of the report are oriented to particular segments of our program. Parts 1-4 
report on research performed for the DOE Office of Health and Environmental Research. Part 5 

reports progress on all other research performed for the Assistant Secretary for Environment 

including the Office of Technology Impacts and the Office of Environmental Compliance and 
Overview. 

Each part consists of project reports authored by scientists from several PNL research 

departments, reflecting the interdisciplinary nature of the research effort. Parts 1-4 are 

organized primarily by energy technology, although it is recognized that much of the research 
performed at PNL is applicable to more than one energy technology. 

The parts of the 1978 Annual Report are: 

Part 1: Biomedical Sciences 

Program Manager - W. R. Wiley D. L. Felton, Editor 

Part 2: Ecological Sciences 

Program Manager - B. E. Vaughan B. E. Vaughan, Report Coordinator 
C. H. Connally, Editor 

Part 3: Atmospheric Sciences 
Program Manager - C. L. Simpson R. L. Drake, Report Coordinator 

P. R. Partch/C. M. Gilchrist, Editors 

Part 4: Physical Sciences 
Program Manager - J. M. Nielsen J. M. Nielsen, Report Coordinator 

J. S. Burlison, Editor 
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Part 5: Environmental Assessment, Control, 
Health and Safety. 

Program Managers - N. E. Carter 
D. B. Cearlock 
D. L. Hessel 
S. Marks 

C. M. Unruh 

W. J. Bair, Report Coordinator 

R. W. Baalman, Editor 

Activities of the scientists whose work is described in this annual report are broader in 
scope than the articles indicate. PNL staff have responded to numerous requests from DOE 

during the year for planning, for service on various task groups, and for special assistance. 

Credit for this annual report goes to many scientists who performed the research and wrote 

the individual project reports, to the program managers who directed the research and coordi
nated the technical progress reports, to the editors who edited the individual project reports 

and assembled the five parts, and to Dr. Ray Baalman, editor in chief, who directed the total 
effort. 

Previous Reports in this Series: 

Annual Report for 

1951 W-25021, HW-25709 
1952 HW-27814, HW-28636 
1953 HW-30437, HW-30464 

W. J. Bair, Manager 

S. Marks, Associate Manager 
Environment, Health and Safety Research 
Program 

1954 HW-30306, HW-33128, HW-35905, HW-35917 
1955 HW-39558, HW-41315, HW-41500 
1956 HW-47500 
1957 HW-53500 
1958 HW-59500 
1959 HW-63824, HW-65500 
1960 HW-69500, HW-70050 
1961 HW-72500, HW-73337 
1962 HW-76000, HW-77609 
1963 HW-80500, HW-81746 
1964 BNWL-122 
1965 BNWL-280, BNWL-235, Vol. 1-4, BNWL-361 
1966 BNWL-480, Vo 1. 1, BNWL-481, Vo 1. 2, Pt 1-4 
1967 BNWL-714, Vol. 1, BNWL-715, Vol. 2, Pt 1-4 
1968 BNWL-1050, Vol. 1, Pt. 1-2, BNWL-1051, Vol. 2, Pt. 1-3 
1969 BNWL-1306, Vol. 1, Pt. 1-2, BNWL-1307, Vol. 2, Pt. 1-3 
1970 BNWL-1550, Vol. 1, Pt. 1-2, BNWL-1551, Vol. 2, Pt. 1-2 
1971 BNWL-1650, Vol. 1, Pt. 1-2, BNWL-1651, Vol. 2, Pt. 1-2 
1972 BNWL-1750, Vol. 1, Pt. 1-2, BNWL-1751, Vol. 2, Pt. 1-2 
1973 BNWL-1850, Pt. 1-4 
1974 BNWL-1950, Pt. 1-4 
1975 BNWL-2000, Pt. 1-4 
1976 BNWL-2100, Pt. 1-5 
1977 PNL-2500, Pt. 1-5 
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FORBNORD 

This volume describes progress on biomedical and health effects research conducted at PNL 
in 1978. The contents of the volume are a reflection of our continuing emphasis on the evalua: 
tion of risk to man from existing and/or developing energy-related technologies. The emphasis 
of the PNL program is consistent with the DOE goal of increasing and diversifying national 
energy resources without increasing risks to human health. 

Most of the studies described in this report relate to process-specific activities for 
four major energy technologies: nuclear fuel cycle; fossil fuel cycle (oil, gas, and coal 
processing, mining, and utilization); shale oil processing; and fusion (biomagnetic effects). 
The report is organized under these technologies. In addition, research reports are included 
on the application of nuclear energy to biomedical problems. 

Technically, the energy-related projects presented here all center around a common research 
format involving multitiered toxicologic evaluation of potentially hazardous by-products, fugi
tive gases and effluents from process-specific energy activities. The solvent refined coal 
projects, for example, are illustrative of the multitiered toxicologic concept. By-products 
and fugitive effluents are examined by an inexpensive microbial mutagenesis assay. The 
results of these investigations are used to set priorities for materials to be used in the 
more expensive animal carcinogenicity and teratogenicity test systems. The initial acute 
animal studies, in turn, are used to identify the need for examining noncarcinogenic effects, 
such as damage to respiratory, neurologic, and immunologic systems. 

The validity of applying results from animal experimentation to man is firmly based on 
empirical observations. However, as indicated in reports on animal life-span studies associ
ated with nuclear fuel cycles, some progress is being made in obtaining data which will pro
vide a more quantitative basis for the extrapolation of animal data to man. 

Major progress was made in determining the potential health risks associated with products 
from solvent refining coal and shale oil processes. 

The biomedical and health effects program at PNL is an interdisciplinary effort requiring 
scientific contributions from practically all research departments at PNL. The personnel in 
the Biology Department, the principal contributors to the volume, are listed on page 8.3. 
Requests for reprints from the list of publications and presentations for 1978 on pages 7.1 to 
7.9 will be honored, except as noted. 
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COAL 

Studies in the area of coal energy technology are relevant to potential occu
pational and environmental health concerns of coal combustion and coal liquefaction. 

In the area of coal liquefaction a tiered testing approach is used, going 
from cellular systems to mammalian acute and chronic toxicity assays and examining 
systemic/mutagenic potential of materials that may be of occupational and/or 
environmental health concern. 

Toxicologic studies deal with the potential hazard to miners of elements 
found in mine atmospheres, and with effects of inhaled heavy metals that may be 
present in fly ash. More basic studies consider the effect of the anemic state upon the 
translocation of heavy metals that may be released by coal combustion/processing, 
pharmacologic analyses of effects of aerosolized sulfuric acid and potential blockers 
of such effects. In addition, analysis of a basic lung process (phagocytosis of inhaled 
particulates) is being pursued. 



• Inhalation Hazard to Coal Miners 

Acceleration in coal mining activities to satisfy present and future energy needs may be 
constrained by potentially severe health hazards. Coal workers' pneumoconiosis (CWP), a 
chronic debilitating disease associated with coal mine dust, is one known entity; additional 
inhalation hazards may occur with the proposed extensive use of diesel engines in coal mines. 

The objectives of this project are to evaluate the biological effects of specific mine air 
contaminants in experimental animals and to study the progression of chronic respiratory 
pathologic changes that occur with coal dusts and/or diesel exhaust fume inhalation. 

BIOLOGICAL EFFECTS OF CHRONIC INHALATION OF COAL MINE DUST 
AND/OR DIESEL ENGINE EXHAUST IN RODENTS 

Investigators: 
M. T. Karagianes, R. F. Palmer, B. o. Stuart, and G. M. Zwicker 

Technical Assistance: D. Teats 

Rats were killed at 4, 8, 16 and 20 mo after the start of exposures to inhaled high-CWP 
bituminous coal mine dust separately and combined with unscrubbed exhaust fumes from a diesel 
engine operated under load-rpm cycling. General health and hematologic parameters were 
normal. Lung lesions and accumulations of particulate matter increased with length and type 
of exposure; however, no animals have developed lung tumors or precancerous tissue changes up 
to 16 mo postexposure. 

We described the development and opera
tion of an automated diesel engine exhaust 
fume exposure system and a whole-body 
rodent coal dust inhalation exposure system 
in the previous Annual Report (1977). 
These integrated systems have allowed us to 
study the biological effects of inhaled 
coal dust, diesel exhaust and a combination 
of these aerosols as shown in Table 1.1. 

In addition to monitoring the chamber 
parameters described, animals are weighed 
every two weeks; hematologic analysis is 
used to determine general health and specific 
blood cell response; and six animals per 
group are killed periodically to observe 
progression of possible pulmonary disease. 
Aerosol particle size distribution and 
characterization is monitored in all exposure 
chambers. Figure 1.1 presents an electron 
micrograph of a typical aerosol sample 
taken from one of these chambers. 

1.1 

Rats (6 per exposure group; 30 per time 
interval) were killed at 4, 8, 16 and 20 mo 
postexposure; however, only gross clinical 
necropsy results and carboxyhemoglobin 
levels are available for the 20-mo group 
at this time. Relevant results from the 
study include: 

(1) Carboxyhemoglobin levels in rats 
exposed to diesel exhaust fumes, and 
coal dust plus diesel exhaust fumes, 
at all postexposure times are approxi
mately two times greater than those 
of control animals. 

(2) Hematologic and serum clinical 
chemistry results show no abnormal 
trends in exposure groups versus 
control animals up to 16 mo. 

(3) The control group and all exposure 
groups except the diesel-exhaust-



TABLE 1.1. Experimental Protocol. 

Group(a) Exposure Regimen(b) 

Inefficient diesel engine exhaust fumes 
(50 ppm CO, 8.3 ± 2.0 mg/m3 soot)(c) 

2 High-CWP bituminous coal at 5.8 ± 3.5 mg/m3 
plus inefficient diesel engine exhaust fumes 
at 8.3 ± 2.0 mg/m3 soot = 13.5 ± 4.0 mg/m3 
total particulate 

3 High-CWP bituminous coal at 6.6 ± 1.9 mg/m3 

4 High-CWP bituminous coal at 14.9 ± 6.2 mg/m3 
total particulate 

5 Controls (identical exposure times and handling, 
with room air only) 

(a)48 male 5PF rats per group 
(b) Six hours/day; 5 days/week 
(c)Mean ± 5D 

Chamber parameters measured: 

1. CO (continuous monitoring) 
2. Respirable and total coal or soot mass concentrations 
3. Aerosol particle size distributions 
4. NO, N02 and 502 in diesel exhaust fume chambers 
5. Temperature and humidity in all chambers 

fumes-only animals, show similar 
weight curves up to 20 mo postexposure. 
Gradual weight gains occurred up to 
400-450 days; a leveling off and slight 
decline in weight was then apparent up 
to 600 days; the diesel-exhaust-fumes
only group did not show this slight 
weight loss. 

(4) Histopathologic results for rats 
killed after 4 or 8 mo of exposure 
were described in a previous Annual 
Report (1977). Pathologic lesions were 
similar, though slightly more severe, 
in all groups except controls after 
16 mo of exposure. The lungs had 
exposure-related lesions that included 
bronchiolization of alveoli, inter
stitial fibrosis, alveolar emphysema, 
alveolar histiocytosis and accumula
tions of black aggregates of inhaled 
particles in alveolar histiocytes. 

The most severe lesions occurred in rats 
inhaling diesel exhaust fumes only and 
diesel exhaust fumes plus coal dust at all 
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sacrifice times up to 16 mo. For these 
two groups the lesions were similar in 
severity. Rats exposed to only coal dust 
showed similar lesions, with those in the 
high-level coal dust group being only 
slightly more pronounced than those exposed 
to low-level coal dust. There were no 
apparent exposure-related lesions found in 
the nasal turbinates, larynx, trachea, 
esophagus, nasal cavity, or stomach of the 
rodents in any of these groups. No respira
tory tract lesions indicative of carcinogenic 
changes have occurred in any of the animals 
exposed up to 16 mo. 

Gross clinical examination of the lungs 
from all groups of rats exposed for 20 mo 
showed more extensive accumulations of 
black particulate matter and less normal 
(pink) coloration than seen at earlier 
sacrifice periods. Diesel-fumes-only
exposed rats showed almost completely black 
discoloration of the lungs (Figure 1.2), with 
possible extensive fibrotic lesions; however, 
histopathologic examination of these tissues 
is not complete at this time. 



FICURE 1.1. Electron Micrograph Showing l uge, Irregular-Shaped COOII 
Dust Particles and Smaller, Spherical Diesel Sool Paniculate. 3S,oooX. 
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FIGURE 1~ Normal lungs of Control Rat (right) and Diffusely Discolored 
l ungs of Ra t hposed to Diesel hhaust fo r 20 mo (left). 
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• Lung Toxicity of Sulfur Pollutants 

Since sensitive humans develop respiratory and cardiovascular difficulty during episodes 
of high sulfur pollution, we are investigating, in animal models, which biochemical compounds 
may be responsible for sulfur-related bronchoconstriction; as well as whether animals with 
lung disease are especially sensitive to the effects of inhaled sulfuric acid. 

ATROPINE INHIBITION OF ACUTE SULFURIC-ACID-INDUCED 
BRONCHOCONSTRICTION IN GUINEA PIGS 

Investigators: 
S. M. Loscutoff and B. W. Killand 

Guinea pigs were exposed to 20 mg/m 3 of a sulfuric acid aerosol (0.9 ~m mass median aero
dynamic diameter) for 60 min. Pulmonary resistance and dynamic pulmonary compliance were 
measured in this interval. Five of eleven untreated animals developed severe respiratory 
distress during exposure, while the remaining animals showed minor impairment of pulmonary 
function. Seven animals pretreated with 5 mg/kg atropine to inhibit acetylcholine showed no 
change in pulmonary function due to aerosol exposure. Three of eight animals, pretreated 
with 10 mg/kg chlorpheniramine to inhibit histamine, developed respiratory distress similar 
to that seen in untreated animals. 

Inhalation of sulfuric acid aerosols pro
duces bronchoconstriction in experimental 
animals and in man. This response has been 
evaluated most thoroughly in guinea pigs 
and is characterized by increased pulmonary 
resistance and decreased dynamic pulmonary 
compliance. The purpose of this study was 
to determine, in guinea pigs, the biochemi
cal agent(s) primarily responsible. We felt 
that acetylcholine and/or histamine was the 
most likely responsible agent. It is known 
that the action of each compound is selec
tively inhibited by specific pharmacologic 
blocking agents. To evaluate inhibition of 
acetylcholine action, 5 mg/kg atropine was 
injected intraperitoneally (IP) 45 min pre
exposure; for histamine action, 10 mg/kg 
chlorpheniramine was injected IP 15 min pre
exposure. Pulmonary resistance and dynamic 
compliance were determined using the tech
niques described in the 1977 Annual Report. 
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After preparation for pulmonary function 
testing, each animal was evaluated for 
90 min. During the first 30 min, animals 
breathed room air while baseline values of 
resistance and compliance were recorded. 
Animals were then positioned in the aerosol 
chamber for a 60-min, head-only exposure to 
sulfuric acid aerosol, which was generated 
using a Lovelace nebulizer. The aerosol 
concentration was approximately 20 mg/m 3 

H2S04 , with a mass median aerodynamic 
diameter of 0.9 ~m, a geometric standard 
deviation of 2.2 at 21°C, and 50% relative 
humidity. Occasionally, animals developed 
severe respiratory distress during exposure, 
at which time exposure was terminated. 

Results shown are for the exposure period 
only (Figure 1.3). Occasionally, some 
animals developed severe respiratory distress 
during the H2S0 4 exposure, necessitating 
termination of the particular experiment. 
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FIGURE 1.3. Effects of H2S04 Exposure on Pulmonary Resistance and 
Dynamic Pulmonary Compliance in Control, Atropine-Treated and 
Chlorpheniramine-Treated Guinea Pigs. Dashed lines show mean values for 
animals developing respiratory distress. Solid lines show values for animals 
demonstrating little or no effect of acid exposure. 

For those guinea pigs, the results shown in 
Figure 1.3 are only for the time spent in 
the aerosol chamber. Each line shows the 
response values for pulmonary resistance 
and dynamic compliance in control and 
pharmacologically blocked guinea pigs 
(Figure 1.3) with values for animals devel
oping respiratory distress averaged sepa
rately. In untreated animals (Figures 1.3A 
and B), five of eleven animals tested 
developed respiratory distress, with 
increased resistance and decreased com
pliance. Changes in resistance and com
pliance in the remaining animals were much 
less marked. In animals pretreated with 
atropine (Figures 1.3C and 0), resistance 
and compliance did not change appreciably 
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during acid exposure, and none of the 
animals developed respiratory distress. In 
animals pretreated with chlorpheniramine 
(Figures 1.3E and F), three of eight animals 
developed respiratory distress, while the 
remaining animals showed little or no 
change in pulmonary function. 

These results are in contrast with those 
of the earlier experiment, described in the 
1977 Annual Report (p. 1.7), which showed 
that response to histamine, not acetyl
choline, was responsible for the pulmonary 
function changes caused by sulfuric acid 
exposure. This difference may be a conse
quence of the great variability among 
animals exposed to the same concentration 



of sulfuric acid. This degree of vari
ability is also seen during exposure to 
histamine aerosols (Douglas, et al., J. 
Pharm. Exp. Ther. 180:98, 1972). AddT
tionally, we used several different sup
pliers in attempting to find a reliable 
source of animals for the first experiment. 
We believe that those results should be 
disregarded. 

We believe that a better method for 
conducting such exposures is that described 
in the report, "Pulmonary Function Evalu-
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ation of Light Oil from Solvent Refined 
Coal Process" (see elsewhere in this Report). 
Briefly, we have developed a technique for 
measuring pleural pressure from esophageal 
catheters in awake guinea pigs. Since this 
procedure is noninvasive, each animal can 
be tested repeatedly, and effects of dif
ferent treatments can be compared in the 
same animal. Using this technique, the 
effects of variability among guinea pigs 
exposed to the same experimental conditions 
are reduced. 



ELASTASE-INDUCED EMPHYSEMA IN GUINEA PIGS 

Investigator: S. M. Loscutoff 
Technical Assistance: R. G. Bennett 

Pulmonary function changes measured in guinea pigs 4 to 5 wk following intratracheal 
instillation of crystalline porcine pancreatic elastase resembled comparable changes in 
humans with moderately severe pulmonary emphysema. Compared with saline-treated controls, 
elastase-treated animals had increased values for all divisions of lung volume, increased 
static compliance and prolonged time constants. Since humans with emphysema are especially 
sensitive to air pollutants, elastase-treated animals may be useful as sensitive animal 
models in inhalation toxicology. 

These studies were designed to evaluate 
the changes in pulmonary function caused by 
experimentally induced pulmonary emphysema 
in guinea pigs. Pulmonary function studies 
in humans with emphysema show character
istic changes in lung volumes and lung 
mechanics caused by this disease. Similar 
tests were performed in guinea pigs to 
determine whether functional changes in 
treated animals parallel changes seen in 
humans. 

Experimental emphysema was produced by 
intratracheal instillation of crystalline 
porcine pancreatic elastase (7.5 units 
elastase activity per gram lung weight) in 
ether-anesthetized guinea pigs. The crys
talline elastase (Sigma Chemical Co., 
60 units/mg) was dissolved in saline 
(0.3 mg/ml). Control animals were dosed 
with comparable volumes of saline. Mor
tality was zero for saline-treated, and 
approximately 10% for elastase-treated 
animals. Death, due to acute alveolar 
hemorrhage, usually occurred within 45 min 
of dosing. 

Pulmonary function was evaluated 4 to 
5 wk following instillation in the remain
ing animals, which were anesthetized with 
urethane (ethyl carbamate, Sigma Chemical 
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Co.). Parameters measured included pul
monary resistance, dynamic and static 
pulmonary compliance, lung volumes (residual 
volume, functional residual capacity, vital 
capacity, total lung capacity), and time 
constant. 

Results of these studies are summarized 
in Table 1.2. The most significant differ
ences are shown in Figures 1.4 and 1.5 by 
representative static pressure vs volume 
curves of the lung, plotted for saline- and 
elastase-treated animals. 

Table 1.2 shows that body weight, pul
monary resistance and dynamic compliance 
did not differ in elastase- and saline
treated animals, while lung volume, static 
compliance, and the time constant of the 
lung increased in elastase-treated, as com
pared with saline-treated, animals. Differ
ences in lung volume and static compliance 
may be compared in Figures 1.4 and 1.5: 
Not only are all volumes larger in the 
elastase-treated animals, but the slope of 
the pressure vs volume curve (steepest 
portion, center) is greater, indicating 
increased static compliance. These changes 
in pulmonary function are similar to those 
seen in humans with moderately severe pul
monary emphysema. 
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TABLE 1.2. Results of Pulmonary Function in Saline- and Elastase-
Treated Guinea Pigs. 

Saline-Treated Elastase-Treated 
Test Parameter N x SD N x SD P ---
Body wt (g) 9 681. 80. 11 700. 76 NS 

Pulmonary Resistance 
(cm H2O/ml/sec) 9 0.19 0.03 11 0.19 0.Q3 NS 

Dynamic Compliance 
(ml/cm H2O) 9 0.98 0.18 11 1.22 0.32 NS 

Static Compliance 
(ml/cm H2O) 9 3.6 0.6 11 7.9 2.7 <0.01 

Residual Volume 
(ml) 9 4.5 1.0 11 7.5 1.1 <0.01 

Functional Residual 
Capacity (ml) 9 9.6 1.1 11 14.4 1.6 <0.01 

Vital Capacity 
(ml) 9 27.4 1.9 11 32.3 3.3 <0.01 

Total Lung 
Capacity (ml) 9 31.9 1.8 11 39.9 3.4 ~0.01 

Time Constant 
(sec) 9 0.27 0.03 11 0.34 0.06 <0.05 

SAL! NE -TREATED 

--
VITAL 

CAPACITY TOTAL LUNG 
CAPACITY 

FIGURE 1.4. Transpulmonary Pressure vs. Lung Volume for Guinea Pigs 
Dosed with Intratracheally Instilled Saline 4 wk Before Measurement. 
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FICURE 1.S. Transpulmonary Pressure vs. Lung Volume for Guinea Pigs 
Dosed with Intratracheally Instilled Elastase (7.5 units/g lung wt) 4 wk 
Before Measurement. 
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• Effects of Pollutant Metals 

Several heavy metal pollutants from energy conversion sources are known to be detrimental 
to the hematopoietic and immune systems; some are carcinogenic. However, there is a paucity 
of information concerning potential synergistic effects of nutritional deficiencies (common 
in both industrialized and underdeveloped countries) combined with heavy metal exposure. 
This project will examine the interactions of specific nutritional deficiencies and heavy 
metal exposures, with particular emphasis on gastrointestinal absorption of the metals and 
subsequent effect on the hematopoietic and immune system. 

TRANSPLACENTAL PASSAGE OF LEAD AND CADMIUM 
IN IRON-DEFICIENT RATS 

Investigators: 
H. A. Ragan and J. K. Sweeney 

Technical Assistance: 
E. T. Edmerson, S. L. English, M. C. Perkins and M. J. Pipes 

The transplacental movement of lead and cadmium was not increased in iron-deficient pregnant 
rats, compared to a similar group of control rats. 

Adult, female Wistar rats, housed 5 per 
cage, were placed on an iron-deficient 
(Group 1) or control (Group 2) diet at 
60 days of age. Animals in Group 1 were 
anesthetized and approximately 10% of their 
blood volume removed weekly by cardiac 
puncture for 4 weeks in order to hasten the 
development of an iron deficit. Group 2 
rats were anesthetized and cardiac puncture 
was performed but no blood was aspirated. 
At the end of the 4-wk period the volume of 
packed red cells (VPRC) of the 25 Group 1 
rats was 35.3 ~ 2.6 ml/dl vs 45.4 ~ 1.8 ml/dl 

prior to the first blood collection. At 
this time a male rat was placed in each 
cage of 5 females; vaginal smears were then 
obtained daily to determine the breeding 
day (day 0). On gestational day 17, each 
pregnant rat was administered 10 ~Ci of 
210Pb citrate or 15 ~Ci of l09Cd citrate by 
intravenous injection. Twenty-four hours 
later the dams were killed and the liver, 
one femur, one kidney, the placenta and all 
fetuses were removed for radioanalyses. The 
results are shown in Table 1.3 for 210Pb, 
and in Table 1.4 for l09Cd. 

TABLE 1.3. Lead-210 in Maternal Tissues and Fetuses of Iron-Deficient and Control 
Rats (Mean ± 1 SD; n = 10 for Maternal and 107-121 for Fetuses). 

% Dose/gram x 102 

Blood Liver Femur Placenta Fetuses 

Iron Deficient 39.2 ± 11.7 46.2 ± 11.2 146.3 ± 40.4 15.6 ± 4.0 14.4 ± 2.4 

Control 66.6 ± 12.4 64.3 ± 11.6 135.9 ± 33.2 15.9 ± 3.0 15.3 ± 4.1 
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TABLE 1.4. Cadmium-109 in Maternal Tissues and Fetuses of Iron-Deficient and 
Control Rats (Mean ± 1 SO; n = 7 for Maternal and 70 for Fetuses). 

% Dose/gram x 102 

Blood Liver 

Iron Deficient 2.6 ± 1.1 606 ± 92 

Control 2.2 ± 0.5 527 ± 84 

Based on hematologic and histochemical 
data, the dams were in a negative iron 
balance when killed at 18 days of gestation 
(Table 1.5). 

From the results of this study it appears 
that in rats, a negative iron balance in a 
pregnant female does not result in enhanced 
cross-placental movement of either lead or 

Kidney Placenta Fetuses 

17.6± 7.5 88.0± 14.1 0.25± 0.10 

16.0 ± 4.8 72.0 ± 6.3 0.34 ± 0.11 

cadmium. This is in contrast to the marked 
enhancement of gastrointestinal absorption 
of both elements in iron-deficient rats 
(previous Annual Reports). However, this 
difference is not surprising since, even 
with iron, there is a marked difference 
between GI iron absorption and transplacen
tal iron movement. 

TABLE 1.5. Hematologic and Iron Status of Iron-Deficient and Control Dams at 
Time of Sacrifice (Mean ± 1 SO; n = 17-20). 

VPRC, RBC 
ml/dl(a) x 1()6/,uQ(b) 

MCV, 
,u3(C) 

MCH, 
,u,ug(d) 

Iron Deficient 21.0 ± 6.1 4.83 ± 1.21 42.4 ± 3.1 17.5 ± 1.2 

Control 39.4 ± 2.3 6.75 ± 0.44 58.6 ± 1.5 21.0 ± 0.5 

(a) Volume of packed red cells 
(b) Red blood cell concentration 
(c)Mean corpuscular volume of red cells 
(d) Mean corpuscular hemoglobin in red cells 
(e) Histochemical scoring, progressing from 0 to 5 
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Spleen 
lron(e) 

1.5 ± 1.1 

5.0 ± 0 



HEMATOLOGIC EFFECTS OF NICKEL IN IRON-DEFICIENT RATS 

Investigators: 
H. A. Ragan, M. J. Pipes, S. L. English, and R. M. Madison 

Technical Assistance: 
E. T. Edmerson, M. Perkins, J. K. Sweeney, S. Krum, 

and V. Faubert 

Nickel fed at '\,250 ppm for '\,2 months reduced the daily weight gain in control and iron
deficient rats. However, this concentration of nickel had a "sparing" hematologic effect in 
the iron-deficient rats, i.e. they were significantly less anemic than rats on an iron
deficient diet without nickel. 

We have found that iron-deficient rats 
absorbed more nickel from a single gavage 
than did control rats (previous Annual 
Reports). Consequently, it is of interest 
to determine whether nickel, ingested 
chronically, would have a more pronounced 
effect on the hematopoietic system in iron
deficient rats than in control rats. 

Female Wistar rats were weaned at 21 days 
of age and started on either an iron
deficient or control diet. After '\,40 days 
on these diets, 50% of each group was 
changed to a diet containing '\,250 ppm of 
nickel acetate. The remaining animals were 
continued on either the iron-deficient or 
the control diet without nickel, to serve 
as controls for the nickel-containing diet 
groups. Daily food consumption and weekly 
body weight determinations were made for 
all four groups for a 71-day period, at 
which time they were killed to obtain 
hematologic, serum chemistry, histopatho
logic and tissue nickel analyses. 

Daily food consumption of the four 
dietary groups was about the same, but 
there were significantly greater daily 
weight gains in both the control and iron
deficient groups when compared to the 
respective groups fed nickel (Table 1.6). 
There were no significant differences 
between the control + nickel and the iron
deficient + nickel groups in weight gain. 

After '\,50 days on the nickel-containing 
diet, blood samples were obtained from the 
tail vein to compare hematologic values of 
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the four diet groups (Table 1.7). No dif
ferences were seen between values for the 
control and control + nickel groups. 
However, the iron-deficient + nickel group 
was significantly less anemic than the 
iron-deficient-diet-on1y group (P <0.001). 
About 25 days later the rats were killed 
for more complete hematologic and histo
pathologic examination. Hematologic values 
were similar to those obtained earlier, 
i.e. there were no differences between the 
two control diet groups, and the iron
deficient + nickel dietary group was signi
ficantly less anemic than the iron-deficient
only group (Table 1.8). The amount of iron 
contained in the added nickel acetate was 
only '\,0.16 ~g/day/rat, so the difference 
between the two iron-deficient groups 
cannot be accounted for from this source. 
Serum chemistry values are shown in Table 1.9; 
both groups of nickel-fed rats had signifi
cantly higher (P <0.02-0.001) creatinine 

TABLE 1.6. Food Consumption and Daily Weight Gains 
in Rats on Control, Iron-Deficient, or Added-Nickel 
Diets (mean ± SD). 

Daily Food Daily Weight 
Group N Consumption, g Gain, g 

Control 10 16.5 ± 0.9 1.04 ± 0.60 
p < 0.Q1 

Control + Nickel 15 16.2 ± 0.8 0.50 ± 0.27 

I ron-Deficient 11 15.3 ± 4.7 0.85 ± 0.47 

! P < 0.001 
Iron·Deficient + 19 15.3 ± 0.7 0.38 ± 0.23 
Nickel 



TABLE 1.7. Hematologic Parameters in Rats on Control, Iron-Deficient Diet or Added-Nickel Diets for 
50 Days (mean ± SD). 

Group N 

Control 10 

Control + Nickel 15 

Iron-Deficient 11 

I ron-Deficient + 15 
Nickel 

(a)'Erythrocyte concentration 
(b) Hemoglobin concentration 
(c)Yolume of packed red cells 
(d)Mean corpuscular volume 

RBC,(a) Hgb,(b) 
x 11)6/1-11 g/dl 

7.60 ± 0.32 16.3 ± 0.5 

7.40 ± 0.38 16.1 ± 0.20 

3.88 ± 0.60 7.8 ± 0.9 

6.96 ± 0.95 12.1 ± 1.6 

(e) Mean corpuscular hemoglobin 
(f)Mean corpuscular hemoglobin concentration 
(g) leukocyte concentration 

VPRC,(c) MCV,(d) MCH,(e) MCHC,(f) WBC,(g) 
mlldl 1-1' I-II-Ig % x 10'11-11 

42.0 ± 1.5 55 ± 1 21.5 ± 0.6 39.1 ± 0.5 10.5 ± 2.0 

41.7 ± 0.9 56 ± 3 21.9 ± 1.0 39.0 ± 0.8 11.0 ± 1.3 

14.9 ± 2.4 37 + 2 20.4 ± 1.6 55.2 ± 6.2 19.7 ± 9.4 

30.2 ± 6.6 43± 5 17.4 ± 0.9 41.6 ± 5.1 10.8 ± 2.4 

TABLE 1.B. Hematologic Parameters in Rats on Control, Iron-Deficient Diet or Added-Nickel Diets for 75 Days 
(mean ± SD). 

RBC,(a) 

Group N x 10011-11 

Control 10 7.86 ± 0.40 

Control + Nickel 15 7.70 ± 0.32 

Iron-Deficient 11 4.07 ± 0.75 

Iron-Deficient + 15 6.69 ± 1.01 
Nickel 

(a) Erythrocyte concentration 
(b) Hemoglobin concentration 
(c)Yolume of packed red cells 
(d) Mean corpuscular volume 

Hgb,(b) 

g/dl 

16.6 ± 0.7 

16.6 ± 0.5 

8.0 ± 1.1 

12.2 ± 1.3 

(e) Mean corpuscular hemoglobin 
(f)Mean corpuscular hemoglobin concentration 
(g) leukocyte concentration 

VPRC,(c) MCV,(d) 

mlldl 1-1' 

43.3±1.7 55.0 ± 1.6 

42.7± 1.6 55.7 ± 2.4 

15.3 ± 3.2 36.5 ± 1.8 

27.6 ± 6.4 40.7 ± 4.2 

values than their control groups. Similar, 
though not statistically significant, 
changes were evident in BUN values. Although 
the histopathologic evaluations are not 
complete, these serum chemistry changes are 
consistent with previously reported renal 
effects due to nickel toxicity. 

Only a few studies have been reported on 
the hematologic effects of nickel in animals, 
and none on combined effects of iron defi
ciency and the toxicity of nickel; therefore, 
it is difficult to make comparisons of this 
investigation with others. There were no 
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Reticulo-
MCH,(e) MCHC,(f) cytes, Marrow, WBC,(g) Platelets, 

I-II-Ig % x 10'11-11 x 10'11-11 x 10'/J.(1 x 10'11-11 

21.2 ± 0.5 38.8 ± 0.3 170 ± 39 40.6 ± 6.2 9.3 ± 1.9 782 ± 234 

21.7 ± 0.9 39.4 ± 0.8 208 ± 90 47.8 ± 7.6 8.5 ± 1.0 765 ± 164 

19.7 ± 1.6 54.9 ± 6.1 592 ± 288 51.4 ± 6.0 16.2 ± 8.9 1161 ± 349 

18.4 ± 1.2 46.1 ± 6.8 233 ± 66 46.1 ± 5.2 8.0 ± 1.4 957 ± 324 

significant hematologic effects of nickel 
in the control + nickel-diet animals when 
compared to the control-diet-only group. 
However, the apparent "sparing" effect of 
nickel ingestion in the iron-deficient 
group is of interest, and worthy of further 
investigation. Whanger (Toxicol. Appl. 
Pharmacol. 25: 323-331, 1973) reported 
increased iron content in plasma, in red 
cells and in some tissues of rats fed 500-
1000 ppm nickel acetate for 6 wk. From 
that report it appears that nickel inter
feres with the excretion and/or utilization 
of iron. 



TABLE 1.9. Serum Chemistry Values for Rats on Control, Iron-Deficient or Added-Nickel 
Diets for 50 Days (mean ± 1 SD). 

BUN,(a) Creatinine, 
Group N mg/dl mg/dl 

Control 10 11.2 ± 3.2 0.34 ± 0.10 

Control + Nickel 15 13.3 ± 2.0 0.59 ± 0.05 

Iron-Deficient 11 10.7 ± 2.5 0.29 ± 0.08 

I ron-Deficient + 15 12.1 ± 2.3 0.43 ± 0.17 
Nickel 

(a) Blood urea nitrogen 
(b)Serum alkaline phosphatase 
(c) Serum glutamic oxaloacetic transaminase 
(d)lnorganic phosphorus 
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SAP,(b) SGOT,(C) Pi,(d) Protein, 
BLB Units R-F Units mg/dl g/dl 

3.6±1.4 253 ± 28 3.5 ± 0.45 6.7 ± 0.4 

3.5 ± 1.1 245 ± 32 4.8 ± 1.10 6.6 ± 0.5 

4.7±1.2 347 ± 97 6.3 ± 0.81 6.4 ± 0.6 

4.0 ± 1.4 227 ± 55 5.5 ± 0.80 6.7 ± 0.4 





• Alveolar Clearance of Inhaled Metal Oxides 

Metal oxides produced during the combustion of fossil fuels constitute a potential hazard 
to man. The purpose of this project is to determine the role of pulmonary cells in influencing 
the fate of inhaled metal oxides and the acute and chronic toxicity of inhaled metal oxides 
in the lungs of rodents. 

SYSTEMIC TOXICITY OF INHALED CADMIUM OXIDE IN RATS 

Investigators: 
J. G. Hadley, A. W. Conklin, and C. L. Sanders 

Inhaled cadmium oxide causes systemic damage, particularly in the lung, testis and circula
tory system. 

Cadmium is a highly toxic heavy metal 
present in effluents of fossil fuel com
bustion. It has been estimated that cadmium, 
primarily as the oxide form, is being 
released into the atmosphere at a rate in 
excess of 1.5 million kg/yr. Additionally, 
cadmium has been found to occur primarily 
in the smallest particle sizes of fly ash 
released from fossil-fuel-fired plants. 
This represents an additional health hazard, 
as the smaller particles are both the most 
difficult to effectively remove with conven
tional pollution control equipment and are 
in a size range favoring deposition in the 
lower respiratory tract following inhalation. 

The current study was designed to investi
gate the subacute toxicity of inhaled CdO. 
For this experiment, male Wistar, SPF rats 
approximately 70 days of age were used. 
Sixty-one animals received a single, 30-min, 
nose-only exposure to an aerosol of CdO. 
The concentration of cadmium in the exposure 
chamber was 60 ~g/£. The mass median 
aerodynamic diameter was 1.4 ~m, with a 
geometric standard deviation of 1.89. 
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Seventeen nonexposed, age-related animals 
served as controls. Twenty-seven of the 
exposed animals died within 3 days after 
exposure due to massive pulmonary edema, 
and the remaining animals were held for 
1 yr postexposure. Prior to sacrifice, 
indirect systolic blood pressure was taken 
from the caudal artery of the tail, and 
blood glucose, urinary protein, urinary pH, 
glucose and hematocrit were measured. At 
sacrifice, animals were necropsied and 
tissues were taken from major organ systems 
for histologic evaluation. 

There were no differences in body weights 
of exposed and control animals. Figure 1.6 
shows the significant changes found for 
exposed animals in urinary pH (decreased) 
and systolic blood pressure (increased). 

No major differences in lung morphology 
were observed between the two groups. One 
exposed animal, however, had an adenocar
cinoma of the lung. While this finding is 
not significant in itself, the relatively 
short latency period (1 yr postexposure) 
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and Cadmium-Oxide-Exposed Animals, 1 Year Post
exposure. 
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and the low (less than 0.10%) spontaneous 
incidence of lung tumors in the Wistar rat 
suggest that it resulted from exposure. No 
significant pathological changes were found 
in liver, spleen, kidney, or pancreas of 
exposed animals. 

A highly significant (P <0.001) increase 
in the incidence of tubule degeneration of 
the testes was found in exposed animals 
(Table 1.10). This is the first reported 
evidence of testicular damage following 
inhalation of a cadmium compound, although 
testicular degeneration following parenteral 
administration of soluble cadmium compounds 
has been observed. 

This study has demonstrated that inhaled 
CdO may cause systemic alterations affecting 
circulatory, renal, and/or reproductive 
systems. Additionally, the potential 
pulmonary carcinogenesis of inhaled CdO 
warrants further investigation. 

TABLE 1.10. Testicular Damage Induced by Inhalation 
of CdO. 

Controls 

Exposed 

Incidence of 
Tubule Degeneration(a) 

3/14 (21.4%) 

26/33 (78.8%) 

(a)Histologicaliy evaluated as moderate to marked 
degeneration 



RAPID SOLUBILIZATION AND TRANSLOCATION OF INTRATRACHEALLY 
INSTILLED CADMIUM OXIDE 

Investigators: 
J. G. Hadley and A. W. Conklin 

Technical Assistance: S. I. Baker 

Cadmium-109 calcined at 650°C for 2 hr is rapidly solubilized in the lung and rapidly 
translocated to liver. 

Cadmium is a highly toxic trace metal 
that may represent a significant environ
mental contaminant. It is ubiquitous in 
the effluents of fossil fuel combustion, 
and may be in the oxide form in the atmos
phere. We have previously demonstrated 
that CdO at concentrations> 60 Wg/~ results 
in rapid (1-3 days) death of exposed animals 
due to massive pulmonary edema (Annual 
Report, 1977). During the previous studies 
we observed that livers from animals dying 
shortly after exposure contained a signifi
cant fraction of the total body burden of 
cadmium. Additionally, marked alterations 
in testicular morphology were observed in 
rats 1 yr following CdO exposure (elsewhere 
in this Annual Report). Gastrointestinal 
absorption of cadmium is reported to be 
extremely low; therefore cadmium cleared 
from the upper respiratory tract would not 
be expected to contribute significantly to 
the cadmium body burden. Since CdO is con
sidered a Class Y (highly insoluble) com
pound by the ICRP Task Force on Lung Dynamics, 
the source of the liver cadmium and the 
reason for the testicular alterations were 
not apparent. The current study was there
fore designed to examine the actual movement 
of CdO from the respiratory surfaces. 

As shown in Figure 1.7, intratracheally 
instilled l09CdO was cleared rapidly from 
the lung (approximately 50% of the admin
istered dose cleared within 6 hr of instil-
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lation). However, a significant fraction 
(~30%) of the l09Cd was retained in the 
lung, with no detectable clearance occurring 
between 7 and 14 days postexposure. Cadmium 
oxide leaving the lung was predominantly 
translocated to liver (Figure 1.8). Nearly 
60% of the total administered dose of l09CdO 
was found in the liver at 1 day postexpo
sure. No net change in liver l09Cd occurred 
between 1 and 14 days postinstillation. 

Kidney uptake of cadmium occurred through
out the 14-day postexposure period (Figure 
1.9), with 7.9% of the total body burden 
found in the kidneys at 2 wk. Cumulative 
urinary excretion of cadmium during the 
14 days was 0.27 + 0.2% of total body cad
mium, while total-fecal excretion was 9.4%. 

Table 1.11 sumarizes the data on l09Cd 
translocation. Testes concentration (~0.2 
to 0.3%) is nearly identical to those 
reported following parenteral administration 
of soluble Cd salts. No major skeletal 
accumulation of cadmium was observed. 

These data indicate that CdO deposited on 
respiratory surfaces is rapidly cleared from 
the lung and translocated throughout the 
body, with major accumulation in liver and 
kidney. Additionally, the slow excretion of 
cadmium from the body implies that a long
term dose commitment to several organ systems 
will occur with respiratory exposure. 
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TABLE 1.11. Distribution of l09CdO (x%) 

1 Hour 1 Day 1 Week 

74.4 ±6.6 23.9 ± 3.0 19.5 ±3.6 

18.9 ± 3.6 58.4 ± 3.9 61.6 ±2.6 

0.7 ± 0.1 2.7 ± 1.8 6.3 ±0.9 

0.13 ± 0.07 0.24 ±0.03 0.30 ±0.04 

1.90 ± 0.45 (a) 2.49 ±0.27 1.64 ± 0.17 

(a)2 Hour value - no bone samples taken at 1 hour. 
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~ 1 

10,000 

2 Weeks 

18.4 ± 1.9 

56.9 ± 5.0 

7.9 ± 2.9 

0.24 ± 0.04 

1.40 ± 0.54 



AN ELECTRON MICROSCOPIC STUDY OF AGRAPOD-MEDIATED PHAGOCYTOSIS 

Investigators: 
J. G. Hadley and R. A. Adee 

The alveolar macrophage plays an important role in maintaining the sterility of the lower 
respiratory tract. Since the mechanism by which the macrophage effects its role as a scavenger 
is not well understood, this study was designed to examine the ultrastructural changes occur
ring during agropod-mediated phagocytosis. Electron microscopic examination of alveolar 
macrophages in the process of phagocytosis provided new insights into the mechanism of phago

cytosis. 

We have reported previously (Annual 
Report, 1977) the basic morphology of 
agrapod-mediated phagocytosis by alveolar 
macrophages. In an attempt to elucidate 
the mechanism of agrapod formation, trans
mission electron microscopy was used to 
examine ultrastructural changes occurring 
during the phagocytic process. To provide 
an appropriate phagocytic stimulus for 
alveolar macrophages in vivo, male, New 
Zealand White rabbits were anesthetized, 
and 2.0 ml of a 1% suspension of yeast 
(Saccharomyces cerevisiae) in 0.9% saline 
was instilled into the trachea during 
inspiration. After 5 min, the animals were 
sacrificed and the lungs were instilled 
with 30 ml of 2.0% glutaraldehyde in ice
cold phosphate-buffered saline. The fluid 
was gently removed by aspiration and the 
cells were concentrated by light centrifuga
tion. The cells were post-fixed in 1% 
osmium tetroxide, dehydrated through a 
series of acetone dilutions, polymerized in 
Spurr's low viscosity resin, and ~90-nm 
sections were cut and mounted on copper 
grids. The grids were doubly stained with 
uranyl acetate and lead citrate, then 
examined in a Phillips 300 electron micro
scope. 

Light-level examination of sections of 
the cell pellet adjacent to those prepared 
for electron microscopic examination indi
cated that approximately 5 to 10% of the 
macrophages were ingesting yeast cells by 
means of agrapods. 
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Figures 1.10A-D illustrate the progres
sion of stages in agrapod-mediated phago
cytosis as seen under the light microscope; 
Figures 1.11A-D are electron micrographs 
revealing the ultrastructures of the agrapod 
during these stages. In Figure 1.10A, the 
developing agrapod has attached to the 
yeast cell and is in the process of engulf
ing the particle. Figure 1.11A demonstrates 
that the agrapod is bounded by cytoplasmic 
membrane, which is attached to the yeast 
cell wall at discrete points. In Figure 1.10B 
the tips of the agrapod have completely 
surrounded the yeast cell, and membrane 
fusion has occurred (l.l1B). Figures 1.10C 
and 1.11C show the yeast particle completely 
enclosed within the agrapod before the 
agrapod retracts into the cell body. 
Figures 1 .10D and 1.11D show the yeast cell 
completely within the macrophage; the only 
remaining evidence of the participation of 
the agrapod is the electron-homogeneous 
area surrounding the recently engulfed 
yeast cell. 

The most unexpected finding in this 
study is the virtual absence of subcellular 
structure within the agrapod; there is no 
evidence of mitochondria, microsomes, or 
endoplasmic reticulum. 

The factors governing agrapod formation, 
elongation and retraction remain undeter
mined. 
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of Stages During Agrapod-Mediated Phagocytos is by Alveolar Macrophages. 

A. The yeast particle (PI is nearly surrounded by the extended agrapod 
(A). 

B. The yeaSt particle is completely enclosed within Ihe agrapod. 

C. The agrapod has withdrawn toward Ihe main cell body. 

D. The yeast particle is completely within the macrophage; no sign of 
the agrapod is evident. 
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DISTRIBUTION AND TOXIC EFFECTS OF CADMIUM ON DEVELOPING CHICKEN EMBRYOS 

Investigators: 
T. L. Felten, J. G. Hadley, and C. L. Sanders 

Technical Assistance: A. Conklin 

The toxicity of cadmium to developing chicken embryos caused decreased viability and 
increased developmental abnormalities at dose levels as low as 0.07 ~g per embryo. This 
system may therefore be useful for evaluating metal toxicity. 

The large number of trace metals found 
in effluents of fossil-fuel-fired power 
plants precludes full-scale inhalation 
toxicity studies with rodents for each of 
the metals. For this reason, we investi
gated the usefulness of the early chicken 
embryo as an inexpensive bioassay for 
ranking metal toxicity. 

Cadmium was chosen as a test metal 
because of its known toxicity and its 
presence in most fossil fuel combustion 
products. White Leghorn fertile eggs were 
injected transmembranously with 0.0, 0.07, 
0.70 or 7.00 ~g CdC1 2 in 0.2 ml of physio
logical saline, and incubated at 37°C. An 
untreated control group of eggs was incu
bated simultaneously to ascertain possible 
effects associated with injection. At 48 
and 96 hr postinjection, embryos were 
examined for viability, and the presence of 

developmental abnormalities. Table 1.12 
summarizes these data. 

The saline-alone group showed some 
decrease in viability (see Table 1.12) in 
comparison with uninjected controls, 
probably due to trauma associated with 
injection rather than from ionic effects. 
At the two higher dose levels (0.70 ~g and 
7.00 ~g), cadmium caused increased mor
tality, both at the 48- and 96-hr sampling 
periods. Some evidence of toxicity was 
evident after 96 hr in the embryos injected 
with 0.07 ~g. A marked increase in develop
mental abnormalities was observed in viable 
embryos of all Cd treatment groups. Pre
dominant abnormalities were microophthalmia, 
unfused neural tube, unpaired somites, 
gross cephalization, and improperly posi
tioned heart and blood vessels. 

TABLE 1.12. Viability and Developmental Abnormalities of Developing 
Chick Embryos Treated with Cadmium. 

Developmental 
Percent Viable Abnormalities(b) 

Treatment Group 48 hr 96 hr 48 hr 96 hr 

Uninjected Control 93 (14)(a) 94 (16) 0 (13) 0 (15) 

Saline Alone 79 (14) 71 (14) 20 (10) 10 (10) 

0.07 IJg Cd 79 (14) 50 (14) 70 (10) 86 (7) 

0.70 IJg Cd 50 (14) 33 (9) 71 (7) 67 (3) 

7.00 IJg Cd 21 (14) 13 (16) 67 (3) 67 (3) 

(a)Number of embryos examined 
(b)% of viable embryos with abnormal development 
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To determine whether a significant 
fraction of the cadmium was accumulating in 
the embryo, we injected 50 nCi l09CdC1 2 
(specific activity >100 Ci/g), either alone 
or combined with 0.07 ~g Cd, in 0.2 ml 
normal saline solution. Following 1, 2 or 
3 days of incubation, eggs were opened, and 
shell and associated membranes, albumin, 
yolk, and embryo were separated and analyzed 
for radioactivity. For both treatment 
groups the amount of l09Cd recovered in 
yolk and embryo were similar, amounting to 
~15 to 20% of the administered doses 
(Table 1.13). Significantly more of the 
l09Cd was found in the shell-associated 
membrane in the Cd-spike-only group. 
Although the reason for this difference is 
not evident, a possible explanation is the 
saturation of a limited number of high-

affinity Cd-binding sites in the shell
associated membrane. No time-related 
changes in distribution were evident during 
the 3 days of incubation, suggesting a 
passive rather than active movement of 
cadmium within the egg. 

This preliminary study has shown that the 
developing chick embryo is sensitive to 
cadmium, and that toxicity is manifested 
both as a decrease in viability of the 
embryo and an increase in the frequency of 
developmental abnormalities. 

The embryos must be tested with addi
tional metals to establish the general 
utility of the method, but the sensitivity 
to Cd demonstrated in this study suggests 
that the model is useful. 

TABLE 1.13. Distribution of l09Cd Following Transmembranous Injection. 

Days Postinjection 

l09Cd(a) Only 

1 

2 

3 

0.07 JJg Cd + l09Cd 

1 

2 

3 

(a)<50 nCi l09CdCI2 
(b)X ± SEM 

Shell and 
Associated Membranes 

36.2 ± 23.9(b) (7)(c) 

51.3 ± 15.0 (5) 

47.8 ± 18.4 (4) 

10.6 ± 6.0 (10) 

11.9±4.2 (6) 

9.6 ± 3.5 (6) 

% of Total Dose 

Albumin Yolk 

42.7 ± 27.0 (7) 20.6 ± 5.0 

35.5 ± 19.4 (5) 10.5 ± 5.1 

36.9 ± 18.5 (4) 13.0 ± 1.1 

71.3±17.9 (10) 18.5 ± 13.3 

66.7 ± 15.6 (6) 20.2±11.8 

71.4 ± 6.2 (6) 15.6 ± 2.4 

(c)Number of samples; only viable embryos assayed 
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Embryo 

(7) 0.3 ± 0.3 (7) 

(5) 2.6 ± 3.3 (5) 

(4) 2.1 ± 0.4 (4) 

(10) 0.2 ± 0.6 (10) 

(6) 1.2 ± 1.5 (6) 

(6) 0.90 ± 0.70 (6) 



RESPIRABLE AEROSOLS FROM A TROST AIR JET MILL/WRIGHT 
DUST FEED AEROSOL GENERATOR 

Investigator: O. R. Moss 
Technical Assistance: E. M. Milliman 

Comminution of the output of the Wright Dust Feed, used in series with a Trost air jet 
mill, caused an increase of up to 2.7 times in the respirable mass fraction of an aerosol. 

Fly ash for exposure of animals in 
chambers requiring total flows of 6 cfm was 
initially generated by running two Wright 
Dust Feed (WDF) mechanisms in parallel, 
with each unit consuming two dust-cup packs 
during a 6-hr exposure period. A respirable 
concentration of 218 mg/m 3 was maintained. 
Total chamber concentration represented 17% 
of the material generated from the WDF 
before elutriation. In an attempt to halve 
the number of WDF dust cup packs consumed 
each day, a Trost air jet mill was placed 
in series with one WDF unit; no other 
changes in the aerosol generation system 
were made. The Trost air jet mi 11 provi ded 
a means of comminuting the WDF output. The 
unit (Figure 1.12) uses from 2 to 6.5 cfm of 
compressed air to create two opposing free 
jets, "0" and "P". Particle-particle 
impaction occurs in the overlap zone of the 
jets. The suction provided by the "0" jet 
is used to recycle through the impaction 
zone all particles too large to escape 
through the exhaust port. The suction 

-p -
FIGURE 1.12. Schematic Diagram of Trost Air Jet Mill. 
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produced by the "P" jet is used to aspirate 
the dust being supplied by the source (in 
this case, the WDF). In general operation, 
the "0" jet is run at 50% higher pressures 
than the "P" jet. 

Comminution of the output of the WDF 
resulted in an increase of as much as 
2.7 times in the respirable mass fraction 
(Table 1.14), as measured with a Casella 
horizontal elutriator. The Trost was 
operated with jets at 40 psi ("P" jet) and 
60 psi ("O" jet) for a total flowthrough of 
170 ~/min. With fly ash packed into the 
feed cup, comparisons were made for the 
WDF, operating at gear ratios of 16:1,4:1, 
and 1:1. The Trost appears to at least 
double the respirable fraction of the WDF 
output, even for the higher mass loadings 
obtained at a gear ratio of 1:1. Measure
ments of the change in particle size distri
bution produced by the Trost are currently 
being made. 

TABLE 1.14. WDF(a) vs TWAG(b); Comparison of Percent 
Respirable in Aerosol Output. 

Percent Respirable Mass 

WDF 28.3 ±-2.6 30.3 ±-1.7 30.5 ±-3.5 

TWAG 

Total Aerosol 
Concentration, 

76.6 ± 6.7 64.7 ± 3.8 62.5 ± 7.4 

I1g/R,(c) 11.7 ± 0.7 /.Ig/e 50.4 ± 1.3 /.Ig/£ 0173 ± 11 /.Ig/£ 

WDF Gear Ratio 16:1 4:1 1 :1 

(a) Wright Dust Feed operated at 20 Umin, packed with fly ash sieved 
to less than 150 /.1m. 

(b) Trost-WDF Aerosol Generator: WDF output is comminuted by the 
Trost Air Jet Mill, operating at 40 psi (p jet) and 60 psi (0 jet), for 
a total flowthrough of 170 Umin. 

(c) Total mass concentration was approximately the same for both 
WDF and TWAG runs. 





• Factors Influencing the Cross-Placental Transfer and 
Teratogenicity of Metallic Pollutants 

This project seeks to define the specific factors which affect the qualitative and quanti
tative aspects of the cross-placental transfer and distribution of heavy metals within the 
fetoplacental unit. Intravenous, oral, and inhalation routes of administration are used to 
provide differences in the rate and, possibly, in the chemical form in which metals are 
presented to the placenta. Data from these studies will provide quantitative estimates of 
doses to the fetoplacental unit, which can then be used as bases for interpretation of toxi
cologic and teratologic effects observed following oral or inhalation exposure to heavy 
metals. 

CROSS-PLACENTAL TRANSFER AND DISTRIBUTION 
OF INHALED LEAD NITRATE IN RATS 

Investigators: 
P. L. Hackett, J. O. Hess, M. R. Sikov, W. C. Cannon, 
E. F. Blanton, J. P. Herring, and A. C. Case 

Technical Assistance: 
K. A. Poston, A. C. Crosby, L. F. Hensley, and R. L. Music 

Pregnant rats at various stages of gestation were exposed to two dose levels of aerosolized 
lead nitrate to determine lead deposition and distribution patterns in maternal and fetal 
tissues. The inhaled lead nitrate was rapidly absorbed from the maternal lung and readily 
entered the fetoplacental unit. Fractions of the lead burden were higher in the more advanced 
stages of fetoplacental development, especially during the period of rapid skeletal growth. 

The deposition and distribution of lead 
nitrate following inhalation exposure of 
pregnant rats have been shown to be dose
dependent (Annual Report, 1977). It has 
also been demonstrated that the inhaled 
lead nitrate was rapidly absorbed and 
transferred to major organ systems and to 
the fetoplacental unit (FPU), where 
deposition depended upon the stage of 
development. Additional aerosol exposures 
were performed .this year to provide larger 
group sizes and to confirm and extend 
these observations. 

Two aerosols designated as "tracer" (con
taining freshly separated 210Pb only) and 
"carrier" (containing 20 mg of stable lead/ml 
as Pb(N0 3 )2, with 210Pb) were used in each 
of two separate studies (A and B). In 
each case, aerosols were generated with a 
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Lovelace nebulizer from 0.2 N HN0 3 and were 
characterized for particle size and 210Pb 
activity by means of a cascade impactor and 
an on-line Nuclepore filter. Characteristics 
of the generating solutions and aerosols 
are shown in Table 1.15. 

In these studies, two groups of rats 
were exposed for 1 hr, nose-only, to one of 
the aerosols at 8, 9, 14, 15, or 19 days 
gestation (dg). Groups of six animals were 
sacrificed within 6 hr after exposure (to 
permit fetal evaluation), and at 1,2,5, 
6, and 11 days. Radiolead activity was 
determined in tissues and excreta by 
measuring the 47-KeV gamma emission of 210Pb 
in a scintillation counter. Biologically 
translocated 210Bi, a 210Pb daughter, was 
allowed to decay before activity measurements 
were made. 



TABLE 1.15. Characteristics of Generating Solutions and Aerosols for 210Pb 
Inhalation Exposure of Rats. 

Tracer Exposure Carrier Exposure 

A 

Generating Solution: 

mg Pb/ml 0.013 

pg Pb/pCi 210Pb 0.017 

Aerosol 

pCi 210Pb/Q 1.3 ± 0.3 

pg Pb/Q 0.023 ± 0.004 

Mass Median Aero- 1.85 
dynamic Diameter 

Geometric Standard 2.30 
Deviation 

Count Median 0.11 
Diameter 

Calculated activity levels and lead 
values for aerosols of the replicate 
studies differed (Table 1.15), partially 
due to excessive accumulation of Pb(C0 3 )2 
on the filters during Study A. Scheduled 
filter changes were instituted in Study B 
exposures, and the resulting measurements 
are considered to be more reliable. Dif
ferences in lead levels between repli-
cates were considered to be small (a 
factor of about 2), compared to concentra
tion differences of over 1000 between 
tracer and carrier exposures. These 
aerosol levels were reflected in the lead 
deposition values for each treatment group 
(Table 1.16). Percentages of the theoretical 
deposition values for carrier rats were 

B A B 

0.018 20 20 

0.021 28 39 

2.8 ± 0.2 1.0 ± 0.2 1.5±0.4 

0.059 ± 0.005 28 ± 6 57 ± 14 

0.78 2.45 1.94 

2.02 2.33 2.06 

0.10 0.14 0.19 

higher than those of the tracer-exposed 
animals (Table 1.16), probably due to the 
larger particle size of the carrier aerosol. 

No differences in distribution in the 
dams could be attributed to differences in 
exposure or to the period of gestation; 
therefore, values for the two tracer 
exposures, and for the two carrier exposures, 
were pooled (separately). Major organ and 
urine values (Figure 1.13) during the ori
ginal sampling period show that a significant 
amount of lead was absorbed from the lung 
and GI tract during the exposure and the 
relatively short postexposure period. The 
largest fractions of the overall body 
burden were in the gastrointestinal (GIl 

TABLE 1.16. Initial Lead Deposition Following Aerosol Exposure. 

Tracer Exposure Carrier Exposure 

A B A B 

Total Deposition 
Minus Pelt!a) 

pCi 210Pb/Rat 8.7 ± 0.3 17 ± 1.4 8.0 ± 0.4 11 ± 0.5 

pg Pb/Rat 0.15 ± 0.006 0.35 ± 0.03 223 ± 11 417 ± 20 

Percent of Theoret- 62 ± 7.5 67 ± 4.0 92 ± 5.3 84 ± 4.0 
ical Deposition(b) 

(a) Measured during first 6 postexposure hours 
(b)Calculated from minute volume and aerosol activity: 0.0021 (body 

weight) 0.75 x pCiIQ 
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tract of both tracer and carrier animals. 
Pulmonary clearance curves for 210Pb 
(Figure 1.14) revealed that, although 
tracer lung levels were initially higher, 
subsequent values were equal to those of the 
carrier rats until the 11th postexposure 
day, when carrier values were higher. Des
pite initial dose-level differences in the 
GI tract, passage time was rapid, and was 
similar in both tracer and carrier rats. 
This may imply that potential GI absorption 
of higher lead doses is significant only 
during the first few postexposure hours. 

Initial blood 210Pb levels were signifi
cantly lower in the carrier rats (Figure 
1.15), but greater clearance occurred during 
the first 48 hr. These curves appear to 
reflect the rate of 210Pb absorption from 
the lung since carrier pulmonary values were 
lower and clearance was retarded. Lead 
uptake into the gravid uteri depended on the 
stage of gestation (Figure 1.16); tracer 
values at 19 dg were 100 times greater than 
those of the nongravid uteri. Carrier uptake 
patterns were similar but much more variable, 
and a line was not fit to the data. At 
19 dg or earlier, values for gravid uteri 
amounted to less than 1% of the maternal 
burden. 

Lead deposition in individual fetopla
cental units was also directly related to 
age at exposure or sacrifice, i.e., the 19-dg 
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FPU acquired a greater lead burden than cid 
the 8- or 9-dg egg cylinders (Figure 1.17). 
However, initial lead concentrations 
(% dose/g) were calculated to be higher in 
these early FPUs. Twenty-day values were 
greater than initial values in FPUs exposed 
at the egg-cylinder stage (8-9 dg), or 
during periods of intense calcification 
(19 dg). In most cases, lead levels of 
carrier-exposed FPUs were lower than those 
of the tracer group. 

The fetal fraction of the FPU lead bur
den was lower on the day of exposure than at 
20 days gestation (Figure 1.18). Fractions 
in carrier fetuses tended to be somewhat 
higher than in the tracer group, in contrast 
to the FPU dose distribution. By 20 dg, any 
apparent differences between exposure groups 
had disappeared. Fetal-organ lead distri
bution was also similar, regardless of dose 
or age at exposure (Table 1.17); carcass and 
liver fractions were found to be highest. 

These compiled data confirm the earlier 
observations of rapid absorption and dose
dependent deposition and distribution of 
inhaled lead nitrate. Additionally, the 
rate and degree of pulmonary absorption 
appear to bear a direct relationship to 
210Pb blood clearance, demonstrating that 
lead transport to the FPU is time- and dose
dependent. 



Q 

10 

\ 
,\ 

w \~ V) 

0 
'\~ 0 

0 1.0 

I~ 
w 
f-

V) 

0 
a.. 
w 
0 
LL.. 

"~, 0 
f-
Z "'-w 
U " 0:::: 

" ! w 
a.. 0.1 " " " TRACER --- --2 

0.01 
a 2 4 6 8 10 12 

POSTEXPOSURE DAY 

FIGURE 1.14. Pulmonary Clearance of 210pb. 

1.32 



0.001 '-----'----'----'----'------'----' 
o 10 12 

POSTEXPOSURE DAY 

FIGURE 1.15. Blood Clearance of 21OPb. 

0.001 '--_----L __ -L __ -'--_~L-_.......J.._' 

NONGRAVID 4 12 16 20 22 

DAYS GESTATION 

FIGURE 1.16. 210Pb Uptake in Gravid Uteri. 

EXPOSURE SACRIFICE 
DAY DAY 

I I I 

8 dg 8 dg 

10 dg 
~ TRACER 

14 dg 
~ CARRIER 

9 dg 9 dg 

10 dg 

14 dg 

20 dg 

14 dg 14 dg 

16 dg 

20 dg 

15 dg 15 dg 

16 dg 

20 dg 

19 dg 19 dg 

20 dg 
L _L 

0001 001 01 1 

PERCENT OF MATERNAL DEPOSITION 

FIGURE 1.17. lead Deposition in Fetoplacental Units. 

1.33 



~ TRACER 
Z CARRIER 
w 
Q 100 
a: 
;:, 
CD 80 ;:, 
A. 
U-
U- 60 
0 
~ 
Z 40 w 
0 
a: 
w 20 A. 

o ~~~~--~~~~--~~~~~--~~~~~ 
SACRIFICE DAY 20 

EXPOSURE DAY 9 

14 20 

14 
15 20 

15 

FIGURE 1.18. Percent of Fetoplacentallead Burden in the Fetus. 

TABLE 1.17. Fetal lead Distribution at 20 Days Gestation. 

Percent of 
Organ Fetal Burden 

Brain 0.52 ± 0.14 

Kidney 0.57 ± 0.08 

G.I. Tract 7.32 ± 2.91 

liver 12.3 ± 0.87 

Carcass 79.4 ± 2.12 
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• Solvent Refined Coal Biostudies 

The objective of this program is to establish a broad biomedical data base for solvent 
refined coal (SRC) materials to: (1) identify possible health effects problems, (2) help 
identify appropriate control technologies or operating parameters to minimize potential 
health effects, and (3) help the SRC technology to meet present and future regulatory require
ments. We are employing an approach which integrates chemical characterization, cellular and 
animal bioassay systems, and dosimetric studies. Thus, SRC materials for toxicologic studies 
selected on the basis of plant operational data are subjected to chemical characterization, 
determination of mutagenicity in microbial systems, and an evaluation of toxicity and trans
forming potential for cultured mammalian cells. Animal studies include determinations of: 
(1) acute and subchronic oral toxicity, (2) developmental toxicity, and (3) consequences of 
dermal and inhalation exposures. In addition, dosimetric and metabolic studies are being 
performed to provide data to aid in the extrapolation of animal toxicologic data to man. 

Certain studies in this program result from a reprogramming of efforts fronl other projects. 
Consequently, some data pertaining to mutagenicity and dermal effects of SRC are found in the 
section on Oil Shale (see Pelroy and Renne reports in that section). In subsequent years 
these efforts will appear under the SRC section. 

DEVELOPMENTAL TOXICITY OF SRC-RELATED HYDROCARBONS 

Investigators: 
F. D. Andrew and D. D. Mahlum 

Technical Assistance: 
K. A. Poston, R. L. Music, L. F. Hensley, 
J. O. Hess, and A. J. Clary 

The developmental toxicity potential of a number of SRC-related materials was evaluated 
following gavage of pregnant rats. Dose-related effects were seen for three of the four 
major manifestations of developmental toxicity: intrauterine mortality, malformations, and 
intrauterine growth retardation. No effects on postnatal functional development were 
detected. 

The potential for development toxicity 
of materials from two solvent refined coal 
processes (SRC-I and SRC-II) was evaluated 
as part of a comprehensive study of the 
biological effects of SRC-related materials. 
Efforts described in this report are inten
ded to provide a useful data base for 
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evaluation of risk to occupationally and 
environmentally exposed pregnant females 
and their conceptuses. 

Developmental toxicity was determined in 
rats following administration by gavage of 
one of three materials from SRC-I: Light 



oil (LO), wash solvent (WS) or process 
solvent (PS) after dilution in corn oil. 
Corn oil alone was administered to vehicle 
control groups and 2.5% Aroclor 1254 in 
corn oil was used for positive control 
groups. Developmental toxicity was esti
mated only in pregnant female Wistar 
rats dosed from 7-11 or 12-16 days of 
gestation (dg). Rats were sacrificed at 
21 dg for evaluation of embryolethality and 
teratogenicity or were permitted to deliver 
their offspring for postnatal monitoring of 
growth, physical maturation, and reflex 
ontogeny. 

It should be noted that materials used in 
the study were derived from pilot-plant 
operations and may not be fully representative 
of demonstrational/commercial plant operation. 
These materials may contain substances which 
would not be present in commercial SRC
products. 

Incidences of embryolethality of about 
50% or greater were seen in litters dosed 
from 7-11 dg with LO, WS, or PS at 3.0, 
1.4, or 0.7 g/kg/day, respectively (Table 
1.18). Fetal weights were depressed by LO 

following administration from 7-11 dg. 
Similar embryolethality results were seen 
for WS and PS after dosing from 12-16 dg 
(Table 1.19); both LO and PS depressed fetal 
weights when given from 12-16 dg. Major 
malformations were induced only by LO when 
administered from 7-11 dg and by PS when 
given from 12-16 dg (Tables 1.18 and 1.19); 
doses approaching those producing some 
maternal toxicity were often required. No 
effects on postnatal maturation were seen for 
a variety of parameters (Table 1.20) evalu
ated up to 35 days of age following adminis
tration of LO, WS or PS from 12-16 dg. Audio
genic seizures were experienced by a majority 
of the Aroclor control pups but none were seen 
in the other groups. Comparable embryotoxicity 
studies are in progress for light, middle, or 
heavy distillate from SRC-II. 

The results of these studies establish 
rodent developmental toxicity levels after 
ingestion of a number of SRC-related 
materials. These data will be valuable in 
designing chronic toxicity studies for SRC 
materials and for comparison with analogous 
data for materials associated with petrol
eum refining and oil shale retorting. 

TABLE 1.18. Embryotoxicity in Rats Following Dosing from 7-11 Days of Gestation. 

No. of Number Percent Percent Mean 
Dose, Dams Pregnant Prenatal fetuses fetal 

Agent g/kg/day(a) Dosed at 21 dg Mortality(b) Malformed(b) Weight, g(c) 

Vehicle 14 13 6 3 5.6 + 0.2 

Aroclor 0.08 5 4 41 0 4.8 + 0.7 

Wash Solvent 1.11 5 5 6 0 5.4 + 0.2 

1.27 7 4 7 0 6.2 + 0.5 

1.43 4 2 47 0 5.3 + 0.5 

1.58 6 2 6 0 5.4 + 0.2 

Light Oil 2.41 7 5 30 13 5.1 + 1.1 

3.01 6 4 62 22(d) 4.4 + 0.4 

Process Solvent 0.34 8 6 22 2 5.9 + 0.2 

0.51 8 6 25 0 5.7 + 0.3 

0.69 8 5 75 6 6.0 + 0.3 

0.85 5 4 77 0 5.4 + 0.7 

(a) Diluted in corn oil vehicle to give 1 m1/300 g 
(b) Calculated on per fetus basis 
(c) Mean + SD 
(d) Major malformations included microphthalmia and anophthalmia 
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TABLE 1.19. Embryotoxicity in Rats Following Dosing from 12-16 Days of Gestation. 

No. of Number Percent Percent Mean 
Dose, Dams Pregnant Prenatal Fetuses Fetal 

Agent g/kg/day(a) Dosed at 21 dg Mortality(b) Malformed(b) Weight, g(c) 

Vehicle 21 19 2 5.6 ± 0.4 

Aroclor 0.08 12 9 14 3 4.6 ± 0.5 

Wash Solvent 0.95 13 10 14 0 5.3 ± 0.6 

1.11 10 7 10 3 4.7 ± 0.6 

1.27 9 2 50 0 5.0 ± 0.3 

light Oil (d) 1.69 5 2 0 0 5.0 ± 0.4 

1.93 10 4 29 0 3.5 ± 0.9 

2.17 10 5 8 0 4.6 ± 0.6 

2.41 11 5 35 2 4.7 ± 0.6 

Process Solvent 0.69 13 10 28 18(e) 4.4 ± 0.5 

0.85 12 6 70 14(e) 4.1 ± 1.2 

1.03 4 75 66(e) 3.4 ± 1.0 

(~Diluted in corn oil vehicle to give 1 ml/300 g 
( )Calculated on a per fetus basis 
(c) Mean ± SD 
(d)Undiluted 
(elMajor malformations included cleft palate and brachydactyly 

TABLE 1.20. Postnatal Maturation Evaluation Battery. 

Observation Days(al 

Test Measures 7 14 21 35 

Body Weight X X X X X 
Teeth Erupt X 
Ear Unfold X 
Eye Open X 
Ear Upright X 
Movement X X X X 
Upright X X X X 
Headlift X X X X 
Gait X X 
Turnover X X 
Grasp X X 
Retraction X X 
Vibrissal Placing X X 
Cliff Avoidance X X X 
Negative Geotropism X X X 
Righting X X X 
Swimming X X X 
Visual Placing X X 
Strength X 
Audiogenic Seizure X 
Organ Weight X 

(alPregnant rats were given one of the SRC-I materials or 
an appropriate control solution by gavage from 12-16 
dg; offspring were evaluated for the test measures 
listed at postnatal intervals shown. 
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ORAL TOXICITY OF SOLVENT REFINED COAL-RELATED HYDROCARBONS 

Investigators: 
D. D. Mahlum and F. D. Andrew 

Technical Assistance: 
K. A. Poston, R. L. Music, L. F. Hensley, and J. O. Hess 

This study compares the acute and subchronic toxicity of six SRC materials: light oil (LO), 
wash solvent (WS), and process solvent (PS) from SRC I; light, middle and heavy distillates 

(LD, MD, and HD) from SRC II. 

Only minor differences were found when the acute toxicities of SRC I light oil and process 
solvent were compared with those of SRC II light and heavy distillates, respectively. The 
middle distillate was less toxic and the wash solvent markedly more toxic than any of these 

materia 1 s. 

The acute toxicity of PS was evaluated 
following a single dose to fasted adult, 
nonfasted weanling, and day-old Wistar rats 
of both sexes; the other materials were 
studied only in adult females. The PS was 
diluted in cow's milk for the day-old 
rats. 

Acute toxicity data for undiluted LO, 
WS, and PS in adult rats are shown on a 
probit plot in Figure 1.19. Values of 2.9, 
0.7, and 2.8 g/kg were calculated as the 
LDso for LO, WS, and PS, respectively. If 
these materials were diluted in corn oil, 
the LDso for WS increased to 1.7, while 
the value for PS did not change appreciably. 
The value for LO was increased by dilution, 
but a firm value has not been established. 
Probit plots for undiluted LD, MD, and HD 
are shown in Figure 1.20. Although the 
values for LD and HD (2.3 and 3.2 g/kg, 
respectively) were not greatly different 
from those for LO and PS, respectively, 
the LDso for MD was about five times 
higher than that for WS. The data for the 
weanling and day-old animals are less 
extensive than for the adults; however, 
LDso values for PS in the weanling and 
adult are similar, but about twice as high 
as for newborns. 

It should be noted that materials used 
in the study were derived from pilot-plant 
operations and may not be fully representative 
of demonstrational/commercial plant operation. 
These materials may contain substances which 
would not be present in commercial SRC
products. 
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Adult rats that received a lethal dose 
of LO, LD, MD, or WS usually died within 
24 hr after dosing. In contrast, the 
majority of deaths 'in PS-treated animals 
occurred about 48 hr postexposure but others 
survived about 72 hr; some animals survived 
for as long as 5 days. Symptoms of distress, 
including convulsions and twitching of 
extremities, were observed in LO- and 
WS-treated animals within 30 min after 
administration. Rats treated with PS or 
HD show no such symptoms. Neither gross 
examination of dead animals nor microscopic 
examination of tissues revealed a definitive 
cause of death. 

The subchronic LDso values have been deter
mined after five consecutive daily doses for 
LO, WS, and PS diluted in corn 0 il. These 
values, 2.4, 1.4, and 1.0 g/kg/day, 
correspond to approximately 83, 82, and 
33% of the acute LDso dose for LO, WS, and 
PS, respectively. 

These data demonstrate that process 
stream materials from SRC I and SRC II are 
toxic to rats; however, the doses required 
to produce death are relatively high 
compared to those for many organic chemicals. 
If the data were directly extrapolated to 
humans the materials would be considered 
moderately toxic (rating of 3 on a scale of 
1-6, as used in Clinical Toxicology of 
Commercial Products, 1976). 

Petroleum fractions of similar physical 
properties to these SRC materials have not 
been analyzed for acute toxicity in our studies. 
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PULMONARY FUNCTION EVALUATION OF LIGHT OIL 
FROM SOLVENT REFINED COAL PROCESS 

Investigators: 
S. M. Loscutoff, R. E. Schirmer, and B. W. Killand 

Guinea pigs inhaled 100 mg/m 3 light oil from the solvent refined coal for 30 min. Pul
monary resistance, dynamic pulmonary compliance, respiration rate, tidal volume and minute 
volume were recorded during exposure. No effect of light oil was seen when compared with 
pre- and postexposure values for the same animals or when compared with animals exposed to 
ai r. 

These studies were designed to evaluate 
the acute pulmonary irritation caused by 
inhalation of light oil (LO) from the SRC I 
process at a concentration of 100 mg LO/m 3 

air. Pulmonary irritation in awake animals 
was assessed from measurements of pulmonary 
resistance, dynamic pulmonary compliance, 
respiration rate, tidal volume and minute 
volume. 

The generation system for producing 
atmospheres of LO is shown schematically in 
Figure 1.21. The primary goal in deve10ping 
this system was to create an exposure 
atmosphere containing all components of the 
light oil. If a nitrogen stream were 
simply bubbled through a flask of light 
oil, the resulting atmosphere would contain 
primarily the more volatile components. To 
achieve a more representative atmosphere, 
we used an ultrasonic nebulizer (DeVilbiss, 
model 35) to create a dense fog of light 
oil in the three-necked flask. Particles 
within the fog would be expected to contain 
both the more and less volatile components. 
A nitrogen stream passing through the flask 
carried a portion of this fog into the 
exposure air stream. To prevent condensa
tion of material before mixing with exposure 
air, the light oil-nitrogen stream was 
diluted with additional nitrogen. 

The atmosphere within the exposure 
chamber was examined for particles using a 
small particle detector (Gardner, Type eN). 
We found no increase in condensation nuclei 
compared with room air; we assume that the 
light oil in the exposure chamber existed 
as a vapor. 

1 . ~,O 

The composition and mass concentration 
of the light oil vapor were determined from 
l-cm3 samples collected in a gas-sampling 
syringe using a gas chromatograph equipped 
with a flame ionization detector. The 
column was a 60-m SP2100 WCOT glass capil
lary column which was programmed at 
2.25°C/min from 40.0°C to 74.8°C (15 min). 
A typical chromatogram is shown in Figure 
1.22. The areas under the peaks correspond 
to individual components and the sum of the 
areas of the major components were used to 
estimate the mass concentration of the 
vapor in the exposure chamber. 

Standardization of the analysis was 
accomplished by weighing 1-2 mg of light 
oil into a gas sampling bulb using a 5-A 
syringe. After allowing several hours for 
the oil to evaporate, samples were withdrawn 
with a gas syringe, diluted to 1 ml with 
air, and injected into the gas chromatograph. 
Initial efforts at standardization employed 
solutions of light oil in solvents such as 
pentane, carbon tetrachloride and tetra
chloroethylene. The attempt to use solu
tions to standardize the method failed 
because the effective split ratio was found 
to depend strongly upon the solvent used, 
and thus the fraction of the injected 
sample actually loaded onto the column was 
quite different for samples prepared in 
different solvents (including air). While 
several solvent effects are known in capil
lary column gas chromatography, this one 
does not appear to have been reported 
previously and was quite unexpected. 
Further work on the nature of this effect 
will be done as time permits. 
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The limits of detection for light oil 
vapors by the gas chromatographic method 
was approximately 20 mg/m 3 (0.02 ~g/cm3) 
using a l-cm3 sample. Greater sensitivity 
could probably be achieved using larger 
samples. The calibration curve was linear 
in the range 0.1 to 1.0 ~g/cm3. Concentra
tions above 1.0 ~g/cm3 were not tested. 
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The correlation coefficient for the peak 
area/concentration regression line is 0.99 
or greater for the major peaks in the 
chromatogram within 1 day and 0.86 or 
greater when all calibration curves over a 
2-mo period are considered together. The 
standard deviation at the 100 mg/m 3 has 
been estimated to be 7 mg/m 3 (7%). 

Pulmonary resistance and dynamic compli
ance were measured using a new technique. 
Previously, guinea pigs were anesthetized 
with ether and a polyethylene catheter 
inserted through the chest wall into the 
pleural space. For these experiments, 
pleural pressure was measured indirectly 
through a catheter positioned in the 
thoracic esophagus. The catheter was the 
outer shell of a 0.035-in.teflon-coated 
cardiac guide wire. The catheter was 
positioned in the esophagus with the animal 
awake and restrained in the plethysmograph. 
Comparisons of esophageal and pleural 
pressure showed no differences in the phase 
or amplitude of the signals. With the 
esophageal catheter, effects of anesthesia 
and trauma caused by wounds in the chest 
wall are avoided. In addition, since the 
technique is noninvasive, the same animal 
can be tested repeatedly over several days. 



Effects of exposure to 100 mg/m 3 light 
oil on pulmonary resistance and dynamic 
compliance are shown in Figures 1.23 and 
1.24. Pre-exposure values were recorded for 
15 min before placing the animals in the 
exposure chamber. Animals were then 
exposed to either air or light oil for 
30 min, followed by a 15-min recovery 
period. Exposure to light oil had no 
apparent effect on pulmonary resistance or 

compliance. Respiration rate, tidal volume 
and minute volume were also recorded and 
these parameters did not change substan
tially during the 60-min test period either 
in air- or light-oil-exposed animals. These 
results indicate that inhalation of 100 mg/m 3 

light oil does not affect pulmonary resis
tance, dynamic compliance or breathing 
pattern in awake guinea pigs. 
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USE OF CELL CULTURES IN EVALUATION OF SOLVENT REFINED COAL (SRC) 
AND SHALE OIL (SO) MATERIALS 

Investigators: 
M. E. Frazier, M. R. Peterson, M. J. Hooper, 
T. K. Andrews, Jr., and B. B. Thompson 

The clonal growth assay and the Syrian hamster embryo (SHE) cell transfo~lation assay were 
used to obtain preliminary data on the toxicity and transformation potential of several 
complex organic materials. 

We have conducted preliminary experi
ments to adapt several in vitro tests for 
use in evaluating potential effects of 
complex organic mixtures (and their derived 
fractions), obtained from or produced during 
fossil fuel production, on biological sys
tems. Parameters measured include toxicity, 
mutation rate, detection of primary DNA 
damage, and the transforming potential. 
In vitro screening procedures, if suffi
ciently sensitive and reproducible, could 
aid in setting priorities for future studies 
and in designing more comprehensive analyses 
using laboratory animals. To date, most of 
our efforts have involved adapting toxicity 
and transformation assays for use with these 
complex organic mixtures. 

We have evaluated the toxicity of several 
fossil fuel effluents in mammalian cells. 
This rapid and inexpensive assay utilizes 
VERO monkey kidney cells as indicators of 
the toxicity of fossil fuel products and 
byproducts. The clonal growth assay is a 
functional measure of cell viability: Each 
cell must undergo several cell divisions, 
after insult, before being scored viable. 
This test system provides for minimal cell
to-cell interaction before clone formation; 
therefore, the isolated cells are more 
stringent in their nutritional requirements 
and thus more sensitive to stresses than 
high-density cultures of the same cells. 
Previous use of this assay to evaluate 
toxicity of metallic compounds and of 
chelating agents has shown that the results 
correlate well (correlation coefficient, 
0.98) with animal toxicity data. 

Results from this assay (Table 1.21) indi
cate that SRC I process solvent, shale oil, 
and SRC II heavy distillate are more toxic 
than the other materials examined in this 
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TABLE 1.21. In Vitro Cytotoxicity of Complex Organic 
Mixtures and Several Reference Compounds. 

RPEr;Q Dose 
Test Material (lIg/ml) 

Fossil Fuels 
Diesel oil 250 
Wilmington Crude 190 
Prudhoe Bay Crude 350 
Shale oil (5-11) 50 

PNA fraction 40 
Basic fraction 50 
Neutral fraction 200 

SRC I process solvent 35 
PNA fraction 30 
Basic fraction 100 
Neutral fraction 75 

SRC I light oil 500 
SRC I wash solvent 200 
SRC II heavy distillate 30 
SRC II light distillate 200 
SRC II middle distillate 180 

Reference Compounds 
Dihydroxybenzene 90 
Ca-DTPA 28 
Na-EDTA 365 
Cadmium (as chloride) 0.3 
Zinc (as chloride) 6.8 
Iron (as chloride) 59 
lead (as chloride) 37 

set of experiments. These materials 
caused a 50% reduction in plating efficien
cies (RPE so ) of VERO cells at concentrations 
of between 30 and 50 ~g/ml. Other materials 
(including various SRC and oil shale pro
ducts, diesel oil, and several crude oils) 
were slightly less toxic, producing an 
RPE so at concentrations between 50 and 



500 ~g/ml. Uy comparison with several 
reference compounds (Table 1.21), fossil 
fuel materials do not appear to be highly 
toxic. 

These same organic mixtures have been 
assayed for their ability to transform SHE, 
C3H 10T1/2, and Balb C 3T3 cells. The 
results of these tests indicated that the 
SHE cell transformation assay was the only 
system that gave unambiguous results. We 
subsequently investigated several parameters 
of the SHE cell transformation assay, and 
optimal results were obtained using 1600 cells 
per plate, an exposure time of 2 days, S-9 
activating enzymes and 20 days incubation 
following exposure. Results from an experi
ment using these optimal conditions are 
shown in Table 1.22. The most active crude 
materials appear to be SRC II heavy distil
late and SRC I process solvent. In another 
part of this experiment (data not given) 
these same two fractions showed some trans
formation even in the absence of exogenous 
activating enzymes (S-9). Relatively high 
transformation frequencies were obtained 
following exposure of SHE cells to the 
"basic fractions" of either SRC I process 
solvent or shale oil. However, before 
interpreting these results the following 
facts must be considered: 1) the colonies 
were judged as transformed based solely on 
colony morphology (studies to evaluate the 
tumor-producing potential of these cells 
in nude mice are still in progress); 2) con
sistent and reproducible transformation 
frequencies based on the dose of the com
pound administered have not yet been 
obtained; 3) considerable variability may 
arise in these assays due to the differ
ences in solubilities of the various 
fractions. Indeed, we currently do not 
have a means of determining the amount of 
test material available to the cells. 

Based on the above qualifications the 
data reported here should be regarded as 
preliminary in nature. These data are 
presented to illustrate both the potential 
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TABLE 1.22. Cloning Efficiency and Incidence of "Transformants" 
in Syrian Hamster Embryo Cells After Treatment with Various 
Complex Organic Mixtures. 

Percent 
Cloning Transformed 

Fraction I'g/ml Efficiency Colonies 

Prudhoe Bay Crude 200 2.3 0.4 
100 2.8 0 

SO 4.8 0 
20 6.0 0 
10 9.0 0 

Wilmington Crude 200 2.3 0 
100 4.8 0.2 

SO 5.3 0 
20 9.3 0 
10 11.8 0 

SRC II Heavy Distillate 200 0 
100 0 

SO 0.3 0 
20 3.3 6.8 
10 4.3 5.9 

5 8.8 5.7 

SRC I Process Solvent 200 0 
100 3.1 0 

SO 4.0 8 
20 6.2 3 
10 7.5 2 
5 9.0 0 

Shale Oil 200 0 
100 0.5 0 

SO 0.9 0 
10 3.4 2.7 

5 6.5 1.4 

Basic Fraction 100 0.8 18 
(SRC I Process Solvent) SO 3.6 22 

10 4.9 16 
5 5.3 4 

Basic Fraction SO 5.1 8.5 
(Shale Oil) 10 7.7 8.9 

5 10.1 3.4 

DMSO Controls 10 0 

usefulness and some of the problems asso
ciated with applying the SHE transformation 
assay to complex mixtures. They should not 
be used to make any statements regarding 
the carcinogenic potential of these fossil 
fuel materials. 



DOSIMETRIC AND METABOLIC STUDIES WITH SOLVENT REFINED COAL (SRC) 

Investigators: 
F. G. Burton and R. E. Schirmer 

A gas chromatographic procedure has been developed for the analysis of solvent refined 
coal (SRC) process solvent components in animal tissues. The identities of the major com
ponents of process solvent, light oil, and wash solvent were determined, using gas chroma
tography (GC) and gas chromatography/mass spectrometry (GC/MS) to permit calibration of the 
analytical procedure. The procedure has been used to quantitate process solvent components 
in rat tissues following oral doses of process solvent. 

Gas chromatographic (GC) analysis of SRC 
materials was carried out using an OV-101, 
wall-coated, open tube glass capillary 
column. The column was temperature
programmed from 90°C to 240°C at 2.25°C/min 
for process solvent samples. Figures 1.25 
and 1.26 show the chromatograms of process 
solvent obtained under the above conditions 
using a flame ionization detector (FlO) and 
a phosphorus/nitrogen (P/N) detector. The 
PIN detector is particularly sensitive to 
compounds containing phosphorus and nitro
gen, but insensitive to compounds contain
ing only carbon and hydrogen. While a 
number of compounds containing nitrogen are 
present in the process solvent (seven have 
been tentatively identified), the corres
ponding peaks in the FlO chromatogram are 
so small that the concentration of none of 
these compounds exceeds 0.1% of the amount 
of process solvent injected, and most are 
probably present in amounts less than 
0.01%. The GC, using the FlO, is able to 
resolve more than 200 compounds in the 
process solvent. Tentative identification 
is made for nine of the compounds. Several 
of the principal components of process sol
vent have been analyzed quantitatively by 
GC (Table 1.23). Although most of these 
components are produced during the process, 
biphenyl is probably derived entirely or in 
part from Dowtherm contamination. 

The procedure developed for quantitative 
analysis of process solvent components in 
rat tissues involves homogenizing the 
tissue sample with 15 m1 of water, extrac
ting twice with pentane, then concentrating 
the pentane soluble components by evapora
tion prior to GC analysis. The concentra
ted extract is then analyzed by GC under 
the conditions described above. The concen-
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tration of each component in the sample is 
obtained by comparing the area of its peak 
in the sample chromatogram to the area of 
the corresponding peak in a standard pre
pared in the same manner. 

The linearity and precision of the 
method were evaluated by analyzing rat 
plasma samples spiked with process solvent 
at five concentrations from 0.0 to 
556.6 pg/m1. This corresponds to a maximum 
concentration of 28 pg/m1 for a single 
component since no one substance comprises 
more than 5% of the process solvent by 
weight. Analysis of the peak area ratios 
for the major components showed the calibra
tion curves to be fairly linear, with 
correlation coefficients ranging from 0.93 
to 0.99 and log-log slopes greater than 
0.9. 

In a preliminary study of tissue distri
bution of process solvent components in 
rats, two rats were dosed by gavage with 
90% process solvent in corn oil, 1 m1/300 g, 
which resulted in death in approximately 
2 days. Tissue samples taken included 
brain, fat, gut, gut contents, heart, 
kidney, liver, lung, stomach, and stomach 
contents. No component of process solvent 
was detected in either brain or heart 
tissue. Small amounts were found in kidney, 
liver, lung, and fat; larger amounts in 
gut, gut contents, stomach and stomach 
contents. The concentrations of components 
found in tissues were not always propor
tional to their concentration in the origi
nal process solvent. For example, compared 
to the concentration of 2-methy1naphtha1ene, 
the concentration of naphthalene in the gut 
and gut contents is one-third the amount 
expected; methy1tetra1in in fat is one-half 
the amount expected; methy1acenaphthene in 
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FIGURE 1.25. SRC Process Solvent-FlO OV-l0l, SO Meters,90-240°C, 
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FIGURE 1.26. SRC Process Solvent-PIN OV-l0l, 30 Meters,3S-240°C, 
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lung and gut contents is twice the amount 
expected; phenanthrene in lung is four 
times the amount expected; and phenanthrene 
in gut contents is twice the amount expected. 
Total amounts recovered were 10% to 40% of 
the administered dose. 

A second study was designed to determine 
the distribution of the components of 
process solvent in rat tissues in the first 
48 hr after dosing. Ten rats were given 
0.5-ml doses of process solvent by gavage. 
Blood samples were obtained by heart punc
ture at sacrifice and once prior to sacri
fice. Tissues, urine and feces were also 
collected. No process solvent component 
was detected in any blood plasma sample, 
although significant levels were found in 
the liver and red blood cells. Analysis of 
the liver data (Figure 1.27) indicates that 
components of the process solvent reach the 
liver within 1 hr. The concentrations are 
highest for the first 8 hr and signifi
cantly lower at later times through 48 hr. 
It should be noted that the high point at 
1 hr represents the concentration in a rat 
that died 1 hr after dosing, apparently as 
a result of the dose. Until additional 
data are available, the significance of 
this high point is open to question. 
Significant levels of process solvent 
components in red blood cells were also 
observed beginning at 1 hr. As an example, 
the level of phenanthrene is presented in 
Table 1.24. The patterns are very similar 
to those observed in liver tissue. 

TABLE 1.23. Partial Composition of Process Solvent. 

Compound 

Naphthalene 

2-Methylnaphthalene 

1-Methylnaphthalene 

Biphenyl 

Phenanthrene 

Acenaphthene 

Percent by Weight 
in Process Solvent 

1.0 

4.3 

0.6 

1.1 

4.9 

0.6 

1.47 
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FIGURE 1.27. Change of Concentration of Process 
Solvent Components with Time. 

The differences in absorption rates and 
tissue distributions for process solvent 
components observed in these studies will 
result in substantial qualitative and 
quantitative differences in the substances 
to which different tissues are exposed 
following ingestion of process solvent. 

48 

TABLE 1.24. Phenanthrene in Red Blood Cells, J.Lg/ml. 

Animal 30 60 90 
No. min min min 2 hr 4 hr 6 hr 16 hr 24 hr 46 hr - -

0 3.1 
0 1.2 

16.0 3.3 

o 
o 1.9 

o 1.6 

o 0.4 
1.9 0 
o 

10 10.2 o 
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CONSERV A liON 

This section reports on a project which is part of the Pacific Northwest Labora
tory's bioelectromagnetic program. It seeks to determine whether electric fields 
of large magnitude, either static (dc) or time-varying (ac, 60-Hz), can produce 
genetic effects in simple and familiar biological systems. This project is complemented 
by ongoing projects on 60-Hz electric field effects in laboratory rodents, sponsored 
by the DOE Division of Electrical Energy Systems, and in Hanford Miniature Swine, 
sponsored by the Electric Power Research Institute. 



• Mutagenic Effects of Electric Fields 

Microbial and Drosophila test systems are being used to determine if large ac or dc electric 
fields may induce mutations. These organisms were chosen to enable exposure of large numbers 
with relatively simple apparatus, to minimize the time required for replications and dose
effect studies, and to offer the opportunity for investigating mechanisms, should effects be 
observed. This project complements ongoing mammalian studies with ac electric fields at PNL, 

sponsored by the Division of Electrical Energy Systems and the Electric Power Research Insti
tute. 

MUTAGENESIS BY LARGE DC ELECTRIC FIELDS 

Investigator: F. P. Hungate 
Technical Assistance: 

M. P. Fujihara, S. Strankman, and S. C. Causey 

In test systems involving plasmids and bacteriophage, preliminary data suggest that a 
change in drug resistance occurs in I. coli-carrying plasmids coded for drug resistance 
following exposure to 500-kV/m dc fields. Evidence of a similar response involving induction 

of lysogeny was also obtained in I. coli strains carrying lysogenic phage. No mutagenic 

response to the field was observed in I. coli strains tested for their ability to grow on 
growth-restrictive concentrations of nalidixic acid. No detectable ozone was found at field 
strengths causing biological responses, nor was there evidence of X-ray production. 

Work reported last year (Annual Report, 
1978) showed that dc fields up to 800 kV/m 
produce significantly increased mutation 
frequencies in the Ames Salmonella strain 
TA100, which mutates primarily by base 
substitution, but not in strain TA98, which 
mutates primarily by frameshift. Also, the 
frequency of Photobacterium fisheri cells 
resistant to tetracycline was shown to be 
significantly higher following exposure to 
such fields when compared to nonexposed 
controls. Data also suggested that the 
frequency of sex-linked lethals in Drosophila 
exposed as pupae to a 180-kV/m dc field was 
increased. 

Data obtained with the bacteria suggested, 
but did not firmly establish, a dose-effect 
response. Attempts to further standardize 
the test procedures did not significantly 
improve the consistency of the data. Since 
part of the difficulty related to the small 
number of mutant cells appearing on plates 
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from control cultures, and other tests had 
shown that optimal numbers of plated cells 
(108 ) were being used, we isolated a strain 
showing a slightly higher frequency of 
spontaneous revertants, with the supposition 
that the frequency of induced revertants 
would also be proportionately larger. 
However, exposure of this new isolate 
yielded the same absolute increased mutation 
frequency as previously observed. Due to 
the larger number of spontaneous revertants, 
the statistical evaluation proved less 
successful. We are therefore evaluating 
alternative test systems for use in studying 
dose-effect relationships as well as for 
clarifying possible mechanisms by which the 
mutagenic effects ~re produced. 

Three E. coli strains carrying plasmids 
(extrachromosomal DNA) which code for 
resistance to specific drugs or antibiotics 
were studied for evidence of changes 
induced in the plasmids by electric fields. 



Plasmid RP4, in E. coli strain J53, confers 
resistance to ampicillin, kanamycin and 
tetracycline. In three tests, these cells 
were exposed for 21 hr and evaluated for 
expression of drug resistance. An average 
of 29% reduction of resistant cells was 
observed following exposure to a 500-kV/m 
dc field, compared to an average of 5.5% 
reduction in the unexposed controls. In 
all exposures the air within the exposure 
chamber, as well as in the control chamber, 
was continually flushed with washed sterile 
air. In three similar tests of E. coli 
strain C600 containing the plasmTd R6K 
(which codes for resistance to ampicillin 
and streptomycin), there was an average 
reduction of 17% in colonies resistant to 
the combined antibiotics, while unexposed 
controls showed no change. E. coli J53, 
containing the plasmid R388 Twhich codes 
for resistance to trimethoprim and sulfona
mides), has been tested twice with an 
average reduction of 25%, while controls 
were unchanged. While factors associated 
with resistance to ampicillin appear to be 
the most sensitive to the dc fields, we 
have not been able to isolate stable 
mutants, nor is there evidence of plasmid 
loss (curing). 

Three tests of E. coli CSH23, carrying 
a F'lac pro A,B plasm~which enables the 
host to utilize lactose as a carbon source, 
showed a slight (0.1%) loss of ability to 
grow on lactose in one test, and no change 
in the other two tests. While it was 
determined that plasmid curing had occurred 
in one test, this system appears to be 
relatively unresponsive to dc fields. 

It is well known that a variety of 
physical agents induce lysogeny in lysogenic 
strains of A-phage. Two strains have been 
tested for response to a 500-kV/m dc 
field. E. coli CSH49, which contains the 
¢80hD trp virus, showed a 35-40% greater 
yield of virus particles in two 21-hr 
exposures and no increased yield in a 
third, compared to controls. A 4-hr 
exposure of this same system gave a yield 
20% over the control. Similarly, E. coli 
CSH45, containing A-phage, yielded-a 37% 
increase of virus particles following a 
21-hr exposure to the same field strength. 
Thus, at this time, there is an indication 
that lysogeny is induced by exposure to a 
dc field. This effect could be due to an 
inactivation of the genes that maintain the 
lysogenic state or to a change in their 
product, a repressor protein. 
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E. coli CSH23 has been tested for muta
tion of the Nal-A qene. Mutation at this 
locus enables cells to grow on otherwise 
restrictive concentrations of nalidixic 
acid. In four tests we observed no enhance
ment of mutation frequency over that in 
controls, following growth overnight in a 
500-kV/m dc field. 

One additional test was completed for 
induction of sex-linked lethal recessive 
mutants in Drosophila, giving 5 mutants per 
2140 tested from male pupae exposed for 
3 days to 185 kV/m, as compared to 6 mutants 
per 1919 tested in controls. This is the 
first test of males that gave fewer mutants 
in exposed pupae than in controls. Combin
ing these results with the data previously 
reported indicates 27 mutants per 7929 
(0.34%) exposed male pupae and 17 per 6934 
(0.25%) in controls. Female pupae similarly 
exposed gave 3 mutants per 2751 exposed and 
1 per 2792 in the controls. Combined with 
previous data, the total is 12 mutants per 
11,889 exposed (0.10%) and 7 mutants per 
9347 controls (0.07%). While suggestive, 
these data fail to show a significant 
difference between the control and experi
mental groups. 

We are currently testing a repair
deficient strain of Drosophila obtained 
from Dr. Melvin Green, University of 
California, Davis to determine if its 
response to electric fields is greater than 
that observed using the Canton-S strain. 

In the absence of recognized models to 
account for direct effects of dc fields, 
we have examined possible indirect causes 
of the observed biological effects. Since 
ozone is a well-recognized byproduct of 
electric fields, particularly if corona is 
present, we examined the exposure system 
photographically, using sensitive film and 
darkroom conditions. With fields up to 
900 kV/m there was no evidence of corona. 
In addition, a Bendix Ozone Analyzer 
(Model 8002), capable of measuring ozone in 
concentrations down to 1 ppb, was used to 
test for ozone production. This unit 
detected no ozone with field strengths up 
to 500 kV/m, and barely detectable concen
trations (1 ppb) with fields through 
800 kV/m. When the washed air supply was 
disconnected, the unit immediately indi
cated ozone concentrations typical of the 
room air, around 15 ppb. These data 
indicate that the exposure system is 
unusually free of ozone due to bubbling the 



incomi~g air through water, and that 
ozone 1S therefore not a causative factor 
for the biological effects observed. 

The possibility of X-ray production in 
the field was investigated by placing three 
lithium fluoride dosimeter chips (Harshaw 
Chemical Co., TLD-700), wrapped in a single 
layer of paper, in a 1000-kV/m field for up 
to 3 days. Tests involved both flowing wet 
air and normal room air (60-70% RH). The 
initial test indicated some dose accumula
tion (27 + 3 mR, compared to 14 + 0 on 
control chips), but in two replicates there 
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was no evidence of X-ray production 
(20 + 3 mR in exposed vs. 19 + 4 in controls; 
19 ~-o in exposed vs. 17 ~ 0 Tn controls). 

Attempts to evaluate air ions as possible 
factors are in a formative state. Since 
available equipment for measuring air ion 
concentrations requires much more air than 
is available from our chambers, we must now 
resort to calculated levels based upon 
measurement of current flow. Other tech
niques for direct measurement are being 
studied but none have yet been tested. 
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FISSION 

Biomedical studies in the fission energy technology area are mostly concerned 
with the evaluation of long-term effects from low-level exposure to radioactive 
pollutants. These include studies in progress for many years in dogs that have 
inhaled various plutonium compounds. The inhalation toxicity of a wider variety 
of actinide compounds is being studied in rodents. Both dogs and rodents are 
employed in continuing studies of the effects of chronic exposure to simulated 
uranium mine atmospheres. 

A new study this year looks at the possible synergistic effects of inhaled 
plutonium and cigarette smoke. Other recently instituted studies are concerned 
with specific reactor technology problems, such as the toxicity of sodium that might 
be accidentally released from an LMFBR (liquid metal fast breeder reactor), or the 
toxicity of mixed aerosols of plutonium and sodium. The toxicity of chronically 
inhaled krypton-8S, released in small amounts from nuclear reactors, is also being 
studied. Because of recent interest in nonproliferative fuel cycles, special hazards 
that might be associated with reactors employing a thorium fuel cycle are being 
investigated. 

More basic studies are concerned with the effects of age on the toxicity 
of incorporated radionuclides, and the effect of age, and other factors, on the 
gastrointestinal absorption of radionuclides. Viral and biochemical factors that 
may be involved in radiation carcinogenesis are also under study. 

In the more strictly medical areas, procedures are being developed that 
may reduce the probability of radiation effects by hastening removal from the 
body of internally deposited radionuclides. In other studies, advantage is taken 
of radionuclides incorporated in a device designed to irradiate the blood, which 
may be a useful treatment for leukemia or for the prevention of transplant rejection. 



• Aerosol and Analytical Technology 

We are attempting to improve aerosol exposure techniques by investigating: generation, 
characterization and monitoring of inhalation atmospheres, relation of aerosol properties 
to respiratory deposition and clearance, and control of inhalation exposure dose. 

PHOTODETECTION OF AEROSOL CONCENTRATION 

Investigators: 

J. R. Decker, E. G. Kuffel, W. C. Cannon, and D. K. Craig 

A light-scattering photometer previously developed in this laboratory was modified by 
raising the gain to allow detection of aerosols much less dense than those produced by a 
nebulizer-type generator. A light-extinction detector was designed for use with aerosols 
with poor scattering characteristics. 

The light-scattering aerosol detection 
system (PHOCAG) developed last year (Annual 
Report, 1977) was designed with low gain 
to be used for quantitative detection of 
the concentrated aerosol output of a 
nebulizer-type generator. The need for 
monitoring the less-concentrated aerosols 
of sodium made necessary the fabrication 
of a monitor (dubbed PHOAM, Photo Aerosol 
Monitor) with 100 times the detection gain 
of the PHOCAG. To accomplish this gain 
increase, it was also necessary to incor
porate a temperature compensation circuit 
to eliminate thermal drift in the detector. 
Testing of this system is now complete and 
it will be incorporated in the sodium 
aerosol exposure system during FY 1979. 

A second type of PHOAM detector was 
designed and constructed for use in the fly 
ash aerosol exposure system. The exposure 
system, shown in Figure 3.1, includes a 
Wright Dust Feed Mechanism aerosol generator, 
which is prone to frequent mechanical 
failure. Because the concentration of fly 
ash in the exposure chamber «100 ~g/~) 
cannot be easily detected visually, and 
aerosol samples are collected on filters 
only every 4 hr, an undetected generator 
failure can cause a significant perturbation 
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in the exposure regime. The detector was 
inserted immediately downstream from the 
aerosol generator to detect failure of 
generation. The tests using the high-gain, 
light-scattering PHOAM in this system 
showed very little sensitivity, even to 
high concentrations of aerosol. It was 
concluded that the light-scattering proper
ties of fly ash (a very dull, black material) 
were very poor. Consequently, a new detector, 
based on light extinction, was constructed 
by moving the photodetecting transistor 
directly opposite the infrared light-
emitting diode. A cross-section diagram of 
both the scattering and extinction detectors 
is shown in Figure 3.2. The ~ignal from the 
extinction detector is processed through a 
temperature compensation circuit, amplified, 
then filtered to smooth the output response. 
The output is displayed on a meter and fed 
to a unique window-type alarm circuit. 
This circuit allows the operator to select 
an aerosol concentration "window"; if con
centration wanders beyond the limits of the 
"window" (either above or below), the alarm 
wi 11 sound. 

Three PHOAM units are presently being 
constructed for use in the fly ash exposure 
system. 
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FIGURE 3.1. Block Diagram of Photo Aerosol Monitor (PHOAM) Used in Conjunc
tion with the Wright Dust Feed Mechanism (WDFM). 

PHOTOD ElECTI NG 
TRANS I STOR 

300 .... 

It 
INFRARED LIGHT 
EMlnlNG DIODE (lID) 

FIGURE 3.2A. A Cross-Section Diagram of the Light
Scattering Photometer Sensor. The beam from the 
infrared (IF) light-emitting diode (LED) is scattered at 
approximately 30°, and detected by the transistor. 
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FIGURE 3.28. A Cross-Section Diagram of the Light
Extinction Photometer Sensor. The beam of IF light from 
the LED is partially blocked from the transistor by aerosol 
particles. 



RESPIRATORY EXPOSURE CONTROL VALVE 

Investi gators: 
J. R. Decker, H. E. Stevens, W. C. Cannon, and D. K. Craig 

We have designed a new, three-way valve that separates inhaled and exhaled air in systems 
for inhalation exposure. 

In order to ascertain the deposition and 
distribution of particulates in animals 
exposed by the respiratory route, a complete 
balance of materials must be achieved; both 
inhaled and exhaled aerosol parameters must 
be analyzed. To accomplish this, a new 
valve system that separates inhaled and 
exhaled air has been designed. This hydrau
lically activated valve overcomes two major 
shortcomings of the previously used passive 
valve system: First, the hydraulic pressure 
is sufficient to prevent valve leakage, a 
continuous problem in the passive system. 
Second, the new system includes a three-way 
valve (as opposed to the previous two-way 
valve system), allowing the animal to 
breathe fresh air until a routine breathing 
pattern has been established, when the 
valve can be switched to aerosol. This 
provides better dose prediction and control. 
With a proper control system, the valve can 
also be used to deliver a bolus of aerosol, 
followed by fresh air, during a single 
inhalation. This procedure eliminates both 
the mechanical and physiologic dead air 
space by delivering the entire aerosol 
bolus to the deep lung. The system is also 
designed to minimize resistance to breathing 
and aerosol loss due to plating or impaction. 

Figure 3.3 is a schematic diagram of the 
respiratory exposure valve (essentially 
three independently operable valves) and 
its associ a ted control system. Each valve 
controls a separate channel to the res
piratory mask. Figures 3.4A and B are cut
away drawings depicting a single channel and 
valve, comprising a valve body into which 
a semielliptical flow channel has been 
milled. Across the top of the channel are 
the diaphragm plate and the top plate, with 
a rubber diaphragm between them. An 
elliptical cut through the diaphragm plate 
is positioned over the flow channel. The 
control fluid input port in the top plate 
is centered over the hole in the diaphragm 
plate (3.4A). When control fluid (water) is 
injected under pressure through the input 
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FIGURE 3.3. Schematic Diagram of the Three-Way 
Respiratory Exposure Valve and Associated Control 
System. 

port (3.4B), it expands the rubber diaphragm 
into the flow channel, effectively blocking 
it. When control fluid pressure is released, 
the rubber diaphragm returns to its original 
position, clearing the channel. When the 
valve is open, the channel is completely 
clear of obstructions that might cause loss 
of aerosol particles. 

A single-channel model of the valve was 
constructed and tested: With a control 
fluid pressure of 10 psi, the valve was 
cycled 36,000 times without diaphragm 
failure. No valve leakage was detected 
before or after the completion of the test. 
A 3-channel valve model (final configuration) 
was constructed this year and will undergo 
testing in FY 1979, followed by development 
and testing of the control system. 
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FIGURE 3.4A. Cutaway Drawing of a Simplified, Single-Channel Valve, Shown 
in the Open Position. The actual respiratory exposure valve consists of three flow 
channels, each with a rubber diaphragm valve, as shown here. 
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FIGURE 3.4B. The Injection of Fluid Through the Control Fluid Input Port has 
Expanded the Rubber Diaphragm, Blocking the Flow Channel. 
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A DILUTION PROBE FOR AN AEROSOL MASS MONITOR 

Investigators: 

W. C. Cannon and O. R. Moss 

Technical Assistance: 
B. R. Garrity, J. R. Laidler, and D. Ostler 

A special probe dilutes high-concentration aerosols to concentrations within the range of 

the mass monitor, to which it is attached. Tests have established that probe sample losses 

are less than 2.5% and that sample rates of the system are constant. A preliminary calibration 

of the system with spent oil shale aerosols yielded a sensitivity of 1 mV per 6 ng of sample 
collected, whereas the theoretical calibration of the mass monitor is 1 mV per 1.4 ng of 

sample. 

We have designed and built a system to 
rapidly measure aerosol exposure chamber 
concentrations. Although aerosol mass moni
tors currently available make such measure
ments, they are usually limited to mass con
centrations of 2 mg/m 3 or less, though 
exposure chamber concentrations may be as 
high as 100 mg/m 3 • We designed a probe, 
which attaches to the monitor, that dilutes 
high-concentration aerosols to concentra
tions measurable by the mass monitor. The 
probe is designed to dilute aerosQls by 
either ten or fifty times. Other dilution 
factors can be achieved by using various 
sample inlet nozzles and air flow settings. 
An additional feature of the probe is its 
ability to "gate" the aerosol sample flow 
and collect short grab samples in the mass 
monitor. This extends operating time before 
cleaning of the mass monitor sensing unit is 
required. The dilution air in the probe 
forms a protective sheath around the aerosol 
sample stream and reduces sample loss in the 
probe (Figure 3.5). The complete aerosol 
sampling system, consisting of the dilution 
probe, the aerosol mass monitor, and various 
regulators and valves for flow control, is 
shown in Figure 3.6. 

In principle, the dilution probe balances 
the constant mass monitor air flow (Fm) 
against the clean dilution air flow (Fd). 
The difference (f) is the aerosol sample 
flow entering via the inlet nozzle: 

Fm - Fd = f (1) 
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The inlet nozzles were designed to provide 
equal velocities of aerosol sample flow and 
dilution air flow in the center tube of the 
probe, so that a particular nozzle is suit
able for only one probe dilution factor, 
calculated by 

D = Fm 
f . 

Increasing the dilution air flow (FD) so 
that it equals Fm reduces f to zero. Fd 
is the sum of flows F and g, which are 
independently controlled. In practice, F 

(2) 

is constant, and g equals 0 during sampling, 
or f when sampling is stopped. 

Results of system tests completed to 
date show that: 

1. Aerosol sample losses in probe 
(uranine) are: 

< 1% at lOX dilution, 
~ 2.5% at 50X dilution. 

2. Sample volume is proportional to 
sample time within limits of 
measurement for sample times from 
5-30 sec. 

3. Sample flow rate drift: 

::.. 5% per hr. 

4. Calibration (spent shale aerosol): 

6.2 + 0.7 ng/mV. 
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FIGURE 3.5. Schematic Diagram of Dilution Probe. 
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FIGURE 3.6. Block Diagram of Mass Monitor System. 
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5. Theoretical calibration: 

1.4 ng/mV. 

These tests have established that sample 
losses in the probe are within acceptable 
limits, that sample rates are constant and 
that sample volume is proportional to sample 
time. Possible reasons for the discrepancy 
between the measured calibration for spent 
shale and the theoretical calibration include 
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a faulty quartz crystal in the mass monitor 
or poor coupling of spent shale particles 
to the quartz crystal because of electro
static charge on the particles. 

Plans for future work include tests with 
a variety of aerosols, investigation of 
particle charge effects, particle size 
effects and of variations in calibration 
among various mass monitor quartz crystals. 





• Inhaled Plutonium Oxide in Dogs 

This project is concerned with long-term experiments to determine the life-span dose-effect 
relationships of inhaled 239Pu02 and 238pu02 in beagles. The data will be used to estimate 

the health effects of inhaled transuranics. 

DOSE-EFFECT STUDIES WITH INHALED PLUTONIUM OXIDE IN BEAGLES 

Investigators: 
J. F. Park, R. H. Busch, A. C. Case, D. L. Catt, D. K. Craig, 
S. L. English, G. E. Dagle, T. C. Kinnas, R. M. Madison, 
H. A. Ragan, R. A. Renne, S. E. Rowe, R. E. Schirmer, 
D. L. Stevens, C. R. Watson, and E. L. Wierman 

Technical Assistance: 
D. H. Akin, E. F. Edmerson, E. A. Emory, V. T. Faubert, 
R. E. Flores, F. S. Gerber, F. M. Gordon, S. L. Krum, 
V. L. 11adden, B. G. Moore, M. C. Perkins, 14. J. Pipes, 

L. R. Peters, and G. L. Webb 

Beagle dogs given a single exposure to 239Pu02 and 238pu02 aerosols are being observed for 
life-span dose-effect relationships. The 239pU body burden of the nine dogs that died of 
pulmonary fibrosis-induced respiratory insufficiency during the first 3 yr after exposure was 
1 to 12 )lCi; one of these dogs had a pulmonary tumor. Eleven additional' dogs with body 
burdens of 0.6 to 1.8 )lCi died due to pulmonary neoplasia 3 to 7 yr after exposure. Four of 
the dogs exposed to 238pu have died during the first 4 1/2 yr postexposure due to bone and/or 
lung tumors; the body burden at death ranged from 6 to 10 )lCi. Lymphopenia was the earliest 
observed effect after inhalation of 239pu02 or 238pu02' occurring 0.5 to 2 yr after deposition 
of ~ SO nCi plutonium in the lungs. 

To determine the life-span dose-effect 
relationships of inhaled plutonium, lS-mo
old beagle dogs were exposed to aerosols of 
239pu02 (mean AMAD 2.3 )lm, mean GSD 1.9), 
prepared by calcining the oxalate at 750aC 
for 2 hr; or to 238pu02 (mean AMAD 1.S )lm, 
mean GSD 1.9), prepared by calcining the 
oxalate at 700aC and subjecting the product 
to H2160 steam in argon exchange at SOOac 
for 96 hr. This material, referred to as 
pure plutonium oxide, is used as fuel in 
space-nuclear power systems. 
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One-hundred thirty dogs exposed to 
239Pu02 in 1970 and 1971 were selected for 
long-term studies; 22 will be sacrificed to 
obtain plutonium distribution and pathology 
data, and lOS were assigned to life-span 
dose-effect studies (Table 3.1). One hun
dred thirteen dogs exposed to 238pu02 in 
1973 and 1974 were selected for life-span 
dose-effect studies (Table 3.2). Twenty
four additional dogs were exposed for perio
dic sacrifice. The appendix (following the 
entire Annual Report) shows the status of 
the dogs on these experiments. 



TABLE 3.1. Life-Span Dose-Effect Studies with 
Inhaled 2J9puO, in Beagles. (a) 

Number of Dogs Initial Alveolar Deposition(b) 
Dose Level 

Group Male Female nCi(c) nCilg Lung(c) 

0 10 10 0 0 

10 10 3.5 ± 1.3 0.29 ± 0.011 

2 10 10 22 ± 4 0.18 ± 0.04 

3 10 10 79 ± 14 0.66 ± 0.13 

4 10 10 300 ± 62 2.4 ± 0.4 

5 10 10 1100 ± 170 9.3±1.4 

6 3 5 5800 ± 3300 50 ± 22 

63 65 

(a) Exposed in 1970 and 1971 

(b)Estimated from external thorax counts at 14 and 30 days 
post-exposure and estimated lung weights (0.011 x body 
weight) 

(c) Mean + 95% confidence intervals around the means 

During the first 7 yr following exposure 
to 239pu02' eight dogs in the highest-level 
dose group, twelve dogs in Dose Level 
Group 5 and one dog each in Dose Level 
Groups 4, 2, and 1 were euthanized when 
death was imminent. Fourteen dogs were 
sacrificed for comparison of plutonium 
tissue distribution. Table 3.3 and Figure 
3.7 show the primary causes of death and 
the distribution of 239pu in the tissues of 
these animals. One 80-mo-old control dog 
was euthanized because of an oral tumor. 

As survival time increased, the fraction 
of plutonium in the lung decreased to 35% 
of the final body burden by 6-7 yr post
exposure. During the first postexposure 
year, plutonium was translocated primarily 
to the thoracic lymph nodes, with little 
plutonium translocated to other tissues. 
Plutonium content of the thoracic lymph 
nodes was about 40% of the final body 
burden 6-7 yr after exposure. Plutonium 
was also found in abdominal lymph nodes, 
principally the hepatic nodes. The fraction 
of plutonium in liver increased, accounting 
for 14 to 47% of final body burden 6 to 
7 yr after exposure. The organ distri
bution of plutonium in the periodically 
sacrificed dogs was generally similar to 
that of the high-dose-level dogs euthanized 
when death was imminent during the first 
2 yr after exposure. The low-dose-level 
dogs sacrificed or euthanized during the 
4th and 7th postexposure years had a much 
smaller fraction of the final body burden 
in the liver, with a larger fraction 
retained in the lungs and thoracic lymph 
nodes. 
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TABLE 3.2. Life-Span Dose-Effect Studies with 
Inhaled 238PUO, in Beagleda) 

Number of Dogs Initial Alveolar Deposition (b) 
Dose Level 

Group Male Female nCi(c) nCi/g Lung(c) 

0 10 10 0 0 

10 10 2.3 ± 0.8 0.016 ± 0.007 

2 10 10 18 ± 3 0.15 ± 0.03 

3 10 10 77 ± 11 0.56 ± 0.07 

4 10 10 350 ± 81 2.6 ± 0.5 

5 10 10 1300 ± 270 10 ± 1.9 

6 7 6 5200 ± 1400 43 ± 12 

67 66 

(a)Exposed in 1973 and 1974 

(b) Estimated from external thorax counts at 14 and 30 days 
post-exposure and estimated lung weights (0.011 x body 
weight) 

(c)Mean + 95% confidence intervals around the means 

The dogs euthanized because of respira
tory insufficiency during the 3-yr post
exposure period had increased respiration 
rates, and hypercapnia and hypoxemia asso
ciated with lesions in the lunqs. Inter
mittent anorexia and body weight loss 
accompanied the respiratory insufficiency. 
Histopathologic examination of the lungs 
showed radiation pneumonitis characterized 
by focal interstitial and subpleural fibro
sis, increased numbers of alveolar macro
phages, alveolar epithelial hyperplasia, 
and foci of squamous metaplasia. Autoradio
graphs showed activity primarily composed 
of large stars, more numerous in areas of 
interstitial and subpleural fibrosis. Dog 
804 M also had a pulmonary tumor, classi
fied as a bronchiolar-alveolar carcinoma. 

Twelve of the fifteen dogs euthanized 3 
to 7 yr after exposure had lung tumors. 
Radiographic evidence of pulmonary neo
plasia was observed before respiratory 
insufficiency developed. However, respira
tory insufficiency was observed prior to 
euthanasia due to neoplasia in the lung. 
All of the dogs with lung tumors were in 
Dose Level Groups 5 and 6. Dogs 803 M, 
754 M, and 875 M in Dose Level Groups 4, 2, 
and 1, respectively, died during the 6-7 yr 
postexposure period, of causes not thought 
to be due to Pu exposure at the present 
time. 

In eight of the dogs the lung tumors were 
classified as bronchiolar-alveolar carcinoma; 
in three dogs as adenosquamous carcinoma; 
and in the other dog as epidermoid carcinoma. 
The epidermoid carcinoma metastasized to the 



TABLE 3.3. Tissue Distribution of Plutonium in Beagles After Inhalation of 239PU02' 

Percent of Final Body Burden 

Time After Final Body Thoracic Abdominal 
Dog Exposure, Burden, Lymph Lymph 
Number months /lCi Lungs Nodes(a) Nodes(b) Liver Skeleton Cause of Death 
---
478 M 0.25 0.29 98 0.15 0.017 0.24 0.08 Sacrifice 
435 F 0.25 3.8 99 0.10 0.006 0.00 0.03 Sacrifice 
816 M 0.50 0.40 99 0.12 0.010 0.00 0.03 Sacrifice 
918 M 1 0.074 99 0.82 0.014 0.11 0.08 Sacrifice 
920 F 0.011 94 0.47 0.029 0.08 0.61 Sacrifice 
913 M 1 4.8 98 1.1 0.002 0.03 0.05 Sacrifice 
70lF 5 1.7 94 5.7 0.0004 0.01 0.09 Sacrifice 
709 M 5 1.7 97 2.2 0.003 0.00 0.05 Sacrifice 
734 M 5 0.91 96 3.4 0.0002 0.01 0.05 Sacrifice 
739 F 5 1.5 95 4.7 0.03 0.001 0.00 Sacrifice 
910 M 11 12.3 84 15 0.06 0.04 Radiation 

Pneumonitis 
747 F 12 5.4 71 29 0.026 0.07 0.07 Radiation 

Pneumonitis 
906 F 12 6.2 88 12 0.001 0,03 0.05 Radiation 

Pneumonitis 
849F 13 0.0007 80 15 0.20 0.04 1.6 Sacrifice 
896 F 15 4.1 81 15 0.92 0.23 0.12 Radiation 

Pneumonitis 
817 M 21 3.8 64 34 0.13 1.4 0.19 Radiation 

Pneumonitis 
815 M 25 0.074 64 32 0.08 0.10 Sacrifice 
829 M 26 3.2 75 19 0.79 4.2 0.45 Radiation 

Pneumonitis 
760 M 31 0.98 71 23 0.57 3.7 0.28 Radiation 

Pneumonitis 
890 F 31 2.0 55 28 2.2 13.0 0.26 Radiation 

Pneumonitis 
804 M 37 1.1 62 29 0.19 7.9 0.36 Radiation 

Pneumonitis 
and Lung Tumor 

798 F 43 0.0056 55 44 0.02 0.17 0.43 Sacrifice 
772 M 53 1.8 42 22 0.88 29 0.69 Lung Tumor 
759 M 53 0.71 43 27 12.3 15 0.65 Lung Tumor 
796 F 55 0.67 40 31 4.1 21 1.04 Lung Tumor 
783 M 59 1.4 59 11 1.8 26 0.67 Lung Tumor 
873 M 62 1.8 45 27 6.4 16 0.74 Lung Tumor 
753F 69 1.17 35 31 0.09 24 0.64 Lung Tumor 
761 M 69 1.064 36 37 6.3 19 0.53 Lung Tumor 
727 M 72 0.585 39 24 12.3 23 0.78 Lung Tumor 
762 M 72 0.0017 51 43 0.3 0.7 0.7 Sacrifice 
837 M 72 1.034 42 38 0.7 14 0.46 Lung Tumor 
863F 76 0.617 33 12 1.3 47 1.4 Lung Tumor 
852 F 77 1.067 33 35 0.88 26 0.94 Lung Tumor 
803 M 79 0.415 20 46 10.7 20 1.39 Interstitial 

Pneumonitis 
875 M 83 0.001 48 42 1.0 1.3 3.5 Malignant 

Lymphoma, 
Kidney 

754 M 84 0.005 29 66 0.23 0.39 1.2 Status Epilepticus 

(a)lnciudes tracheobronchial, mediastinal and sternal lymph nodes 
(b)lnciudes hepatic, splenic and mesenteric lymph nodes 
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FIGURE 3.7. Tissue Distribution of Plutonium in Beagles After Inhalation of PuOz 
(0= low Dose level 239PUOZ Dogs). 

skeleton; the bronchiolar-alveolar carcino
mas metastasized to the thoracic lymph nodes 
in two dogs, and to several organs (including 
the thoracic lymph nodes, mediastinum, kid
ney, skeleton, adrenal, aorta, and axillary, 
prescapular and hepatic lymph nodes) in two 
other dogs. The adenosquamous carcinoma 
metastasized to thoracic lymph nodes, 
mediastinum and thoracic pleura. Two of 
the dogs had lesions of secondary hyper
trophic osteoarthropathy. Sclerosing 
lymphadenitis was associated with the high 
concentration of plutonium in the thoracic 
and hepatic lymph nodes. There was also a 
generalized lymphoid atrophy that may be 
related to debilitation in the dogs with 
respiratory insufficiency, or to lympho
cytopenia. Livers of the dogs euthanized 
during the 4- to 7-yr postexposure period 
showed moderate diffuse centrilobular 
congestion. Liver cells in these areas 
contained fine granular yellow pigment 
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resembling lipofuscin and were frequently 
vacuolated. Focal aggregation of vacuo
lated lipofuscin-containing cells in the 
sinusoids was associated with alpha stars 
on autoradiographs. 

Lymphopenia developed after inhalation 
of 239PU02 in the dose level groups with 
mean initial alveolar depositions of 79 nCi 
and greater (Figure 3.8). Through 79 mo 
postexposure, mean lymphocyte values were 
significantly lower (P < 0.02 - 0.001) than 
the control group. The reduction in lympho
cytes was dose-related, both in time of 
appearance and magnitude. At mean alveolar 
depositions of 3.5 and 22 nCi, lymphocyte 
values were within ranges observed in 
control dogs. A reduction in total leuko
cytes was evident in the higher dose group, 
which were also lymphopenic. No effects 
have been observed on red cell parameters 
following 239PU02 inhalation. 
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FIGURE 3.B. Mean leukocyte Values from Dogs After Inhalation of 239PU02. 

During the first 4 1/2 yr following 
exposure to 238Pu02' five dogs in the 
highest-level dose group and one dog in 
dose level Group 5 were euthanized when 
death was imminent. Nineteen dogs were 
sacrificed for comparison of plutonium 
tissue distribution. Table 3.4 and Figure 
3.7 show the causes of death and the distri
bution of 239pu in the tissues of these 
animals. 
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One dog (1025 M) was euthanized due to a 
fractured femur; however, there was radio
graphic evidence of a lung tumor for 2 mo 
prior to necropsy. Dogs 1064 M and 1143 M 
were euthanized due to a bone tumor (osteo
sarcoma). These dogs also had radiographic 
evidence of a lung tumor prior to necropsy. 
Dog 1175 F was euthanized due to lung 
tumor. The lung tumors were classified as 
bronchiolar-alveolar carcinomas. Lung 



TABLE 3.4. Tissue Distribution of Plutonium in Beagles After Inhalation of 2JBPu02• 

Percent of Final Body Burden 

Time After Final Body Thoracic Abdominal 
Dog Exposure, Burden, Lymph Lymph 
Number months J..ICi Lungs Nodes(a) Nodes(b) Liver Skeleton Cause of Death 

1032 M 0.25 0.15 97 0.03 0.2 1.7 0.16 Sacrifice 
921 F 1 0.0044 93 0.12 0.04 0.38 2.1 Sacrifice 
930 F 1 0.052 99 0.52 0.009 0.75 0.35 Sacrifice 
931 F 1 0.35 96 1.6 0.009 0.05 0.03 Sacrifice 
929 F 2 0.022 89 7.5 0.002 0.26 0.58 Sacrifice 
932 F 2 0.38 95 2.5 0.004 0.18 0.35 Sacrifice 
923 F 2 0.0023 85 9.4 0.03 0.09 0.44 Sacrifice 
925 M 3 0.0064 91 3.7 0.04 0.04 0.96 Sacrifice 
926 M 3 0.078 86 10 0.22 0.65 1.1 Sacrifice 
934 M 3 0.90 91 4.7 1.7 0.45 0.93 Sacrifice 
1318 M 12 0.030 45 27 0.08 10 15 Sacrifice 
1319 M 12 0.077 41 26 0.05 11 20 Sacrifice 
1214 M 13 0.014 52 9 0.32 6.2 16 Sacrifice 
1310 M 25 0.026 19 36 0.08 15 28 Sacrifice 
1317 M 25 0.041 20 34 0.1 17 26 Sacrifice 
1315 M 25 0.047 22 31 0.04 17 28 Sacrifice 
1191 F 35 0.658 26 32 0.13 18 2 Pneumonia 
1215 M 36 0.011 21 43 0.17 13 21 Sacrifice 
1311 M 37 0.036 13 31 0.22 21 32 Sacrifice 
994 F 42 5.026 17 45 0.49 18 18 Addison's Disease 
970 F 48 0.002 20 34 0.36 16 24 Sacrifice 
1143 M 49 6.331 11 43 2.0 15 22 Lung Tumor and 

Bone Tumor 
1025 M 50 10.037 15 27 7.06 24 23 Lung Tumor 
1064 M 51 8.602 13 48 1.9 15 21 Lung Tumor and 

Bone Tumor 
1175 F 52 3.854 13 35 0.08 23 24 Lung Tumor 

(a) Includes tracheobronchial, sternal and mediastinal lymph nodes 
(b) Includes hepatic, splenic and mesenteric lymph nodes 

tumor metastases were not observed. In one 
dog, the bone tumor metastasized to liver, 
lung, and tracheobronchial lymph node. 
Dog 994 F died following chronic illness, 
diagnosed as Addison's disease, and dog 
1191 F died due to chronic respiratory 
insufficiency, which did not improve with 
antibiotic and diuretic therapy, and lesions 
of atypical interstitial pneumonia and 
chronic passive congestion. The lungs did 
not have the classical lesions of severe 
fibrosis, alveolar epithelial hyperplasia 
and metaplasia associated with death due to 
radiation pneumonitis. 

In addition to the lesions associated 
with the cause of death, lesions in the 
lungs of the high-dose-level dogs included 
focal alveolar histocytosis, alveolitis, 
alveolar epithelial cell hyperplasia, 
alveolar emphysema, pleural fibrosis, and 
interstitial fibrosis. Numerous alpha 
stars were observed, mainly in foci of 
fibrosis, and single alpha tracks were 
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scattered throughout sections in foci of 
alveolar histocytosis and in alveolar 
septa. The tracheobronchial and mediastinal 
lymph nodes were completely obliterated by 
necrosis and scarring, associated with high 
concentrations of plutonium observed as 
alpha stars. Similar but less severe 
lesions were seen in the hepatic lymph 
nodes. There were extensive alterations in 
bone, including multiple areas of focal 
atrophy of bone; endosteal, trabecular and 
peritrabecular bone fibrosis; and osteolysis 
of cortical, endosteal, and trabecular 
bone. Radioactivity in the bone was present 
as single tracks, generally scattered 
throughout the bone, cartilage and bone 
marrow. The liver contained foci of hepato
cellular fatty change where small clusters 
of single tracks were seen. There was also 
mild focal nodular hyperplasia of hepato
cytes. Elevated serum glutamic pyruvic 
transaminase levels suggestive of liver 
damage were observed in the high-dose-
level dogs (Figure 3.9). 
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FIGURE 3.9. Serum Glutamic Pyruvic Transaminase in Beagles After Inhalation 
of 23BPU02' 

Dose-related lymphopenia was observed in 
groups with mean alveolar deposition of 77 
to 5200 nCi, similarly to the dogs exposed 
to 239Pu02 (Figure 3.10). The lymphocyte 
depression was, however, more pronounced, 
both as to magnitude and time of appearance, 
than observed in dogs exposed to similar 
doses of 239Pu02' As was found with 239Pu, 
lymphocyte values in the two lowest exposure 
groups, i.e., 2.3 and 18 nCi, were not 
different from control values. A dose
related reduction in total leukocytes was 
evident, primarily due to the lymphopenia, 
except in Groups 5 and 6, in which neutro
penia was observed. No difference in 
monocyte values was seen in relation to 
dose levels. A significant and progressive 
reduction in eosinophils was evident only 
in Group 6 dogs following 238pu inhalation. 
No chronic effects have been observed in 
the red cell parameters. 

At 4 1/2 yr postexposure, the fraction 
of the final body burden in the lungs of 
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the 238Pu-exposed dogs was about 15%, 
compared to 50% in the 239Pu-exposed dogs 
(Figure 3.7). About 40% of the plutonium was 
found in the thoracic lymph nodes and 20% 
in the liver, at 4 1/2 yr after exposure, 
for both 239Pu and 238pu. About 20% of the 
final body burden was found in the skeleton 
of the 238Pu-exposed dogs, at 4 1/2 yr 
postexposure, compared to less than 1% in 
the 239Pu-exposed dogs. During the 4 1/2-yr 
postexposure period there were no obvious 
differences in the 238pU tissue distribution 
in low-dose-level dogs compared to high-dose
level dogs. 

After inhalation of 239Pu02 or 238Pu02' 
lymphopenia was the earliest observed 
effect, occurring after deposition of 
~ 80 nCi plutonium in the lungs. On a 
concentration basis, the 80-nCi dose level 
is about 40 times the 16-nCi maximum permis
sible human lung deposition, based on 
0.3 rem/wk to the lung. 
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RELATIVE 238 pu CONTENT OF BONE AND BONE MARROW 

Investigator: B. J. McClanahan 

Selected bones from a dog that inhaled 238pu02 were subjected to ultrasonic cell disruption 

to separate the marrow elements from bone, in order to determine the plutonium content of the 
two components of the skeleton. 

After inhalation of 238pu02 a significant 
fraction of plutonium is translocated to the 
skeleton. An effective separation of marrow 
from bone would permit estimation of the 
distribution of the total skeletal content 
of plutonium between bone and marrow. In 
this study, selected bones were obtained 
from a dog which was euthanized because of 
an osteosarcoma of the pelvis 51 mo after 
inhalation of 238pu02. The bones were 
subjected to ultrasonic cell disruption to 
remove marrow cells and each skeletal 
component was assayed for its 238pu content 
(Table 3.5). Among the bones examined, 
an average of approximately 2% of the total 
plutonium was in the marrow. The remaining 
98% was in bone, demonstrating that skele
tal 238pu assays primarily determine plu
tonium deposits in bone. 

The concentration of 238pu in the marrow 
was approximately one-tenth that in bone. 
Among the bones examined, the Pu concentra-
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tions were highest in marrow from lumbar 
vertebral bodies, ribs, and sternebrae. 
The lowest concentrations were found in 
radius, ulna, tibia, processes from cervical 
vertebrae and distal portions of humerus 
and femur. In general, marrow specimens 
from bones with the highest 238pu concen
trations tended to be higher than marrow 
from bones with low concentrations. 
However, there were exceptions: marrow 
samples from proximal femur and proximal 
humerus, both of which exhibited a rela
tively high plutonium concentration, were 
intermediate in plutonium concentration. 

These data indicate that whole-bone 
assays should not be used to estimate the 
amount or concentration of 238pu in marrow. 
It is necessary to achieve an effective 
separation of marrow from bone in order to 
estimate the average dose from deposited 
238pu to each of the two major skeletal 
components. 



TABLE 3.5. Distribution of 238PU Between Bone and Marrow. 

238PU, nCi/g 23Bpu, nCi 

Bone 
Tissue Bone Marrow Mar/Bone Bone Marrow Mar/+ Mar 

Proximal Humerus 5.1 0.35 0.069 56.1 1.05 0.019 
Shaft Humerus 1.5 0.23 0.15 10.0 0.26 0.026 
Distal Humerus 1.8 0.12 0.066 15.4 0.21 0.014 

Proximal Femur 4.3 0.50 0.12 37.4 0.59 0.016 
Shaft Femur 1.5 0.27 0.180 9.3 0.35 0.036 
Distal Femur 2.4 0.09 0.038 30.7 0.26 0.0084 

Proximal Radius 1.6 0.15 0.093 7.8 0.16 0.021 
Shaft Radius 0.71 0.16 0.225 3.1 0.10 0.033 
Distal Radius 1.2 0.14 0.12 3.7 0.059 0.016 

Proximal Ulna 1.1 0.10 0.091 7.0 0.065 0.0092 
Shaft Ulna 1.4 0.16 0.11 1.6 0.10 0.058 
Distal Ulna 0.88 0.17 0.19 3.9 0.052 0.013 

Proximal Tibia 1.4 0.16 0.11 15.6 0.18 0.012 

Cervical Vertebrae A - Body 2.1 0.08 0.038 10.7 0.025 0.0024 
Cervical Vertebrae A - Process 1.4 0.05 0.036 6.2 0.0098 0.0016 
Cervical Vertebrae B - Body 3.5 0.74 0.21 7.5 0.18 0.024 
Cervical Vertebrae B - Process 1.9 0.08 0.094 10.2 0.018 0.0018 

Thoracic Vertebrae A - Body 6.1 0.56 0.092 18.3 0.34 0.018 
Thoracic Vertebrae A - Process 3.3 0.19 0.058 9.7 0.11 0.012 
Thoracic Vertebrae B - Body 6.3 0.54 0.086 16.1 0.27 0.017 
Thoracic Vertebrae B - Process 3.0 0.29 0.097 7.9 0.18 0.023 

Lumbar Vertebrae A - Body 6.1 0.99 0.16 20.8 0.70 0.033 
Lumbar Vertebrae A - Process 2.6 0.62 0.24 16.0 0.17 0.011 
Lumbar Vertebrae B - Body 5.4 0.63 0.117 22.7 0.56 0.024 
Lumbar Vertebrae B - Process 2.9 0.30 0.10 12.5 0.15 0.012 

Sacrum 3.5 0.28 0.08 6.6 0.20 0.030 

Rib A Segment 1 1.9 0.10 0.053 0.8 0.018 0.020 
Rib A Segment 2 5.7 0.86 0.15 3.4 0.14 0.040 
Rib A Segment 3 5.5 0.96 0.18 4.7 0.12 0.026 
Rib A Segment 4 3.8 0.81 0.21 3.8 0.17 0.044 
Rib B Segment 1 7.6 0.79 0.10 5.7 0.16 0.027 
Rib B Segment 2 4.2 0.62 0.15 3.7 0.10 0.042 
Rib B Segment 3 2.9 0.42 0.14 3.0 0.070 0.022 

Sternebra A 7.2 2.0 0.28 4.6 0.31 0.063 
Sternebra B 4.0 0.96 0.24 6.6 0.26 0.039 

Iliac Crest 3.6 0.54 0.15 15.0 0.31 0.021 
Pelvis 4.9 0.34 0.069 19.6 0.17 0.0089 

Scapula 1 2.4 0.35 0.15 4.9 0.031 0.0063 
Scapula 2 2.7 0.38 0.15 9.2 0.14 0.016 
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• Inhaled Plutonium Nitrate in Dogs 

The major objective of this project is to determine dose-effect relationships of inhaled 
plutonium nitrate in dogs to aid in the prediction of health effects of accidental exposure 
in man. The critical tissue after inhalation of "soluble" plutonium (such as plutonium 

nitrate) is generally considered to be the skeleton or liver, on the assumption that such 
plutonium will be rapidly translocated from the lung to skeleton and liver. In several 
rodent studies, however, inhalation of "soluble" plutonium has resulted in lung tumors as 
well as skeletal tumors. Life-span studies are necessary to evaluate the complex inter
actions between tissues and organ systems directly or indirectly injured by low levels of 
exposure. Beagle dogs were chosen to correlate relative risks, determined in other studies, 

with different forms and routes of exposures to plutonium. 

INITIAL DEPOSITION AND EARLY CLEARANCE OF 
INHALED 239 pU (N03)4 AEROSOLS IN BEAGLE DOGS 

Investigators: 
W. C. Cannon, G. E. Dagle, R. L. Buschbom, and E. F. Blanton 

Data from exposures of 113 beagle dogs to 239 pu (N03)4 aerosols were analyzed for effects 
of aerosol properties on deposition and early clearance. The percent of inhaled aerosols 
deposited was not significantly dependent on particle size or aerosol concentration. The 
early clearance rate was significantly slower at the highest exposure levels than at medium 
and low levels. 

In studies of deposition and early 
clearance of inhaled 239Pu(N0 3)4 aerosols 
in beagle dogs we investigated possible 
influences of aerosol particle size, 
aerosol concentration and specific activity 
of the generator solutions (SSA). 

Aerosols of 239pu(N0 3)4 in 0.27 N 
nitric acid were generated by nebulization, 
using Lovelace aerosol generators. Aerosol 
concentrations were varied by varying the 
SSA. The SSA values ranged from 0.08 ~Ci/ml 
to 151 ~Ci/ml to achieve inhaled doses 
ranging from 3 nCi to 7000 nCi during 
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exposures of approximately the same dura
tion for all exposure levels. 

The volume of aerosol inhaled by each 
animal (VINH) was measured, as was the 
239pu activity concentration in the chamber 
from which the aerosol was inhaled (C). 
The product of (VINH)(C) was called total 
activity (A). Activity excreted by each 
animal was measured for 28 days post
exposure; activity retained in each animal 
was measured by external thorax counts at 
14 and 28 days postexposure. Based on these 
data, we calculated total activity in each 



animal immediately after exposure (total 
initial deposition, TID) and the activity 
deposited in the alveolar region (initial 
alveolar deposition, lAD). Assuming that 
clearance of activity followed a two
component exponential decay, the half-life 
of the longer-term exponential was also 
estimated. 

Exposure group mean values and standard 
deviations are given in Table 3.6 for a 
number of measured quantities related to 
deposition and early clearance of the 
aerosols examined, as well as the average 
values of their important characteristics 
for each of the exposure groups. 

Data presented are for nine exposure 
groups: a, b, c and 1 through 6. Groups 
through 6 inhaled dose levels (see lAD) 
ranging from 3 nCi to 7 ~Ci; a, band c were 
three groups of three animals each, exposed 
to test the techniques and provide prelim
inary data on tissue distributions. 
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The differences among exposure groups in 
TID and lAD values are not significant, even 
though there are significant differences in 
particle-size distribution, aerosol concen
tration and SSA. These results were unex
pected, and differ from previous results 
with other aerosols (Craig and Buschbom, 
Amer. Ind. Pyg. Assoc. J. ~:172-180, 
1975). 

The estimated retention half-lines 
(T 1/2) correlate well with deposited acti
vity (lAD). The data fit the power law 
T 1/2 = 175 (IAD)o.12 with an R2 value of 
81%. The data from groups 1 through 6 only 
fit the power law T 1/2 = 151 (IAD)o.13 
with an R2 value of 94%. It is not known 
whether the increase in retention half-life 
is related to higher radiation dose levels 
or to some effect of higher SSA. Analysis 
of subsequent excreta collections will be 
made to determine whether these early rela
tionships persist. 



TABLE 3.6. Pu Nitrate Aerosol Deposition Data. 

Aerosol Properties 
Deposition and Clearance Results 

Inhaled Aerosol Exhaled Aerosol 
Total Activity Retention 

(A) in nCi TID as % of A lAD in nCi lAD as % of A Half life, days Aerosol 
Exposure No. of Gen. Solution Cone., AMAD, AMAD, 

Group Dogs Mean SO Mean SO Mean SO Mean SO TY, SO SSA,I1Cilml nCi/Q 11 m GSD 11 m GSD 

12 6 70 47 6 66 45 260 160 0.08 0.4 0.1 0.59 5.2 0.50 4.6 

b 140 25 28 6 21 15 26 6 280 200 2.2 0.50 2.45 0.46 2.03 

c 2,350 170 39 9 800 300 34 11 470 50 52.0 190 4 0.59 2.21 0.61 1.86 

20 9 50 39 43 39 150 100 0.23 0.7 0.2 0.44 2.37 0.63 2.45 

20 36 9 38 19 12 6 33 20 240 90 0.93 2.2 0.5 0.52 2.05 0.58 2.32 

36 190 34 55 16 80 20 42 11 280 90 4.5 18 0.65 1.97 0.67 2.08 

4 13 1,040 190 62 22 450 110 44 10 320 130 26 100 20 0.81 1.97 0.69 2.05 

10 5,200 1,100 60 11 2,960 800 57 11 420 80 106 320 70 0.93 2.18 1.05 2.37 

w 6 13,500 2,500 56 9 7,240 2,300 53 10 450 40 151 530 120 0.85 2.37 0.88 2.27 
N 



EARLY EFFECTS OF INHALED 239 pU (N0 3)4 AEROSOLS IN BEAGLE DOGS 

Investigators: 

G. E. Dagle, H. A. Ragan, C. R. Watson, D. L. Stevens, 

S. E. Rowe, R. M. Madison, E. L. Wierman, and R. E. Schirmer 

Technical Assistance: 

J. F. McShane, E. T. Edmerson, S. L. English, J. R. Tadlock, 
E. A. Emory, and ~1. C. Perkins 

Beagle dogs given a single inhalation exposure to 239Pu(N0 3)4' and observed for life-span 
dose-effect relationship, died from radiation pneumonitis (4 of 5) at the highest dosage 

level, 14 to 25 mo postexposure. There were also indications in these dogs of radiation 

osteosis, characterized by peritrabecular fibrosis. Leukopenia, lymphopenia, neutropenia and 
decreased numbers of circulating monocytes and eosinophils occurred at the two highest dosage 

levels, as previously reported (Annual Report, 1977). 

Six dosage groups (105 dogs) have been 
exposed to aerosols of 239pu(N0 3)4 for 
life-span observations (Table 3.7). In 
addition, 20 dogs were exposed to nitric 
acid aerosols as vehicle controls, 20 dogs 
were selected as untreated controls for 
life-span observations, 25 dogs were 
exposed to aerosols of 239Pu(N0 3)4 for 
periodic sacrifice to study plutonium 

metabolism and the pathogenesis of devel
oping lesions, and 7 dogs were selected as 
controls for periodic sacrifice. The dogs 
were exposed in aerosol chambers using 
techniques described in previous reports. 
The appendix (following the entire Annual 
Report) shows the status of the dogs on 
these experiments. 

TABLE 3.7. Protocol for Life-Span Inhalation Exposure of Beagle Dogs 
to Plutonium Nitrate. 

Initial Alveolar 
Deposition,(a) Number AMAD,(b) Concentration, 

nCi of Dogs m GSD(c) nCi/Q 

5445 ± 1841 5 0.85 2.37 534 ± 118 

1709 ± 639 20 0.87 2.11 306 ± 81 

295 ± 67 20 0.75 1.84 80 ± 33 

56 ± 17 20 0.65 1.97 18 ± 4 

8±4 20 0.51 1.87 2.2 ± 0.5 

2±2 20 0.33 2.07 0.6 ± 0.3 

Vehicle 20 

Control 20 

(a) Initial alveolar deposition estimated from thoracic count 2 wk 
postexposure 

(b)Activity Mean Aerodynamic Diameter 
(c) Geometric Standard Deviation 
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The earliest observed biological effect 
was on the hematopoietic system, with 
lymphopenia occurring at the two highest 
dosage levels at 4 wk postexposure. The 
results of these continuing evaluations are 
shown in Figure 3.11. Total leukocyte con
centrations were reduced significantly in 
the two highest dose groups, i.e., Group 5 
(mean initial alveolar deposition of 
~ 1700 nCi), and Group 6 (~ 5500 nCi). 
Numbers of leukocytes in Group 4 dogs 
(~ 300 nCi) tended to be consistently (but 
not significantly) lower than those from 
control dogs. The reduction in white cells 
in Groups 5 and 6 is due to an effect on 
most leukocyte types (neutrophils, lympho
cytes, monocytes and eosinophils). Lympho
cyte reductions significantly different 
from values for controls were present only 
in Groups 5 and 6. This is in contrast 
to the effects of both 239PU02 and 
238PU02 in which significantly depressed 
lymphocyte concentrations were observed by 
21 months after exposure to initial lung 
burdens of ~ 80 nCi and greater. The 
lymphocytopenia at lower dosage levels with 
plutonium oxides could be related to the 
greater translocation of plutonium oxide to 
the tracheobronchial lymph nodes. 

Four dogs at the highest dosage level 
died or were euthanized because of severe 
radiation pneumonitis 14 to 25 mo post
exposure; three of these dogs have died 
since last year's Annual Report. Histo
pathologic examination of lungs revealed 
interstitial fibrosis, alveolar epithelial 
hyperplasia, increased numbers of alveolar 
macrophages, occasional small emphysematous 
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cavities, and occasionally, very small 
nodules of squamous metaplasia at the 
termini of respiratory bronchioles. Auto
radiographs showed alpha stars concentrated 
in areas of interstitial fibrosis and 
individual alpha tracks scattered in the 
parenchyma. The lung changes at these 
times postexposure were similar in dogs 
exposed to 239Pu02 and 238pu02' but single 
alpha tracks in the parenchyma were generally 
seen only with 239Pu(N0 3)4 and 238Pu02' 
and not with 239Pu02. Lung changes were 
accompanied by sclerosing tracheobronchial 
lymphadenitis, but of a lesser degree than 
that seen after inhalation of either 
239PU02 or 238Pu02. There were indications 
of radiation osteosis in dogs that died of 
radiation pneumonitis. This was qualita
tively similar to that seen after inhalation 
of 238PU02 (but not 239Pu02) and was gener
ally characterized by peri trabecular fibro
sis composed of relatively hypocellular 
collagen fibers partially surrounding 
trabeculae in vertebrae, femora, and ribs. 

Serum glutamic pyruvic transaminase 
(SGPT) is somewhat liver-specific in the 
dog and might be useful as an indicator of 
liver damage following translocation of 
inhaled 239Pu(N0 3)4 to that organ. Except 
for periodic elevations in mean values, 
there are no dose-related trends toward 
increases in this parameter (Figure 3.11). 
Periodic elevations are usually due to one 
or two dogs that have relatively high SGPT 
concentrations at a particular sampling 
period, and return to a normal range by 
the next sampling. 
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DISPOSITION OF 238 pU (N03)4 FOLLOWING INHALATION BY BEAGLE DOGS 

Investigators: 

G. E. Dagle, W. C. Cannon, R. E. Schirmer, and D. L. Stevens, Jr. 
Technical Assistance: 

J. F. McShane and E. F. Blanton 

Twelve dogs were given a single inhalation exposure to 238Pu(N0 3)4 to study deposition and 
translocation up to 1 yr. Preliminary data suggest a greater and more rapid translocation of 
238PU(N0 3)4 to bone and liver than was observed for 239PU(N0 3)4. 

In an attempt to determine the need for 
life-span studies involving 238pu(N0 3)4, 
a pilot study was conducted, exposing 
12 dogs to a single aerosol of 238pu(N0 3)4, 
in order to study deposition and translo
cation up to one year. The aerosol con
centration was 14.3 + 1.2 nCi/~ with an 
AMAD of 0.81 ~m, havTng a GSD of 1.72. 
The initial alveolar deposition, estimated 
from thoracic counts 2 wk postexposure, 
was 66 + 18 nCi. The deposition and 
translocation were compared with similar 
dosage levels and aerosol parameters for 
239Pu(N03)4-exposed dogs, as described in 
the preceding report. 

The 238pu(N03)4 was rapidly redistri
buted from lung parenchyma to other organs. 

At 12 months postexposure only 3 to 4% of 
the final body burden remained in the lung, 
with 49 to 53% in the skeleton and 38 to 
44% in the liver (Figure 3.12). Only 0.3% 
of the final body burden was concentrated in 
the tracheal lymph nodes. Analysis of 
variance showed a highly significant 
increased translocation of 238PU(N0 3)4 
compared with 239Pu(N03)4. This more rapid 
translocation must be a biological effect 
of the higher specific activity of 
238pu(N0 3)4. If higher specific activity 
can alter the biological mechanisms involved 
in translocation, one can postulate that it 
may also alter subcellular processes 
involved in carcinogenesis and other life
span effects. 
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• Inhaled Transuranics in Rodents 

The purpose of this project is to examine, in small animals, the fate and effects of 

inhaled transuranic compounds. This project should provide data required for hazard eval
uation and establishment of permissible exposure limits to man for inhaled transuranics, 
particularly with respect to radiation dose and dose-distribution. 

MORPHOMETRY OF RODENT LUNG FOLLOWING INHALATION OF 239 pu02 

Investigator: K. Rhoads 
Technical Assistance: 

S. I. Baker, I. A. Watson, and D. Omta 

Changes in lung structure following exposure of rats and hamsters to 239pu02 were rela
tively small and few in number. However, significant radiation-induced changes were noted 
for volume of major airways and vascular areas in both species, and in the thickness of the 
alveolar air-blood barrier for hamsters. 

Alterations in lung structure following 
exposure to inhaled 239Pu02 aerosols at 
sufficiently high doses resulted in shor
tened life span in both rats and hamsters. 
This was due to development of radiation 
pneumonitis and fibrosis, with subsequent 
impairment in respiratory efficiency. 
However, the dose level required to produce 
a significant shortening of life span was 
substantially higher than that which resul
ted in an optimal yield of lung tumors in 
rats. Hamsters did not develop a signifi
cant number of lung tumors at any dose. In 
this experiment, we attempted to determine 
the type and extent of structural altera
tion in rodent lung following exposure to 
239Pu02 at a dose level near that for 
"optimal" tumor response in rats. 

Young adult, female Wistar rats and 
Syrian hamsters were exposed to an aerosol 
of 239PuO~ and sacrificed up to 1 yr post
exposure. Lungs were instilled with fixa
tive at 20 cm H20 pressure, prior to removal 
from the thoracic cavity. Tissue was then 
selected by systematic and random sampling 
methods for light and electron microscopic 
analysis. 

Micrographs prepared from tissue sections 
were analyzed by point-intersect and direct 
measurement morphometric methods. Light 
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micrographs at 220 X magnification were 
used to investigate the overall structure 
and composition of lung. Electron micro
graphs at 10,500 X were used to investigate 
the thickness of the alveolar air-blood 
barrier. Arithmetic mean thickness (AMT) 
represented the mass of tissue present, 
whereas harmonic mean thickness (HMT) was a 
measure of the diffusion resistance (i.e., 
resistance to gas exchange) of the air
blood barri er. 

The distribution of major lung components 
(Figure 3.13) was similar for rat and ham
ster, and in both control and exposed groups. 
Parenchymal tissue accounted for about 90% 
of lung volume, 60-70% of which was respira
tory air space (alveolar sacs and ducts), 
and the remaining 20-30% was alveolar 
septa. Alveolar macrophages (not included 
in figure) occupied less than 0.5% of the 
total volume. Percentages for conducting 
airways (bronchi and bronchioles) and major 
vascular regions were much more variable, 
ranging from 0.5-3% and 3.5-9%, respectively. 
The volume of conducting airways decreased 
significantly in exposed animals for both 
rat (P <0.03) and hamster (P <0.002). No 
other significant treatment differences 
were found. The only significant species 
difference was the smaller volume of major 
vascular tissue (P <0.02) in hamsters 
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compared to rats when the treatment groups 
were combined, due to the large decrease 
observed in exposed hamsters. 

Statistically significant findings 
in the light-level structural parameters 
(Table 3.8) were the large number of 
alveoli/mm3 in control rats (P <0.0001), 
and the lower surface/volume ratio in rats 
compared to hamsters (P <0.01, treatment 
groups combined). 

The alveolar air-blood barrier data 
(Figure 3.14) awaits final statistical 
analysis, but preliminary results indicated 
that control hamsters may have had a thinner 
air-blood barrier than control rats when 
measured either as AMT or HMT, and that 
this difference was due to the thickness of 
the interstitial tissue. Following exposure, 
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the air-blood barrier thickness appeared to 
increase in hamsters to a greater extent 
than in rats, again due to an increase in 
the interstitium. 

Although some changes in lung composition 
and structure occurred following inhalation 
of 239pu02, they were relatively small in 
magnitude and few in number. These changes 
were in the major airways and vascular 
regions, which together represented less 
than 10% of the total lung volume. The 
increase in thickness of the air-blood 
barrier in hamsters may have contributed in 
some degree to respiratory difficulty. No 
differences were observed in morphology 
between rats and hamsters that could explain 
the lack of carcinogenic effect of 239PuOz 
in hamsters. 
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TABLE 3.8. Structural Parameters.(a) 

Arithmetic Mean 
Thickness-Alveolar Septa, J.I 

Control 

7.3 ± 1.5 

Rat 

Exposed 

6.9 ± 2.9 

Hamster 

Control Exposed 

4.9 ± 0.6 6.7 ± 5.1 

Surface/Volume Ratio
Alveolar Septa,w1 

0.29 ± 0.06 0.33 ± 0.09 0.42 ± 0.06 0.35 ± 0.08 

No. Alveoli/mm3 130 ± 57 80 ± 27 75 ± 17 78 ± 22 

(a) All values are Mean ± SO. 

c:J CONTROL RAT 

~ EXPOSED RAT - CONTROL HAMSTER 

(_..J EXPOSED HAMSTER 

-...I.- STANDARD 
DEVIATION 

O. 00 L-O----""""" 

HARMONIC MEAN ARITHMETIC MEAN AMT - EPITHELIUM AMT - INTERSTITIUM AMT - ENDOTHELIUM 
THICKNESS THICKNESS - TOTAL 

FIGURE 3.14. Thickness of Alveolar Air-Blood Barrier. 
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LATE EFFECTS OF INHALED 253 ES (N03)3 IN THE RAT 

Investigators: 

J. E. Ballou, L. G. Smith, G. E. Dagle, and R. A. Gies 
Technical Assistance: R. L. Music 

The lungs of rats exposed to 253Es(N0 3)3 aerosols sustained the greatest cumulative radia
tion dose, approximately 6-fold higher than the skeletal dose. Malignant lung tumors (inci
dence 8.5, 27.6%) were observed after a mean cumulative lung dose of 26 and 400 rad, respec
tively. Higher lung doses were associated with severe life shortening that precluded the 

expression of delayed effects. Osteosarcomas of the skeleton (incidence 6.9%) were found 
after a mean cumulative skeletal dose of 68 rad. Earlier studies, which showed a high inci
dence of bone tumors and relatively fewer lung tumors after intratracheal instillation of 
253EsC1 3, were not confirmed in this study with inhaled 253Es(N0 3)3' 

Einsteinium-253 is a transuranic element 
with physical half-life of 20.5 days and 
alpha decay energy of 6.6 MeV. The isotope 
is of interest for comparing the effects of 
radiation dose rate and dose distribution 
with more long-lived transuranics. Earlier 
studies, using intratracheal instillation, 
produced bone tumors as the major late
developing malignancy after 253Es incorpora
tion. The present study is a follow-up, 
using the more normal inhalation route. 

Groups of 60 male Wistar rats, 60 days 
of age, were held for life-span study of 
long-term effects following a single, nose
only exposure to one of three graded dose 
levels of 253Es(N0 3)3 aerosols. The 
initial lung burdens (ILB), expressed as 
the mean with standard deviation, were 
30 + 8,520 + 130 and 6200 + 1800 nCi, 
respectively~ Initial lung-burdens were 
estimated by external counting techniques 
applied soon after exposure, since the 
short physical half-life of 253Es precludes 
later determination of lung deposition, 
e.g. at necropsy. Weight gain appeared to 
be depressed only by the highest dose level 
(6200 nCi ILB), while life-shortening 
effects were observed with both the high 
and medium dose levels, i.e., 6200 and 
520 nCi ILB. Rats with the lowest dose, 
30 nCi ILB, exhibited weight gain and 
mortality similar to untreated controls. 

Einsteinium-253 retention in tissues 
(Figure 3.15) was determined by sacrificing 
and analyzing rats at intervals after 
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253Es(N03)3 inhalation. The values are the 
means of either 5 or 10 rats with the 
standard deviation indicated for the lungs 
and the skeleton. Retention in the lungs 
was described by two exponential functions 
with effective half-lives of 1 and 10 days 
accounting for 65% and 35% of the ILB, 
respectively. Clearance from the skeleton 
and the testes was assumed to occur at the 
rate of the physical half-life (20.5 days) 
since biological clearance was not evident. 
Retention in the liver, kidneys and tracheo
bronchial lymph nodes was approximated with 
a single exponential function as an estimate 
of the buildup and clearance phases seen in 
these tissues. These retention parameters 
were used to calculate the accumulated 
radiation dose estimates listed in Table 3.9. 
The lungs accumulated the largest radiation 
dose, followed by the skeleton, kidneys and 
liver. The dose distribution pattern is 
similar to that reported for other trans
uranic nitrates following inhalation expo
sure. 

The major long-term effect of 253Es(N0 3)3 
inhalation was the induction of lung tumors, 
as expected, because of the consistently 
high radiation dose to pulmonary tissues. 
Since the earlier study with intratracheally 
instilled 253Es produced a preponderance of 
bone tumors, it is of interest to compare 
the dose-response results from these two 
studies (Table 3.10). Even though the esti
mated radiation dose to the lungs was 
greater in the intratracheally instilled 
rats, the incidence of lung tumors after 
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corrected for radioactive decay; curves represent biological turnover.) 

TABLE 3.9. Accumulated Radiation Dose in Tissues with Major 253Es Deposition. 

Cumulated Radiation Dose, rad 

Mean Initial Tracheo-
Lung Burden, Number bronchial 

nCi ± SD of Rats Lung Liver Skeleton Testes Kidney Lymph Nodes 

30 ± 8 60 24 0.28 4.2 0.06 1.1 0.17 

520 ± 130 60 390 4.5 68 18 2.8 

6200 ± 1800 60 4800 30 670 10 190 31 
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TABLE 3.10. Incidence of Lung Tumors Following Intratracheal Instillation (IT) of 
2S3EsCb Solutions and Inhalation (INH) of 253Es(N03)J Aerosols. 

Mean Cumulative Number Avg. Survival Rats with Lung Tumor 
Lung Dose, rad(a) of Rats Time, days Lung Tumors Incidence, % 

INH IT INH IT INH IT INH IT INH IT 
------

8.1 3 705 0 0 

26 38 59 48 710 707 5 2 8.5 4.2 

400 1900 58 48 567 475 16 6 27.6 12.5 

4800 9800 60 29 45 181 0 0 0 0 

Control(b) 238 714 0 0 0 0 

(a) Animals exposed by inhalation (INH) are from the present study. Animals exposed 
by intratracheal instillation (IT) are described in PNL Annual Report for 1974. 

(b)lnciudes treated and nontreated controls from present study and 0.27 N HNOr 
exposed controls described in PNL Annual Report for 1975. 

inhalation was higher. We believe this is 
a reasonable finding because the inhaled 
253Es is more uniformly distributed in the 
lung and irradiates more sensitive tissue 
than a comparable instilled dose. The 
differences in bone tumor incidence were 
more dramatic (Table 3.11), primarily because 
rats exposed by the intratracheal route 
accumulated large radiation doses to the 
skeleton and lived sufficiently long to 
express bone tumors. Following inhalation 
exposure, those rats with a high skeletal 
dose also sustained severe lung damage, 
resulting in early death due to radiation 
pneumonitis. The greater acute toxicity of 
inhaled 253Es is attributed to its more 
uniform distribution throughout the lungs, 

resulting in total lung impairment, compared 
to a more localized, lobular deposition and 
damage following instillation. We conclude 
from these results that the long-term 
effects of inhaled 253Es are similar to 
those observed after comparable radiation 
by other transuranic elements. The rela
tively short duration of intense alpha 
radiation characteristic of 253Es appears 
to induce lung tumors at least as effi
ciently as a more protracted radiation 
insult. Bone tumors are expected to be 
more efficiently produced by 253Es because 
a greater proportion of the short-lived 
radionuclide decays on sensitive bone 
surfaces. 

TABLE 3.11. Incidence of Bone Tumors Following Intratracheal Instillation (IT) with 
2S3EsCb Solutions and lrihalation (INH) of 253Es(N03h Aerosols. 

Mean Cumulative Number Avg. Survival Rats with Bone Tumor 
Skeletal Dose, rad(a) of Rats Time, days Bone Tumors Incidence, % 

INH IT INH IT INH IT INH IT INH 

4 5 61 48 706 707 0 0 0 

68 230 58 48 574 475 4 20 6.9 

640 59 51 0 0 

1100 1200 2 29 67 181 0 0 

Control(b) 236 714 5(c) 2.1 

(a)Animals exposed by inhalation (INH) are from the present study. Animals 
exposed by intratracheal instillation (IT) are described in PNL Annual Report 
for 1974. 

IT 

0 

42 

3.4 

(b)Values represent combined controls from the present study and 0.27 N HN03-
exposed controls reported in PNL Annual Report for 1975. 

(c) Bone tumors were observed only in 5 of 97 treated control rats exposed to the 
aerosol vehicle (0.27 N HNO,) used in the present study. 
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TOXICOLOGICAL COMPARISON OF HIGH-FIRED AND AIR-OXIDIZED 239 pU02 

Investigators: 

C. L. Sanders and J. A. Mahaffey 
Technical Assistance: 

A. W. Conklin and S. 1. Baker 

Air-oxidized 239PU02 was more efficient in inducing lung tumors than was high-fired 239PU02' 

Chemically prepared oxides or low-fired 
(350°C) oxides of plutonium, because of 
their greater solubility, have more rapid 
initial clearance from the lung but greater 
translocation to liver and bone than does 
high-fired (750°C) 239PU02' Since the more 
soluble form should result in a more uniform 
spatial distribution of dose to the lung, 
but a shorter temporal distribution of 
dose, we attempted to ascertain which form 
was the more carcinogenic to rats. 

Air-oxidized 239PU02 (AO) was obtained 
by lightly brushing the surface of plutonium 
metal. High-fired 239pu02 (HF) was obtained 
by calcination of plutonium oxalate at 
750°C for 2 hr. Female, SPF Wistar rats 
were given a nose-only exposure for 30 min 
to either AO or HF 239PU02' 

Particle size characteristics of AO and 
HF 239PU02 were similar; AO 239PU02 was more 
soluble in water and considerably more 
soluble in DTPA than was HF 239PU02 (Table 
3.12). Shortly after exposure, about 10% 
of the alpha tracks seen on autoradiograms 
of lungs from AO-exposed animals were single 
tracks; the remaining 90% were seen as 
stars. All HF alpha tracks were in the 

form of stars. About 40% of the initial 
deposition remained in the lung at 30 days 
after exposure to HF 239pu02' with only 
about 28% of AO 239pu02 remaining at 
33 days. Considerably more AO 239pU was 
translocated to liver and bone than HF 
239PU02' For example, 3.8 + 2.0% initial 
alveolar deposition (lAD) of AO 239pu was 
found in the skeleton at 30 days after 
exposure, compared to 0.17 + 0.03% HF 239pu; 
and 0.80 + 0.6% AO 239pu was found in liver, 
compared to 0.05 ~ 0.03% HF 239pu. 

Five life-span groups were examined: 
unexposed controls (118 rats); AO 239pu02 
groups of lAD 9.9 + 8.4 nCi (35 rats) and 
560 ~ 43 nCi (26 rats); and HF 239PU02 
groups of lAD 5.5 + 2.3 nCi (60 rats), and 
45 ~ 19 nCi (91 rats). 

All but two of the rats in the AO 560-nCi 
group died from radiation pneumonitis 
within 12 mo after exposure. Radiation 
pneumonitis was not a significant factor in 
the survival of any other AO or HF group. 

No lung tumors were found in unexposed 
controls. The incidence of lung tumors in 
each AO and HF group was significantly 

TABLE 3.12. Characteristics of mpuO, Preparations. 

mpuO, Preparation 

Parameter Air-Oxidized High-Fired 

Particle 
Activity Median 2.2 ± 0.1 2.5 ± 0.7 
Aerodynamic 
Diameter, Ilm 

Percent 
U Itrafilterability: 
10 Days in Water 0.48 <0.3 
4 Days in 1 mM 2.3 <0.3 
DTPA 
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increased over unexposed controls (P <0.05) 
(Table 3.13). Lung tumors were adenocar
cinoma, squamous cell carcinoma, hemangio
sarcoma, mesothelioma and fibrosarcoma, in 
decreasing order of frequency. No differ
ence in tumor type was seen between AO and 
HF 239pu02 groups. 

The Mantel-Haenszel procedure was used 
to compare AO and HF groups, adjusting for 
differences in survival and assuming that 
lung tumors were fatal. The two HF groups 
were different and were therefore not 
combined for comparison to the AO 9.9-nCi 
group. There was no statistically signifi
cant difference in lung tumor incidence 
between the AO 9.9-nCi and the HF 45-nCi 
groups; for the HF 5.5-nCi group, the 
incidence of lung tumors was significantly 

less (P <0.05) than for the AO 9.9-nCi 
group. 

It was concluded that on a deposition 
basis, there was a difference between HF 
and AO 239pu02 aerosols in the incidences 
of induced lung tumors: Air-oxidized 
239Pu02 was more efficient in inducing lung 
tumors than was high-fired 239pu02. However, 
on a rad/dose basis, the AO 9.9-nCi and HF 
45-nCi groups are comparable, whereas the 
HF 5.5-nCi animals, as a group, received a 
lower dose. When a Mantel-Haenszel pro
cedure, stratified on both survival and 
dose, was used to compare air-oxidized and 
high-fired group lung tumor incidence, 
there was no significant difference 
(PO-O.14). 

TABLE 3.13. Life-span and Lung Tumor Incidence in Rats Following Exposure 
to mpU02 at 70 Days of Age. 

Survival No. of Percent 
No. of Time, Lung Lung 

Form of mpU02 lAD, nCi(a) Rats Days(a) Tumors Tumors 

Unexposed Controls 0 118 684 ± 157 0 0 

Air-oxidized 9.9 ± 8.4 35 547 ± 110 10 29 
AO 560 ± 43 26 136 ± 128 2 8 

High-Fired 5.5 ± 2.3 60 637 ± 144 6 10 
HF 45 ± 19 91 604 ± 133 34 37 

(a) Mean ± SO 
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MALIGNANCY OF TRANSPLANTED HAMSTER LUNG LESIONS INDUCED BY INHALED 239pU02 

Investigators: 

K. E. McDonald and C. L. Sanders 

Technical Assistance: 
K. M. Dragoo and S. I. Baker 

Selected sites from the lungs of hamsters that had inhaled 239PuOz aerosol were serially 

transplanted into the cheek pouches of recipient hamsters. Up to 13 mo postexposure, no 
evidence of malignancy has appeared. 

Incidence of lung tumors as high as 75% 
has been reported in Syrian Golden hamsters 
given intratracheal ZlOpO, while that of 
hamsters in our laboratory that inhaled 
Z38Pu02 or Z39PuOz was 3% (maximum) at 
comparable doses. The purpose of this 
project is to determine whether lesions 
induced by alpha-emitting radionuclides are 
truly malignant or only metastatic. 

One-hundred and sixty young, female 
hamsters were exposed, nose-only, to an 
aerosol of high-fired Z39Pu02' The initial 
lung burden ranged from 12-150 nCi 239pu. 
Control, positive control (BAP + FeZ03' 
intratracheally instilled) and FeZ03 
controls were also included in the study. 
Five months after exposure, at monthly or 
lesser intervals thereafter, 10 animals 
were killed. Lungs were removed and placed 
in a sterile petri dish containing Hanks' 
solution and washed. Individual lobes were 
inspected, and the most grossly altered 
portions were removed and bisected. One
half of the tissue was placed in 10% buf
fered formalin; the other half was implanted 
by trocar into the cheek pouch of a young 
male hamster. A similar procedure was used 
to transplant tissue from positive control 
and control groups to control recipients. 
After 3 wk, recipients were killed and the 
implant was removed, sectioned and stained 
(H & E) for comparison with the corres
ponding tissue that had not been implanted. 
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Microscopic examination and grading for 
degree of epithelialization and adenomatosis 
was completed for both donor tissue and 
implant. Several animals from both the 
Pu-exposed and control groups exhibited 
moderate t~ marked adenomatosis in both 
donor and implant tissue (Table 3.14). There 
were no significant differences within or 
among the groups, other than age-related 
epithelialization. 

Implant tissue was also taken from a 
group of Pu-exposed animals at approximately 
14 mo after exposure. Although there were 
no gross tumors on the donor lungs, one
half of each of the most suspicious lesions 
was implanted into nude (athymic) mice, 
which do not reject foreign tissue. To 
date the implants have not increased in 
size. In contrast, 3-methylcholanthrene
induced rat lung tumors implanted in 
athymic mice have increased markedly in 
size. 

In the tissue examined, none of the Pu
induced lung lesions in hamsters have been 
evaluated as neoplastic according to our 
criteria of transplant growth. We feel 
that hamsters are a poor model for inhaled, 
alpha emitter-induced lung lesions since 
they fail to develop neoplastic lung lesions 
that meet either our histopathological or 
transplantation criteria of malignancy. 



TABLE 3.14. Degree of Metaplasia (± SEM) in Donor Lungs 
and Recipient Implants of Hamsters Exposed to Pu Aerosols.(a) 

Implantation Time, 
Mo Postexposure Pu 

Lung(b) Implandc) 

6 
7 
8 
9 

10 
11 
12 
13 

6 
7 
8 
9 

10 
11 
12 

6 
7 
8 
9 

10 
11 
12 

1.02 ± 0.88 
0.73"' 0.60 
0.97 ± 0.84 
1.05 ± 0.61 
1.07 ± 0.76 
1.48 ± 0.89 
1.53 :! 0.98 
1.92:t 1.10 

Lung(d) 

0.55 t 0.69 
1.05 ± 0.60 
1.68:t1.06 
1.55 ± 0.76 
1.30 ± 0.66 
1.37 ± 0.76 
1.65 ± 0.81 

Lung(d) 

1.50 ± 0.83 
0.95 ± 0.60 
2.50 ± 1.47 
1.45 ± 0.60 
1.00 ± 0.65 
1.53 ± 0.51 
2.00 ± 0.79 

0.75 ± 0.88 
0.58 ± 0.74 
0.56:! 0.78 
0.54 ± 0.80 
0.72 ± 0.83 
0.62 ± 0.74 
1.06 .t 0.82 
1.38:t 1.06 

Implande ) 

0.88 ± 0.93 
1.30 t 1.26 
0.35 ± 0.70 
1.06 ± 1.34 
0.92 ± 0.86 
1.11 ± 1.05 
2.00 ± 0.94 

Implant(e) 

1.05 ± 1.05 
0.58 ± 0.96 
1.35 ± 1.42 
0.71 ± 0.69 
1.53 ± 1.07 
1.12 ± 0.93 
2.12 ± 0.93 

Control 

6 
7 
8 
9 

10 
11 
12 

Lung(d) 

0.21 ± 0.54 
0.90 ± 0.85 
0.75 ± 0.72 
0.33 ± 0.48 
0.95 ± 0.60 
0.65 ± 0.59 
1.00 ± 0.79 

(a)Degree was graded as: 
1-Very Slight 
2-Slight 
3-Moderate 
4-Marked 
5-Extreme 

(b)Average of 10 animals 
(C)Average of 100 animals 
(d)Average of 2 animals 
(e)Average of 20 animals 

3.36 

Implant(e) 

0.93 ± 1.28 
0.95 ± 1.32 
0.37 ± 0.83 
0.37 ± 0.68 
0.44 ± 0.73 
1.00 ± 1.28 
0.88 ± 1.11 



ESTIMATION OF RISK FOR LUNG CANCER INDUCED BY INHALED 

ALPHA-EMITTING RADIONUCLIDES AT VERY LOW DOSES 

Investigators: 
J. A. Mahaffey and C. L. Sanders 

Results of statistical analyses of data from experiments in which rats were exposed to 
transuranics by inhalation imply that tumor incidence extrapolated to lower doses is not 

dependent on the chemical form of the transuranic. Using many questionable assumptions and 
several alternative models, most of the analyses predicted that irradiation at the current 
occupational exposure limit of 15 rem/year would increase the tumor incidence in rats to 
about three times the spontaneous incidence--the spontaneous incidence being defined by a 
single observed tumor. 

The goal of this investigation is to use 
lung tumor data from the inhalation of 
alpha-emitting radionuclides by rats to 
project what effects might occur in human 
lungs at low, experimentally unapproachable 
radiation doses. In order to make this 
projection, data from several experiments 
were pooled. Problems associated with 
analyzing these data include ignoring 
sources of potential differences among 
experiments: differences in aerosol and 
exposure technology; in animal source, 
species, strain, age at exposure, and sex; 
in analytical techniques; in pathological 
criteria; and in methodology of estimation 
of initial quantity and dose of radionu
clide. Differences among animals in res
piratory characteristics at exposure, in 
clearance mechanisms, and in life spans 
must also be overlooked. To project the 
results to the exposure of humans at doses 
comparable to the occupational exposure, it 
must be assumed that risk is additive with 
respect to dose; that it is independent of 
time or distribution of exposure; and that 
it is the same for humans as for rats. 
Since there are no human data on the effects 
of inhaled transuranics, these estimates 
may serve as useful input to the evaluation 
of human risks. 

Data from 19 experiments using Wistar or 
Sprague-Dawley rats are listed in Table 3.15 
for 93 exposure groups (over 5,000 animals). 
The three parameters for each group were: 
number of animals, group mean dose to lung 
at death (the authors' estimates were used), 
and percent of tumors (obtained by dividing 
number of tumors by number of rats). In 
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the nine control groups (712 animals), one 
Pu citrate control rat developed a malignant 
lung tumor--a spontaneous incidence of 
0.14%, assuming that the controls can be 
grouped. Similar levels of spontaneous, 
maligant lung tumors have been reported 
elsewhere. 

The literature reporting dose-response 
modeling suggested groupings of data. An 
analysis of covariance with dose as a 
covariate detected no differences between 
tumor incidence for 238pu or 239pu oxides 
and nitrates; that is, tumor formation was 
not a function of solubility, particle 
energy, or specific activity when data were 
transformed to meet the statistical assump
tions of the method. Thus, the data were 
separated into three groups: Pu oxide and 
nitrates; other Pu compounds; and Cm, Am, 
and Es oxides and nitrates. In all analyses 
discussed here, each data point was weighted 
by the number of animals in that exposure 
group. 

Methods used to extrapolate to 15 rem 
(1.5 rad alpha dose) were chosen on both a 
theoretical and empirical basis. Models 
and predicted tumor incidence are given in 
Table 3.16 for each data grouping. Most of 
the estimates are between 0.3 and 0.6, 
approximately two to four times our esti
mate of spontaneous lung tumor incidence. 
For most methods, the prediction was not a 
function of the data grouping, suggesting 
that at low doses the particular radio
nuclide is not a factor in determining 
tumor incidence. In addition to the above, 
Mantel-Bryan estimates of the virtually 



TABLE 3.15. Data Source Summary. 

Number of Number of 
Data Sou rces Exposure Groups Animals 

Russian(a) 

Pu Citrate 9 1120 
Ammonium Pu Penta- 8 666 

carbonate 

French(b,c) 

238PU02 3 59 
23BPU(N03)4 3 46 
239PU02 (400°C) 7 108 
mPu02 (twice 1000°C) 8 159 
mpU(N03)4 4 62 
241Am02 5 114 
241Am(N03)4 6 204 
244Cm02 2 31 

PNL(d) 

238PU Nitrate 6 341 
239PU Nitrate 5 338 
253Es(N03h 3 177 

PNL(e,f,g,h,i) 

238PU0 2 5 344 
238PU02+ 2 49 
238PU (crushed micro- 4 184 

spheres in saline) 
mPU02 (high fired) 5 343 
239PU02 (air oxidized) 2 61 
244Cm0 2 6 358 

(a)N. A. Koshnurnikova, V. K. Lemberg, E. R. Lyubchansky, 
"Remote After-effects of Inhalation of Soluble 
Plutonium-239 Compounds." Remote Aftereffects 
of Radiation Damage (Y. I. Moskalev, ed.), Atomizdat, 
Moscow (1971) 305 (Translated in AEC-tr-7387, 334 pp.). 

(b)J. Lafuma, J. c., Nenot, M. Morin, R. Masse, H. Metivier, 
D. Nolibe, W. Skupinski, "Respiratory Carcinogenesis 
in Rats After Inhalation of Radioactive Aerosols of 
Actinides and Lanthanides in Various Physicochemical 
Forms," Experimental Lung Cancer. In: Carcinogenesis 
and Bioassays (E. Karbe, J. F. Park, eds.), Springer
Verlag, Berlin (1974),443 pp. 

(c)J. Lafuma, "Les Radioelements Inhales," Seminaire 
de Radiobiologie sur Ie Theme de La Contamination 
Radioactive Interne, 18,19 et 20 Mars 1974, Paris. 
Organise par la Societe Francaise de Radioprotection 
(1974). 

(d)J. E. Ballou, G. E. Dagle, K. E. McDonald, "Late Effects 
of Inhaled PU(N03)4 and ES(N03)3." BNWL-2000, Part 1, 
1975 Annual Report, pp. 35-36, 1976. 

(e)c. L. Sanders, "Carcinogenicity of Inhaled Plutonium-
238 in the Rat." Radiat. Res. 56:540, 1973. 

(f)e. L. Sanders. G. E. Dagle, W-:C. Cannon, D. K. Craig, 
G. J. Powers, D. M. Meier, "Inhalation Carcinogenesis 
of High-Fired 239PU02 in Rats." Radiat. Res. 68:349, 1976. 

(g)e. L. Sanders, G. E. Dagle, W. e. Cannon, G~J. Powers, 
D. M. Meier, "Inhalation Carcinogenesis of High-
Fired 238PU02 in Rats." Radiat. Res. 71 :528-546, 1977. 

(h)c. L. Sanders, J. A. Mahaffey, "Inhalation Carcino-
genesis of High-Fired 244Cm02 in Rats." Radiat. Res., 

. in press. 
(I)e. L. Sanders, J. A. Mahaffey, "Carcinogenicity of 

Inhaled Air-Oxidized 239PU02 in Rats." Int. J. Radiat. 
BioI. Relat. Stud. Phys. Chem. Med., in press. 
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TABLE 3.16. Models Used to Predict Percent Incidence (I) as a Function of Dose 
(D) at 1.5 rad. 

Pu Oxides Cm,Am 
Model(a) and Nitrates Pu Other and Es Median 

I = a,D, D $ 100 rad 0.57 0.099 0.51 0.51 

1= a2D, D $ 500 0.13 0.055 0.094 0.094 

I =a)D, D $ 1000 0.12 0.055 0.093 0.093 

1= 0.14 e ll,D(D+l)1l2 0.32 0.32 0.33 0.32 

Qn(l+l) = Ilo + 1l,D + 112 Qn(D+l) 0.53 0.47 0.63 0.53 

Qn(l+l) = 1l,D + 112 Qn(D+l) 0.67 0.55 0.82 0.67 

Qn(l+l) = ')' 0 + ')' ,D2 + ')' 2 Qn(D+l) 0.31 0.14 0.45 0.31 

Arcsin Vl/l00 = 0 0 + 0, Qn(D+l) 0.46 0.62 1.7 0.62 

Arcsin vlll00 = 0, Qn(D+l) 0.59 0.30 0.46 0.46 

(a) a, Il, ')', and 0 are estimated constants. 

safe dose were calculated. However, this 
method assumes that a unit slope is conserv
ative, which is not the case in radiation 
experiments at observable dose levels. 
Although these results are not reported, 
they confirmed the conclusions as stated. 

If we assume the mean of the median 
extrapolated values in Table 3.16 to be 
0.38%, and the spontaneous incidence to be 
0.14%, then the difference (0.24%) can be 
attributed to exposure to inhaled trans
uranics: a risk of 0.0016 per alpha rad for 
rats. A person receiving a radiation dose 
from alpha emitters in the lung of 1.5 rad/yr 
from age 20 to 65 (45 yr) would get a total 
dose of 67.5 rad. Using the same risk 
estimate for humans as for rats, assuming 
that each additional rad is additive and 
carries an identical risk (regardless of 
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temporal or spatial distribution of expo
sure), then in 45 yr the probability of a 
tumor is about 0.11, a risk of one in nine. 
However, because of competing risks, only 
75% of those alive at age 20 survive to 
age 65. Assuming that only the expected 
number had lung tumors up to age 65, then 
the probability from inhaled transuranics 
is reduced to about 0.08: the risk becomes 
1 in 12. If one employs the ICRP assump
tion that actual exposures are more likely 
to average about 1/10 of the limit, the 
risk would be 1 in 120. In evaluating these 
conclusions one must recall that the spon
taneous incidence is based on a single 
observed tumor, and conclusions would be 
greatly altered if the "true" spontaneous 
incidence in the controls were zero, or two, 
or three tumors. 



TOXICOLOGY OF FRACTIONATED, INHALED 239pU02 

Investigators: 

C. L. Sanders and J. A. Mahaffey 

Technical Assistance: 
A. W. Conklin and S. I. Baker 

Based on lung clearance kinetics and excretion rate, the initial alveolar deposition of 
239Pu02 was estimated for each exposure in multiply exposed rats. 

The objective of this study is to examine 
the carcinogenicity of inhaled 239Pu02 from 
the viewpoint of temporal dose distribution; 
i.e., is chronic exposure a greater hazard 
than acute exposure? Prolongation of the 
exposure time to lung following inhalation 
of 239pu02 may increase the carcinogenic 
effect. 

Groups of Wistar rats were exposed to 
239Pu02 in a single exposure, 3 monthly 
exposures, 9 weekly exposures or 22 weekly 
exposures. Excretions were collected 
biweekly and analyzed for Pu activity until 
the animals were sacrificed at 71,89, 64, 
and 189 days, respectively. At necropsy, 
residual Pu content was determined for 
selected organs and for the remaining 
tissue. Lung dosimetry was estimated for 
each animal for each exposure, based on 
that animal's radiochemical analyses, and 
two time-dependent relationships: 

(1) the cumulative excreta of the animals 
subjected to a single exposure of 
239pu02' and 

(2) the lung clearance curve fit to 5.5-
and 45-nCi-exposed groups, obtained 
from a previous experiment. 

Based on these relationships, each 
collection of excreta and the body burden 
at necropsy for multiply exposed animals 
were broken down into portions associated 
with each prior exposure. 

First, the excreta were proportioned to 
each prior exposure. Although the singly 
exposed animals received a higher total 
amount of 239Pu02 than the multiply exposed 
groups, it was assumed their excretion rate 
was representative of lower exposure levels. 
It was also assumed that repeatedly exposed 
animals excreted in a similar pattern after 
each exposure, regardless of time between 
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exposures, or number of exposures. The 
cumulative excreta of the single-exposure 
animals were fit empirically by several 
functions of time. The preferable function 
was: 

qt = 0.865 + 0.0332 ~n t, (1) 

o < t 2. 71 days, 

where qt is the cumulative proportion of 
excretions up to time t postexposure. Time 
explained 86% of the observed variation in 
cumulative excretions. By subtraction, the 
proportion of excretions in the time interval 
from t-j to t is 

qt - qt-j 0.0332[~n t - ~n(t-j)J, (2) 

t- j > O. 

The intercept, and thus the time boundary, 
no longer restrict the function. To use 
this function beyond 71 days, the linear 
relationship between qt and ~n t must be 
valid. This is not an unreasonable expec
tation. 

Let at be the cumulative dpm counted in 
the excretions up to time t from exposure 
A, bt-k from exposure B (where exposures 
are at intervals of k days), Ct-2k from 
exposure C, etc. For t-j > k (i .e., a time 
greater than the time of the second exposure), 
it can be shown for exposure A that 

(3) 

Substituting from above, 

a -a = ) 0.0332[~n t-~n(t-j)J l 
t t-j at _j Il-0.0332[~n t-~n(t-j)J (. (4) 



That is, the cumulative dpm counted in the 
excretions collected between t-j and t days 
postexposure is a function of time and of 
the dpm counted up to time t-j. A similar 
function can be derived for each exposure, 
the only difference being the time restric
tion (i.e., for exposure B, t-j > 2k). 
For example, after the second exposure on 
day k, a portion (calculated by equation 4) 
of each collection of excretions between 
days k and 2k would be from the first 
exposure. Subtracting the estimate based 
on (4) from the total counts in that collec
tion, the remainder is assigned to the 
second exposure. This continues for each 
additional exposure. The total dpm in 
excretions attributable to each exposure 
can then be estimated. The 0- to 3-day 
counts estimated in the excretions are 
excluded, assuming that the material cleared 
in this time was from the upper respiratory 
tract rather than from the deep lung. 

The lung clearance curve was used to 
proportion the body burden at death to each 
exposure. Here, the lung clearance curve 
is used to allocate the entire body burden 
since, for the 21 animals observed, an 
average (+ standard deviation) of 97.2 + 1.3% 
of the body burden at death is in the lung. 

100 

u 
c: 

::j 
0.. 

0-

"" N 
u... 10 0 
Z 
L.U 
Cl 
c::: 
~ 
co 
<.:> 
z 
~ 
-' 

1.0 

The form of the lung clearance curve is 

Y(t) 0.881 e-0.0261t 

+ 0.119 e-0.00238t, (5) 

where Y(t) is the proportion of the initial 
alveolar deposition (lAD) remaining in the 
lung at t days postexposure. It was based 
on lAD levels similar to those for each 
exposure in the multiply exposed rats. By 
evaluating equation (5) at days postexposure 
for every exposure, and normalizing (divi
ding by the sum for all exposures so the 
proportions sum to unity), the body burden 
at death can be divided into parts attribu
table to each exposure. 

By adding the appropriate excretions and 
body burden at sacrifice, an lAD can be 
calculated for each exposure. With the lAD 
for each exposure known, the amount of Pu 
in the lung (in neil and the dose (in rad) 
can be calculated as a function of time, 
based on (5) and the estimated lAD for each 
exposure. These are represented graphically 
in Figures 3.16 and 3.17 up to the times of 
sacrifice. Either figure could be extended 
in time using the outlined method of compu
tation. 

0.1 ~ ____ ~ ____ -L ____ ~~ ____ ~ ____ -L ____ ~L-____ ~ ____ -L ____ ~ ____ ~ 

o 20 40 60 80 100 120 140 160 180 

DAYS AFTER FI RSTEXPOSURE 

FIGURE 3.16. Lung Burden of 239PU for Four Exposure Regimens. 
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• Toxicology of Plutonium-Sodium 

Some scenarios for liquid metal fast breeder reactor (LMFBR) accidents predict the release 
of mixed sodium-LMFBR fuel aerosols to the environment. There are indications that such 
mixed aerosols would have physicochemical properties different from those of fuel-only 
aerosols, resulting in differences in the biological behavior of the two aerosols. The 
reports in this section present data showing differences in in vitro solubility, chemical 
structure and biological characteristics between the sodium-fuel and fuel-only aerosols. 

DISSOLUTION OF LMFBR FUEL-SODIUM AEROSOLS 

Investigators: 
M. D. Allen and O. R. Moss 

Technical Assistance: 
J. K. Briant and E. J. Rossignol 

Plutonium dioxide, normally insoluble in biological fluids, becomes much more soluble when 
mixed with sodium as the aerosol is formed. Sodium-fuel aerosols are approximately 20 times 

less soluble in simulated lung fluid than in distilled water. Solubility of sodium-fuel 
aerosols increases when Na2C03 and NaHC0 3 are added to the distilled-water dissolution fluid. 
Mixed-oxide fuel aerosols without sodium present are relatively insoluble in distilled water, 
simulated lung fluid, and distilled water with Na2C03 and NaHC0 3 added. 

Sodium-fuel aerosol was collected on 
25-mm Millipore type HA membrane filters 
for in vitro dissolution experiments using 
the radial flow dissolution system shown 
schematically in Figure 3.18. Each filter 
was sandwiched between a 25-mm Nuclepore 
filter with a O.l-~m pore size on the aero
sol side and a solid polyethylene disc on 
the backside. This was sandwiched between 
two polyethylene support screens and placed 
into the radial-flow filter holder. 

Dissolution fluid was supplied to the 
holder by an infusion pump at a constant 
rate of 0.78 ml/min. The fluid flowed into 
the center of the filter holder and radially 
outward over the front surface of the 
filter sandwich. Any plutonium found in 
the dissolution fluid must have passed 
through the O.l-~m pores of the Nuclepore 
filter. The filtrate then flowed out 
through the annulus around the center 
supply tube to a drop counter, which deli
vers 48 drops in 4 min to each of 30 test 
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tubes. The test tubes contained 2 M nitric 
acid to prevent the plutonium from plating 
out on the glass. 

Figure 3.19 shows curves describing the 
dissolution rate of aerosols having several 
different sodium:fuel ratios, using distilled 
water as the solvent. The cumulative 
percentage of plutonium in the filtrate was 
plotted versus the time that the fluid 
flowed through the filter holder. These 
curves show that: (1) the amount of plu
tonium that passes through the O.l-~m 
Nuclepore filter depends strongly on the 
sodium-fuel ratio, and (2) the plutonium 
that passes through the O.l-~m Nuclepore 
filter does so in about the first 30 min; 
after that, the plutonium on the filter is 
relatively insoluble in distilled water. 

Figure 3.20 shows dissolution curves for 
aerosols with simulated lung fluid as the 
dissolution fluid. These curves also show 
that the transportable plutonium depends on 
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the sodium-fuel ratio and that solubiliza
tion occurs within the first 30 min of the 
experiment. Comparing the data in Figures 
3.19 and 3.20 indicates that sodium-fuel 
aerosols are approximately 20 times less 
soluble in simulated lung fluid than in 
distilled water. 

Figure 3.21 shows dissolution curves 
using distilled water as the dissolution 
fluid at two sodium:fuel ratios. In these 
experiments, solid Na2C03 and NaHC0 3 were 
added to the distilled water after 120 min, 
and an immediate increase in the amount of 
plutonium passing through the O.l-wm 
filter was observed. The carbonate
bicarbonate mixture was used instead of 
carbonate only to preclude formation of 
hydroxide ion by hydrolysis. 

The effect of carbonate on the dissolu
tion LMFBR fuel aerosols in the presence or 
absence of air was studied. Distilled 
water with Na2C03 and NaHC0 3 added was used 
as the dissolution fluid. In one experi
ment, air was bubbled through the dissolu
tion fluid to help oxidize M0 2. 2 to M0 3, 
since M0 3 is known to be soluble in car
bonate solutions. However, this treatment 
did not cause a high solubility; in fact, 
less than 0.5% went through the O.l-wm 
filter in 120 min. In another experiment, 
argon was bubbled through the dissolution 

80 
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FIGURE 3.21. Dissolution Curves for LMFBR Fuel
Sodium Aerosols, Showing the Effect of Adding Na2C03 
and NaHC03 to the Distilled Water After 120 min. 

fluid to help displace O2, to prevent the 
air oxidation of M0 2 2 to M0 3 and, conse
quently, retard its solubility in the 
carbonate solution. This treatment also 
seemed to have no great effect on the 
solubility of fuel aerosols. 



SPECTROPHOTOMETRIC ANALYSES OF LMFBR FUEL-SODIUM AEROSOLS 

Investigators: 
(a) (a) L. G. Morgan, J. L. Ryan, and M. D. Allen 

Technical Assistance: J. K. Briant 

Spectrophotometric investigations of (PU,U)02' sodium-(Pu,U)02, PU02' and sodium-Pu02 
aerosols show that enhanced solubility of uranium and plutonium occurs as a result of inter
action of sodium with either mixed-oxide or PU02 aerosols, with or without exposure to air. 
Results indicate that uranium is oxidized in the presence of sodium and air and is soluble as 
sodium uranyl tricarbonate. Plutonium is soluble as a Pu(IV) species from aerosols exposed 
to sodium and air. No evidence of a soluble Pu(VI) species has been found. 

Spectrophotometric studies of water and 
acid leaches of (PU,U)02' sodium-(Pu,U)02' 
PU02' and sodium-Pu02 aerosols offer posi
tive evidence that sodium, at 50QoC (even 
in the absence of air and with the resulting 
formation of sodium oxide or peroxide), 
reacts with both (PU,U)02 fuel aerosols and 
pure PU02 aerosols, resulting in enhanced 
solubility of both uranium and plutonium. 

In order to elucidate the mechanism of 
increased solubility of fuel aerosols due 
to sodium interaction, a series of experi
ments was conducted under various condi
tions. These included generation and 
collection of the aerosols in the presence 
or absence of oxygen and in the presence or 
absence of sodium, and the use of a pure 
plutonium dioxide fuel pellet. Absorption 
spectra of the soluble species of various 
aerosols collected in distilled water, in 
basic carbonate solution, and in dilute 
perchloric acid were obtained. Solids were 
again leached utilizing perchloric and nitric 
acid, and spectrophotometric studies were 
made. 

The virtual absence of Pu(VI) in all 
runs examined spectrophotometrically, 
combined with the greater water solubility 
of uranium relative to plutonium in the 
case of normal sodium mixed-oxide aerosols 
collected in air, indicates strongly that 
plutonium does not form the same compound 
as that formed by uranium. Furthermore, 
the formation of either Pu(V) or Pu(VI) 
compounds does not appear to be a likely 
explanation for the results obtained in our 
experiments. 

(a) Chemistry Technology Department 
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Studies with sodium-Pu02 aerosols also 
indicate that enhanced plutonium solubility 
in sodium mixed-oxide aerosols is not 
simply a particle size phenomenon, i.e., 
breakdown of the mixed-oxide, fluorite-type 
lattice by reaction and dissolution of the 
uranium. The insolubility of both the 
(PU,U)02 and PU02 aerosols not exposed to 
sodium indicates that particle size does 
not cause the observed solubilities for 
either uranium or plutonium. 

Studies of a sodium-(Pu,U)02 aerosol 
generated and collected in a dry, inert 
atmosphere indicate the formation of U(VI), 
U(IV), and Pu(III) in ratios consistent 
with formation of sodium-uranium (V) and 
sodium-plutonium (IV) compounds in the 
solid. If collection is made in water in 
the presence of air, any Pu(III) and U(IV) 
present would almost certainly air oxidize 
to V(VI) as the tricarbonate complex in 
solution, and Pu(IV) in easily dissolved 
solids. 

Our experiments show that the enhanced 
solubility of sodium-fuel aerosols is a 
result of chemical interaction prior to 
deposition. The chemical interaction 
appears to produce a sodium-uranium (V) 
mixed oxide, and the uranium solubil ity can 
be attributed entirely to oxidation and 
dissolution of this material as the uranyl 
(VI) tricarbonate complex. The chemical 
interaction probably produces either a 
sodium-plutonium (IV) ternary oxide and 
PU203' or a sodium-plutonium (III) ternary 
oxide. This conclusion with regard to the 
behavior of plutonium is not as firmly 
established as that for uranium, and 
further work is needed to define the mechan
ism conclusively. 



BIOLOGICAL BEHAVIOR OF MIXED LMFBR-FUEL-SODIUM AEROSOLS 

Investigators: 
D. D. Mahlum, P. L. Hackett, J. O. Hess, and M. D. Allen 

Technical Assistance: 
J. K. Briant, R. L. Music, A. J. Clary, L. F. Montgomery 

Immediately after exposure of rats to mixed aerosols of sodium-LMFBR fuel, about 80-90% 
of the body burden of 239pU is in the gastrointestinal tract; 1.5-4% is in the lung. With 
fuel-only aerosols, less of the body burden was in the GI tract and more in the lung and the 
head. Blood and urine values suggest an increased absorption of 239pU from sodium-fuel than 

from fuel-only aerosols. 

In the 1977 Annual Report we showed that 
both pulmonary deposition and clearance of 
mixed aerosols of LMFBR fuel and sodium are 
different from those of fuel-only aerosols. 
Deposition decreased because of the larger 
particle size of the mixed aerosol. The 
rate of pulmonary clearance, however, 
increased at ratios of sodium to fuel 
greater than approximately 30, and appeared 
to be due to the presence of different 
chemical species. We have performed addi
tional experiments to better define the 
critical sodium-to-fuel ratio for altera
tion of biological behavior, and to deter
mine whether the increased removal from the 
lung occurs soon after exposure. These 
studies, along with physicochemical studies 
(Allen et al., this Annual Report), were an 
attempt to explain the biological behavior. 
We have also exposed pregnant rats to these 
aerosols to determine whether higher rates 
of translocation from the dam's lungs 
result in significant accumulation in the 
fetoplacental unit. 

Female Wistar rats were exposed by nose
only technique to aerosols containing 
sodium-to-fuel ratios of 0, 24, 33, and 88. 
Animals were killed at 0,1,2,7, and 
21 days after exposure and tissues taken 
for Pu analysis to better define the tem
poral patterns of radionuclide metabolism. 
Excreta were collected from six animals in 
each group for 21 days after exposure. 

3.48 

Table 3.17 shows the initial lung depo
sition, total body deposition and blood 
values for 0,1, and 2 days postexposure. 
Most notable is the finding that blood 
values are higher for the sodium-fuel than 
for fuel-only groups even though pulmonary 
and total body levels are lower for these 
groups. 

The distribution of plutonium activity at 
zero time (Table 3.18) shows the major frac
tion of the body burden in the gastrointes
tinal tract; this fraction is higher for the 
mixed aerosols than for the fuel only. 
Moreover, a substantial fraction was in the 
jejunum by the time that the exposure was 
terminated. A significantly smaller fraction 
of the body burden was found in the lungs of 
rats that received the mixed aerosols. 

The 21-day values for urine and feces 
are presented in Table 3.19. As expected, 
the fecal values are very high, reflecting 
the high deposition in the gastrointestinal 
tract. Urinary values are higher for the 
mixed aerosol groups than for the fuel-only 
group, in proportion to the original amount 
deposited in the lung or in the total body. 

This difference in biological behavior 
between mixed sodium-fuel and fuel-only 
aerosols appears to be related to differ
ences in solubility. 



TABLE 3.17. Distribution of 239PU after Exposure of Rats to Aerosols of LMFBR Fuel 
or Sodium Fuel Mixtures. 

Aerosol 

Sodium: Fuel 
Ratio nCi/Q Pu AMAD(a) ILB(b) 

0 75 0.79 24.4 

24 56 2.95 5.8 

33 31 3.21 2.6 

88 11 4.01 0.48 

(a)Activity median aerodynamic diameter 
(b)lnitial lung burden 
(c)Total body burden 

Tissue Content (nCil 

Blood 

TBB(c) Day 0 Day 1 

132 0.04 0.04 

148 0.27 0.58 

132 0.14 0.19 

34 0.12 0.04 

TABLE 3.18. Distribution of 239PU in Rats Immediately 
after Exposure to Aerosols of LMFBR Fuel or Sodium-
Fuel (% of Total Deposited). 

Sodium: Fuel Ratio 

0 24 33 88 

Head Skin 24.3 3.4 3.6 10.3 

Nasal Bones 0.3 0.4 0.1 1.3 

Remaining Head 0.6 1.4 0.9 4.9 

Trachea 0.5 0.2 0.2 0.5 

Lung 20.7 4.1 2.1 1.5 

Esophagus 0.3 0.4 0.3 0.5 

Stomach 19.9 30.1 31.4 16.8 

Duodenum 0.5 0.9 13.6 0.5 

Jejunum 24.0 30.4 11.7 57.6 

Ileum 8.9 28.6 36.1 5.9 

100.0 99.9 100.0 99.8 
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Day 2 

ND 

0.21 

0.18 

0.05 



TABLE 3.19. Urinary and Fecal Excretion of 239PU after Inhalation Exposure of Rats to Sodium
Fuel or Fuel-Only Aerosols. 

Cumulative nCi Excreted 

1 Da}: 2 Da}:s 21 Da}:s 

Sodium: Fuel % of ILB(a) 
Ratio Urine Feces Urine Feces Urine Feces Excreted in Urine 

0 1.92 45 2.43 90 3.2 114 13 

24 1.91 164 2.00 196 2.4 202 41 

33 1.44 102 1.50 128 1.9 131 73 

88 0.61 31 0.67 42 0.9 44 188 

(a)lnitial lung burden 
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• Toxicology of Sodium 

Sodium may be used as the heat transfer medium in several new energy technologies, such 
as liquid metal fast breeder reactors and solar thermal collection systems. Because 
sodium burns in air and reacts violently with water, the potential exists for an airborne 
release of sodium combustion products and subsequent human exposure. To help evaluate the 
potential short-term hazard from an accidental sodium fire, whole-body sodium aerosol 
exposures have been conducted using Wistar rats to correlate aerosol concentration and 

chemical composition with toxic effects. 

TOXICITY OF SODIUM AEROSOLS 

I nves ti ga tors: 
M. D. Allen and G. M. Zwicker 

Technical Assistance: J. K. Briant 

Two-hr exposures of rats to sodium hydroxide and sodium carbonate aerosols were conducted 
in a whole-body exposure chamber. Histopathologic examination of the respiratory tract, 
stomach, eyes, and skin of the rats showed that acute laryngitis was the only lesion with an 
incidence and severity pattern related to sodium aerosol exposure. The dose at which 50% of 
the animals were affected by acute laryngitis (ED50 ) was calculated to equal approximately 
500 ].1g/£. 

A schematic diagram of the sodium aerosol 
generation and exposure system is shown in 
Figure 3.22. Sodium aerosol was generated 
by sweeping 600°C argon at 10 £pm across the 
molten sodium metal surface in the melting 
chamber. The temperature of the sodium 
melting chamber was controlled to produce 
the desired aerosol concentration. Sodium 
metal aerosol flowed through stainless
steel tubing into the burning chamber and 
was diluted with air at 150 £pm. A clean 
argon sheath surrounded the sodium aerosol
laden argon stream as it flowed into the 
burning chamber to prevent an oxide crust 
from forming on the outlet. The outlet 
tubing was heated to approximately 700°C to 
reduce condensation of sodium metal on the 
tubing walls. 

In the burning chamber, the sodium 
aerosol rapidly reacted with oxygen in the 
dilution air to form sodium oxides, which 
were probably primarily sodium peroxide 
(Na202)' The sodium oxide aerosol reacted 
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with H20 and CO 2 in the dilution air to 
form sodium hydroxide (NaOH) and sodium 
carbonate (Na2C03)' The aerosol was diluted 
with air at 300 £pm as it flowed into the 
aging chamber, which was designed to give 
the sodium additional time to react to a 
more stable chemical form before the animals 
were exposed. The aerosol flowed into a 
l-m 3 whole-body exposure chamber. Figure 3.23 
is a photomicrograph of a typical sodium 
aerosol generated using this system. 

The mass concentration of the sodium 
aerosol in the exposure chamber was deter
mined gravimetrically at 10-min intervals 
throughout each experiment. The aerodynamic 
size distribution was determined from samples 
taken with a single, round-jet cascade 
impactor. The amount of sodium deposited 
on each stage of the impactor was measured 
with an atomic absorption spectrophotometer. 
The chemical form of the aerosol was deter
mined by simple titration. The aerosol was 
collected with an impinger in distilled 
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water, and was titrated by dropping 0.05 N 
HCl into the solution at a constant rate. 
Inflections in the pH curve were plotted 
using a pH meter connected to a strip chart 
recorder. With this technique, the per
centage of Na2C03 and NaHC0 3, or the 
percentage of Na2C03 and Na202, Na20, or 
NaOH could be determined. 

Twenty-four rats, either juveniles 
(110-130 g) or adults, were housed indi
vidually in stainless-steel-wire compart
ments and were exposed for 2 hr in each 
experiment. Generally, one-half of the 
exposed animals were killed within 1 hr of 
removal from the exposure chamber. The 
remaining animals were killed 1 to 7 days 
postexposure. Age-related rats housed in 
the room with the exposure chamber served 
as controls. 

At necropsy, no gross lesions were 
observed in either exposed or control 
animals. Light microscopy of representa
tive tissues from the entire respiratory 
tree and from both lungs showed that acute 
laryngitis was the only lesion with an 
incidence and severity pattern related to 
sodium aerosol exposure. The exposures 
resulted in no apparent damage to the nasal 
turbinates, lungs, esophagus, or stomach. 
A few animals that had severe laryngitis 
also developed mild focal tracheitis. 
Direct aerosol contact with skin and eyes 
during whole-body exposures did not result 
in tissue damage. 

The pertinent data from 11 experiments 
are shown in Table 3.20. The mass median 
aerodynamic diameter (MMAD) ranged between 
0.5 and 1.4 ~m, with a geometric standard 
deviation (GSD) of approximately 3. The 
chemical composition was difficult to 
control since sodium metal reacts with air 
to form Na20, Na202, NaOH, Na2C03, NaHC0 3• 
and their hydrated forms. The final chemical 
form depends primarily on the particle 
size, relative humidity, and CO 2 content of 
the dilution air. Using dilution air that 
had not been altered (C0 2 ~ 315 ppm and 
relative humidity ~ 30%), the aerosol was 
primarily Na2C03, with a small percentage 
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of NaHC0 3. A high percentage of hydroxide 
was maintained in the aerosol during Experi
ments 3 through 6 by using dilution air 
with 85% relative humidity. In Experi
ments 10 and 11, all CO 2 was removed from 
the dilution air, and 100% NaOH aerosol was 
generated. However, when rats were loaded 
into the exposure chamber, the NaOH appar
ently reacted with CO 2 in exhaled air to 
form an aerosol that was primarily Na2C03. 

The dose at which 50% of the animals 
were affected (EDso) is 510 ~g/£ for adult 
rats, based on data from Experiments 2, 6, 
8, 9, and 10. For juvenile rats the esti
mated EDso is 489 pg/l, using data from 
Experiments 4,7,9,10, and 11. The EDso 
values were determined using the standard 
method of probit analysis. The different 
chemical compositions of the aerosol were 
ignored for two reasons: (1) any inhaled 
NaOH will rapidly convert to Na2C03 
because of the high CO 2 and H20 concentra
tions in the upper respiratory tract; and 
(2) it is very difficult to determine the 
chemical composition of the aerosol in the 
respiratory tract. Future experiments may 
help distinguish between the toxic effects 
of NaOH and Na2C03. 

In Experiment 2, rats exposed to an 
aerosol concentration of 940 pg/£ had a 
high incidence of acute laryngitis at 1 day 
postexposure. However, no lesions were 
found in animals killed 4 or 7 days post
exposure, which suggests that the damage 
was reversible at this exposure level. 

In an additional experiment, twelve 
adult rats were exposed to a sodium aerosol 
concentration of 3200 pg/£ (38% NaOH and 
62% Na2C03) for 1.5 hr. Six rats died 
during exposure; all surviving animals were 
inactive and had audible respiratory sounds 
when removed from the exposure chamber. 
One died within 5 hr, one on the 4th day 
postexposure, and another died 10 days 
postexposure. Three rats that were killed 
10 days postexposure were in poor physical 
condition but had no residual exposure
related lesions. 



TABLE 3.20. Summary of Sodium Toxicity Experimentsla) 

Aerosol Aerosol MMAD(b) No. with Acute 
Experiment Age Concentration, Chemical (11 m ) Laryngitisl Time Post-

No. (Number of Rats) ).'g/Q Composition GSD(c) No. Killed exposure 

Juvenile 300 Na,CO, 0.5 0/8 1 day 
(24) 2.8 0/8 4 days 

0/8 7 days 

2 Adult 
940 { 97% Na,CO" 0.6 7/8 1 day 

(23) 3% NaOH 2.1 0/8 4 days 
017 7 days 

3 Juvenile 
250 { 50% Na,CO" 0.8 1/12 1 hr 

(23) 50% NaOH 2.2 9/11 1 day 

4 Juvenile 750 NaOH 0.9 11112 1 hr 
(24) 2.3 11/12 1 day 

5 Adult 
856 { 65% Na,CO" 1.4 3/6 1 hr 

(12) 35% NaOH 2.4 3/6 1 day 

6 Adult 
340 { 73% Na,CO" 1.3 116 1 hr 

(11) 27% NaOH 2.9 2/5 1 day 

7 Juvenile 
410 {91.3% Na,CO" 0.7 0/6 1 hr 

(12) 8.7% NaHCO, 3.6 2/6 1 day 

8 Juvenile 1.1 6/6 1 hr 
(12) 740 { 98.4% Na,CO" 2.7 6/6 1 day 

Adult 1.6% NaHCO, 1.1 6/6 1 hr 
(12) 2.7 3/6 1 day 

9 Juvenile 0.6 5/6 1 hr 
(12) 625 { 87.1% Na,CO" 3.0 4/6 1 day 

Adult 12.9% NaHCO, 0.6 4/6 1 hr 
(12) 3.0 3/4 1 day 

10 Juvenile 1.0 3/6 1 hr 
(12) 550 100% Na,CO, 3.5 5/6 1 day 

Adult 1.0 2/6 1 hr 
(12) 3.5 3/6 1 day 

11 Juvenile 1.2 0/6 1 hr 
(12) 280 { 85.2% Na,CO" 3.8 116 1 day 

Adult 14.8% NaHCO, 1.2 0/6 1 hr 
(12) 3.8 0/6 1 day 

(a)AI! exposures were whole-body and of 2 hr duration. 
(b)MMAD = Mass Median Aerodynamic Diameter 
(C)GSD = Geometric Standard Deviation 
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• Inhalation Hazards to Uranium Miners 

This project determines the specific biological effects of exposure to known levels of 
uranium mine air contaminants, using both large and small experimental animals to model human 
respiratory disease. Lung cancer and deaths by degenerative lung disease have reached epi

demic proportions among uranium miners, but the cause-effect relationships for these diseases 
are based on inadequate epidemiological data. This project identifies agents or combinations 
of agents (both chemical and radiological), and their exposure levels, that produce respiratory 
tract lesions, including respiratory epithelial carcinoma, pneumoconiosis, and emphysema. 

INHALED RADON DAUGHTERS AND URANIUM ORE DUST IN RODENTS 

Investigators: 

F. T. Cross, B. O. Stuart, R. F. Palmer and J. C. Gaven 

Technical Assistance: 
K. C. Upton 

Groups of male SPF Wistar rats were exposed to several levels of radon daughters and 
uranium ore dust. These studies were designed to elucidate the dependence of pulmonary 
disease states on radon daughter exposure rate with concurrent exposure to ore dust. Clinical 
and histopathological data to date indicate no significant differences among exposed animals 
when compared with controls. 

The studies, outlined in Table 3.21, were 
designed to simultaneously test the roles of 
exposure rate and ore dust concentrations on 
the production and progression of lung 
lesions. Table 3.22, derived from Table 3.21, 
presents the experimental protocol for 
testing the influence of exposure rate. 
This experiment was designed to test the 
hypothesis that radiation delivered at very 
low exposure rates is more efficient in the 
production of cancer. Corroboration in 
animal studies would indicate that present
day uranium miners, who are exposed at low 
dose rates, are at greater risk per unit 
dose than the early miners whose experience 
was used to derive current limits. 

In response to suggestions made during 
project reviews, radon daughter exposure 
levels more closely simulating those received 
by uranium miners were used. These will 
help to provide a defensible ERDA/DOE 
position for the current mine exposure 
standard of 4 WLM/yr. Our previous studies, 
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however, indicated that high cumulative 
exposures are necessary to induce lung 
tumors in experimental animals. Exposures 
received by hamsters, rats and beagle dogs 
in those studies were about two orders of 
magnitude greater (~104 WLM) than those 
reported to cause lung cancer in man. A 
possible explanation is that while the 
120-359 WLM category (data from the epidem
iology studies) may be sufficient to produce 
lung cancer in man, his longer life span 
affords more time for the carcinogenic 
process to proceed. High exposure rates 
appear to be necessary in the shorter-lived 
animals in order to increase the proba
bility of lung cancer. As a result, much 
of the radiation may be wasted, i.e., not 
utilized in the formation of subsequent 
tumors. Not included in this explanation, 
however, is the suspicion that other environ
mental factors have not been adequately 
taken into account in the comparison of 
animals with man. Respiratory tract tumors 
among uranium miners are bronchogenic 



TABLE 3.21. Exposures of Male SPF Wistar Rats to Radon Daughters and Uranium Ore Dust. 

Cumulative Ore Dust Condensation 
Expt. Chamber Number Exposure Rate,(a) Exposure,(b) Concentration Nuclei Cone., 
No. No.(b) of Animals Wl ± SD WlM ± SD mg/m3 ± SD 103/cm 3 ± SD 

48 882 ± 102 640 ± 93 15.0 ± 0.6 175 ± 34 

2 48 791 ± 236 644 ± 209 3.0 ± 0.9 37 ± 27 

3 32 490 ± 37 642 ± 48 15.0 ± 3.5 172 ± 19 

4 32 279 ± 114 644 ± 263 15.2 ± 1.9 188 ± 41 

5 32 Controls 

2 48 995 ± 52 317 ± 27 17.6 ± 2.7 236 ± 33 

2 2 48 951 ± 118 322 ± 42 3.2 ± 0.8 28 ± 11 

3 32 962 ± 88 2547 ± 233 15.6 ± 1.8 248 ± 28 

3 2 32 971 ± 154 2571 ± 408 3.5 ± 0.7 36 ± 12 

3 3 32 498 ± 45 -2560 17.1 ± 2.7 235 ± 29 

3 5 32 Controls 

(a) The Working level (Wl) is defined as any combination of the short-lived radon daughters in 1 liter of air that 
will result in the ultimate emission of 1.3 x 105 MeV of potential alpha energy. The Working level Month (WlM), 
as used in this report, is an exposure for 170 hours to a l-Wl concentration. 

(b) See Tables 3.22 and 3.23 for chamber exposure regimen. 

TABLE 3.22. Protocol of Radon Daughter Exposure Rate Versus Total Exposure 
in Rats. 

Animal Grouping 

Experiments 1, 2 and 3 
Chamber 1 

Experiments 1 and 3 
Chamber 3 

Experiment 1 
Chamber 4 

Experiments 1 and 3 
Chamber 5 

(a) Nominal values. 

Exposure Regimen(a) 

1000 Wl Radon Daughters 
15 mg/m3 Uranium Ore Dust 

500 Wl Radon Daughters 
15 mg/m3 Uranium Ore Dust 

250 Wl Radon Daughters 
15 mg/m3 Uranium Ore Dust 

Controls 
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Cumulative 
Exposure, 
WlM(a) 

320,640,2560 

640,2560 

640 

Background 



(specifically, in the smaller bronchi), 
while in the animal experiments they are 
bronchioloalveolar in origin. Some animal 
tumors also occur in the nasal epithelium. 
Therefore, a strict comparison of human and 
animal exposures required to produce tumors 
is not possible at this time. 

Table 3.23, derived from Table 3.21, pre
sents those experiments that will help 
define the role of uranium ore in the patho
genesis of lung lesions. The ore dust con
centrations were chosen to maintain low 
fractions of unattached radon daughters 
(thus keeping the lung deposition sites 
constant), yet allow sufficient change in 
concentration to study the pathogenic role 
of the dust per se. 

Most of the animals exposed according to 
the protocols of Tables 3.22 and 3.23 have 
received their exposures and are on observa
tion for biologic effects. We have no data 
at this time (approximately 3 mo to 1 yr 
postexposure), either clinical or histo
pathological, that denotes a significant dif
ference among the various exposure groups. 
Nearly all of the animals are still alive. 

In addition to the studies described 
above, we are currently adjusting exposure 
conditions to vary the unattached fraction 
of the radon daughters in order to vary the 
site of deposition of these radionuclides; 
hopefully, this will produce higher doses 
to the region of the lung where tumors 
appear in man. 

TABLE 3.23. Protocol of Uranium Ore Dust Exposures in Rats. 

Animal Grouping 

Experiments 1, 2 and 3 
Chamber 1 

Experiments 1, 2 and 3 
Chamber 2 

Experiments 1 and 3 
Chamber 5 

(a)Nominal values. 

Exposure Regimen(a) 

1000 WL Radon Daughters 
15 mg/m3 Uranium Ore Dust 

1000 WL Radon Daughters 
3 mg/m3 Uranium Ore Dust 

Controls 
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Cumulative 
Exposure, 
WLM(a) 

320,640,2560 

320,640, 2560 

Background 



INHALED URANIUM ORE DUST IN BEAGLE DOGS 

Investigators: 

F. T. Cross, B. O. Stuart, R. F. Palmer, and J. C. Gaven 
Technical Assistance: 

W. E. Skinner, C. R. Petty, D. A. Teats, and K. C. Upton 

Beagle dogs were exposed to uranium ore dust alone as an adjunct to previous studies with 
hamsters to help define the role of ore dust in induction of lung cancer and the development 

of other lung lesions. To date, no significant differences between exposed and control 
animals have been noted in radiographic testing, weight changes, respiratory rate or minute 
volume. 

Twenty dogs have received exposures to 
14.0 ~ 1.9 mg/m 3 (73 ~ 19% respirable) of 
uranium ore dust, four hours per day, five 
days per week since 4/4/77. Four additional 
dogs of comparable starting age have 
recently been added to provide for periodic 
sacrifice. 

It was originally planned that these 
dogs would also be exposed to radon 
daughters at minimal dust concentration to 
simulate uranium miner exposure following 
hard-rock mining experience. However, the 
dogs were continued on ore dust exposures 
alone in order to compare results with 
those of previous studies with hamsters. 
The additional animal model was necessary 
because hamsters were shown to be highly 
refractory to carcinoma induction, 
especially by agents of low carcinogenicity; 
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and when exposed to "realistic" levels of 
these agents in life-span exposure regimens, 
hamsters did not develop lung lesions that 
could be classified as precancerous, much 
less as malignant. Studies with a longer
lived animal, such as the beagle dog, will 
allow determination of the ability of ore 
dust alone to produce metaplastic and neo
plastic changes in the lung, as well as 
allowing comparison of lesions with those 
found in hamsters. Respiratory tract 
lesions in hamsters (from exposure to ore 
dust alone at a concentration of 19 + 8 mg/m 3 ) 
that were significantly (0.05 level )-eleva
ted over controls were: macrophage accumu
lations; emphysema; alveolar septal cell 
hyperplasia; adenomatous proliferation of 
alveolar epithelium, and bronchial or 
bronchiolar epithelial hyperplasia. 



• Toxicology of Krypton-8S 

The purpose of this project is to obtain biological data to supplement earlier evaluations 

of the hazards of 85Kr exposure. The studies include both short-term and chronic exposures 
of rats, dogs and sheep to determine tissue distribution and retention kinetics for metabolic 
modeling purposes. Dose-effect studies in rats exposed chronically for their life span are 
included to identify tissues at risk and determine tumorigenic potency. 

EMBRYOTOXICITY OF 85Kr IN GRAVID RATS 

Investigators: 

F. D. Andrew, M. R. Sikov, D. H. Willard, J. E. Ballou, 
S. M. Loscutoff, and G. E. Dagle 

Technical Assistance: 
H. S. DeFord, L. F. Hensley, and K. A. Poston 

Calculations based on the results of earlier distribution studies with 85Kr in pregnant 
sheep and rats implied a relatively low radiation risk for the fetoplacental unit. The 

results of the present study validate that conclusion, i.e., pregnant rats exposed to 
40 mCi/£ of 85Kr for 5 consecutive days did not reveal evidence of 85Kr-induced embryo
lethality or teratogenicity. 

Previous experiments at PNL with inhaled 
85Kr in pregnant rats and sheep determined 
the extent of deposition in the fetopla
cental unit (FPU) in order to evaluate 
potential hazards to the fetus (Annual 
Reports, 1976 and 1977). The mean concen
trations of 85Kr in the fetuses, following 
equilibration with the 85Kr atmosphere, 
were about 2% of those in the inspired air. 
The calculated radiation dose to the FPU 
was about 1% of the dose to the maternal 
lung. This information implied a rela
tively low risk for the FPU; the present 
study was conducted to confirm that con
clusion. 

Pregnant Wistar rats at 7-12 or 12-17 days 
of gestation (dg), were exposed contin
uously for 5 consecutive days to 85Kr 
atmospheres at 40 mCi/£, to control atmos
pheres in the same apparatus (air sh&ms), 
or maintained throughout gestation in 
standard cages (cage controls), as described 
in Table 3.24. The 85Kr and control air 
atmospheres were pumped via a recirculating 
system at low pressure into eight sealed 
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cages housing two rats each. r·loisture and 
CO 2 were removed by absorbants in the 
system; O2 was replaced automatically, as 
required, to maintain a suitable breathing 
atmosphere. 

Two pregnant rats were removed from each 
85Kr group after 4 days exposure to confirm 
earlier deposition and distribution results. 
These animals were killed, and tissues were 
sampled and analyzed as described previously. 
A battery of pulmonary function tests were 
performed immediately after termination of 
the exposures on four pregnant rats from 
each Kr-exposed and air-sham group. Remain
ing rats were sacrificed at 21 dg for 
evaluation of embryolethality and terato
genicity. Representative maternal lungs 
were submitted for histopathological exami
nation. 

Two adult rats in the 7- to 12-dg expo
sure group died, apparently due to radiation 
toxicity. Anoxia may have been the cause 
of death of two additional dams during the 
12- to 17-dg exposure. There was a greater 



TABLE 3.24. 65Kr Toxicity in Pregnant Rats. 

Exposure, Adult 
Days of Exposure Adult Weight 

Gestation Atmosphere Mortality Gain, g 

7-11 Cage Control 0/16 133 ± 17 

Air Sham 0/9 73 ± 9 

65Kr 2/16 21 ± 11 

12-16 Cage Control 0/8 74 ± 13 

Air Sham 0/16 72 ± 20 

65Kr 2116 22 ± 11 

inhibition of maternal weight gain in the 
Kr-exposed animals than in the air-sham 
groups, indicating that the 85Kr concen
tration was in the toxic range. The radia
tion dose to the skin of the dams (~5 X 
105 rad) was high enough to produce erythema 
and other signs of radiation toxicity, as 
well as overall debilitating effects that 
were not seen in any of the control animals. 
Evaluation of a variety of static and 
dynamic pulmonary function tests and related 
physiological measurements in the gravid 
rats revealed no Kr-exposure-related effects. 
Histopathological examinations of maternal 
lungs revealed no evidence of radiation
induced pathology at 9-14 days after initi
ation of exposures that produced an estima
ted lung dose of 3000 rad. 

Number 
Number Prenatal Grossly Fetal 
Pregnant Mortality Malformed Weight, g 

9 1/126 0 5.8 ± 0.3 

9 4/118 0 5.2 ± 0.9 

10 8/103 0 4.0 ± 0.6 
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4 4/45 0 5.5 ± 0.3 

8 9/89 5.6 ± 0.5 

6 0/66 0 4.3 ± 0.4 

Although the 40 mCi/~ concentration used 
for this study was approximately 1000 times 
that employed in the earlier deposition 
studies, the distribution results were 
essentially the same. Using these para
meters, the calculated radiation dose to 
the fetuses during Kr exposure was about 
50 rad over a 5-day period. Although some 
damage might have been anticipated at this 
dose level, we saw no evidence of increased 
intrauterine mortality, nor of external or 
skeletal malformations (Table 3.24). Exami
nation of fetal soft tissues is not complete. 
The only significant embryotoxic effect 
noted so far is decreased fetal weight for 
the Kr-exposed groups only, probably secon
dary to effects on the dam's nutrition. 



EFFECT OF CHRONIC 85Kr EXPOSURE 

Investigators: 
D. H. Willard, H. S. DeFord, R. E. Gerk, and J. E. Ballou 

Technical Assistance: A. W. Endres 

Rats are being exposed continuously for their life span to three concentrations of 85Kr: 
3 x 10- 3 , 3 X 10-4 , and 3 x 10- 5 ~Ci/ml. A group of treated controls exposed to room air 
completes the study. No effects of treatment have been observed up to 70 days postexposure. 

Adult Wistar rats of both sexes are 
being exposed continuously to 85Kr to 
determine the long-term biological effects 
of simulated environmental exposure. 
Information from this study and earlier 
acute toxicity studies will be used in 
evaluating the potential hazard of 85Kr in 
the environment. Since these lifetime, 
dose-effect studies were initiated in June, 
1978, only the experimental protocol and 
very early results are presented in this 
report. 

The rats were housed, five per cage, in 
wire-bottom cages mounted on an automated, 
self-rinsing cage rack. Each rack (three 
with 85Kr-exposed animals and one with 
room-air-exposed controls) was isolated in 
a 225-cu-ft lucite chamber that contained 
the controlled environment. Each exposure 
group (50 male and 50 female rats) was 
exposed to one of three 85Kr atmospheres: 
3 X 10- 3 , 3 X 10-4 or 3 X 10-5 ~Ci/ml. 
Treated control rats were exposed similarly 
to room air. Krypton-8S gas was metered 
into the highest level chamber from a 
compressed-gas cylinder containing 100 Ci 
of 85Kr. Krypton-85 for the medium and 
low-level chamber atmospheres was drawn 
from the next higher-level chamber and 
diluted with room air to the appropriate 
concentration. Airflow through the chambers 
and the amount of diluent air were controlled 
by specially designed jet pumps that were 
operated by the building compressed air. 
The air flow (500 ~/min, four complete 
changes per hour) maintained chamber tem
perature at 72 + 1°F and humidity at 
72 + 9%. AmmonTa concentrations did not 
exceed 1 ppm and CO 2 levels were <0.5%. 
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Exposure chambers operate 24 hr per day, 
7 days each week, with a 6-hr monthly shut
down to examine and weigh rats, transfer 
them to clean racks and cages, and maintain 
equipment. Dead and moribund animals are 
necropsied daily, and all major tissues and 
suspicious lesions are sampled for histo
pathologic examination. 

Chambers are equipped with glove ports 
and a pass-through box which permits daily 
examination and feeding of animals while 
exposure is in progress. Excreta are 
removed automatically with a periodic water 
rinse that discharges through a trap into 
the building waste system. This procedure 
minimizes labor costs. 

No obvious changes in gross appearance 
or in weight gain have been observed after 
70 days on this exposure regimen. This 
finding is consistent with the radiation 
dose accumulated during the short course of 
the study. The cumulative radiation dose 
to major tissues of rats housed in the 
highest-level chamber is shown in Table 3.25. 
The largest dose estimated was for the 
skin, i.e., 2000 rad during a year-long 
continuous exposure, and 380 rad during the 
initial 70-day period. The lungs accumu
lated the next highest dose, 22 rad per 
year or 4 rad during the 70-day period. 
The radiation dose to tissues other than 
skin was calculated using the concentration 
of 85Kr in the chamber (3 x 10- 3 ~Ci/ml) 
and the tissue partition coefficients 
(ratio of 85Kr concentration in tissue to 
the concentration in the chamber atmos
phere). The partition coefficients were 
determined in preliminary studies, 



TABLE 3.25. Estimated Radiation Dose (rad) to Tissues of 
Rats Maintained in the Highest Dose Chambeda) 

Partition Cumulative Dose 
Tissue Coefficient for 1 yr, rad 

Skin 2000(b) 

Lungs 0.074 22(c) 

Ovaries 0.176 2.5 

Testis 0.050 0.7 

Adrenals 0.372 5.2 

Fat 0.346 4.8 

GI Tract 0.052 0.7 

Muscle 0.046 0.6 

Kidney 0.042 0.6 

Spleen 0.034 0.5 

Liver 0.022 0.3 

Bone 0.015 0.2 

Heart 0.012 0.2 

Brain 0.007 0.1 

(a)Krypton-8s concentration, 3 x 10-3 IJCi/ml. 
(b) The dose from B5Kr incorporated into the skin is not in

cluded since it is negligible when compared to the radi
ant dose. 

(c) Includes dose from B5Kr incorporated in the lung tissue 
(1 rad) and the radiant dose from B5Kr in the airways 
(21 rad). 

described in a previous Annual Report. 
Calculated tissue doses do not include the 
contribution from the gamma and bremsstrah
lung components, since they are negligible 
compared to the beta dose. The radiation 
dose to the skin was measured using LiF 
thermoluminescent dosimeters (TLD). The 
dose to pelt was measured directly with the 
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TLD, which was then corrected for absorption 
by the hair (~17% of the incident beta 
dose) to obtain the dose to skin surface. 
Since the skin dose is in the moderate 
range it is not expected that the life span 
will be appreciably shortened. We expect 
the study to be in progress for approxi
mately 2 yr. 



KRYPTON-85 DOSIMETRY USING THERMOLUMINESCENT DOSIMETERS 

Investigators: 
H. S. DeFord, G. W. R. Endres, R. L. Roswell, and J. E. Ballou 

Technical Assistance: 

F. N. Eichner 

Preliminary results using 85Kr in infinite beta cloud geometry show good agreement 

between the calculated dose and the dose measured by TLDs. Future work will use TLDs to 
estimate the surface dose to rats exposed continuously to 85Kr atmospheres. 

The external radiation dose from 85Kr 
atmospheres can be calculated directly, 
providing the criteria for "infinite beta 
cloud" geometry are satisfied. These cri
teria require an exposure volume of suf
ficient magnitude to accommodate the total 
path length of beta emissions of maximum 
energy that originate from the center of the 
volume. For 85Kr this volume is approxi
mated by a 6-ft-diameter sphere. The usual 
animal exposure chambers, e.g., those used 
in the chronic 85Kr exposure study reported 
elsewhere in this Annual Report, do not 
meet the conditions of infinite cloud 
geometry. Shielding from cages and racks, 
and the limited size of the chambers, com
plicate the radiation dose calculation. For 
this reason, studies were undertaken with 
tissue-equivalent LiF thermoluminescent 
dosimeters (TLDs) to obtain a direct measure 
of the skin dose. 

!nitia~ly, the dosimeters were calibrated 
by lmmerSlon in a standard solution of NaCl 
(36Cl). We used this procedure because the 
energy spectra of 36Cl and 85Kr are quite 
similar (confirmed from the beta spectra 
obtained with a scintillation counter and 
with a phoswitch detector) and because a 
standard solution of 85Kr was not available. 
The TLD response to a solution of 85Kr in 
water was also tested and the difference in 
responses to 85Kr and 36Cl solutions were 
surprisingly large, considering the simi
larities in emission energy: krypton-85 
gave consistently higher readings than the 
corresponding 36Cl solutions. We believe 
this is because of physical differences in 
the radionuclide solutions; krypton-85, 
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being less soluble, tended to leave the 
aqueous phase, forming bubbles on the 
surface of the immersed TLDs. Also, 85Kr 
may have diffused through the Saran 
wrapping protecting the TLDs, concentrating 
in air spaces adjacent to the dosimeters. 
These factors tended to increase the 85Kr 
response compared to the response obtained 
with a uniform solution of 36Cl. 

The accuracy of the 36Cl calibration was 
confirmed in later studies using 85Kr gas 
in infinite beta cloud geometry. TLDs were 
exposed in the center of a 6-ft-diameter, 
plastic geodesic dome filled with a 85Kr-air 
mixture. The 85Kr concentration was deter
mined by liquid scintillation counting and 
the radiation dose to the TLDs was calcu
lated. The calculated dose (131 rad) agreed 
well with the measured dose (133 rad) 
obtained from the TLD reading. The TLD 
response was converted to rad using a factor 
of 1.5 counts/mrad, determined from a 
natural uranium standard. Studies with 36C1 
solutions suggested a similar factor, 
approximately 2 counts/mrad. These results 
support the earlier conclusion that dis
crepancies in the TLD dose estimates were 
due to anomalous behavior of the 85Kr 
aqueous solutions. 

Studies are now in progress to use TLDs 
to monitor the cumulative external dose to 
rats exposed continuously to a 85Kr 
atmosphere. TLDs will be placed on appro
priate rat "phantoms" located throughout 
the exposure chambers to define the dose 
profile. The radiation dose will be related 
to late-developing biological effects. 





• Toxicity of Thorium Cycle Nuclides 

The purpose of this project is to investigate the biological hazards associated with 
uranium-thorium breeder fuels and fuel recycle process solutions. Initial studies have 
emphasized the metabolism and long-term biological effect of inhaled 233U and 232U nitrate 
aerosols. Future work will include similar studies with 233U_232U oxide fuel materials and 

with 231Pa, a major long-lived radioactive waste product. 

URANIUM-233 ANALYSIS OF BIOLOGICAL SAMPLES 

Investigators: 

R. A. Gies, J. E. Ballou, and A. C. Case 

Two liquid scintillation techniques were compared for 233U analysis: a two-phase extrac
tion system (D2EHPA) developed by Keough and Powers, 1970, for Pu analysis; and a single
phase emulsion system (TT21) that holds the total sample in suspension with the scintillator. 
The first system (D2EHPA) was superior in reducing background (two- to threefold) and in 
accommodating a larger sample volume (fivefold). 
not extracted quantitatively by D2EHPA. 

Tissues of rats surviving for long 
periods after exposure to 233U02(N0 3)2 
aerosols contain 233U levels in the range 
of 100 dpm or less. Our routine laboratory 
analytical techniques, i.e. alpha planchet 
counting and liquid scintillation counting, 
have not given satisfactory results for 
these samples. Direct alpha counting 
requires expensive sample preparation and 
long counting times, while the liquid 
scintillation technique has a sample blank 
of about 30 dpm and is limited to a sample 
volume of only 2 ml of a 2N HN0 3 sample 
digest. In order to improve our analytical 
capability for these samples we have inves
tigated an alternative scintillation counting 
procedure that has a low sample blank 
(potentially 5 to 10 dpm), which accommo
dates a sample volume of 10 ml of 2N HN0 3. 

Tissue samples from nontreated control 
rats were prepared for the comparative 
study by ashing them in a furnace at 500°C 
and dissolving them in 2N HN0 3. Known 
amounts of 233U02(N0 3)2 were added to the 
sample digests to give activity levels 
ranging over four orders of magnitude 
('\,102,103, 104 , and 10 5 dpm). The same 
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Samples containing >50 mg/ml of salts were 

amount of 233U0 2(N0 3)2 was added to 2N HN0 3 
solutions, which served as the absolute 
standards for purposes of comparison. 
Triplicate samples of each activity level 
were analyzed by three methods: by direct 
alpha count on planchets; by alpha scintil
lation counting using the method of Keough 
and Powers, 1970 [a two-phase extraction 
system using di(2-ethylhexyl)-phosphoric 
acid (D2EHPA)-terphenyl]; and by alpha 
scintillation using a single-phase emulsion 
system containing Triton X100 (TT21). The 
D2EHPA cocktail was originally designed for 
analyzing Pu solutions in the presence of 
interfering di- and trivalent radionuclides. 
Keough and Powers noted that other heavy 
metals, notably uranium and neptunium, might 
also be extracted. The system may be 
tailored for analyzing a variety of heavy 
metals by adjusting the acid strength and 
oxidation state. The TT21 counting cocktail 
has general application for a variety of 
radionuclides in aqueous solution. The 
system acts by holding the total sample in 
suspension without discrimination against 
naturally occurring or other interfering 
radionuclides. Samples analyzed by direct 
alpha count contained only the appropriate 



amount of 233U in 2N HN0 3 solution. Samples 
analyzed by scintillation counting contained 
233U in the solutions listed in Table 3.26. 

Table 3.26 presents the combined results 
for all activity levels, since the results 
with D2EHPA and TT21 were not influenced by 
counting rate. The planchet values were 
used as the absolute standard to calculate 
the ratios (shown in Table 3.26) with D2EHPA 
and TT21. In all but two cases (soft
tissue digest and the 175-mg/ml bone 
sample), D2EHPA was superior to TT21 in 
agreeing with the "standard" planchet count 
(P < 0.05). We have no explanation for the 
relatively poor performance of D2EHPA in 
counting soft-tissue digest samples, except 
that the salt concentration may have been 
an interfering factor. All results with 
TT21 were uniformly higher than the corres
ponding planchet and D2EHPA values. Pre
sumably, the higher counts represent a 

contribution from 233U decay progeny that 
are counted by TT21 but are discriminated 
against in direct alpha counting, and would 
not necessarily be extracted and counted 
with D2EHPA. All sample counts were correc
ted for tissue background so that naturally 
occurring radionuclides, such as 4oK, did 
not influence the results. 

The influence of bone salts in depressing 
D2EHPA extraction efficiency is also appar
ent in the summarized results in Table 3.26. 
Others have reported similar interference 
from Ca 2+ and H2POt- at concentrations of 
~100 mg/ml, which is in reasonable agreement 
with the results of our study. 

The results indicate that D2EHPA is a 
feasible counting system for 233U samples in 
the range of 102 to 105 dpm. When salt con
centrations in the samples exceed 50 mg/ml, 
D2EHPA extraction efficiency is decreased. 

TABLE 3.26. Summary of Results for 144 Samples Ranging from 102 to 105 

Disintegrations/Minute.(al (Values are averages of 12 determinations 
expressed as percent ± SD.l 

Sample 

2N Nitric Acid 

Liver Digest 
(21 mg salts/mil 

Soft Tissue Digest 
(65 mg salts/mil 

Bone Digest 
(175 mg salts/mil 
(125 mg salts/mil 
(50 mg salts/mil 

Ratio of D2EHPA Count Ratio of TT21 Count to 
to Planchet Count Planchet Count 

102!: 6 117 ± 8 

110!: 10 139 ± 10 

9O±8 99±12 

79 ± 14 117 ± 21 
89±10 126±14 

104±18 131±22 

(alResults for the four activity levels were combined since counting rate did 
not influence the choice of method. 
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PRELIMINARY INVESTIGATION OF URANIUM REMOVAL THERAPY 

Investigators: 

J. E. Ballou and R. A. Gies 

DTPA and NaHC0 3 were relatively ineffective in removing 233U and 232U from rats injected 
intravenously with these isotopes in 1% citrate solution. The body burden of 228Th, a decay 
product of 232U, was decreased to one-half the control level after DTPA therapy. 

Studies were initiated to test the 
efficacy of diethylenetriaminepentaacetic 
acid (DTPA) and sodium bicarbonate (NaHC0 3) 
in the removal of internally deposited, 
high-specific-activity uranium isotopes and 
their decay products. Adult female Wistar 
rats weighing 250 g were injected with 233U 
or 232U via the great saphenous vein; they 
were housed in metabolism cages for the 
daily collection of urine and feces. At 
1 hr after uranium injection, various 
treatment agents were administered by 
intraperitoneal injection. The rats were 
sacrificed 3 or 4 days after treatment, and 
tissue and excreta samples were dry-ashed 
and solubilized in 2N HN0 3 before analysis. 
Uranium-233 samples were analyzed by liquid 
scintillation counting, using the method of 
Keough and Powers. Uranium-232 samples 
were analyzed by gamma spectrometry, using 
a NaI anticoincidence shielded Ge{Li) 
detector. 

TABLE 3.27. Effect of DTPA on 233U Removal (Values are 
averages of 4 or 5 rats, expressed as % of injected dose)Ja) 

"'U-Citrate mU-DTPA 

Sample Control Treated(b) 

Femur 2.4 2.4 2.2 

Kidney 9.4 8.9 40 

liver 0.8 0.8 

Carcass 32 30 21 

Urine 36 37 36 

Feces 17 16 8.4 

% Recovery(c) 98 95 109 

(a) Rats were injected with 8.4 "Ci 2J3U in 1% sodium citrate 
solution or with 9.1 "Ci 2J3U mixed with a 4-fold molar 
excess of Ca-DTPA. 

(b)Ca-DTPA (0.29 mM/kg) was injected intraperitonealiy 
1 hr after 2J3U injection; rats were sacrificed after 3 days. 

(c) Pelt, gastrointestinal tract, injection site and feet were 
excluded. 

3.67 

Results from the initial study (Tables 
3.27 and 3.28) indicate that DTPA did not 
promote the removal 'of 233U and 232U from 
the rats (P < 0.05). There was, however, a 
significant therapeutic removal of 228Th, the 
first daughter product of 232U decay, and 
the parent responsible for the gamma dose 
associated with the 232U decay series 
(Table 3.28). The lack of DTPA effectiveness 
in removing the uranium isotopes is presum
ably related to the relatively low stability 
constant of the U-DTPA complex compared to 
the binding constant of uranium with com
peting bio-ligands. Under seemingly ideal 
conditions for complex formation, e.g., 
when 233U and DTPA were mixed prior to 
injection (Table 3.27), there was still no 
significant effect of DTPA on uranium 
excretion. There was, however, a fourfold 
increase in 233U deposition in the kidney 
compared to that in control rats injected 
with 233U in 1% citrate solution. These 

TABLE 3.28. Effect of DTPA on mU_226Th Removal (Values 
are averages'of four animals, expressed as % of injected dose)~a) 

'12U 220Th 

Sample Control Treated(b) Control Treated(b) 

Femur 1.5 1.3 2.3(d) g 
Kidney 4.6 3.6 ld 1.8 

Liver 3.0 0.9 10.5 4.5 

Carcass 36 28 II JQ 
Urine 25 45 7.5 g 
Feces 4.4 5.4 4.0 6.8 

% Recovery(c) 74.5 84.2 82.5 96.3 

(a) Rats were injected intravenously with mu plus decay products 
(1.62 "Ci mu and 0.58 "Ci '20Th) in 1% sodium citrate solution. 

(b)Ca-DTPA (0.29 mM/kg) was injected intraperitonealiy 1 hr after 
radionuclide adminstration; rats were sacrificed after 3 days. 

(c) Pelt, gastrointestinal tract, injection site and feet were excluded. 
(d)values underlined in the same row are Significantly different 

(P < 0.05). 



results suggest that the 233U-DTPA complex 
may be relatively stable in the blood, but 
is readily broken down during passage 
through the kidney. Since both DTPA and 
uranium are known nephrotoxic agents, it is 
discouraging to observe increased deposi
tion of uranium in the kidney when these 
materials are administered simultaneously. 
Effects of gross toxicity were observed 
after 233U-DTPA injection: rats lost 
weight (25-45 g) and at necropsy some 
kidneys were fluid-filled, pale gray in 
color, and had a ~ranular surface. Approxi
mately 0.4 mg of 33U was retained in the 
kidneys, an amount well within the range of 
metal toxicity. 

Table 3.29 compares the decorporation 
effectiveness of DTPA and NaHC0 3 in rats 
injected with a 10-fold lower dose of 233U 
(0.85 )lCi). All treatments, incl uding the 
0.9% NaCl given to treated control animals, 
removed significant (P < 0.05) amounts of 
233U from the kidneys. The 233U deposition 
in the skeleton, on the other hand, was 
approximately doubled in those rats admi
nistered 0.29 mM/kg DTPA, either alone or 

accompanied by NaHC0 3. The 233U content in 
the total rat was significantly reduced in 
only three treated groups: those given the 
higher DTPA dose of 1.5 mM/kg, those given 
0.9% NaHC0 3, and the treated controls given 
0.9% NaCl. It is not clear why urinary 
excretion of 233U was not increased in 
those groups showing a decreased total body 
burden. Interpretation of the results is 
also complicated by the apparent effective
ness of 0.9% NaCl, which may be acting to 
increase urine volume. It is also sur
prising that 1.5 mM/kg DTPA increased fecal 
excretion of 233U sixfold, while urinary 
excretion was depressed. This may repre
sent increased clearance via bile, or may 
be merely an artifact of incomplete separa
tion of urine and feces. It should be 
mentioned that separate 233U solutions were 
prepared prior to injecting each treatment 
group. Although care was taken to control 
the properties of these solutions, we 
cannot rule out the possibility that some 
of the differences in distribution are due 
to differences in the physicochemical state 
of 233U in the injection solutions. Further 
work is in progress to clarify these 
preliminary results. 

TABLE 3.29. Comparison of NaHC03 and DTPA in mu Removal (Values are the average of five rats 
expressed as % of injected dose).(a) 

Treatment(b) Liver Kidney Skeleton 
Soft 

Tissue Total Rat Urine Feces 

DTPA (0.29 mM/kg) 0.20(c) 9.26 20.11 2.13 31.7 70 2.5 

DTPA (0.29 mM/kg) + NaHCO, 0.28 7.16 19.69 1.72 28.8 67 2.9 
(3 ml 0.9%) 

DTPA (1.5 mM/kg) 0.21 5.58 8.9 3.03 17.7 55 18.4 

NaHCO, (3 ml 0.9%) 0.26 12.41 10.55 1.98 25.2 66 5.3 

NaCI (3 ml 0.9%) 0.21 9.53 8.58 1.40 19.7 74 3 

Nontreated Control 0.38 16.88 11.51 3.62 32.4 66 2.8 

(a) Rats were injected intravenously with mUO,(NO,), (0.85 pCi) in 1% sodium citrate solution. 
(b)Treatment was administered by intraperitoneal injection 1 hr after mu injection; animals were sacrificed 

after 4 days. 
(c) Underlined values are significantly different from nontreated control (P < 0.05). 
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DISPOSITION AND LATE EFFECTS OF INHALED 232U02 (N03)2 AND 
233UO (NO) IN RATS 232 

Investigators: 
J. E. Ballou, R. A. Gies, and N. A. Wogman(a) 

Technical Assistance: 
A. W. Endres and W. G. Gold 

Exposure to as much as 53 nCi, initial lung burden, has resulted in no adverse effects on 
weight gain or survival time when compared to control animals. Beyond 200 days postexposure, 
233U and 232U were retained primarily in the skeleton, with lesser amounts found in lungs and 
kidneys. Relatively more inhaled 232U than 233U was retained in the skeleton. 

Male Wistar rats were exposed for 
30 min, nose-only, to aerosols of 
233U02(N0 3)2 and 232U02(N0 3)2 generated 
with a Lovelace nebulizer. The animals are 
being held for life-span study of biologi
cal effects. Approximately 80% of the rats 
have died. Histopathologic examination of 
tissues and lesions is not complete. The 
experimental protocol and progress to date 
are summarized in Table 3.30. No signifi
cant life shortening or change in weight 
gain has been observed in uranium-exposed 
rats when compared to nontreated and treated 
control animals. 

The disposition and retention of inhaled 
uranium were determined in animals held for 
life-span study in order to estimate the 
cumulative radiation dose to major tissues. 
Retention of 233U in lungs, skeleton, and 
kidneys is shown in Figure 3.24A, Band C. 
Values for three rats analyzed for 232U 
content are shown for comparison. 

(a) Physical Sciences Department 

The lungs retained most of the inhaled 
233U nitrate up to 200 days postexposure. 
After 200 days, retention in the skeleton 
predominated, with lesser amounts in kidneys, 
the other major deposition site. The long
term retention of 233U in lungs and skeleton 
appears to be relatively unaffected by the 
mass of 233U initially deposited (0.066 to 
3.78 ~g). Retention in the kidneys is 
characterized by a wide scattering of data 
points due to the analytical error associated 
with these low-level samples. 

The few data available for the long-term 
retention of 232U appear to agree reasonably 
well with 233U retention in lungs and kidney. 
Uranium-232 is retained in the skeleton at a 
two- to threefold higher level than 233U. 
These results agree with the early disposi
tion of inhaled 233U and 232U described in 
a previous Annual Report (1977). 

TABLE 3.30. Summary of Results Following Uranium Inhalation. 

Exposure Initial Lung Number Days on Median Survival 
Agent Burden, nCi of Rats Experiment Time, days 

233U02(N0 3h 0.63 62 823 715 
10 62 809 725 
36 64 788 744 

232U02(NO)h 0.74 60 879 731 
0.58 65 865 685 

53 62 851 663 

Controls 0.27 N HNO) 63 881 787 
Nontreated 44 686-959 640 

3.69 
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• Fetal and Juvenile Radiotoxicity 

A number of studies conducted under this project have demonstrated that many of the bio
logical parameters used to calculate permissible levels of exposure of adults to radioactive 
materials are inappropriate for the rapidly growing infant or child or for the pregnant 

female. These include age-related differences in radionuclide deposition, distribution, and 
retention and associated differences in microdosimetry, as well as the greater intrinsic 
radiosensitivity of the immature organism. These findings emphasize the need for more 
detailed information on the metabolism and toxicity of radionuclides in the prenatal and 
juvenile mammal. The continuing objective of this project is to obtain such information, 
which is needed to establish appropriate exposure limits for radionuclides of greatest 
potential hazard to these age groups. 

LATE EFFECTS OF 239 pu ADMINISTERED 

AT REPRESENTATIVE STAGES OF GESTATION 

Investigators: 
F. D. Andrew and M. R. Sikov 

Technical Assistance: 
R. L. Music, L. F. Hensley, J. O. Hess, and K. A. Poston 

Evaluation of effects on postnatal growth and survival times up to about 21 months follow
ing 239pu administration support our working hypothesis that prenatal 239pu exposures may 
adversely affect the growth and survival of the offspring. 

Previous studies in this laboratory pro
vided extensive data indicating that there 
are age-related differences in long-term 
responses of rodents to plutonium (239pu) 
injection. Since these earlier studies did 
not include life-span evaluations following 
exposure during early gestation, such 
studies were initiated (Annual Report, 1976). 

Pregnant Wistar rats were injected intra
venously at 9, 15, or 19 days of gestation 
(dg) with 0, 0.3, 3 or 30 ~Ci/kg of a 239pu 
citrate preparation. Fifty-six offspring 
from each of the 12 age-dose groups, about 
evenly divided between sexes, were selected 
as a colony for this long-term study. The 
dams (at least seven per age-dose group) 
were also retained for estimating relative 
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risk. Growth rates and survival times have 
been monitored for the 2 yr since injection 
of the dams. 

Growth rates of female offspring were 
unremarkable for all 12 age-dose groups 
throughout the monitoring period. In con
trast, the male offspring given the highest 
dose (30 ~Ci/kg) had lower body weights than 
their respective vehicle controls. Since 
there were no significant differences among 
the three independent control groups for 
each stage of gestation, their values were 
pooled for comparison with 239Pu-exposed 
groups (Figure 3.25). The rank order of the 
body ~~eights in the high-dose male groups is 
dg 19 > dg 9 > dg 15 (Figure 3.25). 
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Too few offspring have died to date to 
permit evaluation of the effects of 239pU 
exposure on survival. There is an indica
tion that mortality among exposed offspring 
is higher than that of controls at the 
highest dose level for both males and 
females; no differences relative to the 
various stages of gestation at exposure 
are apparent. 

For the dams, median survival times of 
about 21,20,13, and 11 mo were estimated 
for 0, 0.3, 3 and 30 ~Ci/kg 239pU doses, 
respectively (Figure 3.26). Most dams given 
239pU gained weight more slowly than 
controls, in a dose-related fashion. These 
findings are consistent with the reports of 
others, and verify that the exposures pro
duced the expected effects for adult rats, 
and that the exposure regimen for the pre
natal groups was appropriate. 
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DISTRIBUTION AND RETENTION OF 239pu ADMINISTERED TO RATS AT 
REPRESENTATIVE STAGES OF GESTATION 

Investigators: 
M. R. Sikov and F. D. Andrew 

Technical Assistance: 
L. F. Hensley, R. L. Music, J. O. Hess, and K. A. Poston 

The distribution of 239pU in tissues of mothers and their offspring, as well as in other 
fetoplacental unit components, was measured following intravenous injection at 9, 15, or 
19 days of gestation. Deposition levels and retention were markedly different at the earliest 
time of gestation, but less difference was seen between the two later times. Radiation dose 
to the fetus was similar for all ages, but dose to specific organs and tissues varied with 
stage of gestation. 

Previous studies have demonstrated that 
there are qualititative and quantitative 
differences between the long-term effects of 
239pu exposure of perinatal and of more 
mature rats. Although the prenatal distri
bution and embryotoxicity of 239pu injected 
at earlier times of gestation has been 
evaluated, neither the postnatal distribu
tion nor the late effects of such exposures 
were determined in those experiments. This 
report presents the results of distribution 
studies, conducted concurrently with a 
life-span evaluation, following exposure to 
239pu at representative stages of prenatal 
life (Annual Reports, 1976 and 1977). 

Pregnant Wistar rats were injected intra
venously on days 9, 15, or 19 days of gesta
tion (dg) with 239Pu-citrate preparations at 
doses of 0, 0.3, 3, or 30 ~Ci/kg. A group 
size of 56 animals (approximately 1:1, 
male:female) was selected for each of the 
12 offspring groups. Surplus postnatal 
offspring from the two higher dose groups 
and animals injected at these levels from 
additional replicates were sacrificed at 
intervals starting at 1 day after exposure. 
Tissues of mothers and offspring, as well as 
those of the fetoplacental unit were sampled 
for radioanalysis and autoradiography to 
establish distribution and dosimetry. 

Distribution and retention data for 
representative structures are presented in 
Figure 3.27 as the concentration (percent of 
injected dose per gram) present at various 
times up to 7 days of age. Pooled values 
for the two higher dose levels have been 
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used, since no marked dose-related differ
ences were noted. Tentative broken lines 
drawn through the data were used to estimate 
the average radiation doses to these struc
tures. Shapes of these curves should not be 
construed as indicative of any specific 
processes. Nevertheless, they appear to 
reflect maturation at the time of exposure 
and are probably influenced by dynamic 
processes such as maternal deposition of 
239pU, sequential shifts in fetal nutri
tional source from visceral yolk sac to 
chorioallantoic placenta to suckling, and 
interrelationships of ontogeny, growth, and 
maturation of fetoplacental tissues. Thus, 
the concentrations in the fetus and fetal 
organs after injection at 9 dg lie well 
below those seen after injection at 15 or 
19 dg, and the locations and shapes of the 
crude curves show stage-related differences. 
The concentrations after injection at 19 dg 
tend to be greater than for injection at 
15 dg, although the differences are not 
marked. The hepatic concentration approxi
mated that in the skeleton after injection 
at the later two times of gestation, and did 
not show either the slight decline observed 
in the calvarium or the marked decline noted 
in the femur following birth. These data 
are in general agreement with limited data 
from previous experiments. 

Cumulative radiation doses to the fetus 
and to the structures discussed (through 
7 days of postnatal life) were estimated 
from graphic integration of the areas under 
the lines in Figure 3.27. The cumulative 
dose to the fetus did not differ markedly for 
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different ages at exposure (Table 3.31). 
The cumulative doses to specific structures, 
however, were much lower after injection at 
9 dg than at 15 or 19 dg. 

TABLE 3.31. Calculated Cumulative Radiation Dose (rad) 
to Fetal and Neonatal Rats and Their Organs in Interval 
Between Indicated Day of Injection and 7 Days of Age. 

These data are being supplemented with 
radioanalytic data obtained from animals 
necropsied at subsequent postnatal ages plus 
data from previous and ongoing studies on 
actinide metabolism relative to age. It is 
anticipated that this will form a compre
hensive picture of the dosimetry relating to 
the primary experiment on the postnatal 
effect of prenatal 239pu exposure. 
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Time of Injection, dg 

Structure 9 15 19 

Fetus/Neonate 13.1 7.5 10.4 

liver 18.5 55.9 52.8 

Femur 15.9 36.5 40.4 

Calvarium 29.3 81.0 55.3 



STRAIN DIFFERENCES IN THE EMBRYOTOXICITY OF 239pu 

Investigators: 

P. L. Hackett, M. R. Sikov, D. D. Mahlum, 
F. D. Andrew, and J. O. Hess 

Technical Assistance: L. D. Montgomery 

Differences in prenatal response in three strains of rats (Sprague-Dawley, Wistar, Fischer) 
were compared following intravenous administration of monomeric 239pu at 9 days of gestation 
(dg). Dose-dependent embryolethality, 239pu concentrations in the fetoplacental unit, and 
fetal hematologic status were evaluated. Embryomortality was lowest in the Wistar strain at 
all dose levels, as was the 239pu concentration of the fetoplacental unit. Plutonium-239 
was localized in the visceral yolk sac of all three rat strains. Effects on hematologic 
status were observed at 20 days gestation in Fischer but not in Wistar fetuses. 

As reported previously (Annual Report, 
1976), the dose-response relationship 
between embryolethality and the injected 
dose of monomeric 239pu in Sprague-Dawley 
rats could not be quantitatively replicated 
in rats of Wistar derivation. This led to 
specific comparisons of the sensitivity of 
these two strains, as well as comparison 
with the Fischer strain, which was found to 
be more sensitive than either of the others. 
The data from these experiments and from 
previous experiments have been combined to 
provide an overall picture of dose-response 
in the three strains (dose response curves, 
Figure 3.28). The remarkable resistance of 
Wistar embryos to 239pu exposure at 9 dg 
led to studies to determine the basis for 
these disparate responses. 

In these experiments, pregnant rats of 
the Sprague-Dawley (Charles River, CD), 
Wistar (Hilltop), or Fischer (Hilltop) 
strains received a single intravenous 
injection at 9 dg of monomeric 239Pu, 
prepared in excess citrate, with pH adjusted 
to 4.5. In addition to the embryolethality 
(discussed above) at 12, 14, and 20 dg, 
239pU concentrations and autoradiographic 
distribution at 12 and 14 dg, and fetal 
hematology at 14 and 20 dg, have now been 
determined. 
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The interval between 12 and 14 dg was 
previously established as the modal time of 
embryonic death in all strains (Annual 
Report, 1976). Radioanalyses for feto
placental 239pu were performed (following 
doses of 10-20 ~Ci/kg) at these stages of 
development. In all three strains, 239pu 
concentrations (% dose/g) were highest in 
membranes and lowest in embryos (Figure 3.29). 
Placental and embryonic 239pu values 
decreased between 12 and 14 dg, but membrane 
concentrations did not change. Concentra
tions for Wistar FPU components were the 
lowest of the three strains; Fischer, the 
highest. This is attributable, at least in 
part, to the relative size of the FPUs. 
Comparisons of 239pu concentration ratios 
calculated for placenta/embryo and membrane/
embryo at 12 dg (Figure 3.30) showed that 
Wistar ratios were higher than those of 
Sprague-Dawley or Fischer rats. All mem
brane/embryo ratios were greater at 14 dg 
than at 12 dg, primarily due to changes in 
embryonic (rather than membrane) concen

"trations. 

The microdistribution of 239pu alpha 
tracks, as revealed by autoradiography, 
showed that highest concentrations were in 
the visceral yolk sac. We found previously 
that the high radiation dose resulting from 
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this 239pU localization during the develop
ment of primitive hematopoietic cells 
altered the hematologic development of 
Wistar fetuses (Annual Report, 1976). 
Comparisons of 239pU effects on the hemato
logic status of the 20-dg Wistar and 
Fischer fetuses were therefore performed. 
Although these studies are not complete, it 
is clear that levels of non-nucleated cells 
decreased at dose levels of 10-20 ~Ci/kg 
in the Fischer fetuses, while cellular 
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val ues for Hi star fetuses were unaffected 
at 36 ~Ci/kg (Figure 3.31). 

P1utonium-239 localization in the fetal 
membranes of all strains may be res~onsib1e 
for the embryo1etha1ity. Survival of 
Wistar embryos in the high-dose range may 
be partially due to a lower 239pU deposi
tion in the FPU, suggesting the possibility 
of intrinsic differences in both sensitivity 
and mechanism. 
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LONG-TERM EFFECTS OF 239pu INJECTION IN ADULT, WEANLING, 

NEWBORN AND FETAL RATS 

Investigators: 

M. R. Sikov, D. D. Mahlum, J. O. Hess, and D. B. Carr 

Technical Assistance: 

M. J. Kujawa and P. L. Savignac 

We have completed biological evaluations comparing long-term effects in rats exposed to 
239pu citrate as adults, wean1ings, newborns, or late fetuses, and statistical analyses have 
been initiated. In rats exposed postnatally, statistically significant alterations in 
terminal body weight and in weights of several organs were found at higher doses. Survivor

ship decreased with increasing dose in the postnatal groups, but not in rats exposed pre
natally. 

We previously described (Annual Report, 
1972) the protocol of a study comparing 
long-term effects in rats injected with 
239pu citrate as adults, wean1ings, neo
nates, or prenatally via maternal injection. 
Preliminary assessments of some of the 
resulting data were presented earlier 
(Annual Reports, 1973, 1974, 1977). All 
evaluations, including histopathology, have 
now been completed and are presently being 
subjected to detailed statistical analysis. 
Two factors complicate the statistical 
analysis: 1) the design of the study led 
to nonequiva1ent radiation doses in the 
different age groups, so that direct compari
sons, ignoring differences in dose, are 
difficult to interpret; 2) survivorship 
differed among the various exposure groups. 
In addition to increasing the variability 
of radiation dose within exposure groups, 
these survivorship differences suggested 
the need for adjustments in analyses of 
organ weight and in lesion comparisons. 
Since other recently completed ongoing 
studies have similar problems, a concerted 
effort is being made to establish appro
priate statistical procedures for analysis 
of this type of data. 

Table 3.32 summarizes the survival com
parisons. The survival curves are compared, 
using the chi-square procedure described by 
Lee and Desu (1972). When a statistically 
significant difference was found among the 
four dose levels of a given age group, 
individual comparisons were made. Within 
each of the postnatal age groups, survivor-
ship decreased with increasing dose level, 
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TABLE 3.32. Correlations Between Sex, Dose and Age at 
Exposure to 239PU on Longevity. 

Variable Age(a) Sex(b) Survival Rank Ordedc ) 

Dose A F H M L C 

M H M L C 

Dose W F H M C L 

M H M L C ----
Dose B F H M L C 

M H M L C 

Dose P F H C M L 

M H L C M 

Age All Hi F A B W P 
Dose 

M B A W P 
Groups 

(a) A = adult, W = weanling, B = newborn, P = prenatal 
(19 dg) 

(b)F = female, M = males 
(C)lncreasing survival, left to right. Similar groups 

(P '0.05) share common underlining, C = control, 
L = lowest, M = intermediate, H = highest dose. 



although the differences between adjacent 
groups were not always significant. There 
was no clear progression with dose in the 
prenatal group, and most of the differences 
between groups were not statistically 
significant. While the radiation doses 
were not equivalent, a comparison of sur
vivorship for the four age groups at high 
doses suggests a high incidence of early 
mortality in the newborn males, as indi
cated in earlier reports. 

As suggested above, analyses of rela
tively simple measures, such as body weight 
and organ weight, pose problems when com
parisons are made across age and dose 
groups. In the adult groups, terminal body 
weight (Figure 3.32) progressively decreased 
with dose in rats of both sexes, although 
differences were statistically significant 
only for the highest dose level. The 
highest dose level in the neonatal group 
also significantly depressed final body 
weight; however, this may be attributable 
to the shortened life span of this group. 
Attempts to normalize organ weight on the 
basis of body weight at death are question
able, since many animals were obese and 
others were emaciated prior to death. 
Normalization of organ weights by femur 

800 

600 

weight (Figure 3.33) at death is also ques
tionable since femur weight was affected by 
dose level. Thus, initial comparisons were 
based on non-normalized values. Because of 
nonequivalence of radiation doses between 
age groups, comparisons were restricted to 
doses administered within age groups. 
There appear to be clear differences in 
organ weights; for example, femur weight 
significantly decreased with dose in the 
adult groups. Femur weight in female 
weanling and prenatal groups also was 
significantly lower at the high dose level. 
In both males and females exposed at birth, 
there was a progressive decrease in femur 
weight with dose, with most treated groups 
differing significantly from controls. 
Liver and kidney weights (Figures 3.34 and 
3.35), on the other hand, were markedly 
affected only in the male adult and newborn 
groups, the other groups being essentially 
unaffected. 

We are investigating the use of other, 
related statistical procedures, including 
multivariate analysis and survival analysis 
with time-dependent covariates. Survival 
adjustments will form a basis for analysis 
of the incidences of gross and histopatho
logic lesions detected in this study. 

PRENATAL NEWBORN WEANLING ADLlT 

FIGURE 3.32. Effect on Terminal Body Weight of Intravenous Injection of 239PU to 
Rats of Various Ages (95% confidence interval shown). 
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• Modifying Radionudide Effects 

The metabolism and effects of radionuclides may be influenced by a number of dietary, 
physiological, and environmental factors. Since persons who might be exposed to radio
nuclides do not live under carefully controlled and isolated conditions, we are studying some 

factors which have been identified as potentially important determinants of radionuclide 

behavior. This year, we are reporting studies on the effect of pregnancy or lactation on the 
response of the rat to 239pU and on the effect of iron deficiency on the cross-placental 
transfer of 239pU in the mouse. 

INFLUENCE OF PREGNANCY AND LACTATION ON 
RESPONSE OF RATS TO PLUTONIUM 

Investigators: 
D. D. Mahlum, M. R. Sikov, and J. O. Hess 

Rats were injected with 0, 0.5, or 2.0 ~Ci/kg of 239pU before pregnancy, at 19 days of 

gestation, or at 3 days postpartum. Injection of plutonium did not affect subsequent repro
ductive performance, but the incidence of mammary tumors increased. The response to plutonium 
was not altered by pregnancy or lactation. 

We have shown (Annual Report, 1976) that 
the metabolism of plutonium in rats may be 
markedly altered by pregnancy and lactation: 
deposition and retention of Pu in the 
mammary gland and uterus is increased by 
both conditions. (Nidation sites in the 
uterus have a particularly strong affinity 
for the nuclide.) Since enhanced deposition 
in the uterus and mammary gland results in 
a greater localized radiation dose to 
portions of these tissues, we postulated 
that these tissues might show an enhanced 
tumor response. We therefore initiated an 
experiment to determine whether adminis
tration of plutonium during gestation or 
lactation resulted in an increased tumor 
incidence in the uterus or mammary glands. 
We are also examining the effect of subse
quent pregnancies on the response to plu
tonium, as well as the effect of plutonium 
on the breeding performance of the animal. 
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Nulliparous, pre~nant or lactating rats 
were injected with 39pU citrate. Half the 
animals in each group were held for obser
vation without further treatment. Thirty 
days postinjection the other half of each 
group was bred and allowed to deliver. The 
young were weighed and destroyed at 7 days 
postpartum. Dams were rebred until each 
had experienced five pregnancies. 

Although preliminary experiments with 
higher doses had suggested that rats 
injected late in gestation might not breed 
as well as controls, the data from this 
experiment indicated no effect of treatment 
on the number of offspring produced, the 
birth weight, or on the 7-day weight gain 
of offspring. 

Although data for mammary tumor induction 
are incomplete, a summary of the incidence 



and latency to the present time is presented 
in Table 3.33. Plutonium increased the inci
dence and/or decreased the latency of 
mammary tumors in all groups. There appears 
to be no consistent effect of physiologic 
state at time of injection or of rebreeding 
on the mammary tumor response to plutonium. 

There is at present no indication of an 
altered uterine tumor response due to 
plutonium. 

This study will continue until all 
animals die or until they are 30 months of 
age. 

TABLE 3.33. Preliminary Data on Mammary Tumor Incidence and Latency(a) as Influenced by 
239PU Administration to Rats. 

State at Time of Plutonium Injection 

Nulliparous Pregnant (19 dg) Lactating 

Median Median Median 
Dose, Appearance Appearance Appearance 

!lei/kg Bred(b) Incidence Time, Days Incidence Time, Days Incidence Time. Days 

0 3/13 > 492 1/12 > 480 2/11 > 380 

0.5 6/13 > 423 7/12 > 413 10/12 362 

2.0 10/13 272 8/13 344 7/12 > 284 

0 + 4/13 > 407 1111 > 470 2/13 > 480 

0.5 + 4/12 > 404 8/12 > 371 6/13 > 382 

2.0 + 8/14 363 9/15 292 8/9 > 303 

(aJMedian time of appearance after injection with l39Pu or control solution. 
(b)Half the animals were injected with 239PU and held without further experimental treatment; 

the remainder were bred, beginning at 30 days postinjection, until they had experienced a 
total of five pregnancies. Pups were weighed and killed at 7 days of age, dams were 
again bred. 
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TRANSPLACENTAL PASSAGE OF PLUTONIUM IN IRON-DEFICIENT MICE 

Investigators: 
H. A. Ragan, M. I. Pipes, S. L. English, and R. M. Madison 

Technical Assistance: 

E. T. Edmerson, t~. Perkins, J. K. Sweeney, B. Moore, and R. Flores 

Fetuses from iron-deficient dams injected with 239pu citrate contained a higher concentra
tion of plutonium than did fetuses from control dams. 

Previous studies have shown that iron
deficient mice absorb more plutonium by 
gastric gavage, and retain more plutonium 
following intraperitoneal injection than 
control mice. Consequently, it is of inter
est to determine if greater transplacental 
passage of plutonium occurs in iron
deficient dams. 

Female Swiss-Webster mice were weaned at 
~24 days of age and placed on either an 
iron-deficient or control diet. After 
60 days on these diets a male mouse was put 
in each cage of five females, and the day 
of conception was determined by the vaginal
plug method. On day 17 of gestation each 
mouse was administered ~1.0 vCi of 239pu 
citrate by intravenous injection. Twenty
four hours later mice were killed to obtain 
the fetuses and related tissues for radio
analysis and autoradiography. Blood samples 
and spleens were taken from the dams to 
evaluate their body-iron status. The iron
deficient dams were moderately anemic, 
compared to the control dams, and their 
tissue-iron stores were markedly reduced 
(Ta b 1 e 3. 34) . 

Concentrations of plutonium in the 
fetuses, maternal placentas and fetal 
membranes are shown in Table 3.35. Although 
the mean differences between the two iron
status groups were not great, fetuses from 
the iron-deficient dams contained a statis
tically significant (P <0.01) greater 
concentration of plutonium than did those 
from control dams. The highest concentra
tion of plutonium in the fetoplacental unit 
of both groups was in the fetal membranes 
and maternal placentas, with only a small 
fraction crossing into the fetuses. This 
finding was corroborated by autoradiographic 
analyses. 

Numerous studies at this laboratory have 
shown that the highest concentrations of 
plutonium in the fetoplacental unit are in 
extrafetal tissues. From the present study 
it appears that an iron deficiency in the 
dam does not change this distribution. 
However, the higher concentration of plu
tonium in the fetuses of iron-deficient 
dams merits further investigation, since 
iron deficiency is common in women of 
child-bearing age. 

TABLE 3.34. Erythroid Parameters and Histochemical Iron in Iron-Deficient 
and Control Mice at 18 Days of Gestation (mean ± SO). 

VPRC,(a) RBC(b) Hgb'(c) 
mlldl x 1()6/J.l1 gldl 

I ron-Deficient 24.1 ± 3.7 5.86 ± 0.68 9.7 ± 1.0 

Control 37.1 ± 3.8 7.60 ± 0.55 13.2 ± 0.9 

(a) Volume of packed red cells 
(b) Red blood cell concentration 
(c) Hemoglobin concentration 
(d) Mean corpuscular volume of erythrocytes 

MCV,(d) Splenic 
J.l3 Iron(e) 

40.6 ± 2.3 4.8 ± 0.4 

48.8 ± 2.1 0.9 ± 0.8 

(e) Progressive grade: 0 = no stainable iron; 5 = large aggregates of iron 
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TABLE 3.35. 239PU Concentrations (J.LCi x 102/g) in Fetuses and Placental Tissues of lron
Deficient and Control Mice (mean ± SO). 

Fetuses N Placentas N Membranes N 

I ron-Deficient 0.13 ± O.OS(a) 72 9.64 ± 4.44(b) 30 13.67 ± 8.60(c) 30 

Control 0.10 ± 0.02 22 5.80 ± 3.58 9 10.34 ± 4.32 9 

(a)p < 0.01 
(b)p< 0.05 
(c) Not significant 
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• Gut-Related Studies of Radionuclide Toxicity 

This project is concerned with the behavior of radioactive materials of importance in the 

nuclear industry that may be ingested as a consequence of a reactor accident, of unavoidable 

occupational exposure, or after release to the environment and incorporation into the food 

chain. Current emphasis is directed toward evaluating hazards from ingested actinides as a 

function of animal age, animal species, or chemicophysical state of the radionuclide. 

GASTROINTESTINAL ABSORPTION AND RETENTION OF PLUTONIUM-238 

AND URANIUM-233 IN NEONATAL SWINE 

Investigator: M. F. Sullivan 

Technical Assistance: 

L. S. Gorham and B. L. Southward 

Newborn swine absorbed as much as one-half of a gavaged dose of 238pU nitrate within 

6-12 hr, and another one-fourth of the dose was retained in the stomach for up to 24 hr 

after intragastric administration. The small intestine accumulated one-third of the 

dose within 36 hr. Animals gavaged between 5 and 21 days of age absorbed decreasing 

amounts, especially at 14 and 21 days. Absorption of 233U (gavaged as the nitrate) by 

day-old pigs was similar to that of 238PU. 

We have observed (Annual Report, 1977) 
that absorption was an order of magnitude 
greater in neonatal swine than in neonatal 
rats or guinea pigs. Since neonatal swine 
derive all immunoglobulin from intestinal 
absorption of colostrum, and closure of 
the intestine to these macromolecules 
occurs within 36 hr, we considered it of 
interest to learn whether enhanced 238pU 
absorption followed the same time schedule. 
Such information would be useful in pre
dicting possible mechanisms for human 
neonatal plutonium absorption. 

To study the early kinetics of 238pU 
passage through and across the GI tract, 
nitric acid solutions of 238pU were 
adjusted to pH 1.5 by dilution, and 
gavaged in a 1.0-ml volume, 400 ~Ci/kg. 
After 6, 12, 24, and 36 hr, pairs of 
neonatal pigs were necropsied and segments 
of the ileum prepared for autoradiography. 
Radiochemical measurements of the Pu 
concentration in various organs are shown 
in Table 3.36. These data show that gastric 
emptying is not complete in this species 
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until 1 day after gavage. They also show 
an accumulation in the small intestine and 
skeleton that is inversely related to 
gastric emptying. The skeleton to liver 
plutonium ratio, 14:1, was higher than is 
usually observed in adult animals. 
Results of autoradiography suggest binding 
of plutonium to protein during passage 
from the lumen of the intestine to the 
mucosa; there is a concentration of 238pU 
around globules in the apical region of 
the columnar absorption cells and in the 
central lacteal region, where protein is 
concentrated in the neonatal swine. 
Analysis of blood (Table 3.36) indicates a 
higher early concentration in red blood 
cells than in plasma « 12 hr), which 
later decreases. The high concentration 
in the skin at 12 hr may be due to protein 
storage at that site. 

To determine the duration of this high 
de~ree of intestinal permeability to 
23 Pu, groups of swine were gavaged at 5, 
10, 14, and 21 days after birth, and 
killed a week later. These data (Table 3.37) 



TABLE 3.36. Plutonium Distribution in Newborn Pigs Administered 23Bpu Nitrate 
(400 /.lCi/kg) 2 hr after Birth and Killed at Intervals Thereafter. 

Percent of Administered Dose at Time Indicated 

Tissue 6 hr 

Lung 0.6 ± 0.1(a) 

Liver 1.5 ± 0.2 

Skeleton 19.0 ± 1.0 

Muscle 9.2 ± 0.8 

Blood (Total) 4.6 ± 0.2 

Blood (RBC/ml) 3.9 ± 0.02 

Blood Plasma/ml 0.7 ± 0.2 

Stomach 2.8 ± 1.0 

Small Intestine 12!: 2 

Small Intestine Content 2.2 ± 0.1 

Stomach Content 28 ± 6 

Large Intestine and 18 ± 1.5 
Content 

Skin 5.7 ± 0.3 

Total Absorbed 34.9 

Total (including GI tract, 103.6 
GI tract content and skin) 

(a) Average of 2 animals ± SEM 
(b) One blood specimen not centrifuged 

show that at 5 days, absorption is reduced 
to about one-fourth of that at 1 day 
(compare Table 3.36), but retention in the 
intestine continued for at least another 
week. Thus, closure of the intestinal 
mucosa had not occurred for 2 wk after 
birth, but movement of 238pu from mucosa 
to blood decreased markedly. By 21 days, 
both processes had further diminished but 
retention was still two orders of magni
tude higher than for adult swine. 

Nine l-day-old swine from the same 
litter were gavaged with a nitric acid 
solution (pH 2) of 233U nitrate, then 
killed in groups of three after 12, 21, 
and 25 days. The majority of retained 
233U was in the skeleton (Table 3.38). The 

12 hr 24 hr 36 hr 

0.5 ± 0.04 0.4 ± 0.Q2 0.2:t 0.1 

1.9 ± 0.3 2.8 ± 0.1 3.0:t 0.1 

16 ± 7 20 ± 14 35 ± 3 

11 ± 2 3 ± 2 8 ± 4 

3.9 ± 1.6 0.5 ± 0.3 0.4 ± 0.1 

2.7 ± 1.5 0.3(b) 0.2 :t 0.01 

1.2 ± 0.1 0.4 0.2:t 0.1 

0.9 ± 0.2 0.2 ± 0.1 0.06 ± 0.003 

12 ± 1 23 ± 4 32:t 5 

1.6 ± 0.8 1.3:t 0.6 0.8:t 0.2 

26.3 ± 5 16:t 6 2.81.0.1 

10.8 ± 4.1 10:t 6 5 ± 3 

18 ± 4 2.1 :t 0.2 2 ± 0.2 

33.3 26.2 46.6 

102.9 78.8 89.3 

skeleton to liver ratio was much higher 
than for plutonium. The percentage of 
233U in the kidneys was 25 times higher 
than for plutonium. 
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These results show that both plutonium 
and uranium are efficiently absorbed by the 
intestine of the newborn pig; that absorp
tion occurs within a few hours after 
gavage; and that retention time for the 
stomach is 1 day, while in the small 
intestine it is a few weeks. The interval 
of enhanced absorption is much longer 
than the reported 36-hr closure time of 
the intestine for protein absorption. 
Further study of the mechanism of Pu 
transport across the neonatal swine 
intestine is in progress. 



TABLE 3.37. Retention of 238PU in Neonatal Swine Gavaged with 238PU Nitrate at Intervals After 
Birth and Killed 1 Week Later (percent of gavaged dose) ± SEM. 

Age at Gavage, days 5 10 14 21 

Dose, /.lCi/kg 14 7 4 4 

No. of Pigs 2 2 4 3 

Tissue Percent of Gavaged Dose, ± SEM 

Lung 0.1 ± 0.03 0.05 ± 0.005 0.02 ± 0.003 0.003 ± 0.0002 

Liver 1.5 ± 0.03 0.8 ± 0.2 0.3 ± 0.1 0.1 ± 0.01 

Skeleton 8.7 ± 0.3 4.2 ± 0.1 1.5 0.2 ± 0.03 

Muscle 1.2 ± 0.6 0.3 ± 0.002 

Small Gut 51 ± 1 40 ± 1 6.5 ± 2.7 0.05 ± 0.01 

Large Gut 2.5 ± 1.2 1.6 ± 0.2 

Gut Content 11 ± 2 14.8 ± 1 25.3 ± 5.4 0.3 ± 0.1 

Kidney 0.03 ± 0.003 0.05 ± 0.01 0.03 ± 0.01 0.002 ± 0.001 

Spleen 0.01 ± 0.001 0.005 ± 0.0002 0.001 ± 0.0002 0.0003 ± 0.00003 

Heart 0.01 ± 0.001 0.004 ± 0.0002 0.001 ± 0.0003 0.0003 ± 0.00003 

Testes 0.002 ± 0.0003 0.004 ± 0.003 0.0002 ± 0.0001 

Skin 0.09 ± 0.004 0.11 0.03 ± 0.01 0.02 ± 0.01 

Total (minus skin, GI 11.5 5.4 1.9 0.3 
tract and its contents) 

Total (including skin, 76.1 61.9 33.6 0.7 
GI tract, and its contents) 

TABLE 3.38. Distribution of Uranium-233 in Neonatal Swine Gavaged with 
23 ilCi/kg of 233U Nitrate at 1 Day After Birth. 

Time Until Necropsy 
(Days After Gavage) 12 21 25 
No. of Pigs 3 3 3 

Tissue Percent of Gavaged Dose, ± SEM 

Lung 0.04 ± 0.01 0.15 ± 0.11 0.03 ± 0.001 

Liver 0.33 ± 0.09 0.33 ± 0.09 0.4 t 0.02 

Skeleton 32 ± 5 33 ± 2 33.2 ± 2.7 

Muscle 1.6 ± 0.2 2.8 ± 1.1 1.6 ± 0.3 

GI Tract 4.1 ± 1.6 1.7 ± 0.5 1.2 ± 0.1 

GI Tract Content 8.7 ± 4.7 0.07 ± 0.02 0.03 ± 0.001 

Kidney 1.2 ± 0.1 1.5 ± 0.3 1.3 ± 0.1 

Spleen 0.005 ± 0.001 0.01 ± 0.001 0.004 ± 0.0004 

Heart 0.005 ± 0.001 0.01 ± 0.001 0.003 ± 0.0004 

Testes 0.002 ± 0.001 0.003 ± 0.001 0.002 

Skin 0.2 ± 0.04 0.13 ± 0.013 0.09 ± 0.01 

Total (minus skin and 35 38 37 
GI tract content) 

Total (including skin, 48 40 38 
GI tract and its content) 
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INFLUENCE OF OXIDATION STATE ON THE ABSORPTION OF PLUTONIUM 
FROM THE GASTROINTESTINAL TRACT 

Investigators: 
M. F. Sullivan, J. L. Ryan(a), L. S. Gorham, and K. M. McFadden(b) 

Technical Assistance: B. Southward 

Rats and guinea pigs treated intragastrically with either IV- or VI-valent 238pU showed no 

appreciable difference in absorption. Nitric acid solutions of 239pU (pH 2) were also 
administered to fasted and fed rats. When an oxidant (K2Cr207) was present in the solution 
gavaged to fasted rats, absorption increased 34-fold. However, when 239pU VI was administered 
to fed rats in the absence of dichromate, there was no appreciable difference between the 
absorption of 239pU VI and 239pu IV. 

Previous data from this laboratory 
(Weeks et al., Radiat. Res. 4:339, 1956) 
demonstrated that gastrointestinal 
absorption of 239pU VI was a 1000-fold 
higher than that of 239pu IV. Since the 
oxidation state that usually exists for 
plutonium under environmental conditions 
is the quadrivalent form, permissible 
concentrations are based on the transport 
characteristics of that state. The obser
vation of Larson and Oldham (Science 201: 
1008, 1978) that concentrations of chlorine 
present in chlorinated drinking water were 
capable of oxidizing Pu IV to Pu VI indica
ted a need for further information about 
the behavior of ingested hexavalent plu
tonium. 

Rats and guinea pigs were gava~ed with a 
nitric acid (pH 2) solution of 238pu VI 
extracted from a mixture of oxidation 
states with 2-thenoyltrifluoro-acetone 
(TTA) and maintained as Pu VI by addition 
of ceric sulfate (2.3 x 10- 5 M). Figure 3.36 
shows the data obtained by intragastrically 
administering a solution containing 20 ~Ci/ml 
to rats (0.5 ml) or to guinea pigs (1.0 ml) 
and subsequently analyzing the liver, 
skeleton, and urine for 238pU content. 
There was no difference between the absorp
tion of 238pU IV and 238pU VI by rats, but 
there was a 50% increase (+ 0.4 SD) for the 
absorption of 238pU VI by guinea pigs. 
Since these animals were all fed ad libitum, 
and the earlier data was obtainediafter 

(a)Chemistry Technology Department 
(b)EcOSystems Department 
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FIGURE 3.36. Absorption of 2l6pu Nitrate from the 
Gastrointestinal Tract of Rats or Guinea Pigs. 
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gavage of fasted rats with 239pu VI that 
was oxidized with K2Cr207, an additional 
study was done under similar conditions to 
evaluate the effect of the oxidant, of 
fasting, and of 239pu. A freshly purified 
solution of 239pu nitrate was oxidized to 
the hexavalent state with ozone, and a sub
lethal concentration of dichromate was 
added. 

Data obtained from the experiment with 
gavaged 239pU are compared in Figure 3.37 
with the previous Pu VI and 239pu IV trans
port data. The presence of dichromate in 
the 239pU nitrate solution resulted in a 
sixfold increase; fasting resulted in a 
similar increase. When a 239pu VI nitrate 
solution containing dichromate was gavaged 
to fasting rats, absorption increased 
34-fol d + 7.1 SO. In the absence of 
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dichromate, absorption of hexavalent 239pu 
by fed animals was only about one order of 
maqnitude higher than that obtained for 
238pu IV (0.004%). 

Absorption of 239pu VI was not as great 
as that obtained in previous experiments, 
perhaps because the pH was higher (1 vs 2), 
or because the dichromate concentration was 
lower. However, the experiments clearly 
demonstrate that the presence of an oxidizing 
agent and reduced intestinal content increase 
transport across the rat GI tract. The 
experiments also suggest that under ordinary 
nutritional conditions Pu VI would be 
reduced to Pu IV by gut contents, and that 
permissible intake limits should not be 
calculated on the assumption that Pu VI 
will remain oxidized. 
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FIGURE 3.37. Absorption of 239PU Nitrate from the Gastrointestinal Tract of Fasted 
or Unfasted Rats. 
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GASTROINTESTINAL ABSORPTION AND RETENTION OF THORIUM-228 
IN ADULT AND NEONATAL RATS 

Investigators: 
M. F. Sullivan and N. A. Wogman(a) 

Technical Assistance: 
L. S. Gorham and B. L. Southward 

Adult rats retained 0.025% and neonates, 1.2%, of 228Th nitrate administered intragas

trically. Almost all of it was deposited in muscle in both age groups. 

Our previous studies (Annual Reports, 
1975-1977) on actinide absorption by adult 
and neonatal rats indicated that the major 
fraction retained at 1 week after treat
ment was deposited in the skeleton and 
liver. Neonates also retained a large 
fraction with-in the mucosa of the lower 
small intestine. To determine if 228Th 
behaved similarly to the other actinides, 
adults received 2.0 ml and 2-day-old rats, 
0.1 ml of a nitric acid solution con
taining 1 ~Ci 228Th/ml and 80 ~g of carrier 
232Th. The solution was adjusted to pH 2 
with dilute NaOH immediately before gavage. 
Excreta were collected from the adults for 
7 days. Urine, feces and tissue samples 
from adults and neonates were wet-ashed and 
counted for alpha radioactivity by scintil
lation spectrometry. Containers were 
sealed to allow for equilibration with 
thorium daughter products and recounted a 

(a) Physical Sciences Department 

month later. Aliquots were also removed 
and counted for photon emission on a multi
channel analyzer, using the 212Pb photopeak. 

Results of these analyses are shown in 
Table 3.39: Only about 1/5 of the activity 
absorbed was retained in liver and skeleton 
or excreted in urine. Four times as much 
was retained in the muscle of adult rats. 
This was an unexpected finding since 
thorium is classified as a bone-seeking 
isotope. Retention in the liver and 
skeleton of neonates was only about 4% of 
the retained radioactivity. 

These data show that 228Th, like the 
other actinides, is absorbed more effi
ciently by neonates than adults, but the 
distribution of retained 228Th is markedly 
different from that of the other actinides. 

TABLE 3.39. Absorption of Thorium-228 Nitrate from the Gastrointestinal Tract of Adult and Two-Day Old Rats. 

228Th Content as Percent of Gavaged Dose at 7 Days After Administration ± SEM 

Intestine 
No_ of Total 

Age Rats Skeleton liver Wall Content Carcass Muscle Urine Retained(a) 

Adult 6 0.0014 ± 0.0002 0.0003 ± 0.0001 0.024 ± 0.002 0.003 ± 0.00001 0.025 

Neonate 11 0.0440 ± 0.0085 0.0077 ± 0.0020 6.79 ± 0.54 4.99 ± 0.62 1.203 ± 0.071 1.2117 

(a)'The retained 228Th does not include that in the wall or in the contents of the intestine. 
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ABSORPTION AND RETENTION OF PLUTONIUM-238 NITRATE AND 
OXIDE IN NEONATAL SWINE AFTER INHALATION 

Investigators: 
M. F. Sullivan, E. F. Blanton, and J. P. Herring 

Technical Assistance: 
L. S. Gorham, B. L. Southward, and E. J. Rossignol 

Measurements of retention of plutonium in swine exposed to either 238pU nitrate or oxide 
at 1 day of age and killed at 1 hr postexposure indicated that 38% and 52%, respectively, of 
the administered dose was initially deposited in the lung. Less than one-half that amount 
remained in the lung after 1 or 2 wk. At 7 days, most of the 238pu inhaled as the nitrate 

was retained in the gut. Retention of the oxide in gut at 7 days was about 10% of the 
inhaled dose. 

The 1977 Annual Report contained data 
on the permeability of the newborn swine 
intestine to gavaged 238pu nitrate. 
Further information on the duration of 
that permeability is provided elsewhere in 
this Annual Report. Since a major fraction 
of inhaled plutonium traverses the gut as 
a result of clearance from the lung, and 
from swallowing during exposure, it seemed 
probable that absorption from the gut 
might make the inhalation route more 
hazardous to the neonate than to the 
adult. We therefore exposed day-old swine 
to aerosols of 238pu nitrate (mean AMAD, 
0.4 vm; mean GSD, 2.2) and 238pU oxide 
(mean AMAD, 2 vm; mean GSD, 1.8). A few 
animals from each litter were killed 
immediately (1 hr) after exposure to 
determine the dose deposited and its 
distribution. The remaining animals were 
killed at 7 and 21 days. 

The distribution of 238pu retained 
after the various intervals is shown in 
Table 3.40. More of the plutonium adminis
tered as the oxide was deposited in the 
lungs initially, but by 1 week, about the 
same percentage of the dose remained for 
either chemical form. There seemed to be 
no further clearance of the 238pU adminis
tered as the oxide by 21 days. Much of the 
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238pU inhaled as the nitrate, initially 
found in the GI tract, and an additional 
quantity, cleared from the lungs, was still 
in the wall of the small bowel at 7 days. 
This finding is similar to the results 
after gavage with that compound (Annual 
Report 1977, 1978). Much less of the more 
insoluble oxide was retained in the gut 
wall, but a substantial amount was in the 
gut content--probably as a result of clear
ance from the lung or from the upper GI 
tract, where it had been retained in the 
mucosa. 

Table 3.41 compares the distribution of 
238pU after gavage with the distribution 
after inhalation. Retention in skeleton 
and soft tissues other than lungs was 
about 10-fold higher after inhalation than 
after gavage. While some of the Pu in the 
carcass may have been due to absorption 
directly from the lungs, the amount 
retained in the gut wall and contents must 
have resulted from lung clearance and 
swallowing. This su~gests that some 
solubilization of 23 Pu oxide occurred 
after inhalation, resulting in an increased 
absorption from, and retention in, the GI 
tract. 



TABLE 3.40. 238PU Distribution in Neonatal Swine at Intervals After Inhalation. 
Exposure 

Percent of Body Burden at 1 hr. This does not include amount 
deposited on skin. (Number of pigs in parentheses.) 

2J8PU Nitrate (1.2 !lCi/pig) 2J8PU Oxide (8.3 !lCi/pig) 

(2) (3) (2) (2) (2) 
Tissue 1 hr 7 days 1 hr 7 days 21 days 

---
lung 38 18 53 18 20 

liver 0.2 7 0.02 0.3 0.7 

Skeleton 12 0.8 1.1 

Femur 0.1 0.6 0.02 0.04 0.07 

Head 25 9.6 

Carcass (minus head) 3.5 2.7 

Muscle 5.0 0.7 0.3 

Stomach 31 25 

Small Gut 2 41 9.7 5.6 2.1 

large Gut 0.6 3.5 0.8 4.3 2.1 

Kidney 0.5 0.02 0.03 

Spleen 0.2 0.02 0.02 

Heart 0.1 0.001 0.01 

Blood 1.5 0.1 0.001 0.001 

Testes 0.1 

Skin 20 3.4 21 15 20 

Gut Content 10 12 

Total (minus skin 101 87 101 30 26 
and gut content) 

Total (including skin 121 101 122 57 46 
and gut content) 
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TABLE 3.41. Distribution of 236PU 7 Days After Administration. 
of 236PU Oxide to Day-Old Swine by Gavage or Inhalation 

Percent of Administered Dose 

Tissue Gavage Inhalation 

Dose-22 /-LCi (6) Dose 8/-LCi (2)(a) 

Lung 0.01 18 

Liver 0.02 0.3 

Skeleton 0.06 0.8 

Muscle 0.07 0.7 

Small Intestine 0.7 5.6 

Large Intestine 0.6 4.3 

Gut Content 2.5 12 

Kidney 0.01 0.02 

Spleen 0.002 0.02 

Heart 0.001 0.01 

Testes 0.001 

Skin 0.03 15.2 

Total (minus skin 1.5 29.8 
and gut content) 

(a)Number of animals 
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• Removal of Deposited Radionuclides 

The objective of this project is to decrease the damage potential from inhaled, skin-, 
wound-absorbed, or ingested radionuclides. While primarily addressing the need for worker 
protection in the nuclear industry and in the laboratory and cooperating with needs of the 
industrial physician, we are also investigating possible treatment needs arising from expo
sure of larger segments of the population. We are attempting to develop methods that will 
prevent absorption, hasten excretion, improve decontamination, or alter translocation of the 

radionuclides so as to minimize radiation dose to sensitive tissue. 

PHAGOCYTOSIS OF 241 Am02 BY PULMONARY MACROPHAGES IN VITRO 

Investigators: 
A. V. Robinson and R. P. Schneider 

Technical Assistance: L. M. Butcher 

A method has been developed for separating macrophages from nonphagocytized actinide oxide 

particles after incubation of suspensions of cells and actinides. It involves increasing the 
density of the suspension medium with albumin and centrifuging to pellet the.actinide and 
float the cells. Using this procedure, we have found that phagocytosis is ·increased by the 
presence of albumin and that a constant proportion of available particles is taken up by the 
cells from 0.07 to 0.86 ~Ci/ml suspensions of 241Am02' 

Particulate forms of actinides reaching 
the lung are phagocytized by macrophages 
and sequestered in phagolysozomes. This 
sequestered material is largely inaccessible 
to the chelator, DTPA, currently used in 
the treatment of inhaled or ingested actin
ide. We are developing an in vitro culture 
system to assess the toxicity of actinides 
and various chelating agents to macrophages 
and the ability of the chelating agents to 
solublize phagocytized actinide particles. 
Previous reports (Annual Reports, 1975, 
1976, 1977) described initial survival 
data, cell culture, and cell-loading tech
niques. 

To make an accurate assessment of uptake 
and measurement of subsequently solubilized 
actinide without high background activity 
due to unphagocytized actinide, it is 
necessary to separate the macrophages from 
unphagocytized particles. This report will 
describe the development of a method to 
achieve this separation and the use of the 
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method to investigate the effects of media 
composition and time on phagocytosis of 
americium oxide. Figure 3.38 is a flow dia
gram of the technique developed. The cells 
and actinide particles were incubated with 
shaking at 37°C. Following the desired 
incubation period, cells and particles were 
mixed with 2 volumes of ice-cold 35% bovine 
serum albumin (BSA) solution (Pathocyte 4, 
Miles Laboratories) and overlaid with 1 to 
2 ml of saline or Hanks' balanced salt 
solution. This layer was necessary to 
obtain a sharp, stable band of cells after 
the next step, which is 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 
were at the bottom. Cells were then aspi
rated and diluted approximately 2X with 
M-199 salts (10% in rabbit serum [RS]), 
pelleted, and resuspended in appropriate 
media for further manipulation. 
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FIGURE 3.38. Flotation Method of Removing Unphagocytized Am02 from 
Macrophages, 

Results of separating nonphagocytized Am 
from cells by various methods are compared 
in Table 3.42. Data is expressed as % of 
added Am02 associated with cells (after the 
indicated separation method) at two dif
ferent times following incubation. In the 
first case, the americium particles were 
pelleted along with the cells; there was no 
difference in the amount of cell-associated 
americium at 0 hr versus 2 hr of incuba
tion. Addition of a BSA step gradient 
decreased the amount of cell-associated 
americium, but there was no difference in 
cell-associated americium between 0 hr and 
2 hr of incubation. The flotation pro
cedure showed there was 4% of americium 
cell-associated at 0 hr; this rose to 61% 
at 2 hr. Pelleting the same cells with 
americium particles prior to flotation 
resulted in cell-associated americium 
increasing to 81% at 2 hr, an apparent 20% 
overestimate of the ability of the macro
phages to phagocytize Am02' Subjecting the 
same cells to a second flotation did not 
remove any additional Am02' Thus, the 
flotation procedure clearly showed the time 
dependence of the in vitro phagocytic 
activity of the macrophages, and resulted 
in cells free of unphagocytized Am02' 

The phagocytosis of Am02 as a function 
of actinide concentration and incubation 
media was investigated, using the flotation 
procedure. Three levels of activity, 
ranging from 0.07 to 0.86 ~Ci/ml of incu
bation media, and three different incuba
tion media (Hanks' salts, Hanks' + 10% RS, 
and Hanks' + 4% BSA) were used for a 2-hr 
incubation. Data in Figure 3.39 show Am02 
uptake to be a simple linear function of 
its concentration in the incubation media. 
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Among the media, Hanks' salts exhibited the 
lowest uptake, followed by Hanks' + 10% RS, 
and Hanks' + 4% BSA. Use of 4% BSA instead 
of 10% RS, for example, achieved the same 
amount of Am02 in macrophages from sus
pensions with 40% lower actinide incubation 
concentrations. This is important because 
it reduces secondary radiation effects in 
the media and direct radiation damage from 
extracellular Am02 during the loading 
phases of the experiment. 

For each medium, a characteristic percent 
of added Am02 was taken up, regardless of 
incubation dose. This may be a reflection 
of the various rates of phagocytosis and of 
the 2-hr sample time. It may also have 
resulted from cell injury or the depeletion 
of available Am02' To test these hypothe
ses, an experiment was performed with 
incubation at two different cell concentra
tions (1.4 x 106 cells/ml and 6.6 x 10 6 

cells/ml), and one Am02 concentration 
(0.11 ~Ci/ml). Cells and medium were 
subjected to the flotation procedure, and 
the amount of cell-associated Am02 was 
calculated as a function of time. Data 
showed that the higher concentration of 
cells attained maximum uptake of Am02 by 
2 hr, while the lower concentration of 
cells was still phagocytizing at the end of 
3 hr. The latter attained approximately 
twice the final activity per cell as did 
the higher concentration of cells, indi
cating that the phagocytic ability of the 
cells was not impaired over the 3-hr time 
period examined. It also supports the 
notion that 2-hr uptake is a measure of 
available phagocytizable Am02' not a mea
sure of rate of uptake. 



(a) Celis and americium spun down together (10 min at 
350 X g), supernatant aspirated and discarded, and 
pellet resuspended. 

(b) Celis and americium layered on a two-step gradient of 
6% BSA on 22% BSA. Sample spun at 350 X g for 10 min 
and celis recovered at interface between 6% and 22% 
BSA. 

Since BSA is known to stimulate pino
cytosis in macrophages, such stimulation is 
a likely explanation of the apparent 
increase in the AmOz uptake when cells were 
incubated in BSA, resulting in increased 
uptake of small particles. Investigations 

3.101 

o 
0.6 0.8 1.0 

INCUBATION DOSE, IlCilml 

FIGURE 3.39. Medium and Dose Dependence of In Vitro 
Uptake of AmOl in Rabbit Alveolar Macrophages. 

are underway to more closely define the 
size of the fraction taken up by the macro
phages under these in vitro conditions. 
The toxicity of the phagocytized AmOz to 
macrophages is reported elsewhere in this 
Annual Report. 



IN VITRO DOSE-RESPONSE OF MACROPHAGES TO 239pU02 AND 241 Am02 

Investigators: 

R. P. Schneider and A. V. Robinson 

Technical Assistance: 

L. M. Butcher and S. Baker 

As part of a study designed to examine various means of solubilizing actinide particles 

within macrophages, we have measured the in vitro effects of 241Am02 and 239PU02 on these 

cells. Dose distribution within the cell population was estimated by autoradiography and 
compared to cell detachment as a function of time. The 241Am02 and 239PU02 were toxic in 

proportion to their radioactivity rather than their mass. Approximately 385 intracellular 

disintegrations are required from either radionuclide to cause cells to detach from the flask 

surface. 

Macrophages containing actinide particles 
are being cultured for in vitro studies of 
actinide intracellular solubility, and to 
evaluate methods for increasing their 
removal from the lung. 

In the course of these studies, it was 
necessary to relate intracellular dose 
levels of 241Am02 and 239PU02 to detachment 
of the cells from culture flasks. This 
parameter is a measure of cellular integrity, 
since cells that detach are either dead or 
nonfunctional, and die after release. When 
treatments are tested, the cell detachment 
rate, compared with that in the absence of 
treatment, gives an indication of treatment 
success or possible cumulative effect 
(toxicity) . 

Rabbit alveolar macrophages were incu
bated for 2 hr with 3.1 vCi/ml of 241Am02 
or 0.6 vCi/ml 239PU02' Filtration of the 
241Am02 suspension showed that 71%, 77%, 
81%, and 100%, respectively, of the sus
pension passed through Nucleopore filters 
with pore sizes of 0.1 vm, 0.4 vm, 1.0 vm, 
and 5.0 vm. Electron microscopy revealed 
that the 239Pu02 particles had a count 
median diameter of 0.14 vm and a mass 
median diameter of 0.57 vm. Cells incu
bated with 241Am02 were separated from the 
unphagocytized particles of radionuclide by 
means of density gradient centrifugation 
(Robinson and Schneider, this Annual Report). 
Cells exposed to PU02 were centrifuged to a 
pellet, resuspended, and placed in culture 

3.102 

flasks. The cells remalnlng attached after 
exposure to both radionuclides were counted 
daily for 3 days. 

Prior to culturing, samples of cells 
were smeared on microscope slides, dipped 
in emulsion and autoradiographed. Smears 
were then observed by light microscopy and 
the number of alpha tracks in each of 200 
individual cells were counted. A plot of 
the percentage of cells which contained 
from 0 to 30 tracks shows that cells 
exposed to Am02 phagocytized more radio
activity than those exposed to PU02 (Figure 
3.40). When there were >30 tracks in 
a cell, it was impossible to be certain of 
the exact number; thus these cells were 
counted simply as containing >30. About 
10% of the cells from each suspension 
contained more than 30 tracks. 

As a working hypothesis, we assumed a 
simple relationship, i.e., that cells will 
detach from the flask when they have accu
mulated a sufficient number of intracellular 
disintegrations. The number of disintegra
tions required to release the cells from 
the flask surface was estimated by comparing 
the percentage of the cell population that 
accumulated a fixed number of disintegra
tions to the percentage of the cells that 
released with time. Using the data shown 
in Figure 3.40, the percentage of cells that 
accumulated 20, 30, 40, 50, 60, and 70 
tracks from 241Am02 was calculated for 1, 
2, and 3 days of culture and plotted as a 
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FIGURE 3.40. Percentage of 200 Macrophages Con
taining from 1 to 30 Observable Alpha Tracks. Cells 
were exposed to 3.1 MCi/ml 241Am02 and 0.61lCilml 
2J9PU02' Autoradiographic exposure was 16 hr for AmOr 
exposed and 24 hr for 2J9Pu02-exposed cells. 

function of time (Figure 3.41). This calcu
lation generates a family of curves, with 
one describing the percentage that accumu
lated each number of tracks selected. The 
curve describing the percentage of cells 
that detached as a function of time falls 
between the 60- and 70-track lines, suggest
ing that the number of distintegrations 
equivalent to 60-70 tracks is that required 
to cause cell detachment. 

A similar plot of accumulated tracks and 
percentages of cells which detached for 
those containing 239pu02 (Figure 3.42) shows 
that the detachment curve falls between the 
40- and 50-track curves. Due to errors 
inherent in the counting of alpha tracks, 
it is probable that the correlation between 
alpha tracks and cell release is the same 
for the two nuclides, i.e., the mean number 
of disintegrations from either emitter 
required to generate about 50 tracks cause 
cell release. This suggests that the 
toxicity of the two isotopes is due only to 
radiation, since the specific activity of 
241Am is 44 times that of 239pu; and the 
energies of the alpha particles are about 
the same: The cells in the 241Am02-
culture contained more radioactivity than 
those containing PU02 (Figure 3.40) and accu
mulated radiation more rapidly (steeper 
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curves in Figure 3.41 compared to Figure 
3.42). In both cultures the slope of the 
detachment curves increased relative to the 
track accumulation curves between 2 and 
3 days. Apparently, a hypothesis describing 
cell injury that depends only on the accumu
lation of intracellular disintegrations is 
not sufficient to fully explain the data. 
The track-accumulation curves underestimate 
the injury to cells between the second and 
third day, suggesting that injury is time
dependent as well as dose-dependent. 

The exact counting efficiency of the 
autoradiographic system is unknown, hence 
the number of disintegrations per cell can 
only be estimated from the track-counting 
data. The autoradiographic emulsion used 
was 2-5 ~m in thickness, suggesting that 
the efficiency was relatively low (~13%), 
as reported by Sanders (Health Phys. 
22:391 [1972J). By counting an aliquot of 
the 241Am02-exposed cells by liquid scintil
lation after separation of particles and 
cells, we ascertained that the mean dose 
per cell was 230 disintegrations per day. 
To compare this number to that ascertained 
by autoradiography, the cells that contained 
too many tracks to count were assumed to 
have 30 tracks. The resulting average 
number of tracks counted per cell (Figure 
3.40) was 14.4 from a 16-hr autoradiographic 
exposure, or 22 per cell per day. Assuming 
an efficiency of 13%, this number of tracks 
is equivalent to 169 distintegrations per 
day per cell. The difference between 169 
and the mean measured by liquid scintilla
tion (230) can be accounted for by assign
ing a mean of 118 tracks per cell per day 
to the cells that could not be counted 
because they contained over 30 tracks. 
This is a reasonable number, and suggests 
that an efficiency of 13% is also a reason
able estimate. The number of disintegra
tions that would generate the 50 tracks 
required to detach a macrophage is about 
385. The uncertainty in this estimate 
results primarily from the estimate of 
counting efficiency, since the correlations 
between tracks and cell detachment for 
241Am02 and 239pu02 were in good agreement. 

These studies enable us to predict the 
effects of intracellular actinides and, as 
a result, to load the cells with the maxi
mum amount of actinide for solubility 
studies without killing them. Although 
most measurements of solubility consist of 
lysing the cells with detergents and ascer
taining filterability of the resultant 
solution, we will also use these autoradio
graphic techniques to estimate changes of 
various solubilizing agents on the dose 
distribution within the cell population. 
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EFFECTS OF ORALLY ADMINISTERED 2, 3-DIHYDROXYBENZOIC ACID 
IN THE EXCORPORATION OF Am AND Pu FROM THE RAT 

Investigators: 

V. H. Smith and R. A. Gelman 

Oral administration to rats of 2,3-dihydroxybenzoic acid (DHB) increased Pu excretion in 
treated rats when administered after PU(N0 3)4 was injected intramuscularly. Such treatment 
had no effect on intramuscularly injected Am(N0 3)3 and did not enhance concomitant DTPA 
therapy. Oral DHB had no beneficial effect on removal of tightly bound Pu and Am in the rat. 

During the last reporting period, orally 
adllli ni stered DHB was tested for its abil ity 
to remove Pu from rats (Annual Report, 
1977). Results warranted further tests to 
confirm its efficacy. Female Sprague
Dawley rats, average weight 34D g, were 
injected intramuscularly with 0.99 ~Ci of 
a mixture of Pu and Am in 10 ~l of 0.1 M 
nitric acid. The Pu in this mixture was 
made up of 238pu and 239pu in proportions 
such that the Pu half-life was equivalent 
to that of 241Am. This was done so that 
equal activity, equal moles and almost 
equal mass of each actinide was injected. 
Results, measured in activity units, are 
directly interpretable in terms of moles, 
without further calculation. Treatment 
regimens are shown in Table 3.43. 

Excreta were collected from rats in 
groups 1, 3-5, and 7-1D during the treatment 
periods. Kidneys, liver, femur, and 
muscle of the injected leg were radio
analyzed. Tissues and excreta were muffled, 
taken up in 2M HN0 3, and a portion was 
counted in a scintillant to measure total 
alpha radiation rate. Another portion was 
counted in a scintillant specific for Pu. 
Americium content was determined by sub
tracting the Pu count rate from the total 
alpha results. Tests had shown cross
interferences of the two nuclides under 
these conditions to be <0.1% as ratio of 
Am; Pu varied from 0 to 5 at a count rate 
of 20,DOO dpm for 5 min. 

TABLE 3.43. Treatment Schedule and Animal Survival. 

Prompt Treatment 

Treatment(a) Treatment Sacrifice Time, Animals 
Times Post- days after Surviving 

Intra- Radionuclide Radionuclide to 
Group Oral peritoneal Administration Administration Sacrifice (b) 

A S 18 6/8 

2 B 1/4,4,8 hr then 18 5/8 

3 C 
2X/d on d 2-9, 

18 6/8 and 12-15, 
4 C D inclusive 18 6/8 

5 D 18 8/8 

(a) Treatment A: 120 mg NaHC03 + 5 mg ascorbic acid in 3-ml solution 
Treatment B: Treatment A + 1 mmol DHB/kg in 3-ml solution (lo-DHB) 
Treatment C: Treatment A + 4 mmol DHB/kg in 3-ml solution (Hi-DHB) 
Treatment D: 0.02 mmol Ca- or Zn-DTPA in l-ml solution intraperitoneally; 

Zn-DTPA used after day 7 
Treatment S: 0.9% NaCI, 1 ml 

(b) Rats died from catheter misplacement in the trachea during attempted 
gavage. 
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In the prompt treatment studies, at 
4 mmol/kg per treatment (Hi-DHB), DHB 
caused a slight decrease of Pu in tissue 
and an increase of Pu in urine, but it had 
no effect on Am, in comparison to controls 
(Table 3.44). Lo-DHB treatment resulted in 
no effect. Treatment with oral DHB 
combined with intraperitoneally injected 
DTPA had the same effect as DTPA alone. 
Contrary to expected behavior, Am was 
removed from the injection site more 
slowly than Pu in non-DTPA-treated rats. 
Control rats and those treated with DHB 
also received ascorbic acid and NaHC0 3 
orally, a treatment that may be partially 
responsible for the failure of Am to leave 
the injection site at a greater rate than 
Pu. For both radionuclides, deposition in 
skeleton and excretion rates in controls 
were as expected. 

Rats that received delayed DHB treatment 
(Table 3.43) had been treated earlier with 
DTPA to mimic the human clinical situation, 
where DTPA is given promptly after exposure, 
then occasionally thereafter. In that 
case, a convenient, though marginally 
effective, oral treatment might be useful 

since DTPA removal effectiveness decreases 
when the transuranic is tightly bound in 
tissue. Results from the delayed treatment 
are shown in Table 3.45. The amount of 
radionuclide remaining in rat tissues after 
the early treatment with DTPA is shown for 
the controls sacrificed at 17 days (Group 6), 
just prior to the second course of treatment. 
Further treatment with DHB or DTPA enhanced 
by 4 times the Am and by 8 times the accu
mulated amount of Pu excreted in the 
urine of control animals. DTPA caused some 
decrease of radionuclide content in the 
soft tissues. Because of an error in caging, 
only the tissue and excretion results from 
one rat treated with DHB plus DTPA (Group 8) 
is reported in Table 3.45. While the tissue 
content of Am and Pu is below that of the 
other treatment groups and seems to support 
the mixed ligand effect observed by Schubert 
for Pu removal by DTPA plus salicyclic 
acid (SA) (Nature 275: 311-313, 1978), 
there is no reflection of the enhanced 
radionuclide removal in the excreta. A 
mixed ligand effect in vivo might be expected 
since DHB differs from SA only by an addi
tional hydroxyl group. 

TABLE ].44. Percent(1) of Intramuscularly Injected Am or Pu in Rat Tissues at 
Necropsy and in Excreta Collected for 18 Days After Treatments. 

Treatment GroupS(2) 

Group No. 2 3 4 5 

Location Nuclide Controls Lo-DHB Hi-DHB DHB + DTPA DTPA 

Kidneys Am 1.7a 2.1a 1.6a 0.26b 0.20b 
Pu 1.1a 0.97a 0.58b 0.24c 0.32c 

Injection Site Am 44a 45a 50a 3.9b 5.9b 
Pu 23a 21a 15b 6.4c 8.7c 

Liver Am 11a 9.4a 10a 0.46b 0.38b 
Pu 5.3c 4.5a 3.3b 0.46c 0.57c 

Skeleton Am 19a 21a 16a 1.3b 1.1b 
Pu 53a 59a 40b 4.8c 5.5c 

Urine(3) Am 7.1 8.8 86 82 
Pu 2.3 16 62 60 

Feces(3) Am 13 10 9.5 12 
Pu 6.8 18 15 8 

(1)Means in the same row with the same letter do not differ according to Duncan's 
New Multiple Range Test at the 5% significance level. 

(2)Treatments are as described in Table 3.43 for Groups 1, 2, 3, 4 and 5. 
(3)Excreta were collected from each group. Results of radionuclide assay were 

divided by the number of animals to give the values in this table, and are thus 
not amenable to statistical evaluation. 
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TABLE 3.45. Percent(l) of Intramuscularly Injected Am or Pu in Rat Tissues 1-42 Days After 
Nuclide Administration or Excreted During Treatment Period. 

Treatment Group(2) 

Group No. 6 10 7 9 8 

Location Nuclide Controls-17d(2) Controls Hi-DHB DTPA DHB + DTPA(J) 

Kidneys Am 0.20 0.12 0.12 0.087a 0.013 
Pu 0.36 0.52 0.33a 0.31a 0.071 

Injection Site Am 15 6.6 6.0 5.2 0.53 
Pu 7.8 7.8a 7.3a 5.6 1.27 

Liver Am 1.5 1.4 1.3 0.59a 0.16 
Pu 1.7 1.2a O.96a 0.74b 0.19 

Skeleton Am 4.6 3.2a 5.3b 4.2c 0.74 
Pu 19 23a 18ab 17b 3.0 

Urine Am 0.79 3.4 3.8 3.0 
Pu 0.35 2.3 3.2 1.5 

Feces Am 2.9 1.8 2.6 1.0 
Pu 1.9 1.3 1.4 0.89 

(l)Means in the same row with the same letter do not differ according to Duncan's New 
Multiple Range Test at the 5% significance level. Groups "Controls-17d" and "DHB + 
DTPA" were not included in this statistical analysis. 

(2)Control rats killed just prior to starting treatments on day 17. 
(J)Only 1 rat was correctly injected in this group. Results are for 1 rat and were not con

sidered in the statistical treatment. 

From in vitro tests, DHB is known to 
form chelates with Pu and mixed-ligand 
complexes with Pu and DTPA. It is also 
known to be an effective oral agent for 
removing excess iron in cases of Cooley's 
anemia. Results of this experiment show 
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that oral administration of this agent is 
only marginally effective in the excorpo
ration of Pu; and that it is not effective 
in Am removal, or as a mixed-ligand com
plexing agent with DTPA for either nuclide. 



OETERMINATION OF OTPA IN URINE BY PAPER CHROMATOGRAPHY 

Investigators: 
V. H. Smith and R. A. Gelman 

A paper chromatographic assay has been developed for measuring OTPA in urine to within 10% 
at concentrations greater than 10- 5 M. This rapid method is subject to few interferences, 
needs only 10-20 ~l of urine, and requires minimal handling of radioactive urine. The method 
has been tested on in vitro and in vivo OTPA-spiked urine samples. 

When OTPA is administered by inhalation, 
internal doses and the rate of urine excre
tion are lower than when it is injected. 
As a result, levels of OTPA in the urine 
and body fluids of small animals exposed by 
inhalation are frequently below the limit 
of detection by present methods for mea
suring unlabeled OTPA. Since the rate of 
OTPA excretion in urine is related to its 
concentration in blood, valuable informa
tion for developing treatment regimens can 
be based on the rate of appearance of OTPA 
in urine. The method described here 
utilizes the detection of 55Fe following 
isolation of 55Fe-OTPA by descending paper 
chromatography; interferences are suppressed 
by pH adjustment and a blocking agent. 

Urine containing 10- 3 to 10- 5 M OTPA is 
acidified to pH 2 and treated with an 
excess of 55Fe-labeled FeC1 3 • Ten to 20 ~l 
of the treated urine is applied to Whatman 
No.3 MM chromatographic paper and developed 
for 45-60 min with a solvent mixture of 
4.2 x 10-4 M potassium ferrocyanide, aceto
nitrile and methanol (1:2:1/v:v:v). After 
drying, the location of the Fe(III)-OTPA 
is determined by reference to a standard 
strip or, if >10- 4 M, directly visualized 
by transmitted UV light. The portion of 
paper containing the Fe-OTPA is cut out and 
the 55Fe is counted using standard scintil
lation methods. The counts are converted 
to OTPA using the specific activity of the 
55Fe. 
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Table 3.46 shows the recovery when known 
amounts of OTPA were added to rat urine and 
the urine was analyzed using 55Fe (specific 
activity 0.137 Ci/g) in the procedure 
described above. While the mean recovery 
was within 8% of the OTPA added to the 
urine over a range of 10-100 ~M OTPA, the 
accuracy of a single determination, as 
exemplified by the range, decreased to 20% 
at OTPA concentrations less than 10 UM. A 
portion of the increased error at low 
concentrations is due to counting error and 
could be decreased by using higher specific 
activity 55Fe. 

Without 14C-labeled material to serve as 
a check on the amount of OTPA pr~sent in 
metabolically-OTPA-labeled urine, analysis 
was made by two chemical methods to confirm 
OTFA assay results (Table 3.47). The methods 
agree reasonably well on samples within 
their respective ranges. The chromato
graphic procedure can measure OTPA in urine 
samples collected after the first 5-6 hr, 
when concentrations were of the order of 
10- 5 M, whereas the other two methods 
lacked the required sensitivity. 

Interference in the paper chromatographic 
assay for OTPA from citrate is negligible 
in the presence of five times the normal 
human levels of citrate (1 mg/ml), and no 
interference from oxalate or phosphate was 
found. The method requires only 10-20 ~l 
of urine, is rapid, and radioactivity 



TABLE 3.46. Recovery of DTPA from Urine Spiked In Vitro with DTPA. 

Concentration of 
DTPA Found 

HsDTPA in a Comparable Concentration Recovery 
Mean,(b) Range,(b) 24-hour Human Urine of DTPA, Error, 

Specimen,(a) mg M x 10- 3 M X 10-3 M X 10-3 % 

694 1.18 1.22 0.035 +3.6 

347 0.588 0.632 0.071 +7.5 

139 0.235 0.228 0.035 -3.0 

70 0.118 0.118 0.D18 0 

12 0.0210 0.0202 0.0046 -3.8 

6 0.D105 0.0104 0.0024 -0.8 

(a) Based on 1500 ml of urine/day. Value x 1.26 or 1.32 gives mg Ca-DTPA or 
Zn-DTPA, respectively. 

(b) Based on 3-5 replicates at each concentration 

TABLE 3.47. Measurement of Ca-DTPA Excreted in Urine After Intraperitoneal 
Injection of Ca-DTPA in Male Rats. 

Ca-DTPA (mg) Collected in Urine(a) During the 
Intervals Shown After DTPA Administration 

Rat No. Method(b) 0-2 hr 2-5 hr 5-22 hr 22-24 hr Total 

l(c) 1 3.23 4.34 4.86 0.71 13.1 
2 3.60 4.03 5.21 ND 12.8 

2(c) 1 6.95 3.37 0.77 0.013 11.1 
2 7.12 3.06 ND(e) ND 10.2 
3 8.71 5.29 ND ND 14.0 

3(c) 1 2.25 6.58 2.08 10.9 
2 2.28 6.19 ND 8.47 
3 2.58 5.92 ND 8.5 

4(d) 1 13.9 
2 13.3 

5(d) 1 13.8 
2 14.4 

(a}Range of replicate values for all analyses was <10% of quoted values. 
(b)Method 1, this paper; Method 2, Blijenberg, B. G. and leijnse, B., 

Clin. Chern. Acta 26:577-579, 1969; Method 3, Doan, N. G., Parks, J. E. 
and lindenbaum, A., Biochem. Med. 14: 220-229, 1975. 

(c)ca-DTPA dose, 12.5 mg 
(dlca-DTPA dose, 13.77 mg 
(e)ND = not significantly different from urine blanks 
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handling problems are minimal. Very impor
tantly, there is good assurance one is 
analyzing DTPA because the Rf's of standard 
and sample DTPA are the same. The stability 
of Fe(III)-DTPA, Ks > 28, is greater than 
for most other metals likely to be encoun
tered, with the exception of Th(IV) and 
Zr(IV), so that total DTPA is assayed. 
Thus, when human urine containing Am-DTPA 
was analyzed for DTPA, the Am was found 
near the origin with the blocking agent and 
not in the Fe(III)-DTPA region, indicating 
that the iron replaced the Am. The amount 
of Fe present in urine acts to dilute the 
specific activity. but in the absence of 
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impaired Fe metabolism, such error would be 
< 0.01% at the 55Fe specific activity used 
in this experiment. Care in avoiding Fe 
contamination and in measuring accurately 
the amount of urine for calculation of 
dilution factors are necessary to achieve 
accuracy in the paper chromatographic assay 
for DTPA. While column chromatography 
would give resolution superior to that of 
the method described here, lack of contami
nation, more rapid analysis time, and 
simple equipment requirements favor the 
latter method at DTPA concentrations down 
to 1 x 10- 5 M. 



RELATIVE SOLUBILITY IN SIMULATED BIOLOGICAL 
FLUIDS OF Pu02 ON AIR SAMPLER FILTERS 

Investi gators: 
V. H. Smith and R. A. Gelman 

An ultrafiltration method was developed to estimate the solubility of PU02 on an air 
filter in simulated lung fluid (SLF), simulated gastric juice (SGJ), and in 1% DTPA. After a 
very rapid early appearance in the filtrate, both 238pU and 239pu showed similar rates of 
low ultrafilterability. The amount of 239pu appearing during the first day of ultrafiltra
tion was 10 times less in SLF than in SGJ or DTPA, although the amount of 238pU was similar 
for the three solvents. The method used to estimate solubility requires only about 1000 dpm 
of plutonium alpha radiation per sample. 

The solubility of a sample of PU02 
collected at the site of an exposure was 
measured in simulated body fluids and in 
DTPA solution to aid in hazard evaluation 
and in prescribing therapy. 

The air sampler filter retrieved from 
the site of an incident contained about 
200 dpm of alpha radiation/cm2. Plutonium 
solubility estimates were performed in 
simulated lung fluid (SLF), simulated 
gastric juice (SGJ) and DTPA. Methods 
previously described in the literature were 
modified to keep volumes small enough to 
accommodate the low levels of radioactivity 
available and minimize sample preparation. 
The method examines solubility as a function 
of time (solvent volume), and assumes Pu 
passing through a 0.05-~m filter would be 
"soluble" in biological components. 

About 4-6 cm2 of the filter containing 
impacted PU02 was folded into a polypropylene 
filter holder (Millipore R SK0001300) 
occupying most of the available space in 
front of a Nuclepore R filter (0.05-~m
diameter pore size). This was attached to 
a 50-ml syringe containing the solvent. 
The first sample was taken after forcing 
1-1.5 ml of solvent through the filter to 
wash any readily soluble Pu off particulate 
surfaces and to simulate the early appear
ance of such Pu in biological fluids. The 
syringe and filter were attached to a 
syringe pump (Harvard Model 1150) and 
further filtrate was collected at the rate 
of 0.64 ml/hr. Six such ultrafiltration 
setups were run simultaneously, using a 
thermostatically controlled heat lamp to 
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maintain cu37° air temperature around the 
syringes and filters. The SLF (pH 7.34) 
and SGJ (pH 2.0) were prepared from formulas 
found in the literature and contained no 
proteins, lipids or polysaccharides. The 
DTPA solvent was 1% Ca-DTPA, pH 7.34. 
Radioanalyses were performed by alpha 
energy analysis (AEA) following chemical 
clean-up procedures designed to eliminate 
nuclides other than Pu from the analyses. 
At the end of the pumping period, the 
filter, ultrafilter, and nitric acid washings 
of the filter holder were digested and 
analyzed for alpha radiation content to 
ascertain the initial amount of Pu. The 
amount of filtrate collected per unit of 
time was weighed. 

After the pump was started, samples were 
taken for radioanalysis at various intervals 
for 7 days, during which time up to 110 g 
of filtrate had accumulated. Figure 3.43 
shows the cumulative percent of initial 
238pu and 239pu alpha activity "solubilized" 
versus amount of filtrate collected. A 
qreater fraction of the initial amount of 
238pU appeared in the filtrates than did 
the Pu-239/240 component (hereafter referred 
to as 239pu) relative to its initial amount. 
Alpha energy analysis (AEA) does not differ
entiate the contributions from 239pu and 
240pU, nor those of 238pU from 241Am, although 
the latter was presumably removed by chemical 
procedures prior to the AEA. In SLF, 239pu 
was more refractory than 238pU over the 
time of observation. The initial molar 
ratio of 239pu to 238pU was 1960, but that 
appearing in filtrate fractions collected 
after the first day averaged (x + s-) 22 + 4 - x 
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FIGURE 3.43. Cumulative Percent of Initial Pu-238 or Pu-239 Radioactivity 
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shown as _ for mpu, in SGJ as. and in 1% DTPA as .A. Corresponding open symbols 
indicate results for 238PU. Curves were fitted by least square methods after day 7. 

in SLF, 480 ~ 212 in SGJ, and 600 ± 250 in 
DTPA. In samples of all solvents collected 
during the first day, the ratio was higher 
and more variable. 

An average of the concentration of Pu 
found in the various filtrate fractions 
after day 1 is shown in Table 3.48. The 
concentration of 238pU was similar in all 
solvents, suggesting that its appearance 
in the filtrates was more a function of 
availability to the solvent than a limita
tion of solubility. The effects of acid 
(SGJ) and a strong chelating agent (DTPA) 
enhanced the concentration of 239Pu in those 
solvents about 10-fold compared to 239pU 
concentration in SLF. Quite possibly, 
inclusion of naturally occurring, potential 
chelating agents (e.g., phospholipids) in 
the SLF would have enhanced the solubility 
of 239pu in that solvent. The results 
obtained correlate with the low Pu excre
tion rate of the victim of the exposure 
incident and the lack of notably enhanced 
excretion of Pu following several treatments 
with DTPA. 
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This method of estimating Pu "solubility" 
in body fluids (thereby estimating the 
potential for DTPA treatment) is reasonably 
rapid; the apparatus has minimal surfaces 
on which plating out of the Pu can occur; 
and it can be used with samples of low 
radioactivity. In the case described, the 
1000 dpm initially present was practical 
for limiting the number of filtrate samples 
requiring counting times longer than 100 min, 
but the quantity was high enough so that 
even the solubility of refractory PU02 
could be measured. It also permitted 
replicate determinations from the same air 
sample filter to improve confidence in the 
results. Most importantly, the results 
from these low levels of radioactivity are 
consistent with the expected behavior of 
high-fired PU02 in vivo, i.e., a rapid 
initial appearance of Pu in blood, tapering 
off to a rather constant level. This 
"sol ubil ity" method suppl ies the needed 
data for predicting in vivo solubility 
characteristics of the radionuclide, is 
reasonably rapid, versatile and capable of 
modification of membrane porosity, sol
vents, or pump rates. 



TABLE 3.48. Average Concentration of Pu in Samples of Filtrate 
Collected from Day 2 to Day 7 from Ultrafiltration of Pu0 2 

Sample on Filter Paper. 

Solvent 

SLF SGJ DTPA 

239PU (moles x 10-15)/Q (a) 57 ± 15 490 ± 22 570 ± 29 

23BPU (moles x 10-15)/Q (a) 4.1 ± 0.86 2.1 ± 0.63 1.7 ± 0.042 

Number of Determinations 12 8 8 

(a) Results expressed as x ± Sx 
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• Viral and Radiation Carcinogenesis 

The studies included under this project are concerned with basic biological and biochemical 
indices that may aid in the detection and understanding of the primary effects of radiation 
insult and the initiation of the observed malignancies. A primary objective is to determine 
the role of virus in "radiation-induced" malignancies and in the process to identify those 
changes (biochemical, virological, immunological, etc.) which might serve to monitor the onco
genic process. Specific efforts include studies of leukemia induced by the S-emitter 90S r , 
and lung and bone tumors induced by inhalation of the a-emitters, 238pu and 239PU. 

IN VITRO CELL-MEDIATED IMMUNITY ASSAY USING 125I-IODODEOXYURIDINE 

Investigators: 
J. E. Morris and T. M. Graham 

We investigated an in vitro cell-mediated immunity assay using incorporation of 
125I-iododeoxyuridine as an indicator of lymphocyte responsiveness to mitogen stimulation. 

The system permits the use of whole-blood cultures in rats and dogs. 

Inhaled plutonium oxide has been shown to 
induce a dose- and time-dependent lympho
penia prior to tumor formation in beagle 
dogs. In rats, a transient lymphopenia has 
been observed following exposure to plu
tonium, with peripheral blood lymphocyte 
numbers returning to normal levels by 
1 month postexposure. The canine lympho
penia has been characterized as a decrease 
in peripheral blood levels of both T-(thymus
dependent) and B-(thymus-independent) 
lymphocytes, with greater reduction in 
B-cell populations. Antibody response 
studies indicated that plutonium exposure 
induced a significant functional decrease 
(P >0.01) in primary antibody response of 
exposed dogs to keyhole limpet hemocyanin 
(Annual Report, 1977). 

We are developing an assay for determining 
the effects of inhaled plutonium on the 
mitogen-induced activation of canine and 
rat lymphocyte populations in peripheral 
blood, spleen, and lymph nodes as in vitro 
correlates of cell-mediated immunity. 

Since mitogens can generally be charac
teri zed by thei r degree of lymphocyte 
population specificity (i .e., whether they 
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stimulate T- and/or B-lymphocytes), a 
series of T- and B-cell-specific mitogens 
were tested in the assay system. Specific 
mitogens tested were: Concanavalin-A and 
phytohemagglutinin (plant lectins that 
stimulate T-cell populations), bacterial 
lipopolysaccharide (a B-cell-activating 
endotoxin), dextran sulfate (a B-cell
activating polysaccharide), and pokeweed 
mitogen (plant lectin, mainly specific for 
B-cells, but also stimulates a small 
fraction of the T-cell population). 

Lymphocyte activation was measured by 
the incorporation of 125I-iododeoxyuridine 
(125IUdR), a gamma-emitting thymidine 
analog, in newly synthesized DNA. Fluoro
deoxyuridine, a known inhibitor of thymidy
late synthetase, was added simultaneously 
with the uridine pulse to preferentially 
increase the DNA incorporation of 125IUdR. 
The 125IUdR is stereochemically similar to 
thymidine; therefore, 125IUdR was incor
porated into nuclear DNA in place of thymi
dine. The use of a gamma-emitting label 
(125IUdR) allows us to use whole-blood 
cultures, thus eliminating the nonspecific 
stimulation of lymphocytes that results 
from isolation procedures. 



Representative Concanavalin-A stimulation 
curves for dog and rat whole blood are 
shown in Figure 3.44. Optimal incorporation 
of IUdR in dog blood was observed at a 
concentration of 20-30 ~g Concanavalin-A/ml; 
the response decreased at higher concentra
tions. In rat blood there was a much 
broader response: from 5-28 ~g of Con
canavalin-A/ml, optimally. An incubation 
time of 3 days was chosen as optimal for 
these studies. 

The responsiveness of rat and dog lymph
node cell preparations is shown in Figure 
3.45. Concanavalin-A concentrations 
required for maximal stimulation were lower 
in lymph-node preparations than in whole 
blood. In dog preparations, 3 to 5 ~g/ml of 
Concanavalin-A was required; for rat cells, 
1.5 to 3 ~g. Peak responses for Concan
avalin-A and the other mitogens tested are 
in Table 3.49. 
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FIGURE 3.44. 1251-IUdR Incorporation After 3-Day 
Incubation of Rat (e) and Dog (6) Whole Blood with 
Increasing Concentrations of Con-A. 

Of the two T-cell mitogens tested, 
Concanavalin-A induced the higher incor
poration of IUdR, probably reflecting its 
action on both mature and immature T-cells. 
Pokeweed mitogen produced higher incorpora
tion of IUdR in rats than in dogs. The 
lipopolysaccharides used in these studies 
did not appear to stimulate rat or dog 
cells in either whole blood, in spleen, 
or in lymph-node cultures; while we have 
shown, in other studies, that lipopoly
saccharides induce incorporation of IUdR in 
mouse spleen cells. 

Experiments in the coming year will 
utilize this system to investigate the 
effect of inhaled plutonium on immune 
responses of rats and dogs. 
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FIGURE 3.45. 1251-IUdR Incorporation by Lymph Node 
Cells Incubated with Increasing Concentrations of Con-A 
(rat, e); (dog, 6). 



TABLE 3.49. Mitogen Stimulation of Lymphocytes. 

Counts per Minute x 10-3 of Incorporated 125IUdR(a) 

Bkg(b) PHA(c) ConA(d) LPS(e) PWM(f) DS(g) F(h) 

Rat 

Spleen 9 153 180 NR(i) 50 NR NR 
Lymph Node 9 161 201 NR 72 NR NR 
Whole Blood 1 46 83 NR 16 NR NR 

Dog 

(Pu Exposed) 
NT(j) Spleen 2 6 8 NR 6 NT 

Lymph Node 2 56 138 NR 51 NT NT 
Whole Blood 1 NR NR NR NR NT NT 

(Unexposed) 
Whole Blood NT 15.5 NR NT NT NT 

(a) Maximal counts incorporated after 3-day incubation with appropriate mitogen 
(b) Background 
(c) Phytohemaggluti nin 
(d)concanavalin A 
(e) Lipopolysaccharide 
(f) Pokeweed mitogen 
(g) Dextran sulfate 
(h)Ficoli 
(i)NR-no response 
(j)NT-not tested 
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IDENTIFYING CULTURED CELLS WITH SPECIES-SPECIFIC ANTIBODIES 

Investigators: 
J. E. Morris, T. M. Graham, and M. E. Frazier 

This report describes development of an indirect immunofluorescence test for detecting 

species-specific antigens on the membranes of cultured cells. The test used red blood cells 
as the antigen to eliminate potential bias and error resulting from the use of cultured 
cells. 

The nature of research in our laboratory 
requires that several different cell lines 
be maintained in culture at any given time. 
These cell lines require constant monitoring 
for species- and intraspecies-specific 
characteristics in order to detect and thus 
prevent the use of cross-contaminated cell 
lines. We currently use three different 
methods to identify cells, including 
species antigens, isoenzymes, and chromo
somes. We have routinely used antisera 
prepared against cultured cells of a given 
species in the indirect immunofluorescence 
reaction as a means of detecting species
specific antigens on the surface membranes 
of cells. This technique assumes that cell 
cultures selected and grown for antisera 
production are not contaminated. To elimi
nate this possible source of error, we are 
in the process of developing a means of 
preparing species-specific antisera prepara
tions using erythrocytes from these various 
species as our source of antigen. 

Antisera to dog, pig and human RBC was 
prepared in goats. Whole blood was obtained 
and washed four times with sterile saline. 
One ml of a 10% suspension of each RBC 
preparation was injected intravenously with 
1 ml of the 10% suspension, mixed with 
1.5 ml of Freund's complete adjuvant and 
injected subscapular. Blood was tested at 
weekly intervals, and the animals received 
booster subscapular injections at monthly 
intervals. 

A hemagglutination assay was used for 
titering antisera. The serum obtained from 
the goats was heat-inactivated at 56°C for 
1 hr. Doubling dilutions of each serum 
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were mixed with 50 ~l of a 1% suspension of 
the test RBC preparation. The hemaggluti
nation titer was the final dilution in 
which clumping of RBC was observed. 

Hemagglutination titers for various sera 
from three goats are shown in Table 3.50; 
similar values were obtained for the other 
goats in a replicate study. Cross-reaction 
of pre-immune and post-immune bleedings 
with various RBC samples showed that human 
RBC had the highest cross-reacting titer. 

To obtain specificity of the antisera, 
it was necessary to cross-absorb each 
immune serum with the other two RBC prepara
tions; in some cases, repeated absorption 
was performed. The reactivity of absorbed 
antisera to the three RBC preparations is 
also shown in Table 3.50. 

In the fluorescent-labeling assay, test 
cell lines were grown on four chambered 
microscope slides. The cells were incu
bated for 15 min with absorbed goat anti
sera, washed, and the appropriate dilution 
of fluorescent-labeled horse anti-goat 
immunoglobulin antibody (which did not 
produce nonspecific labeling when added to 
the cells directly) was added. Following 
this incubation, the slides were washed and 
scored on a qualitative scale of 1 to 4 as 
to the amount of fluorescence observed (4 
being the highest). The data obtained are 
shown in Table 3.51. 

This preliminary data indicates that 
this system is useful in determining a 
given cell's species of origin. Additional 
development is required before this method 



TABLE 3.50. Hemagglutination Titer of Absorbed and Unabsorbed Goat 
Antisera. 

Hemagglutination Titers 
Immunizing 

Goat RBC Serum Pig Dog Human 

182 Canine Preimmune 1:4 1 :8 1 :8 
Immune 1:8 1:2048 1 :16 
Immune (absorbed) NR(a) 1:512 NR 

207 Pig Preimmune 1 :16 1:4 1 :16 
Immune 1 :1024 1:8 1:32 
Immune (absorbed) 1 :1024 NR 1:2 

270 Human Preimmune 1 :8 1 :8 1 :32 
Immune 1:16 1 :4 1:2048 
Immune (absorbed) 1:2 NR 1 :1024 

(a) Nonreactive 

TABLE 3.51. Specificity of Absorbed Goat Antisera in Fluorescent 
Labeling Studies.(a) 

Absorbed Goat Antisera 

Cell Lines Horse Antibody Goat No. Goat No. Goat No. 
Tested Alone 182 207 270 

VERO(b) NR(f) 1+ 1+ 1+ 

HeLa(c) NR NR NR 4+ 

PNL-P3 clone 2(d) NR 1+ 4+ NR 

852L (e) NR 4+ 2+ NR 

The cell lines and their origins: 

(a) rating 1 to 4, 4 '" highest level of fluorescence 
(b) VERO - African Green monkey kidney 
(c) HeLa - human carcinoma of cervix 
(d) PNL-P3 clone 2 - porcine kidney 
(e) 85h - canine adenocarcinoma of lung 
(f) NR'" no binding 

can be used routinely; however, the use of 
red blood cells as antigen offers several 
advantages over the common practice of 
using cultured cells as antigen. For 
example, RBC are easier and less expensive 
to obtain in sufficient numbers for animal 
inoculations than are cultured cells. 
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Secondly, the use of RBC eliminates the 
possibility of using previously contamina
ted cell cultures for antisera preparations. 
Finally, a single preparation of antisera 
will be useful for a number of cell lines 
from a given species. 



LACTIC ACID DEHYDROGENASE ISOENZYME PATTERNS FOR 
SPECIES IDENTIFICATION OF CULTURED CELLS 

Investigators: 

M. E. Frazier and M. J. Hooper 

A rapid screening method for determining the species of origin of a cell line involves a 
comparison of the electrophoretic patterns of lactic dehydrogenase (LDH) isoenzymes from the 
cell line with LDH patterns from fresh tissue. 

A large number of cell lines, derived 
from several species and including cells 
from both normal tissues and radiation
induced tumors, have been established in 
our laboratory. In order to use these 
cells in future studies, we must first 
establish (and periodically reconfirm) the 
species of origin of each cell line. In 
addition, since some of these cell lines 
undergo transformation in vitro as a result 
of treatment with chemical carcinogens, 
etc., we need a means of identifying a given 
cell's species of origin. Finally, in the 
process of charcterizing the tumorigenic 
potential of these cell lines, we must 
inject them into a susceptible host to 
determine whether they cause tumors; and 
demonstrate that the resultant tumors are 
derived from the injected cells rather than 
the host. 

To determine the species of origin of a 
given cell line we use a battery of tests, 
including lactic dehydrogenase (LDH) iso
enzyme analysis, chromosome analysis, and 
indirect immunofluorescence; each test 
measures a different cellular character
istic. This report describes our findings 
relative to species identification of 
animal cells by electrophoretic analysis of 
LDH isoenzyme patterns. 

In Montes' experiments (S. Montes de Oca, 
et al. Proc. Soc. Exp. Biol. Med. 132: 462, 
1969) the cells were obtained from the 
American-Type Tissue Culture collection. 
Cell preparations were then electrophoresed, 
apparently with little regard for cell 
numbers or cell viability. The resulting 
patterns were then compared to each other, 
and representative patterns for each species 
were drawn in chart form. Based on these 
results, the LDH patterns were considered 
to be one means of identifying cell species. 
However, this study did not attempt to 
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compare cell culture LDH patterns with 
either tissues or primary cell cultures 
from the species under study. When we 
repeated these experiments, incorporating 
these obviously needed controls, we found 
that the number of bands and the LDH 
patterns for several of the same species 
were quite different from those reported by 
Montes de Oca, et al. To determine which 
data are correct, we tested tissue samples 
for the same species. Table 3.52 shows that 
the number of bands in tissue samples from 
a given animal species more closely agrees 
with our cell culture data. We have also 
found that the patterns of migration of our 
cell lines matched those of the tissue LDH 
(Figure 3.46). Identification of the species 
was confirmed by chromosome analysis and 
indirect immunofluorescence tests. In the 
example shown, HeLa (human) cell LDH 
patterns are compared with those of two 
porcine cell lines and that of normal 
porcine tissue to illustrate the specificity 
of the banding pattern. Similary, LDH 
patterns of four porcine cell lines are 
compared. There are differences in the 
relative amounts of the five isoenzyme 
bands for each of the cell lines; however, 
each of the porcine cell lines has five 
identically migrating bands. The last two 
bands of PNL-P2Cl (C and F) appear faint in 
the photograph, but they are present and 
readily detectable on the cellulose acetate 
strip. Likewise, the first band in the 
homogenized pig kidney tissue (D) is easily 
seen. We have observed similar results in 
each of the other cell lines. 

We have been able to duplicate the 
results of Montes de Oca, et al. by using 
dilutions containing less than 4 x 107 

cells/ml (dog and pig); or by electropho
resing the samples too long, which causes 
several bands to stack into a single band 
(mouse) . 



TABLE 3.52. Comparison of Lactic Dehydrogenase (LDH) Bands Present In 
Tissues with LDH Bands Observed in Cell Culture Studies. 

Study 1 (a) Study 2(b) 

Number of Number of 
LDH Bands LDH Bands 

Origin of In Fresh In Cell 
Material Tissue (b) Cultures 

Rat 5 2 

Rabbit 5 3 

Chinese Hamster NT(c) 

Syrian Hamster 5 

Mouse 4 

Swine 5 

Dog 5 3 

Human 5 5 

Monkey 5 5 

Cattle 5 5 

Horse 5 5 

Mink NT 

(a) Montes et al. 
(b) Our data 
(c) NT = not tested 

Based on our results it appears that LDH 
patterns can be used to help determine the 
species identity of cultured cells. While 
most of the cells have a similar number of 
bands, all of the species studied thus far 
(except the human and the African Green 
monkey, which have identically migrating 
bands) have unique electrophoretic patterns 
(Figure 3.47). In addition, cultures con
taining equal numbers of cells from two 
different species clearly exhibit the 
isoenzyme characteristics of both species 
(Figure 3.47). The lower 1 imit of sensiti
vity for detecting such contamination appears 
to be about 5%. For detection of low-level 
contamination (less than 5%), chromosome 
analysis and immunofluorescence methods are 
required. 

Number of 
Number of LDH Bands Number of 
Cell Lines In Cell Cell Lines 

Tested Cultures Tested 

3 4 

4 

5 

3 5 2 

16 4 3 

5 6 

5 10 

34 5 11 

6 5 2 

5 

5 

3 

Examination of the LDH patterns of 
cultured cells provides a quick screening 
method for determining species of origin. 
This method is reproducible; in our exper
ience, even "transformed" cell lines main
tain species-specific LDH patterns. 
However, a minimum of 4 x 10 7 viable 
cells/ml are required for a cell preparation; 
electrophoresis conditions (i.e., time, 
buffer, and voltage) must be carefully 
defined; and the procedure can detect a 
minimum of 5% contamination. The LDH cell 
preparations are temperature-sensitive, 
and storage is limited to 2-3 mo, even in 
liquid nitrogen. 
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FIGURE 3.46. Lactic Dehydrogenase Isoenzyme Electro
phoresis Patterns of Cell Cultures and Tissue Samples 
from Swine. The arrows point to the origins of two 
independent samples. All the cell culture sample con
centrations were <4 x 107 cellslml. Approximately 0.7 /11 
of these cell preparations were used in this electro
phoretic analysis. The pig kidney concentration was 
0.2 glml. HeLa cells were used as reference markers 
and to show that the porcine cell lines did not contain 
any HeLa cell contamination. The slur at the origin of 
sample (D) does not represent an LDH band. Identification: 
(A) HeLa, (6) PK-15, (C) PNLP2 clone 1, (D) normal por
cine kidney tissue, (E) PK-15, (F) PNLP2 clone 1, 
(G) PNLP3 clone 2, (H) PNLP5 clone 1. Samples (6) 
through (H) are all pig cells. 
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FIGURE 3.47. Comparison of Lactic Dehydrogenase 
Isoenzyme Patterns of Cells Cultures from Various 
Animal Species. Identification: (A) W138, human; 
(6) D759, dog; (C) PNLP3, clone 2, porcine; (D) SIRe, 
rabbit; (E) C3Hl0T 112, mouse; (F) C-6 glial, rat; (G) CHO, 
Chinese hamster; and (H) SHE, Syrian hamster. 
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PURIFICATION AND CHARACTERIZATION OF VIRAL REVERSE TRANSCRIPTASE 
ISOLATED FROM PORCINE CELL CULTURES 

Investigators: 
L. P. Mallavia, M. E. Frazier, and M. J. Hooper 

This report is concerned with the isolation and characterization of reverse transcriptase 

from porcine (radiation-induced) retrovirus (PoRRV). Properties of the purified enzyme were 
compared with normal cell DNA polymerases and with reverse transcriptase isolated from viruses 
representing the three classes of retroviruses (murine mammary tumor virus, Mason-Pfizer 
monkey virus, and Rauscher leukemia virus). Enzyme from the porcine virus shares many proper
ties with the other viral reverse transcriptase; however, it cannot clearly be grouped into 

one of the three known classes because of its different template specificity. 

Previous studies in our laboratory have 
clearly demonstrated the presence of RNA 
tumor viruses (retrovirus) in the blood and 
tissues from swine with radiation-induced 
leukemia. We have also reported that cells 
obtained from animals with leukemia or 
diagnosed myeloid metaplasia continue to 
produce retrovirus in vitro. Since reverse 
transcriptase is an integral component of 
the virus structure, we have purified and 
characterized the enzyme from the virus 
produced in cell cultures from leukemic and 
metaplastic swine to determine whether 
these enzymes are identical, and whether 
the enzyme from the cell cutures is identi
cal to that found in tissues of leukemic 
swi ne. 

The purification procedure involved a 
series of differential centrifugation 
steps, followed by glycerol velocity gra
dient centrifugation to separate virus from 
cellular fractions. The virus pellet 
obtained was disrupted by using nonionic 
detergents to release the virion enzyme. 
The enzyme was then purified by affinity 
chromatography, using oligo dT 12_ 18 cellu
lose. This step separates the vlrion 
enzyme from residual host enzymes. The 
enzyme was then assayed, using different 
templates to assess its purity. The virus 
enzyme "preferred" the synthetic template 
rAdT 12 _ 18 over "activated DNA" (Table 3.53), 
a characteristic of retrovirus reverse tran
scriptase. 
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We also determined the optimal divalent 
cation concentration for the porcine virus 
enzyme: 0.2 mM for Mn++ and 1.0 mM for 
Mg++. Optimal host DNA polymerase activity 
(predominantly a polymerase) in the cyto
plasmic extract was 0.5 mM for Mn++ and 
10 mM for Mg++. In addition, the porcine 
virion polymerase has maximal activity with 
r~n++, while t1g++ is preferred by the cellu
lar enzyme. The porcine virion enzyme 
demonstrated maximal activity with the 
monovalent cation, K+, over a broad range 
from 50 to 150 mM. Kinetic analysis of the 
enzyme-catalyzed reaction indicated that 
the reaction was linear for up to 60 min. 
The virion enzyme has been shown to be 
active over a rather broad pH range, from 
7.8-8.3 (data summarized in Table 3.53). 

Close examination of template-primer 
utilization for the porcine virus and 
comparison with viruses representing the 
three classes of retroviruses (Table 3.54) 
showed that the PoRRV enzyme matched the 
RLV enzyme in terms of divalent cation 
preference and ability to use rAdT12_ 18 as 
a template. However, while the RLV enzyme 
readily used dCdG (85% of rAdT) as a 
template, the porcine virus enzyme was only 
marginal in its use of that template. 

The porcine virus enzyme, although 
apparently a reverse transcriptase, does 
not fit clearly into any of the three 
classes of retroviruses examined. 



TABLE 3.S3. Comparison of Properties of Viral Reverse Transcriptases with Normal Mammalian DNA Polymerases. 

Mammalian DNA Polymerases 

Property p 

Template Utilization 

1. Activated DNA +++ ..... 
2. dA dT12 _16 + ++ 

3. rA dT12~16 :+: + 

4. rCdG 12_18 :+: 

Subcellular Location Nuclear and Nuclear 
Cytoplasmic 

Divalent Cation 

1. Preference Mg Mg 

2. Concentration 10mM 10mM 

pH Optimal 7.3-7.6 8.4 

N-Ethylmaleimide Sensitive Insensitive 
Inhibition 

(a)n; terminal transferase 
(b) Mit ; mitochondrial DNA polymerase 
(c)PoRRV; porcine (radiation-induced) retrovirus 
(d)RLV ; Rauscher leukemia virus 
(e)MuMTV = murine mammary tumor virus 
(f)MPMV ; Mason-Pfizer Monkey Virus 
(g) NT ; not tested 

"Y n(a) 

++ ++ 

+++ ++ 

++ ++ 

Nuclear and Cytoplasmic 
Cytoplasmic 

Mn NT (g) 

1mM NT 

7.0-7.6 7.0 

Sensitive NT 
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Reverse Transcriptases 

Midb) PoRRV(c) RLV(d) MuMTV(e) 

..... + :+: 

+++ 

+++ +++ ++ 

+ ++ +++ 

Mitochondria Cytoplasmic Cytoplasmic Cytoplasmic 

NT Mn Mn Mg 

NT 0.2 mM 0.5 mM 10mM 

7.4 8.3 8.3 8.3 

Insensitive Sensitive Sensitive Sensitive 

MPMV(f) 

:+: 

..... 
++ 

Cytoplasmic 

Mg 

SmM 

8.3 

Sensitive 



TABLE ].54. Utilization of Various Template-Primers by MuMTV, RLV, MPMV and PoRRV DNA 
Polymerases. 

% Incorporation of Substrate(a) 
3H-Labeled Divalent 

Template-Primer Substrate Cation MMTV(b) MPMV(c) RLV(d) poRRV(e) 

Poly rA . dT,2_,B dTTP Mg 22 100 20 30 
dTTP Mn 6 5 100 100 

Poly rA ~ dT'0 dTTP Mg _(f) <0.1 
dTTP Mn 17 

Poly rA • dT12 dTTP Mg 5 
dTTP Mn 66 

Poly rAmdT12_1B dTTP Mg <0.1 
dTTP Mn 8 

Poly dA . dT ,2- ,B dTTP Mg <1 <1 <1 <0.1 
dTTP Mn <0.1 <0.1 <0.1 '0.1 

Activated Calf Thymus DNA dTTP Mg 5 7 <0.1 
dTTP Mn <0.1 <0.1 1 <0.1 

Poly rCdG 12 _1B dGTP Mg 40 34 21 6 
dGTP Mn 6 <0.1 13 9 

Poly dCdG 12_1B dGTP Mg 100 38 83 10 
dGTP Mn 20 1 67 3 

Poly rCmdG 12_1B dGTP Mg 16 <1 <0.1 
dGTP Mn 8 <0.1 4 1 

Activated Calf Thymus dGTP Mg 5 7 <0.1 
dGTP Mn <0.1 <0.1 1 <0.1 

(a)Quantities of each enzyme were adjusted to yield approximately equivalent activity. For example, 
the highest activity with PoRRV enzyme was obtained using Poly rA . dT12_ 1B with Mn and d3H-TTP. 

(b)MMTV = murine mammary tumor virus 
(~) MPMV = Mason-Pfizer Monkey Virus 
( )RL V = Rauscher leukemia virus 
(e) PoRRV = Porcine radiation retrovirus 
(f) Not tested 
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• Development of Blood Irradiators 

Extracorporeal irradiation of blood, using repeated brief exposures, has been shown to 
suppress rejection of tissue transplants and to inhibit progression of chronic lymphocytic 
leukemia. This project is designed to study the basic processes by which blood irradiation 
produces such effects, to establish the conditions of dose administration which optimize 
therapeutic effect, to improve the technique of blood irradiation through the development of 
improved and portable blood irradiators, and to move this technique toward clinical appli
cations. 

PROGRESS IN DEVELOPING A FULLY PORTABLE BLOOD IRRADIATOR 

Investigator: F. P. Hungate 
Technical Assistance: 

S. R. Strankman, L. R. Bunnell, and W. F. Riemath 

A blood irradiator unit was evaluated in a baboon in the laboratory of Dr. E. D. Thomas in 
Seattle, WA. Suppression of lymphocyte levels and prolonged skin allograft retention were 
similar to responses previously observed in goats. We have also developed techniques for 
using the irradiators on dogs, and are acquiring preliminary data. 

Portable irradiators were evaluated in 
two different species, baboon and dog, to 
complement results previously obtained 
with goats. The baboon testing was done by 
Drs. Rainer Storb and Ted Graham in 
Dr. E. D. Thomas' laboratories at the 
Fred Hutchinson Cancer Center in Seattle. 

Following acquisition of an appropriate 
license from the State of Washington for 
use of the vitreous carbon 170Tm (VCTm) 
irradiators at the Fred Hutchinson Center, 
an arteriovenous shunt was installed on the 
left hind limb of a 12-kg baboon. The 
baboon had previously been accustomed to 
restraint in a chair. The vasculature in 
this animal was exceptionally small, neces
sitating use of a No. 17 cannula in the 
femoral artery; the silicone rubber shunt 
tubing was 0.1 in. 1.0. 

On the day following surgery a VCTm unit 
delivering a transit dose of 26 rad, assu
ming a flow rate of 100 ml of blood per 
min, was inserted into the shunt. Despite 
the restricted blood flow caused by the 
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No. 17 cannula, and serious incompatibili
ties between the O.l-in. shunt tubing and 
the irradiator (0.125 in.), blood flow was 
maintained for 20 days. This was accom
plished by heparin therapy, daily removal 
of thrombi at points of flow turbulence, 
and insertion of a new shunt in the contra
lateral leg on the 16th day. Figure 3.48 
shows lymphocyte levels during the test 
period. 

A skin allograft was applied on the 9th 
day following insertion of the irradiator 
into the shunt. This graft was sloughed on 
day 31, 11 days following cessation of 
blood irradiation. This was approximately 
twice the retention time (10-12 days) 
observed in untreated animals. 

Daily samples of urine-soaked wood chips 
were pooled and analyzed for the presence 
of 170Tm, as were daily blood samples. 
Neither showed evidence of 170Tm within the 
detection limits of the scintillation 
counter used. 
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FIGURE 3.48. Effect of Chronic Irradiation of Blood on Circulating Lymphocytes 
in a Baboon. 

Our laboratory work has concentrated on 
dogs, which will be used in future clinical 
testing. Protection of the shunt tubing 
attached to the irradiator is the major 
problem, since all species used attempt to 
remove it. Our most successful protective 
device is a thoracic cage, fabricated of 
thermoplastic sheet and padded with lamb's 
wool around the holes for the forelegs. 
This cage serves both to attach and stabi
lize the irradiator and to attach a covering 
which protects the shunt tubing; the cover 
swivels for access to the irradiator. 

Beagle dogs 1701 and 1702, weighing 12.5 
and 15.5 kg respectively, were fitted with 
a carotid-jugular shunt, and irradiators 
were installed immediately following sur
gery. The irradiator on dog 1701 supplied 
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a 25-rad transit dose (assuming a flow of 
100 ml/minl, and that on dog 1702 gave a 
transit dose of 19 rad. 

Figures 3.49 and 3.50 show the lymphocyte 
responses observed in the dogs following 
installation of the irradiators. Heparin 
therapy was given by subcutaneous injection 
of 200-400 units twice daily to suppress 
thrombus induction. The irradiator was 
removed when attempts to remove thrombi 
which formed at the cannula tips failed and 
shunt flow could not be re-established. 
The levels of circulating lymphocytes were 
markedly reduced, as previously observed in 
goats and in the baboon. Other nucleated 
elements of circulating dog blood were also 
affected, with total nucleated cells falling 
to as low as 20% of the pretreatment level. 



1.5 

SURGfRY 
IRRADIATOR INSTALLED 

1.0 

END 
IRRADIATION 2ND PATCH OfF 

1.5 ! TREATED DOG 
1ST l 1ST GRAn 

GRAn OfF 

~ l 2ND 
LO GRAn 

~ 

0.5 

10 10 50 

DAYS POSTSURGfRY 

FIGURE 3.49. lymphocyte and Allograft Response 
in Dog 1701. 
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No significant changes were noted in numbers 
of red cells during or following blood 
irradiation. Skin graft retention was 
prolonged 13 days in dog 1701 and 8 days in 
dog 1702. Dog 1702 had previously received 
a reciprocal graft from the same donor. The 
untreated donor rejected the second graft in 
7 days, while the irradiated dog (1702) 
retained the patch for 15 days. 

Techniques are being developed to eval
uate competence of the circulating lympho
cytes, obtained during testing of the 
irradiators, to recognize and respond to 
foreign cells. We are using the mixed 
lymphocyte reaction, and anticipate that 

3.129 

1.5 

SURGfRY 
IRRADIATOR INSTALLED 

! 
'" PATCH OfF z 

~ 1.5 CONTROC DOG 

3 
RfC IPROCAL ~ PATCH OfF :.1 
SKIN GRAnS TREATED DOG v 

~ ~ 3-
~ 1.9 

~ 
0.. 

END 

~ 
IRRADIATION 

0.5 

10 10 50 

DAYS POSTSURGfRY 

FIGURE 3.50. lymphocyte and Allograft Response in 
Dog 1702. 

similar in vitro testing will evaluate the 
ability of lymphocytes to respond following 
fractionated as compared with single expo
sures to ionizing radiation. This infor
mation will assist in extrapolating the 
response to the irradiator from animals to 
man. 

A request for licensing the device for 
clinical research is being formulated in 
anticipation of clinical work being initiated 
before 1980. This request will be directed 
to NRC and FDA so that potential problems 
in licensing can be identified and solved 
prior to the development of strong pressure 
for clinical evaluation. 





• Cigarette Smoke and Plutonium 

Cigarette-smoke-induced changes in pulmonary airways of humans and laboratory animals 
include epithelial squamous metaplasia, with loss of cilia. These changes may impair the 
mucociliary clearance mechanism, thereby increasing the probability of pulmonary neoplasia 
induction by inhaled plutonium. The overall objective of this study is to determine whether 

cigarette smoking increases the probability of plutonium-induced lung cancer. Initial 
experiments were designed to characterize the effect of chronic cigarette smoke exposure on 
pulmonary clearance of plutonium aerosols. 

AUTORADIOGRAPHIC DETECTION OF RADIONUCLIDES 
ON THE EPITHELIAL SURFACES OF PULMONARY AIRWAYS 

Investigators: 
J. L. Pappin, R. E. Filipy, and R. M. Madison 

Technical Assistance: B. G. Moore 

We are developing an autoradiographic method for detection of radionuclide deposition 
sites on the internal surfaces of pulmonary airways. The method is expected to generate 
information on the distribution as well as on the quantity of radionuclides deposited in 
pulmonary airways. 

The inner surface of a pulmonary airway 
is lined with a continuous sheet of epi
thelial cells that extends the entire 
length of each airway. The usual cross
sectional view of an airway allows us to 
see only a limited section of epithelium; 
serial sections are required in order to 
view the epithelium of an entire airway. 
The technique described here allows us to 
isolate, on one microscope slide, epi
thelium representative of an entire, 
specific airway. Used in conjunction with 
autoradiography, this technique makes it 
possible to detect radionuclides on the 
epithelial surfaces, allowing the areas of 
radionuclide deposition to be identified. 
The technique consists of five steps, 
outlined in Figure 3.51. 
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Briefly, the technique is as follows: 
The lungs are inflated with air to 25 cm 
water pressure and fixed in situ by 
injecting cacodylate-buffered glutaralde
hyde into the right ventricle. The trachea 
is then ligated, and the lungs removed and 
immersed in glutaraldehyde for 24 hr. 
Following thorough fixation, specific 
bronchi and the trachea are bisected longi
tudinally, pressed flat between glass 
slides, and returned to the fixative solu
tion overnight. The flattened tissues are 
then dehydrated in graded alcohol solutions 
and the epithelial surface is fixed to a 
slide with celloidin and rehydrated. The 
cartilage and adventitial tissues are 
stripped away, leaving the epithelial 
surface adhering to the glass slide 
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FIGURE 3.51. Sequence of Histologic Technique for 
Autoradiographic Detection of Radionuclide Deposition 
on Pulmonary Airway Epithelial Surfaces. 
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FICURE 3.52. Tissue Position in Step 3: (a) adhesion 
of epithelial surface to celloidin and removal of adventitia; 
(b) inversion of tissue and adhesion of subepithelial 
surface to glass NTA plate. 
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(Figure 3.52A). Next the epithelium is cut 
from the celloidin, transferred to a devel
oped and cleared NTA plate (Figure 3.52B), 
and ultimately dipped into a liquid photogra
phic emulsion. After an appropriate expo
sure period, the emulsion is developed and 
the tissue is stained with hematoxylin and 
eosin-phloxine B. Microscopic examination 
reveals exposed areas in the photographic 
emulsion that correspond to radionuclide 
deposition sites (Figure 3.53). 

This technique is being developed for 
quantitative evaluation of plutonium 
deposition in pulmonary airways of rats 
that are currently being exposed to ciga
rette smoke. After a period of chronic 
smoke exposure or sham exposure, the rats 
will be given an acute inhalation exposure 
to 239Pu02' after which the technique 
described here will be applied. Results 
are expected to include information on the 
distribution of plutonium in pulmonary 
airways of smoke-exposed and sham-exposed 
rats. Later application of the technique 
to larger animals, such as dogs, is also 
anticipated. 

FIGURE 3.53. Microscopic Surface View of a Bronchial 
Epithelial Autoradiograph. 
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limits on human exposure to magnetic fields have been established in most 
high-energy particle accelerator facilities. It is recognized, however, that these limits 
are almost completely arbitrary because knowledge of the potential for magnetic 
field bioeffects is extremely meager. Certain advanced technological applications 
of high-strength magnetic fields will be accompanied by occupational exposure to 
fields one hundred or more times that of the geomagnetic field, examples being 
magnetic-confinement fusion reactors, superconducting magnetic energy storage 
and magnetohydrodynamic power generation. Magnetically levitated vehicles will 
expose both occupational groups and public passengers. Magnetic shielding of 
space to be frequented by people has practical limitations and constitutes a significant 
cost factor in all applications. Moreover, the fundamental criterion of shielding 
design-the maximum acceptable residual magnetic field strength, from the point 
of view of human safety-is not known. 

In this section we report on subprojects which comprise our current pro
gram on magnetic field bioeffects. The field strengths used are high, usually of the 
order of 1 tesla, and are static or ramped. The experimental systems range from bio
physical and cellular preparations in small-volume magnetics to laboratory mice in 
large accelerator beam-bending magnets. 



• Biomagnetic Effects 

The development of magnetic fusion power sources, as well as other technologies such as 
superconducting magnetic energy storage, magnetohydrodynamic power generation and magnetically 
levitated vehicles, increases the probability of exposure of people to magnetic fields. The 
lack of a credible data base from which exposure limits can be established led to the initia
tion of a broadly based program to study possible effects in a number of biological systems 
under carefully controlled conditions. Studies using cultured mammalian cells, pregnant 
mice, trout eggs, male mice and biologically derived polymers exposed to magnetic fields are 
reported. 

BEHAVIOR OF BIOPLYMERS IN HIGH MAGNETIC FIELDS 

Investigator: D. R. Ka1kwarf(a) 

Further evidence for alignment of biopo1ymers in magnetic fields was found in the higher 

melting points of gelatin and agarose gels formed in 1-T (tes1a) fields. Also, additional 
electrophoretic measurements verified that long-chain DNA molecules move more rapidly through 
the latter gels. Viscosities of several types of biopo1ymers, however, were found to be 
unaffected by fields up to 1 T. Such observations suggest mechanisms for magnetic effects in 
certain living systems. 

The purpose of this study is to identify 
changes in the physicochemical properties 
of biopo1ymers caused by high magnetic 
fields. Such knowledge should aid in the 
detection of magnetic effects on living 
systems by indicating which types of molecu
lar processes may be altered by such fields. 

Results obtained during the past year 
provide further evidence for the alignment 
of liquid agarose molecules in magnetic 
fields and indicate that gelatin molecules 
are similarly affected. Warm aqueous solu
tions of 1.4% agarose and of 5.0% gelatin 
were allowed to cool and form firm gels in a 
magnetic field of 1 T (1 tes1a = 104 gauss). 
The melting points of the resulting gels 
were then compared with those of gels 
formed in a zero field under identical 
thermal conditions. Melting points were 
determined by injecting a 1-~1 sphere of 
mercury just under the surface of each gel 

(a) Physical Sciences Department 
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and measuring the temperature at which it 
dropped through the gel (Paul, J. App1. Poly
mer Sci. 11:439-455, 1967). Ten samples of 
each composition were examined. Using the 
statistical method of paired comparisons, 
the melting points of agarose gels formed 
in a l-T field were found to be 1.7 + 1.0°C 
higher than the melting points of those 
formed in a O-T field. Similarly, the melt
ing points of gelatin gels formed in a l-T 
field were found to be 0.33 + 0.26°C higher 
than those formed in a O-T fTe1d. In each 
case, the values indicate the 95% confidence 
intervals. 

The higher melting points of field-formed 
agarose gels clarify the effect of magnetic 
fields on agarose molecules in liquid solu
tion. A variety of evidence (Rees, Chem. 
and Ind.:630-636, 1972) indicates that gela
tion of agarose and related biopo1ymers (e.g., 
hyaluronic acid, chondroitin sulfate, keratin 



sulfate) involves the formation of helical 
junctions between two or more polymer 
strands, followed by aggregation of these 
junctions. In last year's Annual Report 
(1977), gelation temperatures of agarose 
solutions were reported to increase linearly 
with magnetic field, but it was not clear 
whether the field merely allowed the agarose 
molecules to overcome thermal barriers to 
helix formation. The higher melting points 
of the resulting gels show that, in addition, 
more thermally stable gels are obtained. 
Thus, it appears that the field is particu
larly effective in the aggregation step of 
gel formation, aligning helical junctions 
into a more ordered and stable array. 

Additional evidence for the more-ordered 
structure of field-formed agarose gels is 
their increased permeability to high
molecular-weight DNA. A typical comparison 
of the simultaneous electrophoretic migra
tion of bacterial DNA in field-formed and 
control gels is shown in Figure 4.1. From 
a total of nine paired comparisons, it was 
determined that DNA moves 7 + 3% faster in 
gels formed in a l-T field, where the values 
indicate the 95% confidence interval. 
Bromphenol blue, however, moved equally fast 
in field-formed and control gels, indicating 
that the mobilities of small molecules may 
not be affected by the supposed structural 
differences in the gels. 

The effects of magnetic fields on the 
viscosities of various aqueous biopolymer 
solutions were examined because a recent 
report (Lielmezs, Aleman and Fish, Z. Physik. 
Chem. N.F. 99:117-130, 1976) stated that 
magnetic fields increased the viscosity of 
water by 0.2% T-1. Solutions of either 1% 
bovine serum albumin, 1% oxyhemoglobin, 
1% polyvinylpyrrolidone or 0.05% agarose in 
water were examined with an Ostwald-type 
viscometer in the air gap of an electro
magnet. (Agarose solutions could be 
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in a Magnetic Field of 1 Tesla (I T) or in a Zero Field (0 T). 
Numbers indicate migration distances in mm. 

examined only at this lower concentration 
since more concentrated solutions gelled.) 
Series of measurements were made with the 
field alternately 0 or 1 T for successive 
measurements, and the effect was evaluated 
statistically by the method of paired 
cOI,lparisons. In no case were the viscosity 
differences significant at the 95% confi
dence level, even though differences as 
small as 0.6% could be detected. Similarly, 
no change in viscosity with magnetic field 
was found in 1% serum albumin solutions 
denatured into random coils with 8M urea. 

The effects of magnetic fields on agarose 
and gelatin suggest that magnetic effects 
may be detectable in living systems in which 
biopolymers aggregate into gel-like struc
tures. Examples include the vitreous body 
of the eye and the intercellular substance 
of ca rtil age. 



EFFECTS OF MAGNETIC FIELDS ON RAINBOW TROUT DEVELOPMENT 

Investigators: 
J. A. Strand,(a) J. C. Montgomery,(a) and S. C. Abernethy(a) 

Rainbow trout eggs were exposed from the time of fertilization to the eyed stage (21 days) 
to homogeneous magnetic fields of approximately 1.0 T. Exposure to the magnetic field 
consistently decreased fertility; effects on hatchability and 10-wk survival were variable. 

We are using the embryos of rainbow 
trout, Salmo gairdneri, as test organisms 
to study the potential effects of magnetic 
fields on embryologic development. This 
approach permits the use of large numbers 
of organisms for meaningful statistical 
analysis, is less costly, and permits study 
of potential latent effects resulting from 
early embryologic exposure. 

In each test, between 3000 and 7000 
embryos were exposed within the 30.48-cm
diameter field for the period from fertili
zation through 21 days of development. An 
additional 3000 to 7000 embryos were main
tained external to the magnetic field, 
serving as paired controls. Incubation 
chambers for magnetic-field-exposed and 
control embryos were identical (Figure 4.2). 
At 21 days (eyed stage), the embryos were 
transferred to standard hatchery drip 
incubators; hatching occurred in 28 + 1.5 
days. A final transfer of the fry to 
standard hatchery fiberglass troughs was 
made 2 wk after hatching. 

Magnetic field characteristics and 
environmental conditions for each test are 
presented in Table 4.1. A homogeneous field, 
initially 1 T (1 tesla = 104 gauss), was 
selected for the first and second tests. 
Tests No. 3 and 4, in which the magnet was 
oscillated (ramped) or simply shut down for 
short periods, were designed to simulate 
field characteristics encountered in Test 
No.1. 

During each test, interest centered on 
the immediate effects of inhibited fertili
zation, delayed or arrested development, 
and inhibition of hatching. Additionally, 
survivors of each magnetic exposure and 
paired controls were maintained for 10 wk 
following hatching to determine latent 
mortality and effects on growth. 

(a) Ecosystems Department 
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A chi-square test statistic was applied 
to each index of effect to determine the 
potential for differences between exposed 
and paired control groups. Evaluation of 
each index was conducted "in the blind" to 
exclude the potential for investigator 
bias. 

A partial summary of results from each 
of the four screening tests is presented in 
Table 4.2. Although comparisons over all 
tests cannot be rigorously pursued, a 
review of these data suggested considerable 
variation between similar treatments. 
While a statistically significant inhibi
tion in fertilization occurred in all 
magnetic-field-exposed groups, a statisti
cally significant reduction in hatching 
percentage and fry survival over 10 wk was 
not consistently demonstrated. 

The results of Test No.1 are particu
larly difficult to explain in light of 
subsequent tests designed to reproduce 
these ipitial results. However, it is 
entirely possible that eggs and sperm used 
in Test 1 were immature, therefore less 
resistant to environmental stress. Mag
netic field exposure may have acted in 
concert with such diminished "vitality" to 
account for the degree of effect demon
strated. Eggs and sperm used in Test 1 
were the first available during the breeding 
season, adding credibility to this inter
pretation. 

Since these tests were performed with 
homogeneous fields, additional tests will 
be initiated to investigate the effects of 
nonhomogeneous (gradient) magnetic fields 
on trout embryology. Such tests, initially 
exploratory, will determine whether effects 
of gradient fields are different from those 
of homogeneous fields. 
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FIGURE 4.2. Schematic Drawing of V-3603 Varian Electromagnet and Plexiglass Egg 
Incubation Chamber. The Separation of the poles is greatly exaggerated for clarity. 
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TABLE 4.1. Magnetic Field Characteristics and Environmental Conditions. 

Test Duration, Mean Temp., Mean D.O.,(d) 
No. Condition Intensity, T days Gradient °C mgl 

Control Background 21 None 11.7 10.7 
Exposed 1.00(a) 21 None 12.0 10.8 

2 Control Background 21 None 11.5 11.3 
Exposed 1.01 21 None 11.5 11.3 

3 Control Background 21 None 12.3 12.6 
Exposed 0.29-1.18(b) 21 None 12.2 12.6 

4 Control Background 21 None 11.9 12.7 
Exposed 1.01 (C) 21 None 12.0 12.7 

(a) Magnet shutdown for period of 4 min on day 12 due to cooling system malfunction 
(b) Magnet operated in ramping mode; period of oscillation 1 min 
(C)Magnet shutdown for period of 4 min on day 8-12 to simulate conditions of Test No.1 
(d) Dissolved oxygen 

TABLE 4.2. Effect of l-T Magnetic Field on Survival of Early Life Stages of Sa/mo gairdneri. 

Test % % % Survival 
No. Condition Eggs Fertility X2 Hatch x2 at 10 wk X2 

Control 7171 69.88 92.36 87.44 
Exposed 5721 63.46 49.43(c) 46.87 2177.81 (c) 67.01 344.35 (c) 

2 Control 4589 91.46 95.20 89.47 
Exposed 4646 89.88 6.60(a) 96.34 6.49(a) 91.86 13.06(c) 

3 Control 2948 85.38 97.57 90.26 
Exposed 2844 77.02 63.03(c) 97.45 0.07(d) 88.82 2.40(d) 

4 Control 2686 86.40 97.81 92.30 
Exposed 2639 79.95 37.32(c) 98.24 1.00(d) 90.23 5.52(a) 

(a)Significant x2 at 0.05 level 
(blSignificant X2 at 0.01 level 
(C)Significant X2 at 0.001 level 
(d) Nonsignificant x2 at 0.05 level 
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EXPOSURE OF MAMMALIAN CELL CULTURES TO STATIC MAGNETIC FIELDS 

Investigators: 

M. E. Frazier, T. K. Andrews, Jr., and B. B. Thompson 

Static magnetic fields of 0.25 T appeared to significantly decrease the colony-forming 
ability (cloning efficiency) of exposed cells, but the apparent cloning efficiency of VERO 

cells following removal from magnetic fields was significantly increased. These data suggest 
that magnetic fields may be inh·ibitory to cell growth. However, there was no significant 
difference between the growth rates (as determined by measuring population doubling times) of 
control cultures and the growth rate of cells grown in 0.25-T magnetic fields or that of 
cells previously exposed to 0.25-T magnetic fields. These apparent differences in colony
forming efficiency are the result of increased cell clumping, not of some inhibitory effect 
of magnetic fields on cell division. 

The generation of power by fusion will 
require the use of large magnetic fields, 
which will undoubtedly result in the occu
pational exposure of research and operating 
personnel to magnetic fields of varying 
strengths. There are several reports of 
inhibited growth of cell cultures as a 
result of exposure to magnetic fields. In 
order to quantitate these findings we have 
compared the growth characteristics of 
control cultures of mammalian cells 
(exposed to ambient magnetic levels) with 
growth parameters of these same cells grown 
for varying times in static magnetic fields 
of 0.1 to 0.25 T (1 tesla = 104 gauss). Simi
larly, we examined growth characteristics of 
cells following removal from magnetic fields 
to determine whether such fields had residual 
effects on cell growth. 

In the experiments designed to determine 
the effects of magnetic fields on cloning 
efficiency, single flasks of nonexposed 
VERO cells were trypsinized, washed, counted 
and seeded into each well of a micro titer 
plate (~50 cells/well). Two plates 
(60 wells/plate) were placed in a 0.25-T 
field in an incubator; 2 control plates 
(ambient field) were placed in the same 
incubator; and 2 control plates were placed 
in an adjoining incubator. The results 
(Table 4.3) indicated a significant decrease 
in colony-forming ability of the cells at 
0.25 T in each of three experiments, 
and in one of four experiments at 0.1 T. 

4.6 

TABLE 4.3. Cloning Efficiency of VERO Cells in a Static 
Magnetic Field. 

Field 
Strength, T 

Ambient (Control) 

0.1 tesla 

0.25 tesla 

Cloning EFficiency Expressed 
as % of Control 

Expt. 1 Expt.2 Expt.3 Expt. 4 

100 100 100 100 

89(a) 98 94 99 

84(a) 83(a) 88(a) 

(a)Significant at p value = 0.01 

Population doubling times (PDT) were 
determined by using cells from a single 
culture flask. The cells were trypsinized 
and four flasks with equal numbers of cells 
were prepared. Two of these flasks were 
kept at ambient levels (controls); the 
other two were placed in 0.25-T fields. 
The PDT of these cultures was monitored 
using Elkind's procedure. In this tech
nique, the growth rate is determined by 
counting the number of cells per colony as 
a function of time. Two hundred colonies 
were counted in each of the duplicate sets 
of culture flasks. The PDT of cells grown 
at ambient levels was essentially the same 
as that of cells grown in 0.25-T magnetic 
fields (Table 4.4), for at least 12 passages 
(60+ days in cUlture). 



TABLE 4.4. Growth of VERO Cells in a Static Magnetic Field. 

Field length of Population 
Strength, Exposure, Doubling Time, 

Passage # T days hr 

Initial Ambient 0-6 32 
(control) 

Initial 0.25 0-6 30 

6 Control 35-42 36 

6 0.25 35-42 35 

12 Control 60-67 33 

12 0.25 60-67 32 

Growth characteristics of cells exposed 
to magnetic fields for at least five pas
sages were then monitored following removal 
from the magnetic field. In this instance, 
the colony-forming efficiency of the 
exposed cells was significantly higher than 
that of nonexposed controls (Table 4.5) in 
four of five experiments, but significantly 
lower in the other experiment. Again, 
there was no difference in PDT between 
control and exposed cell cultures (data not 
shown) . 

TABLE 4.5. Cloning Efficiency of VERO Cells Following 
Exposure to a Static Magnetic Field. 

Field 

Cloning Efficiency Expressed 
as % of Control 

Strength, T Expt. 1 Expt. 2 Expt. 3 Expt. 4 Expt. 5 

Ambient 100 100 100 100 100 
(Control) 

0.25 tesla 107(a) 123(a) 9O(a) 126(a) 112(a) 

(a)Significantly different at 0.01 level 

These data seemed to be in conflict. 
In one instance, exposure of cells to a 
magnetic field appeared to decrease cloning 
efficiency without changing growth rate, 
while in other experiments, removing cells 
from a magnetic field seemed to cause an 
increased cloning efficiency, again without 
affecting growth rate. Additional experi
ments were devised to determine the basis 
for the above observations: Cells were 
exposed to magnetic fields for at least 
five passages, and upon removal from the 
magnetic field, seeding efficiencies (total 
number of cells attached to the vessel 
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surface at 24 hr, divided by total number 
of cells initially added to each culture 
vessel) and cloning efficiencies were 
determined. Absolute seeding efficiencies 
(number of cells attached to flask after 
24 hr divided by the number of cells added 
to the culture flask) in exposed cells were 
higher (~68%) than in control cultures 
(~38%). Further examination of the distri
bution of cells/colony indicated that the 
differences among seeding efficiencies were 
mainly due to cell clumping. By way of 
explanation, the number of cells per colony 
in control cultures after ~24 hr (before 
the first doubling} was very close to that 
of the ideal monodispersed cell suspension 
(1.2). In contrast, the average number of 
cells per colony in exposed cultures was 
near 2 (1.76). These differences in clump
ing were observed in media containing either 
1% or 10% fetal bovine serum (FBS). These 
results, combined with the data from Day 3 
cultures, indicated that the apparent 
increase in cloning efficiency was, in 
fact, due to cell clumping. This clumping 
resulted in more exposed cells being added 
per well than the number of nonexposed cells 
added to control wells. These higher 
numbers of cells, together with the increased 
colony size (because many exposed colonies 
started with 2+ cells, instead of the one 
cell in controls), resulted in the apparently 
increased cloning efficiency. 

Likewise, a comparison of seeding versus 
cloning efficiency, measured in magnetic 
fields, showed that clumping of cells took 
place in the magnetic field, resulting in 
fewer single cells (potential colony
forming units) in the wells. For example, 
if 50 cells/well were added to both control 
and magnet-exposed plates, and if, in the 
magnet-exposed plate, a portion of those 
50 cells clumped, then instead of a poten
tial of 50 colonies being formed (one from 
each cell), there may be only 40 cell 
clumps, resulting in an apparent decrease 
in plating efficiency relative to controls. 
This is exactly what we found in our 
studies. 

To date we have observed an increased 
clumping of freshly trypsinized cells, 
which may be related to the exposure of 
these cells to magnetic fields. Future 
studies will attempt to explain this phenome
non. Experiments are currently being 
designed to determine whether membrane 
changes such as an increase or decrease in 
receptor sites result from exposure to 
magnetic fields. In addition, we hope to 
ascertain whether trypsinization of the 
cells plays a crucial role in the results 
we have observed. 



DOMINANT LETHAL STUDIES IN MICE EXPOSED TO DC MAGNETIC FIELDS 

Investigators: 
D. D. Mahlum. M. R. Sikov, and J. R. Decker 

Technical Assistance: 
L. Montgomery and R. t~usic 

Breeding performance of male mice was not adversely affected by exposure to magnetic fields 
up to 1.0 T. Magnetic field exposure produced no detectable increase in incidence of 

dominant lethal mutations. 

Exposure to magnetic fields has been 
reported to produce genetic effects in non
mammalian organisms. We therefore under
took experiments to determine if genetic 
effects are produced in mice exposed to 
magnetic fields. We used the dominant 
lethal mutation assay because it is rela
tively rapid and inexpensive. 

We performed four separate experiments, 
using the facilities at the Stanford Linear 
Accelerator Center, as described by Decker 
elsewhere in this Report. The experimental 
protocol is summarized in Table 4.6. 

A comparison of the breeding performance, 
in terms of total implants, of control 
(sham-exposed) and exposed Simonsen male 
mice for the first three experiments is 
given in Figure 4.3. The numbers have been 
normalized for a total of 10 males per 
group since occasionally data were not 
obtained for all males in a group. These 
numbers indicate that with the exception of 
the static homogeneous field, the exposed 
males performed as wellor better than the 
controls. Figure 4.4 shows similar data, 
except that the data are normalized to 
groups of 20, for Hilltop mice exposed to a 

TABLE 4.6. Experimental Protocol for Dominant Lethal Mutation Testing. 

Exposure Conditions 

Experiment 1 - Static homogeneous field of 1.0 tesla (T) for 28 days 

Experiment 2 - Static gradient field (1.0-0.1 T;-2 T/m) for 28 days 

Experiment 3 - Ramped gradient (1.0-0.1 T;-2 Tim) for 42 hr 

Experiment 4 - Same conditions as Experiment 3 

Animals 

Experiments 1-3 - Swiss-Webster Mice from Simonsen (10 males per 
treatment group) 

Experiment 4 - Swiss-Webster Mice from Hilltop (20 males per group) 

Testing 

Three females/male; females replaced weekly, and killed 10 days after 
separation from male 

Parameters Determined: fraction of females impregnated, total implanta
tions, number of implantations per dam, number of implantations per 
male and incidence of early resorptions 
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FIGURE 4.3. Effect of Exposure of Male Mice (Simonsen) to Magnetic Fields on 
Breeding Performance. 

ramped gradient field. The breedin9 
efficiency of the Hilltop mice (90%) was 
significantly better than that of the 
Simonsen animals (50%); this is reflected 
by the total implants per male. Total 
number of implants was similar for both 
control and exposed groups. 

The frequency of early resorptions (a 
measure of dominant lethality) is shown in 
Table 4.7. Generally, the frequency of early 
resorptions was not significantly affected 
by exposure of the male mice to magnetic 
fields, with the exception of a tendency 

TOTAL IMPLANTS 5670 

200 

345678 

SHAM 

toward increased frequency for the exposed 
group in Experiment 4. However, the differ
ences are not statistically significant when 
data for any given week are compared. In 
contrast, male mice injected with the known 
mutagen, triethylenemelamine, produced early 
resorption frequencies of 23,31, 16 and 9%, 
respectively, during the first four weeks of 
breeding. 

Effects of magnetic fields on breeding 
performance, as evaluated by dominant lethal 
assay, are slight and of dubious biological 
significance. 

-r-r--" 
-_ r-I--

2 3 4 5 6 7 

EXPOSED 
WEEKS OF BREEDING 

FIGURE 4.4. Effect of Exposure of Male Mice (Hilltop) 
to Ramped Gradient Fields on Breeding Performance. 
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TABLE 4.7. Summary of the Incidence in Early Resorptions in Female 
Mice Bred to Control or Magnetic-Field-Exposed Males. 

No. of Early Resorptions 
Total Implants 

No. Weeks 
Exp. No. Field Conditions of Breeding Control Exposed 

Homogeneous- 1 2/53 2/75 
Static 2 21133 7/175 

3 7/174 9/104 
4 111211 61105 

Totals 221571 24/459 

2 Gradient-Static 1 3168 2/121 
2 5/110 111141 
3 10/127 2/176 
4 10/120 9/172 

Totals 28/425 24/610 

3 Gradient-Ramped 1 71111 10/132 
2 141203 161250 
3 121180 6/261 
4 11/155 81227 
5 101208 10/243 
6 10/158 81196 
7 9/92 111132 

Totals 73/1107 69/1435 

4 Gradient-Ramped 1 36/618 441686 
2 27/617 33/621 
3 33/637 471732 
4 33/726 43/656 
5 321652 42/739 
6 26/648 38/799 
7 311618 43/677 
8 311441 31/551 

Totals 249/4957 321/5461 



AN ENVIRONMENTALLY CONTROLLED SYSTEM FOR EXPOSURE OF MICE 
TO LARGE DC MAGNETIC FIELDS 

Investigators: 
J. R. Decker, E. G. Kuffel, D. D. Mahlum, and M. R. Sikov 

A system for exposing large numbers of mice for prolonged periods to vertically oriented 
dc magnetic fields of up to 1.8 tesla (T) was developed and used for collaborative experiments 
at the Stanford Linear Accelerator Center. 

Man and his environment will be increas
ingly exposed to large magnetic fields 
resulting from fusion reactor development. 
Studies on biomagnetic effects require new 
methods of exposing animals. Therefore, 
large beam-bending magnets, designed for 
use in high-energy physics experiments, 
were used to provide the required fields 
and volumes for exposure of mice to mag
netic fields. The specific magnets used 
enabled us to expose animals to uniform or 
gradient fields in either continuous or 
ramped mode. 

STAI NLES S STEEL 
CAGE BOX WI MESH TOP 

LAMP ELECTRICAL 
\ 

INPUT~~~~~ 

~ fflt? 
WATER DISTRIBUTION I 
TUBE (INPUn 

AIR EXHAUST 

A life-support system was constructed 
which: (1) accommodated the mice within 
the bore of the magnet; (2) did not sig
nificantly alter the direction or strength 
of the magnetic field; and (3) controlled 
all key environmental factors that could 
influence biological functions during 
exposure. Two closed chambers (Figure 4.5) 
were designed and constructed so that sham
exposed mice could be maintained under the 
same ambient environmental conditions as 
those being exposed, minus the magnetic 
field. These chambers provided food and 

ALUMINUM RIPPLE 
SHIELD 

MOUSE CAGE 

FIGURE 4.5. Magnetic Field Mouse Exposure Cage System, Inserted Between the 
Magnet Poles; Provides Food, Water, Light, and Temperature-Controlled Air. The 
chamber consists of an aluminum box with a stainless steel inner cage and individual 
plastic compartments, each of which houses up to 10 mice. 

4.11 



water and controlled air temperature, air 
flow and lighting. The system includes two 
identical water-cooled magnets in which the 
chambers were mounted. One magnet was 
energized to produce the desired field, 
while the other served for concurrent sham 
exposures. Each chamber accommodated five 
groups of 10 mice each. 

Vertical and horizontal components of 
both the dc uniform and gradient fields 
were mapped (Figure 4.6). When the chambers 
were located iri the uniform field region, 
the vertical field strengths in the exposure 
area ranged from 80% to 100% of the nominal 
field at the center of the poles. When the 
chamber was placed in the gradient field 
region, the vertical field strength ranged 
from about 10% to 100% of the nominal field 
with an average gradient of 2 Tim (1 T = 
104 gauss) and a maximum gradient of 5.3 Tim. 
The horizontal field strength did not exceed 
4% of the nominal vertical field in either 
the uniform or gradient configurations. The 
total harmonic content in the ac (ripple) 
component of the field was less than 
2 x 10-4% of the dc field. By simple cycling, 
the residual field in the magnet used for 
sham (control) exposures was reduced to less 
than 10-4 T. 

During exposures, field strength, chamber 
temperature and magnet pole temperature 
were continuously recorded. The maximum 
temperature difference between areas within 
each chamber was 3.5°C. The average 
temperature difference between chambers 
(measured at the exhaust port) was about 
1°C, due partially to heat conducted to the 
chamber from the magnet poles. In the 
event of power failure, an emergency power 
system was on line to maintain recording 
capability and life-supporting air flow 
through the chambers. 

Mice were exposed in these systems for 
periods ranging from 7 to 28 days to uni
form fields of 1.0 T, gradient fields of 
2 Tim average and ramped gradient fields. 
(Ramp rise time was 2.8 sec and fall time 
was 15.6 sec, both intervals for 10%-90% 
field variation. ON and OFF plateau times 
were 62 and 29 sec, respectively.) Effects 
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FIGURE 4.6. Map of Vertical Magnetic Field Strength 
at Transverse Section Through Center of Poles at the 
Center of the Cage Array and 2.5 cm Inside Front Com
partment. Measurements were taken 5 cm above stainless 
steel floor. Relative position of compartments in uniform 
and nonuniform field positions is shown. 

of intrauterine exposure on subsequent 
prenatal or postnatal development and 
induced genetic changes were studied and 
are described more fully in separate 
reports. Two new chambers will be con
structed and installed during FY 1979 to 
allow concurrent, long-term exposures of 
mice to uniform and nonuniform fields. 
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DEVELOPMENT OF MICE AFTER INTRAUTERINE EXPOSURE 
TO DC MAGNETIC FIELDS 

Investigators: 

M. R. Sikov, D. D. Mahlum, L. D. Montgomery, and J. R. Decker 
Technical Assistance: 

L. F. Hensley and J. D. Stearns 

Experiments were performed to evaluate the prenatal and postnatal effects of exposure 
of pregnant mice to uniform and gradient magnetic fields (1 T maximum). No consistent, 
statistically significant alterations were detected. 

Recent technological advances involving 
the use of high-intensity magnetic fields 
has led to a re-evaluation of the available 
data on their biological effects to provide 
a basis for setting standards and insti
tuting appropriate control measures. 
Accordingly, we have undertaken studies to 
examine the effects of intrauterine expo
sure of mice on their subsequent prenatal 
or postnatal development, as part of a 
comprehensive project on the biological 
effects of magnetic fields. 

Gravid Swiss-Webster mice of known 
gestational age were exposed in an electro
magnet to an homogeneous l-tesla (T) field, 
or to a gradient (~2 TIm) field with a 
maximum intensity of 1 T. Control animals 
were contemporaneously sham exposed in an 
identical unenergized magnet with a resid
ual field of less than 10-4 T. (See report 
in this section entitled, "An Environ
mentally Controlled System for Exposure of 
Mice to Large DC Magnetic Fields.") 

Prenatal uniform and gradient field 
exposures or sham exposures were performed 
between 0 and 7, 6 and 15, or 10 and 18 days 
of gestation (dg). Animals were sacrificed 
1 day prior to parturition (18 dg), except 
for the 0-7 dg animals exposed to the 
gradient field, which were sacrificed at 
13 dg. Litter size, mortality and incidence 
of malformations were evaluated at sacrifice. 
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To study effects on postnatal development, 
mice were exposed between 6 and 18 dg to 
both uniform and gradient fields. The 
animals were allowed to deliver and maintain 
a litter of eight pups (maximum) until 
weaning at 21 days of age. At birth, total 
litter size was recorded. Mortality between 
the time of litter reduction at 1 day of 
age and offspring sacrifice was also 
recorded. The offspring of dams exposed to 
uniform fields underwent several measures 
of development and neuromuscular status 
at regular intervals until sacrifice at 
5 wk of age. 

Evaluation of 18-dg fetuses for abnor
malities necessitated dividing each litter 
into equal groups for visceral and skeletal 
examination. By convention, the resulting 
data were considered on the basis pf the 
number of affected litters, rather than by 
the number of affected fetuses. The tabu
lation of affected litters in Table 4.8 
includes animals with minor changes that 
are usually considered to be developmental 
variations. On this basis, there appears 
to be no difference in the fraction of 
affected litters between the exposed and 
sham-exposed groups. Only two affected 
animals with major malformations were 
noted; both were considered to have hydro
cephalus, i.e., ventricle size beyond 
normal variation. Some litters displayed 
developmental variabilities when examined 



TABLE 4.8. Teratologic Effects of Exposure to Magnetic Fields. 

Visceral Anomalies Skeletal Anomalies 

Exposure, No. Affected 
dg Litters Litters 

Uniform ---
0-7 Sham 7 1 

Exposed 8 2 

6-15 Sham 6 2 
Exposed 4 3 

10-18 Sham 9 4 
Exposed 8 3 

0-18 Sham 9 3 
Exposed 7 1 

Gradient 

0-18 Sham 3 2 
Exposed 6 5 

for skeletal defects. There were no consis
tent differences between sham-exposed and 
exposed litters; only the group that received 
exposure between 6 and 15 dg had any major 
malformations. In one litter of sham
exposed animals, three fetuses showed 
distinctly misaligned sternebrae. In each 
of three litters of the exposed group, one 
fetus also showed this effect. In addition, 
four animals in 1 litter of the exposed 
group had decreased ossification of the 
occipital bones. However, this finding was 
probably a random event, since there was 
considerable variability in the gestational 
stage of the fetuses. The lack of other 
defects in groups exposed between 0 and 
18 days, which included the 6- to 15-day 
period,is further evidence that this finding 
represented a random event. 

Figure 4.7 displays litter size, and 
corresponding body and liver weights at 
sacrifice for the two uniform field experi
ments and pooled values for the gradient 
experiments. These measures were similar 
across replicates and were unaffected by 
exposure. In Figure 4.8 the spleen weight 
(expressed as percent of body weight) for 
the uniform field shows a significant dif
ference between the females of sham-exposed 
and exposed groups. Further comparison 
shows even more marked differences between 
replicates. Although a slight difference is 
seen in the kidney weights in the first 
replicate, it is not substantiated by the 
second replicate. The effects of gradient 
exposure approach significance for the 
females, but not for the males. 

Major Affected Major 
Anomalies Litters Anomalies 

0126 2 0125 
0/47 4 0/46 

0/31 1 3129 
1/13 3 7/20 

0/55 6 0/50 
0/40 3 0/36 

0/48 6 0/47 
0/36 4 0/37 

0/17 2 0/9 
1/40 4 0/37 
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FIGURE 4.7. Effect of Prenatal Exposure on Mean 
Number of Live Births/litter; Body Weight and liver 
Weight at 35 Days of Age. liver weights are expressed 
as percent of body weights; values are superimposed 
on bars. 

4.14 



2.6 

2.4 ,.... t 
2.2 ~ SPLEEN KIDNEY 
2.0 ~ 

to- 1.8 J: 
<.:J 
w 1.6 3: 
> 1.4 0 
0 
III 1.2 to-z 
w 1.0 () 
IX 

~ ~ 
-It ,.... 

,f~flf -

tiI -
'- ~ 

w .8 Il. -
.6 

.4 

- t t-t rt 
~ \rt -

.2 r- 8 6 11 4 10 18 13 16 4 4 11 13 

0 
9d 9 d 9 d 9 d 9 d 9 d 

UNIFORM I UNIFORM II GRADIENT UNIFORM I UNIFORM II GRADIENT 

FIGURE 4.8. Effect of Prenatal Exposure to a Magnetic Field on Spleen and Kidney 
Weight at 35 Days of Age. 

Only occasional differences (rarely 
statistically significant) were noted in 
physical and neuromuscular development 
between the exposed and sham-exposed groups; 
in no case did any of the differences 
appear in both replicates of an experiment. 
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It appears, therefore, that if any delete
rious effects are associated with intra
uterine exposure to magnetic fields, they 
will be detectable only with field strengths 
or characteristics different from those 
used in our experiments. 



ARE MAGNETIC FIELDS MUTAGENIC? 

Investigator: F. P. Hungate 
Technical Assistance: M. P. Fujihara 

Preliminary testing of the mutagenicity of magnetic fields, using bacterial systems, 

suggests that slight increases in mutation frequency may occur following exposure. However, 
there appears to be no suggestion of a dose-effect relationship within the region of 
0.1-1.1 tesla (T), nor does there appear to be increased mutation frequency with increased 
duration of exposure. 

As part of a broad-ranging study on 
biological effects of magnetic fields, we 
have tested for mutagenicity in bacterial 
systems. The test organisms used so far 
include Salmonella strains TA100 and TA98. 
The TA100 strain mutates principally by 
base exchange; TA98, by frameshift. Both 
are histidine-requiring auxotrophs, and 
mutations are identified as colonies 
growing on plates lacking histidine. 
Total cells plated are determined by 
counting the colonies formed on medium 
containing histidine. In addition to 
these strains, Photobacterium fisheri, 
strain MAV, was exposed and tested for 
mutation to tetracycline resistance. This 
was done by counting the colonies which 
grew on a medium containing a restrictive 
concentration (2.5 ~g/ml) of tetracycline. 
When horseshoe permanent magnets were 
used, bacteria were suspended in 15 ml of 
nutrient medium in a 6-cm-diameter petri 
dish. When DC electromagnets were used, 
the cells were suspended in 20 ml of 
medium in a tissue culture flask with a 
horizontal cross-section of 15 x 34 mm. 
There was no aeration or agitation during 
exposures of the cultures. 

Two horseshoe and two electromagnets 
were used. The "lOOO-Gauss" horseshoe 
magnet has pole pieces 7.7 x 7.7 cm, 
spaced 3.8 cm apart. The field strength 
ranged from 0.11 T in the middle of the 
pole piece to 0.05 T at the edge of the 
petri dish. The field of the "3000-Gauss" 
horseshoe magnet ranged from 0.3 T at the 
midpoint to about 0.28 T at the edge of 
the petri dish. Most exposures involving 
the horseshoe magnets were performed in an 
incubator at 36 + 1°C, while exposures in 
electromagnets were done at ambient 
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temperatures. In all cases, a control 
culture was maintained in an area adjacent 
to the magnet such that environmental 
parameters other than the field were 
similar. One electromagnet, a Varian 
V-3900, had 30-cm-diameter pole pieces with 
23-cm-diameter faces and a 7.0-cm gap. 
This unit was operated at 1 T. The other 
electromagnet, a Varian VFR-2503, with 
30-cm pole pieces but 15-cm faces and 7-cm 
spacing,was operated at 1-1.1 T. Tempera
tures were not monitored but growth of 
organisms is very sensitive to temperature 
and there was no evidence of more growth 
in either the exposed or control cultures. 

The most extensive data (49 independent 
tests) were obtained with Salmonella 
strain TA100. A preliminary statistical 
analysis showed that in 22 of these tests 
the mutation frequency was greater in the 
exposed bacteria than in controls; in 9, 
the frequency was greater in controls 
than in exposed cultures; and in 18 there 
was no difference. The hypothesis of no 
effect is rejected at > 95% confidence 
level. Thus, there is a possibility of an 
increase in mutation frequency when strain 
TA100 is exposed to magnetic fields. 
However, the data provide no evidence of 
changed mutation frequency due to the 
magnitude of the field (0.1-1.1 T) or 
duration of exposure (4-46 hrJ. Thus 
there seems to be a possibility that some 
inherent bias, undetected even when tests 
were run blind, might be affecting the 
results. 

In contrast to TA100, strain TA98 
showed no increased mutation frequency 
following exposures in the O.l-T field. 
This lack of response for TA98 is similar 



to observations made in a study of electric 
fields, reported in last year's Annual 
Report (1978). No exposures to higher 
field strengths have yet been attempted 
with this strain. 

Limited data for Photobacterium fisheri, 
MAV, are similar to that for TA100, and 
also suggest that the magnetic field caused 
an increased frequency of colonies growing 
on tetracycline. This is a nonspecific 
test, since there are presumably several 
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genes capable of mutating, with the 
decreased sensitivity to tetracycline attri
butable to effects on either DNA or RNA 
components of the cells. 

From these data, principally that with 
strain TA100, it appears possible that an 
effect is produced by the fields; additional 
tests will be necessary before such a con
clusion is assured. 
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OIL SHALE 

Potential biomedical concerns in the area of oil shale fuel technology are 
being investigated, in part, by a tiered testing approach utilizing the Ames assay 
and mammalian cell transformation, followed by more standard toxicologic 
procedures. Studies in this area have resulted in derivatives of the basic Ames 
assay that appear to allow better definition of the mutagenic potential of toxic 
mixtures. Fractions of potential importance, as defined by the Ames assay, are 
presently being utilized in development of a new assay for pulmonary 
carcinogenesis. 

Techniques for administering (via the inhalation route) and analyzing effects 
of spent and oil-bearing shale dust were developed in this past year. 



• Late Effects of Oil Shale Pollution 

The purpose of this project is to investigate the potential health hazards associated with 
human exposure to dusts and other effluents released during the processing of oil shale, and 
to crude and processed shale oil. Potential exists for occupational or environmental exposure 

to raw or spent oil shale particulates, crude or processed shale oil, and waste retort water, 
all of which contain polycyclic aromatic hydrocarbons, including known carcinogens. 

CARCINOGENIC POTENTIAL OF RAW AND SPENT SHALE PARTICULATES 

Investigators: 
R. A. Renne, K. E. McDonald, and L. G. Smith 

Technical Assistance: K. M. Dragoo 

Rats and hamsters exposed to raw or retorted oil shale by intratracheal instillation 
developed a chronic inflammatory response with mild fibrosis, and alveolar epithelial hyper
plasia. Rats also developed pulmonary alveolar lipoproteinosis. These lesions were less 
prominent in animals necropsied at 24 mo postexposure than in those necropsied at 18 mo 
postexposure. 

In March 1976, a study of the carcino
genic potential of intratracheally instilled 
raw or spent oil shale was initiated, using 
rats and hamsters of both sexes. The 
experimental design for this study and the 
results of the 12-mo sacrifices were provi
ded in the Annual Report for 1977. 

Histopathology is complete on all rats 
that died spontaneously or were sacrificed 
at 12, 18 or 24 mo postexposure. The 
principal response to the presence of 
intratracheally instilled particulate shale 
was aggregation of large numbers of alveolar 
macrophages, chronic inflammation with some 
mild fibrosis, mild to moderate alveolar 
epithelial hyperplasia, and pulmonary 
alveolar lipoproteinosis. These lesions 
were more prominent in animals given the 
higher dose; severity and incidence of 
these lesions were decreased somewhat in 
animals necropsied 24 mo postexposure when 

5.1 

compared with those necropsied 18 mo post
exposure. Various other inflammatory, 
degenerative, and proliferative lesions 
were observed with approximately equal 
frequency in exposed and control rats. 

Histopathologic examination of'all 
hamsters necropsied is also complete. The 
response to instilled raw or spent shale 
was: aggregation of alveolar macrophages, 
a slight increase in severity of hyper
plasia of alveolar epithelium in hamsters 
instilled with the higher dose of raw or 
spent shale, and a dose-related increase in 
the incidence of pulmonary interstitial 
fibrosis in exposed hamsters. 

The nature, incidence, and severity of 
the lesions observed provide no clear evi
dence of carcinogenic potential of raw or 
spent shale under the conditions of this 
study. 



LUNG PELLET CARCINOGENESIS ASSAY OF SHALE OIL IN RATS 

Investigators: 
G. E. Dagle, K. E. McDonald, L. G. Smith, 

F. G. Burton, and D. L. Stevens, Jr. 
Technical Assistance: J. F. McShane 

Beeswax lung pellets were implanted in rats that are being used in a life-span study of 
the pulmonary carcinogenic potential of crude shale oil and its fractions. Results from the 
6-mo sacrifice group indicate a trend toward more squamous metaplasia from the shale oil 
compared with crude petroleum, and more squamous metaplasia from basic and PNA fractions of 
the shale oil than from neutral fractions. 

Lung pellet implantation has emerged as 
a useful and relatively inexpensive pro
cedure for evaluating potential pulmonary 
carcinogens. The material to be evaluated 
is mixed with a beeswax-tricaprylin vehicle 
which, when implanted in the lungs of rats, 
forms a pellet, with potential carcinogens 
slowly leaching into the surrounding pul
monary parenchyma. This technique has also 
been successfully used to study pulmonary 
carcinogenesis in rats exposed to cigarette 
smoke condensates and methylcholanthrene. 

In the present study, crude shale oil 
from the experimental retort at Lawrence 
Livermore Laboratory (LLL), and its neutral, 
basic, and polynuclear aromatic (PNA) frac
tions, were mixed with equal parts of 
melted beeswax and tricaprylin. For compari
son with shale oil material, samples of 
California (Wilmington) Crude petroleum 
were similarly prepared. Methylcholanthrene 
(MCA) was used as a positive control. 
Young adult, female Wistar rats were anes
thetized with ether; 0.2 ml of pellet 
material, melted at 76°C, was implanted in 
the left lung, which was exposed by thora
cotomy. Rats were scheduled for sacrifice 
at 6, 12, 18 or 24 mo postimplantation 
(Table 5.1). 

The rats tolerated all levels of the test 
materials well. Histopathology results from 
rats sacrificed at 6 mo postimplantation 
indicated a possible trend toward a dose
related increase in the amount of squamous 
metaplasia around the pellet site (Table 5.2). 
Microscopic examination of the implant site 
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TABLE 5.1. Protocol for Chronic Lung Pellet Study in Rats. 

Treatment 

livermore Crude Shale 
ad 

Shale ad fractions 

~eutral Frd.(\ion 

Ba)!(. Frdt lion 

P~A Frdt lion 

\\ limington Crudt-' 

Pl'troll'UITl 

"v1t,th yl( holJllthrl'ne 

v~hl( I .. 

Control 

Rats Per Scheduled Sacrifice 
Dose. 

mg 6 mo 12 mo 18 mo 24 mo 

60 
6 
0.6 

60 
6 
0.6 

60 
6 
0.6 

60 
6 
0.6 

60 
6 
0.6 

15 
15 
15 

15 
15 
15 

15 
15 
15 

15 
15 
15 

15 
15 
15 

15 

15 

15 

revealed a cavity where the pellet was dis
solved during tissue processing. Implanta
tion of the vehicle alone produced a granulo
matous response, with a fibrous capsule 
surrounding this cavity. It appeared that 
the pellet material interrupted the continu
ity of a bronchiole at some points, resulting 



TABLE 5.2. Degree(a) of Squamous Metaplasia at Lung Pellet 
Implant Sites in Rats Sacrificed 6 mo Postimplantation. 

Dose, mg(b) 0 0.6 1.0 6.0 60 ---- ------
Control 0 

Vehicle 0 

Wilmington Crude - 0.6 ± 0.5 1.0 ± 1.0 2.0 ± 0.7 
Petroleum 

Livermore Crude - 1.4±0.5 2.0 ± 0 2.6 ± 0.5 
Shale Oil 

Shale Oil Fractions 

Neutral - 0.2 ± 0.4 1.4± 0.9 2.2 ± 0.4 

Basic - 0.6± 0.6 2.0 ± 0.0 2.6 ± 0.5 

PNA - 1.0± 0 2.4 ± 0.5 3.2 ± 0.4 

Methylcholanthrene 4.2 ± 0.6(c) 

(a) Mean ± SD with 5 rats in each group 
1 = Very slight (or very small amount) 
2 = Slight (or small amounts) 
3= Moderate 
4= Marked 
5 = Extreme 

(b) Each rat received an 0.2-ml pellet in the left lung 
(c) Included 2 rats with epidermoid carcinomas 

in a tendency for growth and extension of 
bronchiolar epithelium along the inside lumen 
of the cavity. This epithelium then under
went squamous metaplasia. There was a 
possible trend toward increased squamous 
metaplasia in response to crude shale oil, 
compared with crude petroleum, and increased 
squamous metaplasia in response to the basic 
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and PNA fractions of shale oil when compared 
with the neutral fractions. Statistical 
evaluation of these early trends in response 
must await the final sacrifice at 24 mo 
postimplantation. In the animals examined to 
date, neoplasia has occurred only in the 
MeA-treated group (intended as a positive 
control) . 





• Mutagenicity of Oil Shale 

Three shale oil samples and 2 solvent refined coal (SRC) samples were tested for'muta
genicity in the Ames test. These crude mixtures were fractionated into their various constit
uent chemical classes for Ames analysis. In each case, the major portion of the mutagenic 
activity was associated with the basic fraction and with the polar tar fractions. In quanti
tative terms, the SRC materials were at least 10 to 40 times more mutagenic than shale oil 
counterparts. Thin layer chromatographic (TLC) separation of mutagenic components in SRC 
mixtures was achieved. These components co-chromatographed with aromatic amines. Using a 
specific enzyme reaction, aromatic amines were demonstrated in the TLC-separated components 
from SRC. 

MUTAGENICITY OF SHALE OIL AND SOLVENT REFINED COAL PRODUCTS 

Investigators: 
R. A. Pel roy, J. T. Cresto, and M. R. Petersen 

Pilot-plant solvent refined coal and shale oil samples were assayed for mutagenicity with 
the Ames test. Simple fractionation revealed that most of the mutagenic activity in these 
materials was contained in the basic or tar fractions. Thin-layer chromatography and 
enzymatic analysis were used to obtain information on the identity and number of mutagenic 

components in the SRC samples. 

Pilot-plant samples of solvent refined 
coal (SRC) and crude shale oils (SO) were 
assayed for mutagenicity in the Salmonella/ 
postmitochondrial assay of Ames et al. The 
SRC samples represented both the SRC I and 
SRC II pilot-plant processes, which differ 
in their operating conditions (e.g., tem
perature, partial pressure of H2 ), residence 
time of recycle solvents and end products. 
The SO samples were obtained from an above
ground retorting pilot plant (ParahG 
samples) and from an experimental retort 
(Livermore sample). 

The highest molecular weight (highest 
boiling point) SRC fractions, SRC I process 
solvent and SRC II heavy distillate, were 
mutagenic. Also mutagenic were the three 
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SO samples. Expressed in terms of mutagenic 
potency (i.e., revertant colonies per ~g 
per 108 target cells) these five complex 
hydrocarbon mixtures were ranked in the 
following order: SRC II heavy distillate 
(40) > SRC I process solvent (12) » 
Paraho samples> Livermore samples (0.6). 
No mutagenic activity was detectable in any 
of the lower molecular weight (lower boiling 
point) SRC fractions (Table 5.3). Simple 
fractionation of SRC I process solvent and 
SRC II heavy distillate, followed by Ames 
assay of the subfractions, showed that the 
basic and tar subfractions accounted for 
nearly all of the mutagenic activity of the 
crude products. Similar results were also 
obtained for the SO samples (Table 5.4). 



TABLE 5.3. Ames Assay Comparison of the Mutagenicity of SRC I Process 
Solvent, SRC II Heavy Distillate and Shale Oil Samples. 

Revertants/J.Lg for Salmonella typhimurium(a) 

Fraction TA 98 TA 100 TA 1538 TA 1535 

SRC II 40.0 ± 23(b) 4.73-11.7( c) 25.41 ± 11 <0.01 
Heavy Distillate (0.5-5.0) (50-300) (10-100) 

SRC II <0.01 
Middle Distillate 

SRC II <0.01 
Light Distillate 

SRC I 12.33 ± 1.93 1.56-4.34 10.73 ± 3.05 <0.01 
Process Solvent (0.5-5.0) (50-300) 

SRC I <0.01 
Wash Solvent 

SRC I <0.01 
Light Oil 

Paraho-16 0.60 ± 0.19 0.9 ± 0.24 
(P-16) (15-600) (80-230) 

Paraho-504 0.59 ± 0.13 0.4 ± 3.00 
(P-504) (15-600) (50-300) 

Livermore 0.65 ± 0.22 0.9 ± 4.00 
LOl (16-600) (80-240) 

Prudhoe <0.01 
Crude (100-1200) 

Wilmington <0.01 
Crude (100-1200) 

(a) All results for each assay were normalized to 1 x 10" cells of the indicated 
S. typhimurium test strain. The mutational response for the test was linear 
with respect to cells over the interval 1()6-10" cells. 

All products were assayed with metabolic activation: SRC, 1000 pg; shale 
oil and crude oil, 2500 pg Aroclor-induced, hepatic, postmitochondrial (S9) 
enzyme preparation per plate. 

Background revertant colonies for the four test strains were: T A 98, 19; 
TA 100, 192; TA 1535,50; TA 1538, 10. These values were subtracted from 
the data in the table. 

(b) Revertants per plate with standard deviation and, in parentheses, concen
tration range of linear response for \lg fraction per plate. Each concentration 
was represented by four duplicate samples, which are averaged. Each 
concentration range included four concentrations over the intervals indicated, 
and consisted of 16 samples (16 petri plates). 

(c) Where the mutagenic response was nonlinear, the high and low values 
for mutation are given. The concentration range (as above) is given in 
parentheses. 
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TABLE 5.4. Ames Assay Comparison of SRC I and II Subfractions Versus Shale Oil 
Subfractions. 

Revertants/J..Ig for s. typhimurium(a) 

Subfractions TA 98 TA 100 TA 1538 TA 1535 

SRC II Heavy 400 ± 70(b) 9.1-58 278 ± 87 <0.1 
Distillate Basic (0.5-5) (50-600) (10-40) 

SRC II Heavy 66 ± 16.4 4-13 72.8 ± 32 <0.1 
Distillate Basic Tar (2.5-10) (50-600) (10-160) 

SRC II Heavy 108-317(c) 2.3-9.7 38.1 ± 17 <0.1 
Distillate Neutral Tar (0.5-10) (50-600) (10-160) 

SRC I Process 155 ± 58 11-61 102.1 ± 19.4 <0.1 
Solvent Basic (0.5-10) (50-300) (10-160) 

SRC I Process 24 ± 2.1 0.8-6.8 9.9 ± 8.2 <0.1 
Solvent Basic Tar (0.5-11 ) (50-500) (10-160) 

SRC I Process Solvent 32.1 ± 10.4 4.61 ± 1.6 11.61 ± 5.6 <0.1 
Neutral Tar (0.5-11) (50-350) (10-160) 

Paraho-16 2.11 ± 0.6 2.13 ± 0.4 
Basic (15-130) (50-250) 

Paraho-16 1.00 ± 0.4 2.37 ± 0.9 
Tar (30-600) (50-200) 

Paraho-504 3.98 ± 0.4 1.69 ± 6.13 
Basic (15-130) (60-300) 

Paraho-504 0.24 ± 0.10 0.50 ± 1.44 
Tar (30-600) (60-300) 

Livermore L01 2.88 ± 0.9 1.58tO.4 
Basic (15-130) (50-250) 

Livermore L01 0.4-3.3 2.10 ± 0.2 
Tar (30-600) (50-250) 

2-Aminoanthracene 4326 ± 282 (SRC II) (d) 
5430 ± 394 (SRC I) 
7886 ± 1196 (SO) 

Benzo(a)pyrene 114 ± 5 (SRC II)(d) 
123 ± 7 (SRC I) 
202 ± 25 (SO) 

(a) All results for each assay were normalized to 1 x 10S cells of the indicated 
s. typhimurium test strain. The mutational response for the test was linear with 
respect to cells over the interval106-1OS cells. 

All products were assayed with metabolic activation: SRC, 1000 J..Ig; shale oil and crude 
oil, 2500 J..Ig, Aroclor-induced, hepatic, postmitochondrial (59) enzyme preparation 
per plate. 

Background revertant colonies for the four test strains were: TA 98, 19; TA 100, 192; 
TA 1535, 50; TA 1538, 10. These values were subtracted from the data in the table. 

(b) Revertants per plate, with standard deviation and concentration range of linear 
response, are given in parentheses for J..Ig fraction per plate. Each concentration was 
represented by four duplicate samples, which are averaged. Each concentration range 
included four concentrations over the intervals indicated, and consisted of 16 samples 
(16 petri plates). 

(c)Where the mutagenic response was nonlinear, the high and low values for mutation 
are given. The concentration range (as above) is given in parentheses. 

(d)The designation in brackets indicates the complex sample corresponding to a given 
value of the positive control. 
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By an enzymatic method it was demonstra
ted that aromatic amines were present in 
both SRC I and SRC II materials, and that 
they were expressed (i.e., activated to 
mutagens) in the complex chemical environ
ments represented by SRC materials. The 
SRC II heavy distillate and SRC II process 
solvent and their mutagenic subfractions 
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were shown to possess most of their mutagenic 
activity in a single region of TLC chromato
grams after chromatography (Figure 5.1). 
The latter observation suggests that a single 
component or closely related class of com
ponents were responsible for most of the 
mutagenicity of these materials. 
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FIGURE 5.1. Thin-layer Chromatography (TlC) of the Basic Subfractions from SRC I 
Process Solvent (A) and SRC " Heavy Distillate (B), Followed by Ames Mutagenesis 
Assays of the Separated Components. Each assay petri plate contained 0.35 x loa 
cells of Salmonella typhimurium TA9S plus 750 pg of Aroelor-induced S9 protein. 
Fluorescent regions were located by a UV light. We added 4560 pg of Basic" and 
4000 pg of Basic I to the chromatograms. The solvent system was composed of 1 part 
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• Toxicology of Inhaled Add Aerosols 

This project is concerned with determining the long-term biological effects of exposure to 
inorganic acid aerosols, which are common to many industrial processes and to fossil fuel 
plant effluents. Rats were exposed to graded, subacutely toxic doses of HN0 3 , HCl and H2S0 4 

to determine dose-related tumorigenesis. The study is scheduled for completion in FY 1980. 

LATE EFFECTS FOLLOWING EXPOSURE TO GRADED DOSES OF 
HN0 3 , HCl AND H2 S0 4 AEROSOLS 

Investigators: 
J. E. Ballou, R. A. Gies, and G. E. Dagle 

Technical Assistance: 
H. S. DeFord and A. W. Endres 

Five osteosarcomas of the skeleton were found in 297 rats necropsied after inhalation of 
acid aerosols. One bone tumor was observed in a treated control rat exposed only to H20 
vapor. These partial results have not shown a dose-response relationship between acid 
inhalation and bone-tumor incidence. 

Rats were exposed to acid aerosols in a 
follow-up study after finding an unusually 
high incidence of bone tumors in a group of 
rats exposed to 0.27 N HN0 3 (Annual Report, 
1976). Graded doses of HN0 3 , HCl and 
H2S0 4 were administered to male Wistar rats 
to obtain dose-response information needed 
to define the causal relationship between 
acid inhalation and bone tumor induction. 
Hydrochloric acid and H2S0 4 were included 
in the study to test the possibility that a 
common relationship exists between mineral 
acid incorporation and bone tumorigenesis. 
The experimental protocol and progress 
update are summarized in Table 6.1. 

It is noteworthy that no bone tumors 
have been found in the 38 rats that died in 
the group exposed to 0.27 N HN0 3 , although 
survivors in this group are well into the 
third year postexposure. In the study 
reported earlier, more than one-half (5) of 
the bone tumors expressed were found during 
a similar time interval. 

The partial results now available follow
ing repeated exposure to graded doses of 
HN0 3 and HCl do not suggest a dose-related 
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response to inhaled acid aerosols. On the 
contrary, these results and the finding of 
an osteosarcoma in a treated control rat 
exposed only to H20 vapor, indicate that 
the tumor incidence may be related to the 
exposure procedure or to some unidentified 
factor, perhaps viral, that is common to 
all exposure groups. Rats exposed to 
H2S0 4 have not exhibited bone tumors, 
possibly because sufficient time has not 
elapsed since the exposure. 

An osteosarcoma of the lung was found in 
a non treated control rat. This lesion is 
not to be included with the skeletal tumors; 
however, since it is an extremely rare 
finding (in our experience), it is listed 
with the other tumors in Table 6.1. There 
was no radiographic evidence of a primary 
tumor site in the skeleton to suggest that 
this tumor was metastatic to the lung. 

Other possible tumorigenic factors are 
being investigated, i.e., bone tumor tissue 
is being examined for viral components, using 
molecular probe techniques, and acid aerosol 
samples are being tested for mutagenic 
activity using a modified Ames test. 



TABLE 6.1. Summary of Results for Rats Exposed to Acid Aerosols. 

Agent 

HCI 

Controls 
Treated 
Nontreated 

Number 
of Rats 

62(a) 

50 
50 
50 

50 
50 
50 

50 
50 
50 

9O(d) 

45 

Amount 
Deposited, mg(b) 

0.1 

6.8 
2.3 
2.0 

2.5 
1.3 
0.7 

26 
3.2 
0.7 

Number of Rats with 
Days on Mortality, Osteosarcomas of the 

ExperimentlC) % SkeletonlNumber of Rats Dead 

839 62 0/38 

896 78 0/39 
924 84 2/42 
833 70 0/35 

742 60 1/30 
777 66 1/33 
805 63 1/32 

714 48 0/24 
679 18 0/9 
651 30 0115 

651-924 24 1122 
651-924 48 1/22 (e) 

(a) Rats in this group received a single, 30-min exposure to 0.27 N HN03 aerosols generated with a Lovelace 
nebulizer. Other rats were exposed to the various acids or water vapor on alternate weekdays for a total of six, 
6-hr exposures using a Retec nebulizer. 

(b)Deposition was estimated from the aerosol particle size and assumed values for breathing parameters. 
(c) Days are inclusive to 8/14/78. 
(d) Treated controls were exposed to H 20 vapor. 
(e) Tumor was classified as an osteosarcoma of the lung. 
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• Mobilization of Deposited Metals 

This project seeks to develop methods of treatment for exposure to organic, metallic and 
organometallic compounds which may be used in research, process technology or products of the 
energy industry. Biological model systems, capable of response to these toxicants, are used 
to evaluate treatment regimes that may ameliorate effects of both chronic and acute exposures. 

CONCENTRATION RESPONSE CURVES OF HEAVY METALS' CYTOTOXICITY IN VERO CELLS 

Investigators: 
M. E. Frazier, T. K. Andrews, Jr., ~,1. A. Wincek, and B. B. Thompson 

A clonal growth assay, used to determine the toxicity of metal chlorides in vitro, was 
more sensitive in detecting cytotoxicity than either the alveolar macrophage or WI38 viability 
tests. There is a positive correlation between concentrations of metal chlorides causing 
toxicity in vitro and lethality in experimental animals. Further, our results are consistent 
with hazard and toxicity ratings for these same compounds in man. 

An in vitro system using VERO kidney 
cells (Annual Report, 1977) is being used 
to evaluate the toxicity of metals, poten
tial metal removal agents and combinations 
of metals and agents. Successful candi
dates will then be tested in animals. The 
test is also useful for its ability to mimic 
in vivo toxicity data. 

In this assay, compounds under test at 
varying concentrations are added to a known 
number of VERO (monkey kidney) cells and the 
degree of clone (colony) formation relative 
to control cultures is observed [relative 
plating efficiency (RPE)]. Using the VERO 
clonal growth assay we have established the 
following ranking for metal toxicity: V > 
Cr > Ru > Cd > Hg > Ni > Co > Zn > Cu > ~1n > 
Pb > Fe > Mg > Ca. In the process of 
obtaining this information, we have genera
ted concentration response curves for each 
of these metals, which were tested as the 
chloride salt (with the exception of chro
mium, which was tested as chromate). The 
actual metal concentrations in the cell 
culture fluids were determined using X-ray 
fluorescence. Zirconium excitation was used 
to determine Ca, Co, Cr, Cu, Fe, Hg, Mn, Ni, 
Pb, V and Zn concentrations; 241Am excita
tion was used for obtaining Cd and Ru con
centrations. 
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Dose response curves for six metals are 
shown in Figure 6.1. Each of the individual 
points represents the mean of replicate 
plates from at least two experiments. For 
further comparisons of toxicity, we have 
used a value that we call RPE so (that con
centration of test material which results in 
a relative plating efficiency that is 50% of 
that of control cultures) based on data from 
these curves. In an attempt to evaluate the 
sensitivity of the VERO clonal growth assay, 
we have compared RPE so for each of several 
metals with data from published 20-hour 
viability tests, using either rabbit alveolar 
macrophage or WI38 cells (Table 6.2). In 
every instance, the VERO system is more 
sensitive, varying from 4,400 times more 
sensitive with respect to detecting chromium 
toxicity to 4.5 times more sensitive with 
copper. 

We then compared concentrations of 
metals giving an RPE so with the minimal 
concentration of the same compounds that 
resulted in a lethal dose for mammals. The 
correlation between these two sets of data 
is 0.985 (Figure 6.2). Figure 6.2, while 
similar to Figure 6.2 in last year's Annual 
Report (1978), is now based on the actual 
concentration of metals derived from analysis 
of samples. Also, the number of data points 
is increased. 



w 
a... 
Ct::: 

100 

80 

60 

40 

20 

o 
o 2 4 6 8 10 12 14 16 

~g / ml OF METAL 

FIGURE 6.1. Effect of Metals on the Plating Efficiency of Vero Cells. 

TABLE 6.2. Comparison of Data from Alveolar Macrophage, WI38 Viability Tests and the 
VERO Cytotoxicity Assay. 

Viability - 50% Level, 20 hr 

WI38(a) Alveolar Macrophage 

Chlorides, Chlorides, 
Metal Ion J.lg/ml J.lg/ml 

V 14 5(a) 

Cr 548.2 263(b) 

Ru 

Cd 30.4 9(b) 

Hg 9.4(a) 

Ni 200.8 112.1(a) 

Co 

In 195(a) 

Cu 40.4(a) 

Mn 

Pb 

Fe 

(a) Waters, et aI., 1975 
(b) Graham and Gardner, 1976 
(c) Huisingh, et aI., 1976 
(dlcr tested as chromate 

Sulfates, (c) 
J.lg/ml 

8.7 

9 

20.6 

347 

53.1 

38.7 
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RPE so VERO 
Chlorides, Increased Sensitivity 

J.lg/ml of VERO Assay 

3 x 10-2 167 

6 x 10-2(d) 4.4 x 103 

0.1 

0.3 30 

0.5 19 

1.1 100 

3.5 

6.8 8 

8.6 4.5 

15 

37 

59 

18 
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FIGURE 6.2. Comparison Between RPE so and LD Determinations 
(Handbook of Toxicology, Vol. 1, 1956'). 

Finally, a comparison of our toxicity 
ranking (based on RPE so values) with estab
lished relative hazard and toxicity ratings 
indicates that our data are in agreement 
with both of these ranking systems 
(Table 6.3). The relative hazard rating of 
o - none, 1 - slight, 2 - moderate, and 3 -
high, while having obvious ambiguities, 
shows relatively good agreement with our 
ranking system. Similarly. in the last 
column of this table we have listed a 
toxicity rating that is based on the amount 
of the test compound (taken orally) that 
would result in a lethal dose for a 70-kg 
human. The ranking is: 

Class or 
Rating 

5 
4 
3 
2 
1 

Probably Lethal 
Oral Dose 

5 - 50 mg/kg 
50 - 500 mg/kg 
0.5 - 5 g/kg 
5 - 15 g/kg 
> 15 g/kg 
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Again, there is good agreement between our 
ranking and this toxicity rating. 

These results indicate it is reasonable 
to use the VERO clonal growth assay to 
screen metal compounds and estimate their 
relative toxicity to higher organisms. 
These data can be used as a control for 
the testing of metal-removing agents 
and in designing further investigations 
using animal models. 



TABLE 6.3. Comparison of In Vitro Cytotoxicity with Toxicity Ratings 
and Relative Hazard Ratings. 

RPE so Dose, Relative Hazard(a) Toxicity Rating(b) 
Test Agent J.Lg/ml Rating or Class 

Cr 6 x 10-) 3 4 or 5 

V 3 X 10-2 Variable 5 

Ru 0.1 Unknown Not Rated 

Cd 0.3 3 5 (?) 

Hg 0.5 3 5 

Ni 1.1 1-3 4 (?) 

Co 3.5 4 (?) 

Zn 6.8 Variable 4 

Cu 8.6 1-2 4 

Mn 15 0-2 3 (?) 

Pb 37 0-3 3 or 4 

Fe 59 3 

Mg > 2000 0 3 (?) 

Ca > 3000 0 < 1 

(a) Dangerous Properties of Industrial Materials, 4th Ed. N. Irving 
Sax, Ed. Van Nostrand Reinhold Company, New York, NY, 1975. 

(blclinical Toxicity of Commercial Products: Acute Poisoning, 4th 
Ed. R. E. Gosselin, H. C. Hodge, R. P. Smith, and M. N. Gleason, 
Eds. The Williams and Wilkins Co., Baltimore, 1976. 
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• Metal-Membrane Interactions 

The ionic forms of most toxic metals penetrate cell membranes slowly, and it seems likely 
that their primary effects are exerted at the membrane level. Information on the interaction 
of metals with defined membrane functions can therefore be expected to aid in predicting 
potential effects of trace metals derived from fossil-fuel combustion. In its present stage, 
the research is attempting to define the role of membranes in regulating cellular synthetic 
activity and cell division and to study membrane alterations which accompany cell transforma
tion to the neoplastic state. 

INDUCTION OF EXTRACELLULAR PROTEASE FROM NEUROSPORA CRASSA: 
ROLE OF INHIBITOR AND INTRACELLULAR ENZYMES 

Investigators: 
L. D. Eirich, C. A. Shields, and H. Drucker 

Cells of Neurospora crassa induced for extracellular protease production accumulate high 
levels of three different proteases during the induction procedure. Two of these proteases 
have electrophoretic mobilities identical to the extracellular alkaline and neutral proteases. 
Another, strictly intracellular serine protease appears to be synthesized in response to 
starvation conditions and is the first protease to accumulate to high levels in the cell. In 
freshly prepared cell extracts the alkaline and strictly intracellular proteases are nearly 
100% inhibited by an intracellular protease inhibitor(s). This inhibitory activity can be 
released by treating the extracts at pH 6.15 for 3 hr at 37°C. The data suggest that a 
complex regulatory mechanism exists in ~. crassa that may involve the sequential synthesis of 
the strictly intracellular, neutral, and alkaline proteases. 

When cultures of N. crassa that have 
been starved for either carbon, nitrogen, 
or sulfur (derepression) are grown in the 
presence of a suitable protein source 
(induction), protease accumulates to high 
levels in the culture medium. Low levels 
of added proteolytic activity are also 
required for production of extracellular 
protease in carbon-starved cells. 

Exponentially growing cells of N. 
crassa, when transferred to a medium-con
taining bovine serum albumin as the sole 
nitrogen source, exhibit a typical sigmoid 
induction curve (Figure 6.3). Treatment 
of the cell filtrates with phenylmethyl 
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sulfonyl fluoride (PMSF), which inhibits 
the extracellular alkaline protease but not 
the neutral protease, demonstrated that the 
neutral protease is produced approximately 
0.5 hr before the alkaline protease, and at 
a rate identical to that of the initial 
slow rate of overall protease production. 

The observation described above was con
firmed when samples of culture filtrates 
collected at various intervals throughout 
the induction period were examined electro
phoretically (Figure 6.4A). Neutral pro
tease (NP) appeared in culture filtrates 
approximately 1.25 hr after induction 
began, while alkaline protease (AP) was 
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FIGURE 6.3. Induction of Extracellular Protease from 
N. crassa: Protease levels Measured Before and After 
Phenylmethyl Sulfonyl Fluoride Treatment. Cells grown 
for 12 hr in minimal medium containing 2% sucrose were 
transferred to a nearly identical medium that contained 
bovine serum albumin as sole nitrogen source. At inter
vals indicated, samples of cell-free filtrate and cells 
were obtained. Protease activity in cell filtrates was 
determined both in the presence and absence of phenyl
methyl sulfonyl fluoride (10-3 M). 

first observed after 1.75 hr. These data 
support the conclusion that the neutral and 
alkaline proteases are synthesized sequen
tially rather than coordinately, as was 
previously believed. 

When the levels of proteases in cell 
extracts were determined enzymatically 
(Figure 6.4A) and when the proteases were 
identified electrophoretically (Figure 6.4B), 
a more complex picture developed. Very 
little active enzyme was detected and no 
alkaline protease was observed. Two pro
tease bands were visible; however, one had 
an electrophoretic mobility identical to 
that of neutral protease, while the other (a 
protease-inhibitor complex, PIC) moved more 
slowly than either the alkaline or the 
neutral proteases. The identity of PIC was 
revealed when purified alkaline protease was 
added to cell extracts. Enough alkaline 
protease was added so as to be easily 
observed after electrophoresis. Even so, no 

6.S 

alkaline protease band was detected. The 
PIC, however, increased slightly in intensity. 
This indicated that we were observing a 
protease-inhibitor complex. 

Electrophoresis of boiled-cell extracts 
(which are devoid of all protease activity) 
to which purified alkaline protease had been 
added revealed only the PIC band. Thus, the 
PIC band is formed directly from the addition 
of alkaline protease to an inhibitor present 
in cell extracts. The neutral protease was 
only slightly inhibited by boiled-cell 
extracts, and no PIC band was formed. 

We have found that heating extracts at 
37°C for 3 hr at pH 6.15 allows the destruc
tion of the protease inhibitors present 
while stabilizing the activity of the pro
teases released. When cell extracts were 
treated in this manner we were able to 
electrophoretically identify three major 
types of proteases (Figure 6.4C), two of 
which are electrophoretically identical to 
the extracellular neutral and alkaline 
proteases; the third is an intracellular 
protease (IP). 

The synthesis of each of these three 
proteases appears to be under a different 
control mechanism. The IP is produced after 
an initial lag of 1 hr, reaching maximal 
levels at 1.25-1.5 hr, and appears to 
decrease slowly during the course of induc
tion. The neutral protease begins to appear 
in extracts at the same time as the strictly 
intracellular protease, approximately 
15-30 min before the alkaline protease. The 
intracellular neutral and alkaline proteases 
reach maximal levels at about 2-3 hr from 
the start of the induction procedure, when 
their rate of secretion is maximal. 

The data presented in Figure 6.5 corrobo
rate the results shown in Figure 6.4. An 
approximately 2.5- to 3-fold increase in 
protease activity is observed after the cell 
extracts are treated at 37°C for 3 hr at 
pH 6.15. Peaks of activity at 1.5 and 2.5 hr 
correlate with the high levels of IP and the 
neutral and alkaline proteases, respectively, 
observed in the electrophoresis procedure. 

We were able to detect only IP in extracts 
of exponentially growing cells that were 
placed in a medium lacking a nitrogen 
source (derepressed) and grown in the 
absence of protein inducer (uninduced). 
Thus, IP appears to be made in response to 
starvation conditions, and it is apparently 
not an induced enzyme. However, it may 
playa role in the regulation of extra
cellular protease biosynthesis. If so, it 
is probably involved at one of the early 
steps in the process, since it doesn't 
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FIGURE 6.4. Electrophoresis of Cell-Free Filtrates and Cell Extracts of N. crassa. 
Cell filtrates and cell extracts, which were obtained from the experiment described 
in Figure 6.3, were subjected to electrophoresis at pH 9.0 in 0.25 M Tris-borate buffer 
for 1 hr on cellulose acetate strips. After electrophoresis the strips were placed on a 
thin layer of agar, containing milk protein. Zones of milk protein proteolysis were 
visualized by staining for protein with Naphthol Black. Zones that did not stain for 
protein are indicated. Symbols are defined as follows: AP, alkaline protease; NP, 
neutral protease; PIC, protease-inhibitor complex; IP, intracellular protease. Intensity 
of clearing has been indicated by: 4, complete clearing of zone; 3, same as 4 but zone 
slightly smaller in size; 2, partial clearing of zone; 1, same as 2 but zone of clearing 
was less intense; dashed lines indicate zones in which clearing was barely visible. 
A: Electrophoresis of cell filtrates obtained at intervals shown. B: Electrophoresis 
of cell extracts, prepared from cells obtained at intervals shown. Cell filtrate obtained 
at 5 hr after induction (Exo 5) was included as a standard. C: Same as B, except that 
cell extracts were treated at pH 6.1 for 3 hr at 37°C before electrophoresis. 
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from the experiment described in Figure 6,3, At intervals 
indicated, protease activity in cell extracts was deter
mined both before and after treatment at 37°C for 3 hr 
at pH 6.15. 

appear to be needed in large amounts once 
the alkaline and neutral proteases are at 
their maximal levels. Another likely role 
for IP is that, in response to starvation 
conditions, it simply breaks down nonessen
tial cellular proteins, thereby providing 
either carbon, nitrogen, and/or sulfur to 
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the cell and enabling it to survive until an 
external source of nutrients becomes avail
able. Under such conditions the neutral and 
alkaline protease is not present in either 
culture filtrates or cell extracts. When 
extracts obtained from the cells grown as 
described above were treated with PMSF, we 
found that IP was 100% inhibited and is 
therefore a serine protease. 

The results described in this report 
have dealt mainly with exponentially growing 
cells placed under conditions of nitrogen 
starvation. Nearly identical results are 
observed when cells are placed under con
ditions of carbon or sulfur starvation. 

Previous studies supported the proposal 
that an inactive protease precursor (zymo
gen) was present inside induced cells that 
could be proteolytically activated during 
the secretion process to yield an active 
protease and a zymopeptide. We postulated 
that the zymopeptide was involved in the 
regulation of extracellular protease bio
synthesis. In this report we have presented 
evidence that the inactive, alkaline 
protease-like material present in cell 
extracts is not a zymogen, but rather a 
protease-inhibitor complex. We have also 
demonstrated that the inhibitory activity 
present in mycelial extracts can be elimi
nated, thus allowing us to identify and to 
qualitatively determine the levels of those 
proteases present. Using this method, we 
have observed the presence of a previously 
unknown intracellular protease. We have 
also demonstrated the sequential nature of 
the induction process. In addition, these 
studies have laid the groundwork for propos
ing a new and possibly more complex model 
for the regulation of extracellular protease 
biosynthesis. 



COMPARISON OF THE PROPERTIES OF AN ATPase OF AVIAN 
MYELOBLASTOSIS VIRUS AND ITS HOST CELL 

Investigator: R. P. Schneider 
Technical Assistance: L. M. Butcher 

Cell membranes from isolated avian leukemia cells (myeloblasts) contain ATPase activity 
resembling that found in virus produced by the cells. The virus enzyme is of higher specific 
activity than its membrane counterpart, showing that it is accumulated by the virus during 
maturation. The lipid environment and structural organization of the ATPase are different in 
membrane and virus, indicating that it is not localized exclusively in precursor viral
envelope patches in the membrane. 

We are studying an adenosine triphos
phatase (ATPase) found on an avian myelo
blastosis virus (AMV) as a marker for 
elucidating virus assembly and control of 
cell membrane organization, as well as to 
ascertain the usefulness of the enzyme for 
identifying cancer cells. We have charac
terized the enzyme of the virus and found a 
similar activity on the exterior surface of 
the leukemic host cells that produce the 
virus, which is presumably the precursor of 
the viral enzyme (Annual Report, 1978). 

The plasma (exterior) membranes of the 
host cells have been isolated to compare 
the biochemical properties of the cell 
enzyme to those of the virus. The membranes 
were prepared by lysing the cells in dilute 
borate buffer. Electron microscopy revealed 
that the membrane preparation consisted of 
closed vesicles, free of other intracellular 
organelles or virus particles (Figure 6.6). 
Most biochemical properties of the membrane 
enzyme are identical to those of the ATPase 
of the virus, e.g., sensitivity to inhibitors 
and substrate specificity. The ATPase 
activity/mg of membrane protein, however, 
is about ten times less than that of the 
virus envelope, showing that the virus is 
enriched in the enzyme, relative to membrane. 
This suggests that the enzyme may be inserted 
in the membrane only in patches of membrane 
that will become virus envelope. If this is 
the case, the lipid environment and struc
tural organization of the enzyme should 
resemble that in the virus. 
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The lipids in the region of membrane 
enzymes are known to have a major influence 
on the relationship of activity to tempera
ture because they determi ne the fl ui dity of 
the enzyme's environment. A comparison of 
activity and temperature plots of the 
membrane and viral enzymes (Figure 6.7) 
shows that the optimal temperature of the 
membrane enzyme (25-30°C) is lower than 
either of two peaks of the viral enzyme (35° 
and 43°C). This could occur because they 
are associated with different proteins, or 
because the nearby lipids are more fluid, 
i.e., "melt" at a lower temperature in the 
membrane. After the membranes and virus are 
incubated with dipalmitoyl lecithin, a 
saturated lipid that melts at high tempera
ture, the enzymes in both preparations have 
a peak at 35°C. The two optima in the virus 
are probably the result of a phase transi
tion of the viral lipids that occurs at 
35°C, followed by thermal denaturation of 
the ATPase protein. The decrease in acti
vity at 37°C was reduced but did not dis
appear in virus incubated with dipalmitoyl 
lecithin because most, but not all, viral 
lipids were replaced. This experiment 
suggests that the lipid environment of the 
enzyme is more fl ui din the cell membrane 
than in the virus; i.e., prior to virus 
maturation, the lipids in the region of the 
ATPase are exchanged for others. 

When virus is disrupted with cholate (a 
detergent) and centrifuged on sucrose
density gradients that separate the viral 
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FIGURE 6.6. Electron Micrograph (S6,SOOX) of Plasma Membranes Isolated from 
Leukemic Avian Myeloblasts. 
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fragments according to their density, all of 
the ATPase activity is found in a particle 
that constitutes about 10% of the viral 
protein. In contrast, the enzyme activity 
of similarly treated membranes was associa
ted with each peak of protein concentration 
in the fractionated gradient rather than 
being restricted to a single subunit 
(Figure 6.8). The structural organization 
of the ATPase in the membrane does not 
resemble that in the virus with respect to 
association with proteins or lipid in spite 
of its enhanced concentration in the virus, 
which implies specificity of association 
with viral maturation sites. 
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REGULATION OF 5-100 SYNTHESIS IN RAT GLIAL CELLS 

Investigators: 
L. E. Anderson, J. E. Morris, L. 5. Winn, and W. R. Wiley 

The relationship between density-dependent growth regulation and the cellular accumulation 
of 5-100 protein was examined in a clonal glial cell culture, C6 , and two revertant sublines 
of C6 . Both parental (C 6 ) and sublines have comparable low levels of 5-100 throughout expo
nential growth. As the cultures become confluent, a rapid accumulation of 5-100 is evident 
in parental strains, but not in sublines. In other studies this year we have confirmed that 

the trimeric form of 5-100 exhibits immunoreactivity with anti-5-100, whereas other forms do 
not. Also, both parental and revertant glial cells show high- and low-affinity binding sites 
for concanavalin A; however, a difference is evident in the ability of the cell lines and 
sublines to agglutinate. 

The clonal rat glial cell line, C6 , has 
been shown to accumulate 5-100 protein as 
the cells progress from exponential growth 
to confluency in monolayer cultures. 5ub
clones, isolated from the parental C6 cell 
line by an independent genetic selection 
process, grow to lower saturation densities 
than the parental strain. They were pre
viously reported to show insignificant 
levels of 5-100 in all phases of growth 
(Annual Report, 1976). The observation 
that a marked differential in 5-100 levels 
exists between high-density C6 cells and 
lower-density subline cells has been inves
tigated, (a) as a probe of the mechanism of 
density-dependent growth regulation, and 
(b) for its potential as an assayable 
parameter in a carcinogenic screening 
system. 

During FY 1978, improvements in the 
sensitivity of the radioimmune assay have 
facilitated the measurement of lower con
centrations of 5-100 protein. The data 
obtained for both parental C6 and subcell 
lines (6-1 and 14-1) show that 5-100 is 
present in exponentially growing cells 
(Figure 6.9). As exponential growth slows 
in the parental C6 cells, a rapid accumu
lation of 5-100 protein is induced, whereas 
in the subcell lines no such increase is 
observed. The question of whether the 
rapid accumulation of 5-100 seen in C6 is 
due to synthesis and/or a change in the 
macromolecular structure of 5-100 is dis
cussed below. It is of interest to note 
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that when the culture is fully confluent 
the 5-100 level decreases, with an apparent 
half-life of 3.5 days. This loss of 5-100 
may represent simple degradation in the 
absence of further synthesis or, alterna
tively, it may denote the conversion of 
trimeric 5-100 to other forms of the 
protein not recognized in the radioimmune 
assay, e.g., monomeric or aggregate 5-100. 

Previous observations suggested that, 
in vitro, 5-100 undergoes molecular trans
formations which render the protein unrecog
nizable to antibody specific to "native" 
5-100 (Annual Report, 1977). Confirmation 
of these results is of particular importance 
because of the implication that the differ
ential accumulation of 5-100 in glial cells, 
as measured immunologically, may be due to 
changes in the physical state of the protein 
molecule. Those physical changes, in turn, 
may reflect or be promoted by physiological 
changes in the cells as they progress from 
one stage in the cell cycle to another. In 
FY-1978 we have confirmed and extended 
observations on the relationship between the 
macromolecular forms of 5-100 and their 
immunologic reactivity. The molecular forms 
of 5-100 were separated by gel filtration on 
5ephadex G-100. As shown in Figure 6.10, 
5-100 protein was eluted in three major 
peaks: aggregate, trimeric (21,000 MW), 
and monomeric (7,500 MW). The specific 
activity of trimeric 5-100, as measured by 
radioimmune assay, was 0.88 ~g 5-100/~g 
protein. Recognition of 5-100 by our 
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FIGURE 6.9. Growth and Accumulation of S-1OO Protein in C6 Cultures and Subcell 
lines 14-1,6-1, with 24-hr Changes in Growth Medium. Cells were grown in 7S-cm2 
flasks and counted in a Coulter counter; C6 (0---0), 14-1 (D---D), 6-1 (A ---A). After 
harvesting, cells were subjected to sonication in 0.01 M N-2-hydroxyethylpiperazine
N-2-ethanesulfonic acid (HEPES), 0.1 N NaCI, 0.001 M CaC!" 0.001 M 2-mercaptoe
thanol, 0.2% NP-40 (a non ionic detergent). S-1OO protein was measured by radio
immune assay; C6 (e-_-e), 14-1 (-----),6-1 (A --- A). 

preparation of anti-S-100 appears to be 
associated with the trimeric structure of 
the protein molecule. Neither aggregate 
S-lOO nor monomeric subunits show signifi
cant antigenicity. 

In our investigation of glial cells as an 
in vitro screening system, we also compared 
cell surface properties of parental trans
formed cells with those of subclone rever
tant cells. Cell-surface receptors for the 
plant lectin, concanavalin A (Con A), were 
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examined in the two cell types in binding 
stUdies using 125I-Con A. The number of 
receptors on the surface of parental and 
selected subcell lines is comparable. 
Scatchard analysis of binding data for 
subcell line 6-1 is typical, and indicates 
the presence of at least two types of Con A 
binding sites on the surface of these 
cells: a high-affinity site(2.5 x 10- 7 

sites/cell} and a low-affinity site (1.1 x 
10- 7 sites/cell; Figure 6.11). 
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Although binding of Con A is approxi
mately equal for the transformed and rever
tant cell types, differences are evident in 
the availability of surface-bound Con A for 
attachment of sheep red blood cells. This 
test is designed to determine the relative 
ability of the two glial cell preparations 
to agglutinate. Preliminary results suggest 
that the subcell lines exhibit greater 
agglutinability than does the parental 
transformed glial preparation. Differences 
in the ability of normal and transformed 
cells to agglutinate may be used as a probe 
for potential carcinogens in the glial cell 
system. The utility of this technique is 
dependent upon the implementation of quan
titative measures, e.g., through the use 
of radiolabeled or fluorescent-tagged cell 
surface probes. 





• Toxic Effects of Geothermal Effluents 

The purpose of this project is to investigate the potential for toxic effects of exposure 
to effluents from geothermal power plants. Current studies are examining the potential toxic 
effects of subacute and chronic exposure to hydrogen sulfide and ammonia. 

TOXICITY OF GEOTHERMAL EFFLUENTS 

Investigators: 
R. A. Renne, K. E. McDonald and F. D. Andrew 

Technical Assistance: 
B. R. Garrity and \~. C. Cannon 

Rats and guinea pigs were exposed for 7 days to hydrogen sulfide, ammonia, or a combination 
of the two gases. Evaluation of morphologic effects, clinical pathology data and effect on 

spermatogenesis is in progress. 

Geothermal power production may result in 
chronic human exposure to various levels of 
gaseous hydrogen sulfide and ammonia through 
either occupational or environmental expo
sure. There is a paucity of information 
regarding the chronic effects of exposure to 
these gases, or the potential, synergistic 
toxic effects of the two gases in combina
tion. In April 1977, we began a series of 
studies to determine the toxic effects on 
laboratory rodents of exposure to various 
levels of hydrogen sulfide (H 2S) and ammonia 
(NH 3 ) gases, alone and in combination. 

The first study involved a 7-day exposure 
of groups of 10 rats and 10 guinea pigs to 
H2 S (100 ppm), NH3 (250 ppm), or a com
bination of the two gases at these concen
trations. The second study involved 
exposure to 220 ppm of H2S, 250 ppm NH 3, 
or a combination. An additional group of 
10 male rats was exposed to H2S in the 
second study for use in research on possible 
effects on spermatogenesis (see below). 

Complete necropsies were performed on all 
animals from both exposure regimes, and 
samples were taken for clinical pathology 
and histopathologic examination. Evaluation 
of data from these studies is in progress. 
When evaluation is complete, the next step 
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will involve exposure of rodents for 22 days 
to lower concentrations of the two gases, 
alone or in combination. 

A comprehensive literature search revealed 
scant information (except for several Russian 
articles) regarding the effect of H2S on 
gametogenesis, reproductive function, or 
intrauterine development. The results of 
studies by Borilyak et al. (1975) suggest 
that long-term exposures (70-90 days) of 
rats to H2 S and CS 2 at low levels (10 mg/m 3) 
may elevate pre- and postimplantation loss. 
Under their experimental conditions, more 
evidence of embryotoxicity was seen follow
ing exposure of female than of male rats, 
although both sexes appeared to be affected. 
A dominant lethal study is in progress at 
PNL to evaluate the effects of H2S on sper
matogenesis. We have exposed a group of ten 
14-week-old Wistar rats to 220 ppm of H2S 
for 7 days. A similar control group was 
exposed to filtered air only and was main
tained concurrently with the exposed group. 
Following the last exposure, each male was 
caged with two unexposed 6- to 9-wk-old 
virgin female Wistar rats each week for 10 
consecutive weeks. Females were killed 
18 days after their initial cohabitation 
with a male, and their uteri were examined 
for the presence of living and dead fetuses. 



The parameters being considered for statis
tical evaluation (per pregnant rat) are: 
1) mean number of corpora lutea, 2) total 
implants, 3) dead implants, and 4) percent
age preimplantation loss. This study is 
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still in progress and data are not yet 
available. In subsequent studies, pregnant 
female rats will be similarly exposed to 
assess the potential of H2S for inducing 
embryotoxicity. 
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APPENDIX 

DOSE-EFFECT STUDIES WITH INHALED PLUTONIUM IN BEAGLES 

On the following pages data are presented for all dogs employed in current life-span dose 
effect studies with inhaled 239PU02' 238pu02' and 239pU nitrate. Information is presented 

on the estimated initial alveolar deposition, based on external thorax counts at 14 and 
30 days postexposure and on estimated lung weights (0.011 x body weight) at time of exposure. 
Information is also provided on the current interpretation of the most prominent clinical
pathological features associated with the death of animals. These data represent information 
presently available, and are presented as reference material for scientists who desire to 
follow in detail the progress of these experiments. 
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o 
\1 
il 
o 
o 
il 
;; 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
o 
fl 
o 
o 
o 
J 
o 
<I 
o 
o 
1 
1 
1 
2 
3 
4 
4 
5 
6 
5 
8 
8 

NCI/G NCI/ 
LUN:; 

0.00 
0.00 
0.0fJ 
0.00 
~.00 

0.00 
0.00 
11.l1il 
0.00 

I~. "" 
fJ.00 
0.00 
(l.00 
0.00 
fl. Otl 
(l.0" 
0.00 
".00 
0.110 
0.00 
0.00 
0.00 
0.00 
0.0<1 
0.00 
0.00 
0.00 
0.00 
o . 0~ 
0.00 
0.00 
0.01 
il. "1 
0.01 
tl.02 
0.02 
0.tl3 
0.03 
0.04 
0.04 
0.05 
0.05 
0.05 

KG 

0.00 
0.00 
0.00 
0.00 
0.0fJ 
0.00 
0.0il 
tl .00 
0.001 
a .f"" 
tl .00 
".00 
130 00 
0.00 
0.0<1 
0.00 
0.00 
0.0" 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
fl.00 
0.00 
(J.<l0 
0.0" 
O.00 
0.00 
0.12 
0.10 
ll.fP 
0.24 
0.22 
0.32 
0.31 
0.41 
0.41 
0.5~ 

0.51 
0.54 

INHALATION EXPOSURE 

WEIGHT AGE* 
(KG) (MO) DATE 

13.0 
1l.5 
13.0 
13.0 
~. 0 

14.5 
10.5 
1l.5 
11.5 
10.0 
Hl.<l 

1l.5 
13.0 
12.0 
11. 5 
11.5 
14.0 
8.5 

15.0 
14.0 

19.5 01/19/71 
19.3 01/19/ 7 1 
Id.5 0 7 /06/ 7 1 
18.2 0 7 /06/ 7 1 
17.4 (J7/06/ 7 1 
17.9 10/0 7 / 7 1 
18.2 11/10/71 
15.:1 11/10/7 1 
18.1 06/0d/71 
21.3 1(l/0 7 / 7 1 
15.~ 11/10/71 
16.5 04/26/71 
16.0 11/10/ 7 1 
16.9 IP/06/71 
16.0 11/10/71 
17.407/06/ 7 1 
16.0 11/Hl/71 
21.3 10/0 7 /71 
21.3 10/0 7 /71 
16.8 0 7 /06/71 

DATE 
uF 

DEATH 

03/24/ 7 7 
03/30/7~ 

01/L4/77 

10/26/7 2 

OS/21/7d 

* INDICAT~S AG~ IN MONTHS SINCE BIRTH, ALL OTHBR AGES ARE IN MONTHS SINCE EXPOSURE 

HONTHS SI~CE: 

INHALATION 

:1/30/78 DEATH COMME~TS ON DEAD DOGS 

113.2* 
113.2* 
111. 9* 
Ill. ~* 
111.5* 
111.1* 
110.4* 
IHl.l* 

1"7.3* 
107.3* 
106.2* 
105.4* 
105.0* 
103. 7 * 
103.6* 
101. 7 * 
101.5* 
130.9* 

98.6* 
114.5* 

92.4 

86.8 
86.d 
d6.8 
83.8 
82.7 
82.7 
8 7 .8 

32.7 
69.2 
d2.7 
<36.8 
82.7 
06.8 
82.7 
~3.8 

83.a 

7:1.5* uRAL TU,10R 

96.2* SACRIfICED 
107.9* SACRIFICED 

72.2 SACRIFICED 

12.6 SACl<HICE:D 

82.5 KIDNEY:MALIGNANT LYMPHOMA 



> 
N 

uUSE GRUUP 

0-1 LUI,CST 
u-1 L0wt.S'f 
0-1 L0Wc.ST 
u-1 LUwEST 
D-1 LOwEST 
D-1 LOwE"T 
0-2 LO ... 
0-2 LO(; 
0-2 LOw 
0-2 LOI'i 
0-2 LOw 
D-2 LOW 
0-2 LOW 
0-2 LO'" 
0-2 LOw 
0-2 LOW 
C-2 L(J1'/ 
0-2 LO" 
0-2 LO ... 
u-2 Lv~ 

u-2. LUi"4 

0-2 LvW 
u- 2 L.JY-4 
0-2 L.J" 
0-2 LUW 
0-2 Lvv¥ 
u-2 L0w 
0-2 LC ... 
u-2 L\.J1'/ 
0-3 hEJ)- Lo\. 
0-3 ~EO-LOw 
0-3 NED-LOw 
D-3 ~lEO-LOW 
0-3 MEO-LOvl 
0-3 MEO-LOW 
0-3 MED-LO., 
0-3 /'1 EO-LOVi 
D-3 HED-LOW 
0-3 [-lED-LOW 
0-3 MED-LOI'i 
0-3 MEO-LOW 
D-3 t4ED-LOW 
0-3 i'lED-LOW 

[JOG 
NU11BEH SEX 

770 
7(j8 
tl93 
tH17 
d41 
9138 
776 
76 7 
842 
920 
862 
3 7 1 
8 7 4 
754 
845 
748 
7'18 
826 
831 
8tll 
7dO 
,;59 
7':,7 
(j76 
d0b 
813 
8 77 

769 
802 
7d1 
771 
782 
786 
752 
823 
883 
778 

838 
795 
815 
851 
918 
834 

F 
~1 

;1 

F 
F 
11 
M 
N 
!~ 

M 
i1 
M 
M 

F 
F 
F 
F 
F 
F 
F 
M 
11 
F 
F 
F 
F 
F 
M 
F 
F 
M 
M 
M 
~ 

M 
,,\ 

M 
F 
M 
F 
M 
F 

OOSE-EiFECT STUDIES WITH INrlALEC PU-239 GxIOE IN BEAGLES 

INITIAL ALVEULAR DEPOSITIuN I~HALATIUN EXPOSURE 

NCI 

6 
d 
~ 

8 
6 
9 

1~ 
10 
10 
11 
13 
13 
16 
22 
19 
14 
16 
19 
21 
b 
24 
3S 
Jo 
19 
26 
32 
34 
211 
4~ 

4tl 
44 
62 
62 
62 
65 
63 
74 

56 
54 
6d 
53 
74 

6 7 

NCI/" 
LUNG 

0.06 
I), 06 
0. ~6 
0.07 
0.0 7 
<l.0 7 

;).Il? 
0.138 
0.08 
<l.0d 
0.119 
0.0'oJ 
o . 11 
0.] 5 
C .15 
0.16 
0.16 
0.16 
0.18 
0.1 ~ 
0.22 
0.22 
0.23 
0.23 
0.2) 
0.2tl 
0.29 
0.32 
0.33 
0.38 
0.40 
13.42 
0.42 
1"- 43 
0.44 
0.44 
0.46 
0.46 
0.52 
0.52 
0.54 
0.58 
0.6b 

NCI/ 
'<G 

0.63 
0.62 
0.61 
0.73 
(J. 7 5 
0. 77 

0. 7 4 
0.B3 
<l .83 
0.92 
1. 00 
IL96 
1. 24 
1. 6~ 
1. 6 3 
1. 75 
1. 78 
1. 81 
2.00 
2.001 
2.40 
2.41 
2.5 7 

2.51 
2.74 
3.05 
3.24 
3.50 
3.64 
4.17 
4.40 
4.5~ 

4.59 
4.77 

4.81 
4.85 
5.10 
5.09 
5.68 
5.67 
5.8~ 

6.43 
7.44 

WEIGctT AGE* 
(KG) (MO) DATE. 

9.5 
13.0 
14.0 
11. (J 

1:i.0 
11. 0 
13.5 
12.0 
12.5 
12. (J 

13.0 
13.5 
13.0 
13.0 
11.5 
tl.fl 
,).0 

10.5 
10.5 

'oJ.0 
10.0 
14.5 
14.0 

7.5 
9. S 

10.5 
11'1.5 
0.0 

11. 0 
11. ~ 
10. '" 
13.5 
13.5 
13.0 
13.5 
13.0 
14.5 
11. 0 

9.5 
12.0 
9.0 

11. ') 
9.0 

19.1 fll/19/ 7 1 
1d. 7 02/09/ 7 1 
14.910/1J7/71 
14.6 "2/09/ 7 1 
17.7 06/0d/ 7 1 
15.9 11/10/ 7 1 
20.2 03/04/7 1 
18.2 12/21/70 
18.6 0 7 /06/ 7 1 
16.0 ~6/08j72 
P.3136/0d/ 7 1 
16.~ ~7/06/71 

16.8 07 /06/ 7 ] 
19.5 ,H/l,)/71 
17.6 06/06/ 7 1 
19.5 fll/19/ 7 1 
15.6 02/09/ 7 1 
19.1 0 7/06/ 7 1 
P.~ 06/"8/ 7 1 
17. 7 10/0 7/ 7 1 
Id.201/19/ 7 1 
1tL2 IP/06/ 7 1 
1tl.S 12/21/7~ 
17.9 1~/07/71 

15.3 03/04/ 7 1 
15.1 03/1J4/ 7 1 
P.'1 1~/G7/71 
10.2 12/21/713 
18.1 04/26/7 1 
17.3 12/21/7 0 
1'1.2 01/20/ 7 1 
19.0 02/1tJ/ 7 1 
19.5 03/04/ 7 1 
10.6 12/21/ 7 0 
16.8 04/26/7 1 
17. 7 10/il 7 / 7 1 
20.2 03/04/ 7 1 
17.8 06/08/71 
15.0 01/20/ 7 1 
16.8 04/26/7 1 
21. 3 10/0 7 / 7 1 
16.0 06/08/ 7 2 
17.8 06/08/ 7 1 

DATE. 
0F 

ut;ATH 

[6/23/ 7 8 

OS/22/ 7 3 

MONTHS ,SINCE 
INhALATluN 

9/30/73 Dt.:ATH 

~ 2.4 
91. 7 

d3.0 
91.7 
d 7 .0 
82.7 
:J1l.9 
93.3 
86.d 

0 7 .0 
86.1:l 
86.e 

(]7.d 
j L. 4 

do.o 
tj? b 

J3.0 
,U.4 
<l6.d 
'13.3 
03.8 
~0. ':I 
90.~ 

o3.!) 

tJ'oJ.2 
93.3 
':12.3 
91.6 
90.9 
93.3 
39.2 
d3.3 
90.9 
0 7 .8 
92.3 

133.8 

3 7 .8 

I.e 

,,3. 7 

4 L. b 

~ 0.1 

24.9 

* INDICA'rES A"E IN NUNTHS SI:KE BIRTH, ALL OTrlSH AGES ARE IN MONTHS SINCE. EXPOSURE. 

COMMbNTS ON Uc.AU CoGS 

SACk [ t'l CEC 

3r~r~s ~PILE.PTTCU3 

SALKlfl(c.l) 

PROCl:3ST,~G 

SACRIFICt::D 

SACRIFI(ED 



w 

DOSE-EFFECT STUDIES WITH INHALED PU-239 OXIDE IN BEAGLES 

DOSE GROUP 

D-3 MED-LOW 
0-3 HED-LOW 
D-3 HED-LOI"/ 
D-3 MED-Lmv 
D-3 ~iED-LOW 
D-3 MED-LOW 
u-3 MED-LOW 
D-3 ~lED-LuW 
i)-4 NE;DIU,1 
D-4 MEOllJi'i 
0-4 MEDIUM 
D-4 MLDIUM 
0-4 M£DIU1'1 
D-4 MEDIUM 
0-4 MI:;tJIU~1 

D-4 ME.DIUM 
D-4 MEDIUM 
D-4 MEDIUM 
0-4 MhDIUM 
D-4 MEDIUi~ 
0-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
D-4 MEDIUM 
0-4 t1EDIUM 
0-4 ~iE;DIUM 

D-4 MEDIUM 
D-4 HEDIUM 
D-4 MEDIUM 
D-4 I~EDIUM 
D-4 MEDIUi'! 
0-4 MEDIUM 
D-5 MED-HI 
0-5 MED-HI 
0-5 MED-HI 
0-5 MED-HI 
D-5 MED-HI 
D-5 MED-HI 
D-~ MED-HI 
D-5 MED-HI 
D-S MED-HI 
D-5 MhO-hI 
D-5 MED-HI 

DOG 
NUMBER SEX 

'97 
848 
82' 
697 
750 
884 
844 
905 
809 
866 
764 
835 
03':1 
tl14 
836 
819 
888 
824 
860 
833 
810 
'94 
854 
4'8 
808 
805 
812 
85' 
892 
816 
7"17 
803 
787 
840 
727 
89U 
75':1 
864 
909 
734 
856 
837 
863 

F 
F 
F 
M 
M 
M 
F 
f 
F 
~l 

F 
F 
F 
F 
M 
F 
M 
F 
M 
F 
F 
M 
M 
M 
F 
F 
M 
M 
M 
M 
M 
M 
M 
F 
M 
F 
M 
F 
M 
M 
F 
M 
F 

INITIAL ALVEOLAR DEPOSITION 

NCI 

85 
'5 
89 

140 
118 
123 
135 
127 
151 
200 
1:'8 
163 
189 
140 
256 
163 
274 
22' 
254 
248 
302 
444 
465 
298 
2'0 
2,)7 
438 
486 
494 
398 
546 
54' 
651 
7113 
'33 
'11 
tliJ:! 
801 
737 
914 
818 

12B3 
980 

NCI/G 
LUNG 

0.70 
0.'2 
0.81 
0.85 
0.93 
1.12 
1. 23 
1.44 
1. 25 
1. 35 
1. 3' 
1. 4B 
1. 49 
1. 50 
1. 66 
1.74 
1. 78 
1. '9 
1. 85 
2.3' 
2.39 
2.6 (J 
2.64 
2.'1 
2.73 
3.12 
3.19 
3.4il 
3.59 
3.62 
3.9' 
4.32 
4.'3 
4.92 
5.33 
5.39 
6.13 
6.62 
6.70 
6.92 
'.01; 
8.04 
8.48 

NCI/ 
KG 

'.73 
'.94 
8.90 
9.33 

10.26 
12.3[3 
13.50 
15.88 
13. '3 
14.dl 
1~.05 

16.30 
16.43 
16.47 
18.29 
19.18 
19.5' 
19.'4 
2(J.32 
26.11 
26.26 
28.65 
29.06 
29.80 
30.00 
34.2' 
35.04 
3'.38 
39.52 
39.80 
43.68 
4'.5' 
52.08 
54.08 
5B.64 
59.25 
67.42 
72.82 
73.70 
76.17 
77.90 
8B.4t1 
93.33 

INHALATION EXPOSURE 

WEIGHT AGE* 
(KG) (MO) DATE 

11 .0 
9.5 

10.0 
15.0 
11. 5 
10 .0 
10. \) 

B.0 
11.11 
13.~ 
10.5 
10.0 
11. ') 

8.5 
14 .0 
8.5 

14 .0 
11. 5 
12.5 

9.5 
11.5 
15.5 
16.0 
10.0 

9.0 
'.5 

12.5 
13. ~ 
12.5 
10.0 
12.5 
11. 5 
12.5 
13.0 
12.5 
12.0 
12.0 
11. 0 
Ifl. 0 
12.0 
10.5 
14.5 
10.') 

16.4 03/04/'1 
21.3 10/')"1/71 
16.' 04/26/'1 
19.5 10/30/70 
19.6 01/20/7 1 
17.8 10/08/'1 
17.6 06/08/71 
15.9 11/10/'1 
15.3 03/04/,1 
1'.4 0'/06/71 
18.2 12/21/70 
16.4 04/26/'1 
16.3 04/26/71 
15.1 03/04/71 
1'.8 06/08/'1 
18.2 06/0tl/71 
1'.110/08/'1 
18.1 06/08/'1 
17.3 06/08/'1 
16.5 04/26/71 
15.3 03/04/7 1 
I'.' 03/04/'1 
21.3 10/[38/'1 
64.0 10/09/70 
14.6 02/1(J/'l 
18.5 06/08/'1 
17.1 04/26/'1 
1'.3 06/08/'1 
16.0 11/10/'1 
16.8 04/26/'1 
20.2 03/04/'1 
18.1 04/26/'1 
19.5 03/04/7 1 
l'.706/1l1;/'1 
19.1 11/04/'0 
16.0 11/10/71 
18.3 12/21/70 
1'.4 0'/07/"11 
15. ':I 11/ 10 /'1 
19.2 11/10/70 
18.2 07/0'/71 
IB.8 07/0'/'1 
17.4 07/0'/71 

DATE 
OF 

DEATH 

06/2~/'ll 

10/16/'0 

05/11/,1 

11 / 10 /" 

11/Hl/76 

06/02/'5 

04/01/'1 

0' /21/" 
10/21/77 

* INDICATES AGE IN MONTHS SINCE BIRTH, ALL OTHER AGES ARE IN MONTrJS SINCE EXPOSURE 

MONTHS SINCE 
INHALATION 

9/30/78 DEATH 

90.9 
83.8 
89.2 
95.0 
92.3 
83.7 
d'.8 
tl2.' 
90.9 
d6.8 
93.3 

d9.2 
'10.9 
8'.8 
8'.8 
B3.' 
d' .8 
(j'.tI 
89.2 
90.9 
90.9 
83.' 

91.6 
8'.8 
89.2 
3'.8 
82. ' 

90.9 

90.9 
B' .8 

82.' 

8ti.8 
il2.7 

86.tI 

d6.0 

0.2 

0.5 

'B.5 

'2.2 

53.4 

4.' 

72.5 
75.5 

COMMENTS ON DEAD DOGS 

PROCESSI[,;G 

SACRIFICED 

SACRIFICED 

INTERSTITIAL PNEUMONITIS 

LUNG TUMOR 

LUNG 'l'UMUR 

SACRIFICED 

LUNG TUi~OR 

LUNG TUMOR 



0-:' l'll:;U-iiI 
D-5 i'IBD-hI 
U-S 1·IE.D-HI 
0-5 ;~E.D-rtI 

0-5 H2D-HI 
D-S M£D-nI 
0-5 hED-HI 
0-5 MED-HI 
D-5 ~!ED-HI 

D-5 ~lED-HI 

0-~ :-OlED-111 
D-5 ~\ED-HI 

D-5 'iEC-HI 
[,-5 ~',t,O-:lI 

D-6 HIGH 
[,-6 HIGh 
L-6 HIGH 
0-6 nIGH 
0-6 nIGH 
0":6 HI"n 
U-b rtIGH 
0-6 r!IGh 
0-6 hIun 
D-b nIGH 

DOG 
r-.UM8ER SEX 

tl20 
ti52 
iltl0 

Btl9 
783 
804 
d73 
760 
796 
761 
73Y 
772 
702 
739 
753 
8)7 
829 
890 
435 
913 
no 
8% 
7~7 

91fJ 

f 
F 
F 
F 
M 
I~ 

M 
101 
f 
;,1 

M 
M 
f 
F 
F 
H 

f 
f 
11 
f 
f 
F 
til 

DOSE-EFFECT STUDIES WITH INHALED PU-239 O~lDE IN aEAGLES 

INITIAL ALVE,0LAR DEPuSITION 

lKI 

tl47 

11 tJ7 
tl40 

10tl9 
1394 
1344 
176 7 

13 7 d 
131 tl 
1460 
1726 
18% 
1682 
1511 
244tl 
3164 
3515 
3101 
3840 
4~HHJ 

6632 
5515 
74 76 

1426 7 

NCIIG NCI/ 
LUNG 

tl. 5 b 

9.36 
9.55 
9.90 

10.14 
Hl.ltl 
HI.71 
10.89 
11. 41 
12.0 7 

12.55 
14.99 
15.29 
17.17 
23.43 
23.9 7 
24.58 
31.32 
33.25 
35.64 
63.46 
b6.bS 
9 7 .09 

103. 7 6 

~ 4.11 
103.22 
10S.0~ 
I\JS.9fJ 
111.52 
112.00 
1]7.80 
119.83 
125.52 
132.73 
138.08 
164.8 7 
168.20 
188.tlB 
2:'7.68 
263.67 
2 7 0.38 
344.56 
365. 7 1 
392.00 
698.11 
735.33 

106tl.00 
1141.36 

Ir-.dALATION EXPOSURE 

... EIGhT AGE* 
(KG) (MO) llATE 

~. 0 
11.5 

8.0 
lJ.0 
12.5 
12.0 
15.0 
11.5 
10.5 
11. 0 
12.5 
11. 5 
10. [) 
8.0 
9. S 

12 . ~ 
13.0 
~. 0 

10.5 
12.5 

9.5 
"7.5 
7. [) 

lL.5 

Ib.2 06/00/ 7 1 
21.3 10/0&/71 
P.!) 10/0d/ 7 1 
16.0 11/10/ 7 1 
18.9 02/09/ 7 1 
20.5 fP/0 7 / 7 1 
16.8 07 /0 7 / 7 1 
19.3 01/20/ 7 1 
15.6 02/fJ9/ 7 1 
19.3 01/20/ 7 1 
19.6 11/10/ 7 0 
19.tl 02/09/ 7 1 
19.8 11/llJ/70 
18.5 11/1fJ/7 0 
18.5 12/21/70 
19.2 fP/0 7 / 7 1 
19.1 07 /0 7 / 7 1 
16.0 11/10/7 1 
75.5 11/05/7 0 
17.4 0 7 /19/ 7 2 
b.9 11/10/ 7 1 
16.0 11/10/ 7 1 
19.6 01/20/ 7 1 
15.9 11/Hl/71 

DATE 
llf 

DEATrl 

02/22/7d 

12/03/ 7 5 
08/18/74 
0~/03/76 

0tl/1S/ 7 3 
kl~/17/75 

11/02/7 6 
03/31/71 
06/26/ 7 5 
03/31/71 
04/01/ 7 1 
Hl/02/7 6 
()3/26/ 7 3 
O~/13/73 

06/13/ 7 4 
11/12/711 
00/18/ 7 2 
11/22/72 
02/12/73 
01/13/ 7 2 
1~/12/72 

i10NTilS S I NC t. 
INHALATION 

9/30/ 7 d DLAfH 

J7.d 

83. 7 

62.7 
5 7 .tJ 
37.4 
61.9 
30.tl 
55.2 
69.4 

4.6 
52. ~ 

4.6 
4.7 

6':1.4 
20.6 
26.3 
31.1 
0.2 
1.0 

12.4 
15.1 
11. d 
11. 1 

* I~UICATEci A~L IN ~ONTH~ ~INCL bIRTh, ALL OTHER AG~S ARE IN MONThS SINC~ EXPOSURE 

CU~IMEN1'S ON ut.ALJ DOGS 

LUNG TUMUK 

LUNG TUMuR 
LUNG TUMOR, RAD. PNEUM. 
LUNG TUMOR 
RADIATION PNEUMUNIfrS 
LUNG TUMOR 
LUNG TUMOR 
SACRIfICE0 
LUNG TU~IUR 

SACRIfICED 
SACRI frCED 
LUNG TUMOR 
RADIATION PN~UMuNITrS 
RADIATIUN PNEUMllNITIS 
RADIATIUN PNEUMONITIS 
SACRI f'IC!::D 
SACRI ~'ICED 
RADIATION ~NL0MUNITr~ 

RADIATIllN PNE~~ONITIS 
RADIATION PNEUMUNITI
RALJIATIoN PNE,0~UNIT[S 



DOSE-EFFECT STUDIES wITH INHALED PU-238 OXIDe IN k3EAGLES 

INITIAL ALVEOLAR DEPUSITION INHALATION EXPOSURE MONTHS SINCE 
--------------------------- -------------------- DATE INHALATION 

DOG NCI/G NCI/ wEIGHT AGE* OF --------------
DOSE GROUP NUMBER SEX NCI LUNG KG (KG) (MO) DATE DEATH 9/30/ 78 DEATH COMMENTS ON DEAD DOGS 

------------------ -------- -------- -------- -------------------------
CON'fROL 939 M 0 0.00 0.00 88.9* 
COl'JTROL 949 F " 0.00 0.00 88. 7* 
CONTROL 978 l~ a 0.00 0.00 8H.5* 
CONTROL 990 F 0 0.00 0.00 88.2* 
CONTROL 996 F 0 ~.00 0.00 88.0* 
CONTROL 1005 M 0 0.00 0.00 B8.kl* 
CONTROL 1007 F 0 0.00 0.00 88.0* 
CONTROL 1 (l24 M 0 0.00 0.0~ H7.5* 
CUNTROL 103B ,>\ 0 0.00 0.00 H5.4* 
CONTROL 1045 M 0 0.00 0.00 115.4* 
CONTRUL 1054 F kl 0.00 0.0" B5.1* 
CONTRuL lil61 F 0 0.00 0.00 85.0* 
r-!ON'l'''OL 1093 M 0 0.00 0.00 81.3* 
CUNTROL 10P F 0 0.00 0.00 tJ0.6* 
CONTRUL ] 112 ~l 0 0.00 0.00 80.4* 
CUNTROL 1116 F 0 0.00 0.00 80.1* 
CON'YROL 1186 F 0 0.00 0.00 73.5* 
COJ:.TRUL 1197 ~i ~ 0.0~ kl.00 73.0* 

J> CONTROL 1209 M 0 0.00 ~.00 72.7* 

U1 
CUNTkOL 1225 F 0 0.00 0.00 71. 9* 
CONTROL SACRIFICE 966 M 0 0."0 0.013 1:l4/30/ 77 71.6* SACkI FlCW 
CO,.Tt<.UL SACiUFICE 1011 F kl 0.00 0.00 06/01/ 78 H3.'1* SACRIFICED 
CuNTROL SACRIFICE 1013 F 0 0.00 0.00 B7.9* 
CONTROL SACRIFICE 108 7 l~ 0 0.00 0.<)0 12/14/76 60.0* SACRIFICED 
CONTROL SACRIFICE 111B M 0 0.00 0.00 01/13/7 6 47.5* SACRIFICED 
CONTROL SACRIFICE 1223 M 0 0.00 0.00 05/15/7 5 31.9* .3ACRIFICl:.O 
CONTROL SACRIFICE 1227 M 0 0.00 0.00 12/01/7 6 49.9* SACRIFICED 
CONTROL SACRIFICE 1228 M 0 ~.00 0.00 71.9* 

0-1 LOWEST 998 M 0 0.00 0.00 10.5 19.6 01/1B/73 6B.4 
0-1 LOWEST 1003 M 0 0.00 0.00 14.0 ] 9 .6 01/18/73 68.4 
0-1 LOWEST 1023 F 0 0.00 0.00 12.5 19.2 01/1H/73 68.4 
0-1 LOWEST 1039 M 0 0.00 0.00 11. 0 ]7 .0 01/]8/ 7 3 68.4 
0-1 LOwEST 1044 F 0 0.00 0.00 11.5 ]7 .0 01/18/7 3 6B.4 
0-1 LOWEST 1055 M 0 0.00 0.00 13.0 16.8 01/18/73 68.4 
0-1 LOWEST Ul63 M 0 0.00 0.00 14 .5 16.7 01/18/ 7 3 68.4 
0-1 LOWEST 1105 F 0 0.00 0.00 10.0 16.4 05/31/ 7 3 64.0 
0-1 LOWEST 1194 F 0 kl.00 0.00 10.5 19.8 04/18/74 53.4 
0-1 LOwEST 1215 i'l 0 0.00 0.00 15.5 19.3 04/18/74 04/26/77 36.3 SACRIFICEO 
0-1 LOWEST 1230 M " 0.00 0.00 12.5 18.4 04/1tl/74 53.4 
v-I LOWEST 951 M 2 0.01 0.14 14 .0 19.3 12/1':1/72 69.4 
D-1 LOWEST 100tJ M 2 0.01 il.15 13 .5 19 .6 01/1B/73 68.4 
i.l-1 LOWEST 1193 F 2 0.01 0.16 12.5 19.B 04/1H/74 53.4 -D-1 LOWEST 959 M 3 0.02 0.22 13.5 19.2 12/19/7 2 69.4 

* INOICATES AGE IN MONTHS SIlKE BIRTH, ALL UTHER AGES ARE IN MONTHS SINCE EXPOSURE 



DOSE-EFFECT S'rUDIES WITH INHALED PU-238 OXIDE IN BEAGLES 

INI'rIAL ALVEOLAR DEPOSITION INHALATION EXPOSLIRE MONTHS SINCE 
--------------------------- -------------------- DATE TNHALATION 

DOG NCI/G r-<CI/ WEIGctT AGE* OF --------------
DOSE GROUP NUMl:l8R SEX NC I LUNG KG (KG) (MO) DATE DEAhl 9/30/7tJ DEATd CU~jl'lENTS ON DEAD GOGS 

------------------ -------- -------- -------- -------------------------
0-1 LOwEST 1069 F 2 0.02 0.24 d.5 IB.l U5/31/73 64.3 
0-1 L0wEST 1095 F 2 0.02 0.19 10.5 16.6 05/31/73 64.0 
lJ-l Luwl.<:iT 921 F 3 0.03 0.31 10.0 19.5 11/30/72 ]2/2 7/72 0. ':! SACidFICELl 
D-l LOwEST 923 F 3 0.03 0.35 8.5 19.5 11/30/72 01/26/73 1.9 SAClU FICED 
D-l LOwEST 989 F 3 0.03 0.32 ~.5 16.8 12/1~/72 6'1.4 
u-l L01'1E5T 925 M 5 0.04 0.40 12.5 19.5 11/30/7 2 e2/L.7/ 7 3 2.9 SACRIFICED 

D-l LOWL51' 993 F 6 0.04 0.46 13.0 IB.8 12/19/72 69.4 
0-1 LOwEST 1204 1'1 6 0.04 0.43 14.0 17.7 02/26/ 7 4 :; 5.1 
0-1 LOWEST 970 F 6 0.05 0.55 11. 0 19.2 12/]9/72 01/04/ 77 4d.5 SACRIFICED 

0-1 LOwEST 1106 F 5 0.05 0.50 10.0 16.4 05/31/73 64.0 
D-l LOWEST 1310 M 54 0.34 3. 7 2 14.5 18. S 03/04/75 04/01/ 7 7 24.9 SACRIfICED 
D-l LOWEST 1312 M 58 0.34 3.74 15.') ] a . 5 03/04/75 42.9 
D-l LOWEST 1311 M 54 0.36 4.00 13.5 18.5 03/04/ 7 5 04/(J3/7 d 3

7
. " SACRIFICED 

0-1 LOWEST 1317 M 72 0.41 4.50 ]6.0 1 d .1 03/04/75 04/0]/77 24.9 SACRIFICED 
D-l LOWEST 1309 M 60 0.44 4.80 12.5 18.5 03/04/7 5 42.9 
D-l LOWEST 1318 M 67 0.45 4.96 13.5 18.1 03/04/ 7 5 ;)3/08/ 7 6 ] 2.2 SACRIFICED 
D-l LOWEST 1316 M 84 0.53 5.79 14.5 18.1 03/04/ 7 5 42.9 
0-1 LOWEST ]315 M 90 0.55 6.00 15.0 IB.l 03/04/ 7 5 "3/31/77 24.9 SACRIFICED 
D-l LOWEST 1319 M 99 0.67 7 .33 13.5 18.1 03/04/ 7 5 03/09/ 7 6 12.2 SACRIFICED 

0-2 LOi'l 1065 F 6 0.05 0.60 11'1.0 18.3 05/3]/73 64.0 
):> D-2 LOW 1082 i~ ]1 0.06 0.69 ]6.0 ] tl. 0 05/31/ 7 3 64.0 
0'1 G-2 LO ... 1188 M 11 0.06 0.71 15.5 18.4 02/26/ 7 4 55.1 

0-2 LO ... 1384 ~l 13 0.0 7 0. 7 4 17.5 17.5 05/31/ 7 3 64.0 
lJ-2 LOW 10.90 F 10 0.08 0.83 12.0 ]7.3 05/31/73 64.0 
(J-2 LOW 1222 M 15 0.10 1.11 13 .5 19.0 04/1&/74 53.4 
U-2 Luw 971 F 13 0.11 1. 2 ~ 10.5 19.2 12/19/72 b 9.4 
D-2 LLiw 999 F 11 0.11 1.16 9.5 10. 7 12/19/72 69.4 
LJ-2 LOW 1229 M Ib 0.11 1. 23 13 .0 16.ts 02/26/ 7 4 55.1 
u-2 LUW 1070 M 22 0.12 1. 33 16.5 Its .1 0:'/31/ 7 3 64.0 
D-2 LU~; 1214 H 17 0.12 1. 3b 12.5 19.3 04/1d/ 7 4 05/12/7:> 12. d SAChIFICE.D 
u-2 L0w 955 M 17 0.14 1. 55 11.0 19.2 12/19/7 t 6'1.4 
D-2 LOW 1033 r~ 17 0.14 1. 55 11. 0 19.1 02/22/73 6 7 .2 
U-2 LOW 1036 F 16 0.14 1. 52 10.5 18.2 02/22/73 6 7 .2 
LJ-2 LOw 1216 H 23 0.16 1. 77 13.0 19.3 04/18/ 7 4 53.4 
u-2 LLiW 1060 F 22 0.18 2.00 11 .0 ]7.8 02/22/73 6 7 .2 
D-2 LOw 981 M 30 0.21 2.31 13.0 19.0 12/19/72 69.4 
D-2 LOw 1046 M 27 0.22 2.45 11. 0 18.1 02/22/73 67.2 
u-2 LOW 1050 F 22 0.22 2.44 9.0 18.1 02/22/73 6 7 .2 

u-2 LOW 1078 F 29 0.22 2.42 12.0 18.0 05/3]/73 t:i4.0 
D-2 LOW 1207 F 22 0.24 2.59 8.5 17.6 02/26/74 55.1 
D-2 LOW 1196 F 28 0.25 2.80 10.0 ]7 .9 02/26/ 7 4 55.1 
D-2 LOW 1189 M 38 0.26 2.8] 13.5 20.0 04/18/74 53.4 
D-2 LOW 930 M 38 0.27 2.92 13.0 19.2 11/30/72 12/28/7 2 0.9 SACRIFICED 

* INDICATES AGE IN 1'10NTHS SINCE BIRTH, ALL OTHER AGES ARE IN MONTHS SINCE EXPOSURE 



DOSE-EFFECT STUDIES WITH INHALED PU-238 OXIDE IN BEAGLES 

INITIAL ALVEOLAR DEPOSITION INHALATION EXPOSURE MONTHS SINCE 
--------------------------- -------------------- DATE INHALATION 

DOG NCI/G NCI/ WEIGHT AGE* OF --------------
DOSE GROUP NUMBER SEX NCI LUNG KG (KG) (MO) DATE DEATH 9/30/78 DEATH COMMENTS ON DeAD DOGS 

------------------ -------- -------- -------- -------------------------
0-3 MED-LOW 1066 M 54 0.31 3.313 16.0 18.3 05/31/73 64.0 
0-3 MED-LOW 1089 F 41 0.31 3.42 12.0 17.3 05/31/73 64.0 
0-3 MED-LOW 972 F 40 0.33 3.64 11. 0 19.2 12/19/72 69.4 
0-3 MED-LOW 1219 F 46 0.40 4.38 10.5 19.0 04/18/74 53.4 
D-3 MED-LOW 1158 M 73 0.43 4.71 15.5 17.7 11/06/73 58.8 
0-3 MED-LOW 1165 M 76 0.43 4.75 16.0 17.3 11/06/73 513.8 
0-3 MED-LOW 929 F 41 0.50 5.47 7.5 19.2 11/30/7 2 01/25/7 3 1.8 SACRIFICED 
0-3 MED-LOW 96>1 M 68 0.54 5.91 11. 5 19.2 12/19/72 69.4 
D-3 MED-LOW 1072 M 98 0.54 5.94 16.5 18.1 05/31/7 3 64.0 
0-3 MED-LOW 1190 F 71 0.54 5.92 12.0 18.1 02/26/7 4 55.1 
0-3 MED-LOW 926 M 75 0.55 6.00 12.5 19.5 11/30/7 2 02/28/ 7 3 3.0 SAClUFICED 
D-3 MED-LOw 982 M 76 0.58 6.33 12.0 19.0 12/19/7 2 69.4 
0-3 MED-LOIj H140 M 84 0.61 6.72 12.5 18.2 02/22/7 3 6 7 .2 
0-3 MED-LOIi 1059 F 71 0.65 7.10 10.0 17 .8 02/22/73 6 7 .2 
0-3 MED-LOW 1108 F 84 0.6':1 7.64 11. 0 16.4 05/31/ 7 3 64.0 
0-3 HED-LOW 1000 F 70 0.71 7.78 9.0 18.7 12/19/72 69.4 
0-3 MED-LOW 1056 M 97 0.71 7.76 12.5 17.9 02/22/73 6 7 .2 
D-3 MED-LOw 1004 M 116 0.73 8.00 14.5 19.6 01/113/7 3 6tJ.4 
0-3 MED-LOW 1026 M 116 0.78 8.59 13.5 19.2 01/1el/73 68.4 
D-3 MED-LOW 1043 F 98 0.a9 9.80 10.0 18.1 02/22/73 67.2 

;::. D-3 MED-LOw 1031 F 76 0.92 10.13 7.5 19.1 02/22/73 67 .2 
-...J 0-3 plED-LOw 1212 F 111 1.12 12.33 9.0 17 .6 02/26/74 55.1 

['-4 MEDIU~l 1176 M 129 0.87 9.56 13 .5 16.6 11/06/73 58.8 
D-4 MEDIUM 12d F 124 1.13 12.40 10.0 19.0 04/18/74 53.4 
0-4 MEDIUM 1195 M 228 1. 38 15.20 15.0 18.1 02/26/74 55.1 
0-4 MEDIUM 1032 M 162 1. 40 15.43 10.5 16.3 11/30/72 12/01;/72 0.3 SACRIFICED 
0-4 MEDIUM 1053 F 148 1. 42 15.58 9.5 17 .9 02/22/ 7 3 67.2 
0-4 MEDIUM 997 M 203 1.60 17 .65 11.5 19.6 01/113/73 68.4 
0-4 MEDIUM 991 F 194 1. 76 19.40 10.0 18.8 12/19/7 2 69.4 
0-4 MEDIUM 1177 M 262 1. 76 19.41 13.5 16.6 11/06/73 58.8 
0-4 MEDIUM 932 F 216 1. 79 19.64 11.0 19.1 11/30/7 2 01/25/ 7 3 1.8 SACRIFICED 
0-4 MEDIUM 1103 F 260 1. 89 20.80 12.5 16.5 05/31/73 64.0 
0-4 MEDIUM 973 F 271 2.24 24.64 11. 0 19.2 12/19/72 69.4 
0-4 MEDIUM 931 F 289 2.39 26.27 11. 0 19.1 11/30/7 2 12/28/72 0.9 SACRIFICED 
D-4 MEDIUM 1091 F 243 2.60 28.59 8.5 17 .3 05/31/73 64.0 
0-4 MEDIUM 1114 M 430 2.70 29.66 14 .5 16.4 05/31/73 64.0 
0-4 MEDIUM 1062 M 435 2.93 32.22 13 .5 17 .8 02/22/ 7 3 67.2 
0-4 MEDIUl-t 934 M 454 3.06 33.63 13.5 19.1 11/30/72 03/01/7 3 3.0 SACRIFICED 
0-4 MEDIUM 1081 M 541 3.07 33.81 16.0 18.0 05/31/73 64.0 
D-4 MEDIUM U130 F 340 3.25 35.79 9.5 19.1 02/22/7 3 67.2 
D-4 MEDIUM 952 F 365 3.49 38.42 9.5 19.2 12/19/72 69.4 
0-4 MEDIUM 1198 M 539 3.50 38.50 14 .0 17.9 02/26/74 55.1 
0-4 MEDIUM 1166 M 673 4.08 44.87 15.0 17.3 11/06/73 58.8 

I 

* INDICATES AGE IN MONTHS SINCE BIRTH, ALL OTHER AGES ARE IN MONTHS SINCE EXPOSURE 



DOSE-EFFECT STUDIES WITH INHALED PU-238 OXIDE IN BEAGLES 

INITIAL ALVEOLAR 0~POSITI0N INHALATION EXPOSURE MON'rHS SINCE 
--------------------------- -------------------- DATE INHALATION 

DOG NCI/G NCI/ WEIGHT AGE· OF --------------
DOS~ GkOUP NUMBER SEX NCI LUNG KG (KG) (MO) DATE O~ATH 9/30/78 DEATH CUMMENTS Or. DeAD DOGS 

------------------ -------- -------- -------- -------------------------
D-4 MEDIUM 1220 F 518 4.28 47.09 11. 1'1 19.0 04/18/'4 53.4 
0-4 M~OIU~l 992 F 555 4.59 50.45 11. 0 18.8 12/19/72 69.4 
0-4 MEDIUM 983 M 617 4.6"1 51.42 12.0 19.0 12/19/"12 69.4 
0-5 Mt:;O-tiI 1191 F 5::11 4.3" 4"1.28 12.~ 1':1.8 04/18/'4 03/21/7"1 35.1 INTERSTITIAL PN£u,~Or;ITI", 

0-5 l'iED-HI 1157 M "100 4.71 51. 8~ 13.5 17. "1 11/06/7 3 58.8 
0-5 l'lt;O-HI 1035 F 571 5.46 60.11 9.5 18.2 02/22/'3 6"1.2 

0-5 MEO-tiI 1192 F 754 6.23 68.5~ 11.0 1b .1 02/2b/"14 55.1 
0-5 Mt:;O-HI 1140 M 1014 6.58 72.43 14.0 1a.2 11/06/'3 :n:!. 6 
lJ-5 MED-HI 1071 101 126':1 6.79 74 .65 1"1.0 18.1 05/31/'3 64.0 
i.l-5 MEO-HI 117 3 ~1 1023 7.75 85.25 12.11 17.3 11/06/'3 58.8 
U-5 MED-HI 1178 M 1125 8.52 93."15 12.0 16.6 11/06/73 58.8 
0-5 ME;D-HI 1047 M 900 8.61 94.74 9.5 18.1 02/22/73 6"1.2 
0-5 MEO-HI 1109 F 1119 8.85 97.30 11.5 16.4 05/31/"13 64.0 
0-5 MED-HI 1160 F 1344 10.18 112.00 12.0 17.3 11/06/73 58.8 
0-::; MEO-HI 1211 M 1764 11.06 121.66 14 .5 17 .6 02/26/"14 55.1 
0-5 MEO-HI 1096 F 14"16 12.20 134.18 11. 0 16.6 05/31/"13 115/08/,8 59.2 PkOCESSING 
0-5 MED-HI 1218 F 1710 12.95 142.50 12.0 17.3 02/26/"14 55.1 
0-5 MEO-HI 1092 M 1848 13 .44 14"1.84 12.5 17.3 05/31/7 3 64.0 

> 0-5 ~IEO-HI 1027 M 2148 13.95 153.43 14 .0 19.2 01/18/7 3 68.4 

OJ D-S MEO-HI 1115 F 1885 14.90 163.91 11.5 16.1 05/31/73 0"1/11/"18 61.3 PROCESSING 
0-5 MEO-HI 974 F 1710 15.62 171.80 10.0 20.2 01/18/"13 OS/24/'8 64.1 PRUCESSING 
D-5 MEO-HI 11'''9 M 2620 15.88 174.6"1 15.0 la .0 05/31/'3 02/12/78 56.4 PROCESSING 
0-5 MED-1l1 1058 F 190"1 16.51 181.62 10.5 17 .8 02/22/"13 6"1.2 
0-6 HIGH 1002 M 290"1 18.88 20"1.64 14.0 19.6 01/18/"13 68.4 
0-6 HIGH 1057 M 3116 21'1.98 230.01 13.5 17.9 02/22/"13 6"1.2 
0-6 HIGh 1009 M 3630 26.40 290.40 12 .5 19.6 01/18/"13 04/01/"18 62.4 PROCESSING 

1J-6 HIGH 1042 F 2959 28.32 311. 4"1 9.5 18.1 02/22/"13 6"1.2 
0-6 rlIGll 994 F 3453 31. 39 34::;.30 10.0 19 .6 01/1d/73 0"1/04/"16 41 .5 AOOI.30N'S DISEASE 

u-6 bIGH 1006 F 3tl10 31. 49 346.36 11. 0 19.6 01/18/73 68.4 
0-6 HIGH 975 F 3968 36.07 396.80 10.0 20.2 01/1il/73 0"1/25/"1b 66.2 P!{OCESSING 
0-6 HIGH 1037 M 4d54 44.13 485.40 10.0 18.2 02/22/73 6"1.2 

0-6 nIGH 114 3 M 7691 53.78 591.62 13 .0 18.2 11/06/73 12/05/77 49.0 LUNG TUMUR, BuNE. TUM0R 

J:J-ti hIGH 1025 I~ d479 57.H1 628.07 13.5 19.2 01/18/73 03/17/77 49.':1 LUNG 'rUMUR 

0-6 HIGh 1064 [~ 9453 63.66 700.22 13.5 16.7 "1/18/73 04/14/,7 50.0 LUNG TUMOR, il0NE. TUMOR 

tJ-b HIGd 1162 F 6959 70.29 773.22 ':1.0 17.3 11/06/73 5tl.8 

D-6 HIGH 1175 F 6201 75.16 826.80 7.5 16.6 11/06/73 02/24/7tl 51. " LUNG TU,~uR 

• INOICATt:;S AGE IN M01~THS SINCE BIRTH, ALL O'fIlE/{ AGES ARL IN MONTHS SINCE EXPOSURE 



LOw LEVEL PU-239 NITRATE INHALATIOI; STUDIES 

INITIAL ALVEOLAR DEPOSITION INHALA'l'ION EXPOSURE MONTHS SINCE 
--------------------------- -------------------- DATE INHALATION 

DUG NCI/G NCI/ WEIGHT AGE* UF --------------
DOSE GROUP NU1"lBER SEX NCI LUNG KG (KG) Ul0) DATE DEATH 9/30/78 DEATH COMMENTS ON DEAD DOGS 

------------------ -------- -------- -------- -------------------------
CONTR0L 1356 M 0 0.00 0.00 52.7* 
CONTROL 1365 M 0 0.00 0.00 52.6* 
CONTROL 13 7 6 F 0 0.00 0.00 51. 4* 
CONTROL 1388 M 0 0.00 0.00 51.3* 
CON1'ROL 1393 M 0 0.00 0.00 51.3* 
CONTROL 1405 M 0 0.00 0.00 50.9* 
CONTROL 1409 M 0 0.00 0.00 50.a* 
CONTROL 1418 M 0 0.00 0.00 50.5* 
CONTROL 1425 M 0 0.00 0.00 50.5* 
CONTROL 1450 F 0 0.00 0.00 50.3* 
CONTROL 1455 F 0 0.00 0.00 49.8* 
CONTROL 1483 F 0 0.00 0.00 48.9* 
CONTROL 1509 M 0 0.00 0.00 4il.1* 
CONTRUL 1516 F 0 0.01l 0.00 47 .8* 
CONTRUL 1525 M 0 0.00 0.00 4 7 .6* 
CONTROL 1526 M 0 0.00 0.00 47 .6* 
CONTROL 1528 F 0 0.00 0.00 47.0* 
CONTROL 1543 M 0 0.00 0.00 46.9* 
CONTROL 1563 F 0 0.00 0.00 36.8* 
CONTROL 1572 F 0 0.00 0.00 36.7* 

> CON1'ROL 1577 M 0 0.00 0.00 36. 7 * 
<D CONTROL 1584 F 0 0.00 0.00 36.6* 

CONTRUL 1594 F 0 0.00 0.00 36.6* 
CON1'ROL 1608 M 0 0.00 0.00 36.3* 
C()NTROL 1633 F 0 0.00 0.00 29.6* 
CONTROL 1638 F 0 0.00 0.00 29.3* 
VEHICLE 1361 [~ 0 0.00 0.00 15.5 21.0 02/13/76 31.5 
VEHICLE 1381 F 0 0.00 0.00 8.5 19.8 02/13/ 7 6 31. 5 
VEHICLE 1392 M 0 0.00 0.00 13.0 22.0 04/22/ 76 29.3 
VEHICLE 1406 N 0 0.00 0.00 13 .5 21.6 04/22/ 7 6 29.3 
VEHICLE 1412 F 0 0.00 0.00 9.0 19.0 02/13/ 7 6 31. 5 
VEHICLE 1421 M 0 0.00 0.00 13.0 23.3 06/23/ 7 6 27.2 
VEHICLE 1457 F 0 0.00 0.00 12.0 20.6 04/22/76 29.3 
VEHICLE 1491 F 0 0.00 0.00 !l.5 21. 6 06/23/ 7 6 27.2 
VEHICLE 1504 F 0 0.00 0.00 10.0 20.9 06/23/16 27.2 
VEHICLE 1514 M 0 0.00 0.00 14.0 20.9 06/23/ 7 6 27.2 
VEHICLE 1524 M 0 0.00 0.00 12.0 21.5 07/2 7/76 26.1 
VEHICLE 1531 F 0 0.00 0.00 9.0 20.9 07/27/76 26.1 
VEHICLE 1542 M 0 0.00 0.00 12.0 20.8 07/27/16 26.1 
VEHICLE 1566 M 0 0.00 0.00 14.0 18.3 03/15/77 18.5 
VEHICLE 1578 M 0 0.06 0.00 10.5 18.2 03/15/77 18.5 
VEHICLE 1593 F 0 0.00 0.00 11.0 18.0 03/15/71 18.5 
VEHICLE 1601 F " 0.00 0.00 8.5 18.0 03/15/7 7 18.5 

* INDICATES AGE IN MONTHS SINCE BIRTH, ALL OTHER AGES ARE IN MONTHS SINCE EXPOSURE 



LOW LEVEL PU-239 NITRATE INHALATION STUDIES 

INITIAL ALVEOLAR DEPOSITION INHALATION EXPOSURE MONTHS SINCE 

--------------------------- -------------------- DATE INHALATION 
DOG NCI/G NCI/ WEIGHT AGE* OF --------------

DOSE GROUP NUMBER SEX NCI LUNG KG (KG) (MO) DATE DEATH 9/30/78 DEATH COMMENTS ON DEAD DOGS 

------------------ -------- -------- -------- -------------------------
VEHICLE 1620 M 0 0.00 0.00 13.0 21.1 12/01/"77 10.0 
VEHICLE 1634 F 0 0.00 0.00 10.5 19.6 12/01/7 "7 10.0 
VEhICLE 1651 F 0 0.00 0.00 11.0 19.2 12/01/77 10.0 

D-l LOWEST 1416 M 0 0.00 0.00 12.0 22.1 OS/20/76 28.4 
D-l LOWEST 1458 F 0 0.00 0.00 10.5 21. 5 OS/20/76 28.4 
0-1 L(JWEs'r 1489 F 0 0.00 0.00 1305 20.5 OS/20/76 28.4 
D-l LOwEST 1501 M 0 0.00 0.00 14 .0 20.4 OS/20/76 28.4 
0-1 LOWES'], 1515 M 0 f:l.00 0.00 13 .5 19.8 OS/20/76 28.4 
D-l LOwEST 1573 M 0 0.00 0.00 11.5 19.4 04/19/77 17.4 
D-l L(JWEST 15tH M 0 0.00 0.00 16.5 19.3 04/19/77 1"7.4 
(..-1 LOwEST 1596 M 0 0.00 0.00 14 .0 19.2 04/19/77 17.4 
D-l LOwEST 1600 F 1 0.01 0.11 11.0 19 .2 04/19/77 17.4 
D-l LOWEST 1603 M 2 0.01 0.12 14 .0 19.2 04/19/77 1"7.4 
D-l LOWEST 1339 F 2 0.02 0.22 9.0 17.5 10/16/"75 11/13/75 0.9 SACRIFICEG 
D-l LOWEST 1519 M 2 0.02 0.18 12.5 19.5 OS/20/7 6 28.4 
D-l LOWEST 1570 F 2 0.02 0.1"7 10.5 19.4 04/19/77 1"7.4 
D-l LOWEST 1465 F 4 0.03 0.33 12.5 21.0 OS/20/ 76 28.4 
D-l LOWEST 1470 F 3 0.03 0.29 10.5 21.0 OS/20/ 76 28.4 
0-1 LOWEST 1507 M 4 0.03 0.32 14.0 19.8 OS/20/76 28.4 

~ 
D-l LOWEST 1592 F 4 0.03 0.29 13.3 19.2 04/19/77 1"7.4 
D-l LOWEST 160 7 M 5 0.03 0.35 13.0 19.0 04/19/7 7 1"7.4 

a D-l LOWEST 1335 M 5 0.04 0.42 11.5 18.0 10/16/7 5 11/13/7 5 0.9 SACRIFICED 

D-l LOWEST 148"7 F 6 0.04 f:l.46 13 .0 20.5 OS/20/76 28.4 
D-l LOWEST 15113 F 4 'L04 0.40 9.5 19.2 04/19/77 1"7.4 
v-I LOWEST 1351 M 7 0.06 0.64 11. 0 17 .2 10/16/75 11/13/7 5 0.9 SACRIFICED 

D-l LOWEST 1565 F 8 0.06 0.6"7 11.5 19.4 04/19/7 7 1"7.4 
D-2 LOW 1513 M 0 0.00 0.00 11.5 19.8 OS/20/76 21l.4 
D-2 LOW 1520 M 1 0.01 0.12 Hl.5 19.5 OS/20/76 28.4 
D-2 LOw 1415 M 2 0.02 0.20 11.5 22.2 OS/20/76 28.4 
0-2 LOti 15"75 M 3 0.02 0.19 14 .0 19.4 04/19/77 17.4 
0-2 LOw 1466 F 5 0.03 0.37 14 .0 21.0 OS/20/76 28.4 
[;-2 LO" 1606 F 5 0.04 0.42 12.5 19.0 04/19/77 17 .4 
u-2 LOW 1579 M 8 0.05 0.59 14 .0 19.3 04/19/77 17.4 
D-2 LOw 1590 F 0 0.05 0.51 12.0 19.2 04/19/77 17.4 

0-2 LOW 1585 F 8 0.06 0.68 12.0 19.2 04/19/77 17 .4 
0-2 LO", 1580 F 9 0.07 0.82 11.0 19.3 04/19/77 1"7.4 
0-2 LOw 1591 1'1 11 0.07 0.76 15.0 19.2 04/19/77 17.4 

0-2 LOW 1417 M 11 0.08 0.1l9 12.0 22.1 OS/20/76 2d.4 

D-2 LO" 1423 M 10 0.0lJ 0.87 11.0 22.1 OS/20/76 28.4 
D-2 LOW 1567 M 10 0.08 0.83 12.0 19.4 04/19/77 17.4 
0-2 LOW 1472 F 10 0.09 1.01 10.0 21.0 OS/20/76 28.4 
0-2 LOW 1503 F 9 0.09 0.97 9.0 19 .8 OS/20/76 28.4 
0-2 LOW 1602 M 15 0.09 1.03 14 .5 19.2 04/19/77 17 .4 

* INDICATES AGE IN MONTHS SINCE BIRTH, ALL OTHER AGES ARE IN MONTHS SINCE EXPOSURE 



LOW LEVEL PU-239 NITRATE INHALATION STUDIES 

INITIAL ALVEOLAR DEPOSITION INHALATION EXPOSURE MONTHS S I Net:; 
--------------------------- -------------------- DATE INHALATION 

DOG NCI/G NCI/ WEIGHT AGE* OF --------------
DOSE GROUP NUl-IBER SEX NCI LUNG KG ( Ku) (MO) DATE DEATH 9/30/78 DEATH COMMENTS ON DEAD DOGS 

------------------ -------- -------- -------- -------------------------
0-2 LOW 1484 F 11 0.10 1. 08 10.0 20.5 OS/20/76 28.4 
0-2 LOW 1599 F 10 0.10 1.11 9.0 19.2 04/19/77 17.4 
0-2 LOW 1490 F 16 0.15 1. 65 9.5 20.5 OS/20/76 28.4 
0-3 MED-LOW 1336 M 21 0.14 1.52 13.5 18.0 10/16/75 11/13/75 0.9 SACRIFICED 
0-3 MED-LOW 1341 F 19 0.16 1. 78 10.5 17.2 10/16/75 11/13/7 5 0.9 SACRIFICED 
0-3 MED-LOW 1605 F 25 0.20 2.17 11.5 17.8 03/15/71 18.5 
0-3 MED-LOW 1386 M 34 13.21 2.36 14 .5 22.0 04/20/76 29.3 
0-3 MED-LOW 1389 M 27 0.23 2.54 10.5 21. 9 04/20/76 05/(J4/76 0.5 SACRIFICED 
0-3 MED-LOW 1413 F 29 0.24 2.68 11.0 18.2 01/20/ 76 32.3 
0-3 MED-LOW 1445 F 34 0.24 2.60 13.!l 21.0 04/20/76 05/05/76 0.5 SACRIFIC£D 
0-3 MED-LOW 1568 M 46 0.29 3.17 14 .5 18.3 03/15/77 18.5 
0-3 MED-LOW 1390 M 43 0.30 3.29 13.0 21. 9 04/20/ 76 05/04/ 76 (l.5 SACRIFICED 
0-3 MED-LOW 1391 M 54 0.30 3.26 16.5 21. 9 04/20/7 6 29.3 
0-3 MED-LOW 1587 M 53 0.31 3.40 15.5 18.1 03/15/7 7 18.5 
0-3 MED-LOW 1595 M 50 0.31 3.45 14 .5 18.0 03/15/77 18.5 
0-3 MED-LOW 1359 M 50 0.32 3.57 14 .0 20.2 01/20/ 76 01/23/ 7 6 0.1 SACRIFICED 
0-3 MED-LOW 1540 M 54 0.32 3.51 15.5 20.7 07/22/76 26.3 
0-3 MED-LOW 1589 F 41 0.34 3.75 11.0 18.0 03/15/ 77 18.5 
0-3 MED-LOW 1588 M 50 0.36 3.98 12.5 18.1 03/15/77 03/22/78 12.2 SACRIFICED 
0-3 MED-LOw 1529 F 43 0.37 4.08 10.5 20.8 07/22/76 10/19/76 2.9 SACIUFICED 

:t:> 0-3 ~IED-LOW 1344 F 41 0.38 4.14 10.0 17.2 10/16/75 11/14/75 1.0 SACRIFICED 
0-3 MED-LOw 1574 M 46 0.38 4.21 11.0 18.2 03/15/77 18.5 
0-3 loiED-LOW 1375 F 50 0.40 4.35 11.5 19.1 01/20/76 01/23/76 0.1 SACIUFICED 
0-3 MED-LOw 1564 F 40 0.40 4.44 9.0 18.3 03/15/77 03/20/78 12.2 SACRIFICED 
0-3 MED-LO" 1444 F 49 0.41 4.50 11.0, 21.0 04/20/76 29.3 
0-3 MEU-LOW 1439 F 53 0.42 4.61 11.5 21. 0 04/20/76 29.3 
D-3 MED-LOW 1523 F 55 0.42 4.60 12.0 21.3 07/22/76 26.3 
0-3 HED-LOW 1539 M 65 0.45 4.99 13.0 20.7 07/22/76 10/20/76 3.0 SACRIFICED 
0-3 MED-LOW 1380 M 63 0.46 5.06 12.5 19.1 01/20/76 32.3 
0-3 MED-LOW 1407 F 50 0.51 5.56 9.0 18.5 01/20/ 76 01/23/7 6 0.1 SACRIFICED 
0-3 MED-LOW 1569 F 58 0.53 5.82 10.0 18.2 03/15/77 18.5 
lJ-3 MED-LOW 1576 M 70 0.53 5.86 12.0 18.2 03/15/77 18.5 
0-3 MED-LOW 1582 F 57 0.54 5.96 9.5 18.1 03/15/ 77 18.5 
0-3 MEO-LOW 1571 F 68 0.57 6.22 11.0 18.2 03/15/77 03/21/ 7 8 12.2 SACRIFICED 
0-3 MED-LOW 1427 F 68 0.62 6.81 10.0 21.1 04/20/76 29.3 
0-3 MED-LOW 1522 F '78 0.71 7.78 10.0 21.3 07/22/76 10/18/76 2.9 SACRIFICED 
0-3 MED-LOW 1363 M 85 0.74 8.09 10.5 20.2 01/20/76 32.3 
0-3 MED-LOW 1604 M 85 0.74 8.10 10.5 18.0 03/15/77 18.5 
0-3 MED-LOW 1530 F 72 0.76 8.41 8.5 20.8 07/22/76 26.3 
0-3 MED-LOW 1456 F 61 0.79 8.68 7.0 20.5 04/20/ 76 29.3 
0-3 MED-LOW 1598 F 93 1. 06 11.65 8.0 18.0 03/15/77 18.5 
0-3 MED-LOW 1422 F 99 1.12 12.35 8.0 18.1 01/20/76 32.3 
0-4 MEDIUM 1637 M 192 1.45 15.99 12.0 18.9 11/07/77 10.7 

* INDICATES AGE IN MONTHS SINCE BIRTH, ALL OTHER AGES ARE IN MONTHS SINCE EXPOSURE 



LOw LEVEL PU-239 NITRATE INHALATION STUDIES 

INITIAL ALVEOLAR DEPOSITION INHALATION EXPOSURE MONTHS SINCE 
--------------------------- -------------------- DATE INHALATION 

DOG NCI/G NCI/ WEIGHT AGE· OF --------------
DOSE GROUP NUMBER SEX NCI LUNG KG (KG) (MO) DATE DEATH 9/30/7 8 DEATH COMMENTS ON DEAD DOGS 

------------------ -------- -------- -------- -------------------------
0-4 MEDIUM 1404 M 260 1. 48 16.25 16.0 21.5 04/20/ 76 29.3 
0-4 MEDIUM 1521 F 205 1.49 16.37 12.5 21. 3 07/22/7 6 26.3 
0-4 MEDIUM 1056 M 211 1. 54 16.90 l2 .5 18.4 11/07 /77 10.7 
0-4 MEDIUM 1379 M 278 1. 74 19.16 14 .5 19.1 01/20/76 32.3 
0-4 i'lEDIUM 1362 M 267 1.87 20.54 13.0 20.2 01/20/76 32.3 
0-4 MEDIUM 1645 F 257 2.03 22.37 11.5 18.5 11/0 7 /77 10. 7 

0-4 MEDIUM 1639 F 248 2.05 22.57 11. 0 18.5 11/07/77 10.7 
0-4 MEDIUM 1640 M 306 2.06 22.70 13 .5 18.5 11/07/7 7 10.7 
0-4 MEDIuM 1647 M 294 2.06 22.62 13.0 18.5 11/0 7/7 7 10.7 
0-4 M8DIUM 1534 M 2~5 2.14 23.57 12.5 20.ti 07/22/76 26.3 
LI-4 MEDIUM 1414 F 233 2.35 25.ti6 9.0 18.2 .:!I1/20/7 6 32.3 
D-4 MEDIuM lolti F 217 2.40 26.36 10.5 20.3 11/07/77 10.7 
D-4 MEDIuM 1385 M 372 2.42 26.57 14.0 19 .0 01/20/76 32.3 
D-4 MEDIUM 1408 F 331 2.62 2ti.78 11.5 18.5 01/20/7 6 32.3 
D-4 MEDIU~1 1428 F 37ti 3.12 34.36 11.0 21.1 04/213/76 29. 3 
0-4 MEDIUM 1535 F 345 3.13 34.48 10.0 20.7 07/22/76 26.3 
D-4 MEDIUM 1446 F 354 3.22 35.40 10.0 21. 0 ;)4/20/76 29.3 
D-4 MEDIUM 1364 M 463 3.24 35.62 13.0 20.2 01/20/76 32.3 
D-4 MEDIUM 1387 F 345 4.48 49.29 7.0 19.0 01/20/76 32.3 
0-5 MEO-HI 1329 F 363 3.30 36.30 10.0 18.0 10/16/75 11/14/7 5 1.~ SACRIFICED 
0-5 MED-HI 1346 M 656 4.42 48.59 13 .5 17 .2 10/16/75 11/14/7 5 1.0 SACRIFICED 

:t> 0-5 MED-HI 164ti M 811 5.90 64.90 12.5 18.5 11/0 7 /77 10. 7 

0-5 MED-HI 1659 F 991 6.93 76.23 13.0 18.3 11/0 7/77 111.7 
N D-5 MEO-HI 134 7 F 6d8 6.95 76.44 9.0 17.2 10/16/7 5 11/14/75 1.0 SACRIFIceD 

0-5 MED-HI 1636 M 1212 8.48 93.25 13.0 18.9 11/0 7/ 77 10. 7 

D-5 MED-HI 1621 M 1334 8.66 95.29 14.0 20.3 11/0 7/ 77 10.7 
0-5 MED-HI 1646 F 1061 8. 77 96.45 11.0 1ti.5 11/0 7 / 77 10.7 
0-5 MED-HI 1429 M 1376 9.62 105.85 13.0 23.2 06/23/ 76 27.2 

0-5 MED-tiI 1641 M 12 7 5 9.66 106.25 12.0 18.5 11/0 7/ 77 10. 7 

0-5 MED-HI 1660 M 1518 10 .22 112.41 13.5 1ti.3 11/0 7 / 7 7 10. 7 

0-5 MED-HI 1508 M 1716 10.76 118.34 14 .5 20.9 06/23/76 27.2 

D-5 MED-HI 1655 M 1094 11. 05 121.56 9.0 1tl.4 11/0 7 /77 10.7 
u-5 MED-HI 1652 F 1320 12.00 131.95 10.0 16.4 11/07/77 10. 7 

0-5 MEO-HI 1619 F 1491 12.32 135.55 11.0 20.3 11/07/77 10.7 
D-5 MElJ-HI 1512 M 2410 14 .61 160.67 15.0 20.9 06/23/76 27.2 
D-5 MED-HI 1419 M 1559 14.92 164.11 9.5 23.3 06/23/76 27.2 
lJ-S ~lED-HI 149ti F 20:l18 16.68 183.45 11. 0 21.5 06/23/76 27.2 
0-5 MED-HI 1502 F 30:l0ti 20.25 222.d0 13.5 20.9 06/23/76 27.2 

D-5 MED-HI 1485 F 2330 21.18 233.0" 10 .0 21.7 06/23/76 27.2 

0-5 !<lED-HI 1471 F 2508 21.71 23ti.86 10.S 22.1 06/23/76 27.2 
D-5 MED-HI 1492 F 2473 24.98 274.78 9.0 21.6 06/23/76 27.2 

0-5 Mt:D-HI 1459 F 2645 26.72 293.89 9.0 22.6 06/23/7 6 27.2 

0-6 HIGH 1518 M 3565 29.46 324.09 11.0 20.6 06/23/76 27.2 

• It'lDICAT8S AGE IN MONTHS SINCE BIRTH, ALL OTHER AGES ARt: IN MONTHS SINCt: EXPOSURE 



LOW LEVEL PU-239 NITRATE INhALATION STUDIES 

IlHTIAL ALVEOLAR DEPOSITION INHALATION EXPOSuRE 140ln"HS SI~CE 
--------------------------- -------------------- DATE INHALATION 

DOG NCI/"; NCI/ wEIGHT AGE* uF --------------
DO~J:. GROUP NUMBER "EX NCI LUNG KG (KG) (1010) DA'l'E DEATH 9/30/78 DEATH CO!'lMEN'rS ON DEAD DOGS 

------------------ -------- -------- -------- -------------------------
D-;, HIGH 1420 M 3840 30.36 333.91 11. S 23.3 "6/23/76 07/12/78 24.6 RADIATION PNEUMONITI" 
D-6 hI";H 1')17 F 5185 49.62 545.79 9.5, 20.6 06/23/76 11/02/77 16.3 RADIATION PNEUMONITIS 
D-6 HIGH 151'" F 6909 55.09 606.00 11.5 20.9 06/23/76 11/09/77 16.6 RADIATION PNEUMONITIS 
D-o HIGH 1424 M 7681 69.83 768.10 Hl. 0 23.2 06/23/76 08/31/77 14.3 RADIATION PNEUMONITIS 

* INDICATES AGE IN MONTHS SINCE BIRTH, ALL OTHER AGES ARE IN MONTHS SINCE EXPOSURE 



LOW LEVEL PU-238 NITRATE INHALATION STUDIES 

INITIAL ALVEOLAR DEPOSITION INHALATION EXPOSURE MONTHS SINCE 
--------------------------- -------------------- DATE INHALATION 

DOG NCI/G NCI/ WEIGHT AGE* OF --------------
DOSE GROUP NUMBER SEX NCI LUNG KG (KG) (MO) DATE DEATH 9/311/7 8 DEATH CCJMMENTS ON DEAD DOGS 

------------------ -------- -------- -------- -------------------------
CONTROL 1548 M 11 11.110 0.011 11. 0 18. 7 12/11 7/ 7 6 12/27/77 12.6 SACRIFICED 
CONTROL 1555 M 11 0.00 0.00 13.0 18.5 12/07/7 6 12/20/77 12.4 SACRIFICED 
EXPOSED 1552 M 49 11.30 3.27 15.11 18.5 12/07/76 111/115/ 77 1.11 SACRIFICED 
EXPOSED 1553 F 44 0.35 3.83 11. 5 18.5 12/0 7/ 7 6 01/04/ 77 0.9 SACRIFICED 
EXPOSED 155 7 F 42 11.35 3.82 11. 0 18.4 12/117/76 03/22/ 77 3.4 SACRIFICED 
EXPOSED 1550 F 57 11.40 4.38 13 .0 18.5 12/0 7 / 7 6 12/14/77 12.2 SACRIFICED 
EXPOSED 1545 M 59 0.41 4.54 13.0 18. 7 12/07 / 7 6 01/05/77 loll SACRIFICED 
EXPOSED 1546 M 70 0.41 4.52 15.5 18. 7 12/07/76 03/22/77 3.4 SACRIFICED 
EXPOSED 1549 F 62 0.45 4.96 12.5 18.5 12/07/76 12/10/7 6 0.1 SACRIFICEu 
EXPOSED 1554 M 73 0.51 5.62 13.0 18.5 12/07/76 12/10/76 0.1 SACRIFICED 
EXPOSED 1551 M 85 11.53 5.86 14.5 lti.6 12/117/7 6 03/22/77 3.4 SACRIFICED 
EXPOSED 1547 M 75 0.57 6.25 12.0 18.7 12/0 7/76 12/15/7 7 12.3 SACRIFICED 
!:..XPOSED 1558 F 72 0.611 6.55 11.11 18.4 12/07/7 6 12/16/77 12.3 SACRIFICED 
EXPOSED 1544 F 107 i).8b 9.73 11. 0 18.7 12/iP/76 12/10/76 0.1 SACIUFICEu 

* INDICATES AGE IN MONTHS SINCE BIRTll, ALL OTHER AGES ARE IN MONTHS SI!';CE EXPOSURE 
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