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Abstract

Fractionated i r r a d i a t i o n (2 Gy/F, TD:2-20 Gy) i n vivo on the c i l i a t e d epithelium
of the rabb i t ' s trachea, caused measurable physiological a l te ra t ions ten consecutive
days a f te r completion of i r r ad ia t i on with an i n i t i a l heightening of the c i l i a r y
a c t i v i t y a f ter 2 and 4 Gy, followed by a dose-dependent decrease. On scanning
electron microscopy-pictures, knobs were observed on the c i l i a wi th the number being
related to the dose. The addit ion of misonidazole potentiated the ef fects described
above, with an enhancement ra t in(phys io log ica l ly ) of 1,2 and an enhancement ra t i o
(morphologically) of 1,6. Furthermore, administrat ion.of misonidazole to the rabbits
caused an increased vascular i ty in the subepithel ial layer of the trachea, d i rec t l y
correlated to an oedema i n the same region.
Single Doses (2,2.5,5,10,15,20,25 and 30 Gy) were given to the trachea i n vivo and
dai ly invest igat ions of the c i l i a r y beating and morphologic examinations of the
tissue were made for ten days. The c i l i a r y a c t i v i t y showed a dose-dependent reduction
of about 50% af ter 30 Gy. A development of damage, i n re la t ion to the dose, was
observed i n the c i l i a . The changes were blebs, swollen t i p s , bent and curved t ips
and broken c i l i s clustered together. During i n v i t r o i r r a d i a t i o n wi th 10 Gy Single
Dose, an increase of the c i l i a r y a c t i v i t y to about 25?o of i t s o r i g i na l value was
observed without any morphological changes, while i n vivo i r r a d i a t i o n and examinations
during 10 days thereaf ter , showed three d i f fe ren t phases, day 1-3:Stimulation phase,
day 4-8:Damage-phase, day 9-10:Repair-phase.

The c i l i a r y epithelium offers an exceptional system for the study of early radio-
b io logical e f fec ts , since mutual comparisons can bn made between physiology and
morphology.
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INTRODUCTION

The most important progress in clinical radiotherapy originates from
improvements in dose distribution mainly derived from the introduction of
supervoltage radiation. This has made it possible to give a higher dose to
tumour compared to adjacent tissues.

A number of biological parameters have been investigated in order to
further improve the results. The efforts have focused on attempts at a
selective augmentation of radiation effect on tumour tissue (or selective
protection of normal tissues). Most widely studied of these factors have
been dose/fraction relationship (39, 45, 80, 93, 138), dose/time
relationship (8, 31, 35, 122), and the influence of the presence of hypoxic
cells (56, 99, 126). Repair mechanisms in normal tissues and tumours (43,
44, 59, 132, 133, 135, 136) may play a role in the outcome of radiotherapy.
Also cellkinetic parameters seem to have prognostic significance (115).
However, it must be admitted that very little documented clinical progress
has been evolved from these studies so far. ^ery few investigations have
been pursued in the effect of radiation on physiological variables even if
the term "radiophysiology" was mentioned as early as 1930 by Claude Regaud
(102). Only a few tissue systems have so far lent themselves to such
radiophysiological studies since they express their function in reasonably
well defined and measurable ways. As examples of such systems, the
registration of breathing rate and micturation rate in mice following
irradiation of lung and bladder can be mentioned (50). Physiological changes
after irradiation seem to reflect partly other aspects of radiation effect
on tissues than are revealed with morphological methods or systems where
cellular survival is the endpoint. In some of these it seems as if
physiological methods can detect radiation effects earlier and with greater
facility than is the case when morphological effects are studied (7, 116).

In the present investigation a similar system measuring the beat
frequency of the rabbit's trachea! ciliated cells (physiological activity)
has been chosen. This system has proven suitable for studies of early
irradiation effects in vitro, where a stimulation of the ciliary beat
frequency have been observed, varying in size with different radiation
qualities and dose rate within seconds during irradiation, without any
morphological changes (10, 11, 12, 13). In the actual work irradiation is



performed in vivo, and is a continuation of earlier in vitro studies.

Physiological changes after irradiation has been correlated to structural

changes as measured 1-10 days after completion of irradiation with light

microscopy (LM), scanning electron microscopy (SEM) and transmission

electron microscopy (TEM).



THE AIM OF THE STUDY

In order to compare immediate radiobiological effects during irradiation vn

vitro with early effects 24-240 hours after completion of irradiation ^n

vivo, and clarify dose/time relationship on the ciliated epithelium of the

rabbit's trachea, single dose investigations have been carried out. The

effects of fractionated irradiation have also been examined in order to

imitate clinical circumstances. Furthermore, irradiation has been given

together with misonidazole, a substance which has been thought to interact

selectively with radiation in hypoxic tissue regions. This has been done in

an attempt to gain additional knowledge of the basic mechanisms behind the

action of this substance using a system for evaluation different from those

used so far.

The investigation is presented in the following items.

I. Physiological and ultrastructural effects brought about by fractionated

irradiation with a clinical conventional dose (2 Gy/F).

II. Effects of 10 Gy single dose during irradiation, directly after

completion of irradiation and during the first ten days after completion of

irradiation.

III. Physiological and ultrastructural effects of misonidazole, alone or in

combination with irradiation.

IV. Effects on the vascular system in the trachea of misonidazole and

irradiation in combination or separately.

V. Physiological and ultrastructural effects of Single Doses 2-30 Gy.





MATERIALS AND METHODS

This investigation comprises 400 rabbits weighing between 1.8-?.3 kg.

One-hundred rabbits were treated in groups of ten with fractionated

irradiation (2 Gy/F) from a total dose of 2 Gy to 20 Gy (I, Fig. 1).

Another 100 were treated with the same fractionation schedule, however,

misonidazole (100 mg) was injected prior to irradiation (III, Fig. 2).

Fifty rabbits were treated with misonidazole alone in a dose range from

100-1000 mg (III, Fig. 1).

Eighty rabbits were given radiation with doses ranging from 2-30 Gy (V, Fig.

1).

Forty rabbits were used for investigations of irradiation effects in vitro

(II).

Thirty rabbits were used as control animals.

Irradiation technique: Irradiation was performed with a conventional X-ray

therapy unit (SIEMENS). 160 kV X-ray, HVL:4 mm Al, SSD:50 cm.

Before irradiation, the animals had been rendered unconscious by an

intraperitoneal injection of pentobarbital (40 mg/kg body - weight). The

rabbits were laid on the back and the upper part of the trachea (20 mm) was

irradiated. The caudal limit of the treated area was lead-shielded, and the

direction of the beam was arranged at a cranial angle, in order to strike

the caudal part along the cartilage arc. The spatial distribution between

the irradiated part and the control part was 40 mm.

The absorbed dose in chea and oesophagus was controlled by

ion-chambers and thermoluminescent dosimeters. Beyond the irradiation field,

the dose faded off sharply, and 15 mm beyond the caudal limit of the field,

the absorbed dose was negligible.

Experimental procedure: The animals were irradiated in groups of ten. After

completion of irradiation, one animal was taken out from the group on ten

consecutive days.

The animal was sacrificed by a blow on the scull, in order to avoid

pharmacological side-effects. The trachea was dissected out in its entire

length (7 cm). Samples for SEM, TEM and LM were taken from the upper part of

the trachea (irradiated area: Tl) and lower part of the trachea (control

area: T2). Control investigations were also performed in the same way on

untreated animals. Thereafter the trachea was divided into two halves and
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placed in a chamber with controlled temperature (37°C) and humidity (90 %).
Through an opening in pars membranacea, the ciliary beat frequency could be
recorded by a method developed and described by Håkansson and Toremalm 1965
(73). Briefly, heat filtered DC light from a cold light source illuminated
the mucous membrane of the trachea via the incision and was reflected by the
mucous ciliary border at the bottom of the trachea. The blinking light
reflection which arose thereby due to the mucociliary activity was observed
through a laboratory microscope. A photomultiplier attached to the lens of
the microscope was connected to an ink plotter through a frequency filter.
Registration of the mucociliary frequency was performed during 30 minutes
from irradiated area anc non-irradiated (control area) respectively. Such a
registration was performed from at least two different places selected at
random in each specimen. The mean value for the registration was shown as a
quotient for each rabbit:

beat frequency (irradiated area)

beat frequency (control area)

Misonidazole was dissolved in sterile water and 100 mg was administred
intraperitoneally, 15-30 minutes before irradiation.

Preparations for LM, SEM and TEM were made with routine methods earlier
described (II).

The specimens were examined in a Cambridge Stereoscan MARK IIA, a Zeiss
Nanolab Electron Microscope, a Zeiss EM 10 Electron Microscope and a Zeiss
Light Microscope, on the institute of Zoology, University of Lund.

The tracheal epithelium consists of basal cells, intermediate cells and
apical ciliated cells. Interspaced between these cells are the goblet cells.
SEM-technique allows the surface to be evaluated with special attention to
the apperance of the cilia, the microvilli covered goblet cells, mucus and
detritus on the surface. TEM-investigations were used to evaluate the amount
and appearance of the cellorganelles, while LM-sections gave an overview of
the ciliated epithelium. The height of the ciliary cell layer, subepithelial
lamina, subepithelial area and blood vessel area in the subepithelial layer
was calculated from LM-sections (IV, Fig 8) and the ratio goblet
cells/ciliated cells could also be calculated.

12



The Misonidazole Enhancement Ratio(physiology) = MiER(physiology) was

calculated in the following way:

mean value beat frequency : T1/T2 (misonidazole+irradiation)

mean value beat frequency : T1/T2 (irradiation)

Such a ratio was calculated for each dose group ( I I I , Fig6).

Misonidazole Enhancement Ratio(ultrastructure) = MiER(ultrastructure)

originating from scoring different degrees of radiation damage on the

SEM-pictures and was calculated for each dose group ( I I I , Fig 13) from:

score mean value (misonidazole+irradiation)

score mean value (irradiation)

Temperature measurements. The temperature was measured with a thermistor

beneath the pars membranacea, where radiation had been administred and this

temperature was then compared to that of the corresponding non-irradiated

area at the distal part of the trachea.

Determination of bodyweight. The weight of the animal was checked before the

treatment and daily after the treatment had been given.

Statistical analyses of the results were made with the help from stat ist ical

expertise from the University of Lund.
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RESULTS

Scanning electron microscopy and recording of the physiological activity of

tracheal ciliated cells treated by fractionated irradiation(I).

Fractionated irradiation (2 Gy/F) was given from a total dose of 2 Gy

up to 20 Gy. Investigations were performed 1-10 days after completion of

irradiation. In the low dose range (2 Gy, 4 Gy), the beat frequency of the

cilia was increased within the irradiated area (Tl^T2>1). Additional

irradiation reduced the ciliary activity (T1/T2<1). Variance analysis of the

whole material showed a significant dose-dependent reduction with increasing

dose, however no significant time effect. LM showed dose-dependent oedema of

the ciliary epithelium, noticable already the first day after 2 Gy and most

pronounced after 20 Gy (I, Fig. 3, 4). The number of goblet cells was also

heightened with increasing dose (I, Fig. 10, Table II). SEM showed blebs on

the cilia, in relation to the total dose given (I, Table I, Fig. 6-9). In

the low dose range, the number of mitochondria in the apical part of the

ciliated cells was augmented.

The dose-dependent decrease of the ciliary activity and the

dose-related increase of blebs on the cilia observed on SEM-pictures is

evident. However, a correlation between the entities could not be revealed

and therefore further experiments were performed.

The effects of 10 Gy single dose irradiation on the ciliated epithelium

measured during and one-to-ten days following irradiation. A comparative

physiological and morphological study (II).

Recording of the beat frequency during irradiation with roentgen (50

kV) and °^Co were made in order to compare effects of low X-ray irradiation

and high energetic irradiation. The low-voltage photons caused an increased

beat frequency within the irradiated area of about 25% after an accumulated

dose of 1.5 Gy. After a dose of 3 Gy it returned to a level just above the

value before irradiation (II, Fig. 1). The 60Co-irradiation caused a

corresponding increase of about 22'' after an absorbed dose of 1.3 Gy. The

increment lasted longer and returned more slowly than after roentgen

irradiation (II, Fig. 2). No structural changes could be seen in these

investigations of immediate effects during irradiation.
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Investigations of late effects during ten consecutive days after 10 Gy

single dose were considered to show three different phases.

1: Day 1-3 (II, Fig. 3) which was called a stimulation phase, during which

the beat frequency was slightly above the normal value (the beat frequency

in the non-irradiated part of the trachea).

2: Day 4-8 was regarded as a damage phase with disorganisation, adhesion of

the cilia and accumulation of mucinous granina (II, Fig. 7, 8). The

transport mechanism was reduced as well as the ciliary activity in those

areas where it could be measured (II, Fig. 3).

3: During day 9 and 10 there seemed to be some kind of recovery, when the

beat frequency and ultrastructure normalized.

Scanning electron microscopy and transmission electron microscopy of the

ciliated cells of the trachea of the rabbit treated with misonidazole alone

and in combination with ionizing radiation (III).

Irradiation of the ciliated epithelium of the rabbit's trachea caused

dose-dependent physiological and ultrastructural effects in relation to the

radiation dose as shown in paper I. The addition of misonidazole caused a

potentiation of these effects. The effects of misonidazole + irradiation as

compared to irradiation alone, showed for all irradiation doses a

heightening of the beat frequency (III, Fig. 6). This could be expressed as

an enhancement ratio (physiologically, see Material and Methods), with a

mean value of 1.2 (all dose groups). Changes observable with SEM were scored

and also here a potentiation could be seen when misonidazole was added

before the irradiation (III, Fig. 3). The enhancement ratio

(ultrastructurally, see Material and Methods), was calculated to 1.6 as a

mean value for all doses.

TEM-investigations of the group treated with misonidazole + irradiation

seemed to show an increased metabolic activity as registered by heightening

of the number of mitochondria, a rich amount of endoplasmic reticulum and

free ribosomes and multilobulated nuclei with an increased number of nuclear

pores and a greater number of goblet cells than normal (III, Fig. 15 a, b,

c). Also a hyperplasia of the epithelium was seen (III, Fig. 7, Table III).

Misonidazole alone caused no changes in the beat frequency. Morphological

changes could not be observed on SEM, but LM and TEM showed a hypoplasia

(III, Fig. 5, Table III).
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The potentiation of irradiation effects observed in this study when

misonidazole was added before the irradiation is incontrovertible. However

misonidazole itself has no stimulatory effects on the ciliary beat frequency

or the metabolism within the cell as registered by lack of changes on

TEM-pictures.

Reaction of the vascular system in the trachea of the rabbit exposed to

fractionated irradiation with and without the addition of misonidazole

Fractionated irradiation (2 Gy/F, Total Dose 2-20 Gy) caused an oedema

of the ciliary cell layer and subepithelial lamina observed in

LM-investigations (IV, Table 1, 2). The vascular area in the subepithelial

layer was calculated and was of the same magnitude as in the control

material (IV, Fig. 10). In the ciliary cell layer, subepithelial area and

subepithelial lamina an oedema was observed, and the magnitude could be

calculated from LM-pictures. Correction for the oedema showed a slight

increase in the vascularity in the irradiated group as compared to the

control group (IV, Fig. 10). However, no correlation between the oedema and

the vascular area was found in the irradiation group. Treatment with

misonidazole alone or in combination with radiation caused a marked increase

in the vascularity in the subepithelial layer of the trachea (IV, Fig. 6, 7,

10). In the misonidazole treated groups an oedema was also observed in the

ciliary cell layers and subepithelial lamina, directly correlated to the

vascularity. The increased vascularity in the groups treated with

misonidazole was significant with or without correction for oedema. To our

knowledge this finding has not been described before.

\

Dose response studies of single dose ionizing radiation on the ciliated

epithelium of the rabbit's trachea (V).

A physiological and ultrastructural study.

Single doses of 2, 2.5, 5, 10, 15, 20, 25, 30 Gy were given and daily

investigations were made for 10 days (V, Fig. 1). Low doses (2, 2.5 Gy),

during the first days after irradiation, caused an augmentation of ciliary

beat frequency within irradiated area (V), which during the following days
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returned to the normal value. Ultrastructurally, blebs could be observed on

the cilia after 1-10 days (V, Fig. 4a, b, Fig. 9). Five and ten Gy of

irradiation also seemed to have a stimulating effect on the ciliary activity

(V, Table 1, 2). In this dose range however, the structural effects were

more pronounced with swollen ciliary tips, bent tips, some cilia broken and

adhering to each other (V, Fig. 5 a, b, Fig. 6, Fig. 7 a, b, c, Fig. 8 a, b,

Fig. 9, Fig. 10). Larger single doses (15, 20, 25 and 30 Gy) caused reduced

ciliary activity and after 30 Gy a reduction of about 50% (V, Fig. 2, Table

1, 2). After these doses the ciliary activity was irregular and

ultrcstructurally most cilia were broken and adhered to each other (V, Fig.

9, Fig. 10). The radiation effects also included the goblet cells, with a

greater amount of these cells after low doses (V, Fig. 12 a, b, Fig 15).

Higher doses ^10 Gy caused emptying of the goblet cells which made an

estimation of their number on SEM-pictures difficult to evaluate (V, Fig.

13), and mucinous granula on the surface (V, Fig. 14 a, b, Fig 15).

In the above described single dose investigation, dose- dependent

reduction of the ciliary activity seemed to be related to a development of

ultrastructural damage on the cilia with blebs, swollen tips, bent, broken

and adhering tips. However in the higher dose range>_15 Gy when most of the

ciliary carpet was put out of action, no reparative processes were observed

during the ten day observation period, which indicates that further

experiments with prolonged observation period must be performed for

investigations of repair and regeneration.
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DISCUSSION

In earlier radiobiological research work concerning the influence of
radiation on normal tissues a vast number of methods and systems have been
used, mainly concentrating on effects after weeks, months and years studied
on a macroanatomical level. The epidermis has been one of the most widely
studied normal tissues, (29, 30, 32, 33, 48, 49), which probably depends on
the fact that this tissue is easily accessible for observation, and damage
to it can easily be scored on an arbitrary scale. Another system to
visualize early radiobiological effects has been used in this study where
comparative studies of physiological and ultrastructural radiation effects
can be performed on the ciliated epithelium of the rabbit's trachea.
Alterations in the physiological activity can be evoked within seconds
during irradiation in vitro (12). It seems also suitable for measurements of
early physiological radiation effects, i.e. 1-10 days after completion of
irradiation in vivo where a direct comparison can be made with
ultrastructural effects observed with SEM and TEM. A necessary presumption
for this investigation, is knowledge of the normal physiology and
ultrastructure. These parameters have been extensively studied in earlier
research work (73, 74, 75, 76, 84, 85, 103, 109, 110, 111, 112, 129, 130).
Radiobiological research with this system has earlier been done on a
dissected rabbit's trachea in vitro (10, 11, 12, 13). The purpose of the
present investigation was to some extent to imitate the clinical
circumstances and therefore irradiation was performed in vivo with
fractionated irradiation alone or in combination with a radiosensitizer
(misonidazole). In order to get a complet grasp of the radiobiological
effects in the actual tissue, single dose investigations were also carried
out.

Treatment with fractionated irradiation caused an increase in the beat
frequency the first days after completion of irradiation with 2 and 4 Gy to
about 10% (I). This was correlated to an increased number of mitochondria
apically in the ciliated cells (I, III). The heightening of the beat
frequency may depend on effects on the energy-production system within the
cell, with an increased amount of ATP released from the mitochondria. ATP is
the energy source of the cilia and the supply of ATP governs the ciliary
beat frequency (18, 19, 70). Experiments have been performed in order to
investigate physiological effects during and after irradiation in vitro.
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During irradiation an increased frequency of about 25 was seen after 10 Gy

(50 kV X-rays; II) and 22/ after 10 Gy (60Co - irradiation; II). The

acceleration of beating within seconds during irradiation could be ascribed

to a mechanism within the cilium itself (12), perhaps an increased available

amount of dynein ATP-ase, or by changes in the membrane permeability of the

cilia, allowing some ionic fluxes which could alter the rate of ciliary

beating. Immediately after irradiation the frequency decreased (53, 89; II,

Fig 14). It therefore seems plausible that the increased ciliary activity

during irradiation with photons of different energies is caused by

mechanisms within the cilium since no morphological changes can be observed

while the increased ciliary activity measured 24 hours after completion of

irradiation seems to be related to the cell metabolism, with a heightened

number of mitochondria apically in the ciliated cells.

With increasing total dose, the beat frequency decreased (T1/T2<1), and

in the whole material a significant dose-effect was found, but no

significant time effect. All the quotients (ciliary beat frequency

(irradiated area)/ ciliary beat frequency (control area)) in this series (I)

were further analyzed in two seperate parts in order to see if there were

any different effects concerning dose and time in the lower dose range (2-10

Gy) or higher dose range (12-20 Gy). For 2-10 Gy, neither dose-effect nor

time effect was observed. In the series 12-20 Gy , however, a significant

dose-effect with decreasing beat-frequency in relation to increasing dose

was found and a significant time-effect with increasing beat frequency in

relation to increasing time.The inverted relationship between beat-frequency

and dose may be related to several mechanisms where the oedema probably

plays a role (I), in combination with blebs on the cilia. Also a consumption

of the available ATP and a lack of newly synthetized ATP can contribute to

these results. The time-effect may be attributed to compensatory

proliferation. Such a mechanism is known to start within 2 days in the

intestine (136, 137) and in the skin within 1-2 weeks (30, 31, 33). It can

also be observed in the clinic where desquamation and reparative

proliferation of e.g. buccal mucosa may occur during a fractionated

irradiation schedule (35). If the increased beat frequency towards the end

of the observation period in the high dose range is caused by repopulation,

it starts within 3 weeks after start of irradiation. Another mechanism that

may cause the same effects would be a repair mechanism and since 1959 when
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El kind and Sutton first described the repair of sublethai radiation damage

(44), several other repair processes have been identified varying in time

scale. Fast repair occurring within seconds is observed in bacteria.

Elkind-repair has been described for bacteria and mammalian cells in vitro,

and for normal and malignant tissues in vivo (9, 43, 44, 95, 135, 136), and

takes place within minutes to hours after irradiation. Other repair

mechanisms are potentially lethal damage (PLD-repair), taking place within

minuses to hours and observed by delaying postirradiation division usually

by altering the nutrient status (60). A slow repair process has been

observed in the lung (46, 50, 96), with a time scale of hours to days. To

evaluate whether the repair of radiation-induced damage takes place in the

tracheal tissue from the known definitions of repair seems to be difficult.

It is plausible that some form of repair, with the definitions described

above, exists.

The increment of the beat frequency quotients towards the end of the

observation period ten days after completion of fractionated irradiation

12-20 Gy, is believed to be caused by repopulation rather than repair for

several reasons, e.g. the time scale in which the event takes place (about

2-3 weeks) and the similarities to the reactions observed in the skin during

fractionated irradiation (31). SEM of the cilia during fractionated

irradiation showed blebs or knobs on the cilia, which were small swellings

situated at the sides or the tips of the cilium (I, Fig. 6-9), increasing in

number with increasing dose (I, Table 1). Blebs are observed in the normal

epithelium to a lesser extent (27), and may be weak regions on the cilia

that are more easily affected by radiation. Membrane damage from ionizing

radiation is earlier described both on an ultrastructural level (17, 47, 61,

63, 128, 134), and by measuring leakage of proteins from blood vessels after

irradiation (88, 105, 116, 117). Membrane-damage is probably also the reason

for the oedema in the ciliated epi..telium and the subepithelial layer,

observed after fractionated irradiation (I, Fig. 4). Treatment with single

doses from 2-30 Gy (V, Fig. 1), made it possible to find a pattern in the

development of ultrastructural changes where blebs seem to be an early

phenomenon of damage, observable already after such a low dose as 2 Gy .

After doses > 15 Gy, this can no longer be observed to a greater extent than

was observed in the control animals. However, after 30 Gy almost all cilia

are short, stubby, broken and adhere to each other, which may indicate that
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broken cilia and adhesion are the most pronounced damage effect (V, Fig. 7,

8, 10). After the single doses 2-30 Gy, a dose-effect could be observed with

decreasing beat frequency and increasing structural damage with increasing

dose. No time effect could be seen in the single-dose investigations and the

postulated repair phase, day 9-10 after 10 Gy single dose, is probably a

kind of recovery, where the cilia regain their normal appearance after a

period of shrinkage. The lower score on the SEM-pictures may depend on a

smaller amount of mucus on the surface during those days (V, Fig 15). A

stimulation of goblet cells and emptying of mucinous granula seen after

irradiation, has been earlier described as existing in the intestine (52).

In the actual experiment the same stimulation was found (I, Tablell, V, Fig

15). The mechanism behind it is not clear, nor is it known whether goblet

cells are produced from undifferentiated basal cells or differentiate from

intermediate cells (107). The great amount of mucus probably plays a major

role in determining the ciliary activity, perhaps causing changes with a

higher viscosity (108). On the whole, single doses (2-30 Gy) cause

reproducible structural and physiological effects on the tissue. One single

or a few massive doses were the conventional methods used in the early days

of radiotherapy, which often caused excessive normal tissue damage. However,

already in 1922 and 1929 Regaud (100, 101) showed that a multifraction

regimen caused more damage to rapidly proliferating tissue (gonadal cells)

whilst sparing the more slowly proliferating surrounding tissue (skin). It

is now generally accepted that a multifraction regimen causes more damage to

the tumour than to the surrounding tissue, because reoxygenation of hypoxic

cells in the tumour occurs during treatment, while repair and repopulation

in the normal tissue during treatment, spare this tissue. Hypoxic cells in

tumours are a major impediment in local tumour control by radiotherapy (99,

126). The three main ways of dealing with hypoxic cells are (51):

1: Radiotherapy in hyperbaric oxygen (23, 24).

2: Neutrontherapy and heavy-ion radiotherapy (14, 15, 83, 120).

3: Radiosensiti^ers of hypoxic cells (1, 2, 3, 4, 6).

Hyperbaric oxygen and neutrontherapy have shown contradictory results.

However it has been shown that hypoxic cells can be a problem for patients

with certain kinds of malignant tumours (22, 24, 57, 58, 69, 131). Therefore

it might be worthwhile to develop other ways of dealing with hypoxic cells.
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Electron-affinic drugs with "oxygen mimic" qualities (metronidazole,

misonidazole) have been studied together with low LET radiation for the

treatment of human tumours, so far with disappointing results (38, 97).

However new compounds, some electron-affinic with a chemical structure

similar to misonidazole are under development with a higher therapeutic

ratio because of lower neurotoxicity (5, 26, 36, 40, 64, 79, 98).

In the actual experiment, the combination of misonidazole and radiation

caused a potentiation of the effects on the physiological activity as

represented by increased beat frequency (III, Fig. 6). These findings made

it possible to define a new epitome: MiER(Physiology) = Misonidazole

Enhancement Ratio(Physiolcgy). In this case MiER(physiology) was found to be

1.2 (mean value of MiER for all doses (III, Fig 6)).

A similar relation was based on the ultrastructural

investigations,originating from the scoring of the SEM-pictures (III, Fig.

13), which was called MiER (ultrastructure), and found to be 1.6.

Signs of increased metabolic activity were more prominent in the group

treated with misonidazole + irradiation as compared to the irradiation

group. These signs were an increased amount of mitochondria in the apical

ciliary cell layer (III, Table II, Fig. 14), increased smooth and rough

endoplasmic reticulum (III, Fig. 15c), mul tilobulated nuclei and an

increased number of nuclear pores (III, Fig. 15b). A hyperplasia of the

ciliary cell layer was also seen (III, Table III, Fig. 7).

LM investigations showed an increased vascularity (IV, Fig. 10) in the

subepithelial layer which was correlated to an oedema (IV, Table 1, 2) and

observed throughout the series without any dose-dependency. The number of

blood vessels stayed unchanged. Therefore the increased vascularity may

either depend on vascular stasis, which would lead to hypoxia or an

increased blood flow (hyperemia) with an improved oxygen delivery to the

tissues. The potentiation of radiation effects measurable both

physiologically and ultrastructurally speaks in favour of the latter

Sterna tive. Improved oxygen delivery to tumour tissue and subcutaneous

adipose tissue in tumour bearing mice, after administration of misonidazole,

has earlier been observed (28) and metronidazole-treatment of mice with
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C3HBA mammary adenocarcinoma caused improved oxygenation of the tumour (65).

It has been shown that the drug can alter cellular oxygen consumption in

vitro (42, 81), and inhibition of cellular oxygen consumption through

decreased overall metabolic rate can alter cellular oxygen consumption and

lead to an improvement of radiation response (16). It has also been shown

that administration of metronidazole to mice produced a drop in the rectal

temperature and heart rate, which was interpreted as a result either from a

overall decreased metabolic rate or a pheripheral vasodilatation (54). If

the potentiated irradiation effects observed on the ciliated epithelium v.-f

the rabbit's trachea were caused by an overall decreased metabolic rate, an

increase of the vascular area and signs of an increased metabolism should

not have been observed. This finding supports our hypothesis that

MiER(physiology) = 1.2 and MiER(ultrastructure) = 1.6 may be caused by a

hyperemia with an improved oxygen delivery to the tissue.

Misonidazole has shown a sensitization of the normal tissue reaction

after irradiation in several investigations e.g. in skin (20, 68, 119, 123,

140), testis (125), mouse tail (66), tibia! cartilage (55), spinal cord

(141) and oesophagus (72). However in the intestine, both metronidazole and

misonidazole have shown a protective effect (52, 121)

Treatment with misonidazole alone also caused an increased vascularity

(IV, Fig. 10) which were correlated to an oedema in the subepithelial

lamina. TEM-investigations of the trachea of rabbits treated with

misonidazole caused a hypoplasia of the ciliary cell layer with lack of

intermediate cells (III, Table III, Fig. 5). This may be a cell-killing

effect which is observed aTter misonidazole-treatment both for hypoxic cells

(62, 87, 92, 118, 124) and oxic cells (21, 90). Another explanation could be

a general lengthening of the cell cycle time. This may be the case in the

actual experiments and is supported by reports that such mechanisms have

been found during both hypoxic (94), and oxic conditions (37, 82).

The mechanism of misonidazole causing cytotoxicity to well-oxygenated

cells is not known. The cytotoxic effects of the drug are believed to be a

consequence of reductive metabolism and therefore have hypoxia as

prerequisite, but a hypothesis is that toxic metabolites can spread over

from hypoxic to oxic regions where they exert cytotoxic effects. The
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toxic i ty most well-known so far, is on the nervous system, giving

convulsions and EEG-changes in the human tcgether with neuropathy, i.e.

axonal degeneration and demyelinisation of the pheripheral nervous system

(25, 113, 127).

All the animals in this study treated with irradiation, have also

received pentobarbital (40 mg/kg bodyweight). It is known that the drug can

alter the physiology in such a way that changes in radiation response may

occur. Radioprotection has been observed in tumours (34, 86, 91, 106, 114)

and in normal tissue (7, 41, 78, 104). Also both in normal and tumour tissue

radiosensitization or no effect from anaesthesia has been seen (29, 34, 67,

77). Different mechanisms have been proposed as reasons for the changed

radiation response. The protection has often been ascribed to physiological

alterations leading to an oxygen deficit (77, 106, 142). Investigations with

multicellular spheroids have shown hypoxic radiosensitization and oxic

radioprotection, which was suggested to depend on a suppression of

respiration in the oxic cells and a consequent improvement in oxygen supply

to previously hypoxic cells (139).

An eventual effect of the anaesthesia in the interpretation of the

results described here, would possibly be expected. Therefore seperate

analyses have been performed both of 30 control animals and of all control

preparations in the lower part of the trachea (T2) in animals treated with

fractionated irradiation (I, Fig. 1). All of these investigations showed no

influence of the beat frequency, no oedema, no increased vascularity and

normal ultrastructure. In these control investigations, no influence of the

anesthesia could be seen 24-240 hours after completion of irradiation (Lars

Henningsohn , pers.com.).
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CONCLUDING REMARKS
The experiments performed in this radiobiological

following results:

study have shown the

1. Fractionated irradiation to the rabbit's trachea in vivo (2 Gy/F, 2-20

Gy) and investigations 1-10 days after completion of irradiation exerts an

initial stimulation followed by a dose dependent reduction in the

mucociliary activity (physiological effect) and evokes structural changes

manifested as blebs or knobs on the cilia together with an oedema of the

epithelium (morphological effect).

2. The addition of misonidazole just before the fractionated irradiation (2

Gy/F, 2-20 Gy) speeds up the beat frequency of the ciliary movement which

allows the formulation of an enhancement ratio factor MiER(physiology). The

value came out at 1.2. Misonidazole alone has no effect on the beat

frequency.

A greater degree of damage to the tissue after addition of the

sensitizer is revealed and a score of the average reaction based on the SEM

pictures gives an enhancement ratio MiER(ultrastructure) of 1.6.

SEM-investigations after treatment with misonidazole alone show no effects.

3. One of the pharmacological actions of misonidazole in the subepithelial

layer of the rabbit's trachea appeares to be a vasodilatation, the discovery

of which seems to be a newly acquired comprehension.

4. An acceleration of the ciliary beat frequency within seconds is evoked

during in vitro-irradiation with roentgen and 60Co-quantitie3 (10 Gy single

dose) without any change in the morphology as seen on the ultrastructural

level.

After irradiation in vivo (10 Gy roentgen) and registration of effects

during ten consecutive days after completion of irradiation it is assumed

that three phases could be discovered: day 1-3 stimulation phase with the

ciliary beat frequency slightly above the normal value, day 4-8 damage phase

with disorganisation of the cilia and accumulation of mucinous granula. The

ciliary activity was reduced in those areas where it could be measured. Day

9-10 repair phase with a normalization of the beat frequency and

ultrastructure.
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5. Irradiation with single doses 2-30 Gy causes a gradual decay of the
ciliary effectiveness related to an increased damage of the tisssue.
However, even after 30 Gy the mucous membrane is not totally disintegrated
and some kind of activity can be observed in the cilia.

28



ACKNOWLEDGEMENTS

I wish to express my sincere gratitude to:

Dick Killander, head of the Department of Oncology for constructive

crit icism and support.

Claes von Mecklenburg, my teacher for help and support with electron -

microscopy investigations.

Claes Mercke for excellent collaboration in the papers, stimulating

discussions, new ideas and invaluable help and support throughout

the whole study.

Bo Baldetorp for ambitious performance and collaboration.

Marianne Palmegren for ski l led and excellent technical assistance with

preparations for LM, SEM and TEM and microscopic examinations.

Eva Henriksson for sk i l fu l technical assistance.

Klas Svensson for valuable help with a l l the stat ist ical analyses.

Barbara Lindberg and Kenneth Muir for the l inguist ic revision.

and

Carl-Håkan Håkansson.

This work was supported by grants from John and Augusta Persson's Foundation

for Scientific Medical Research, from the Medical Faculty of the University

of Lund, from Lund's Hospital Research Foundations and B. Kamprad's Foundation.

29





REFERENCES

1. ADAMS G. E.: Chemical radiosensitization of hypoxic cells. Br. Med. Bull.
29, 1 (1973), 48.

2. ADAMS G. E., FLOCKHART I. R., SMITHEN C. E., STRATFORD I. J., WARDMAN P.
and WATTS M. E.: Electron-affinic sensitization. VII. A correlation between
structures, one-electron reduction potentials, and efficiencies of
nitroimidazoles as hypoxic cell radiosensitizers. Radiat. Res. 67 (1976),
9.

3. ADAMS G. E., CLARKE E. D., FLOCKHART I. R., JACOBS R. S., SEHMI D. S.,
STRATFORD I. J., WARDMAN P., WATTS M. E., PARRICK J., WALLACE R. G. and
SMITHEN C. E.: Structure-activity relationships in the development of
hypoxic cell radiosensitizers. I. Sensitization efficiency. Int. J. Radiat.
Biol. 35, 2 (1979), 133.

4. ADAMS G. E., DAWSON K. and STRATFORD I. J.: Electron-affinic radiation
sensitizers for hypoxic cells: Prospects and limitations with present and
future drugs. In: Progress in Radio-Oncology (K.-H. Kärcher, H. D. Kogelnik
and H.-J. Meyer eds.). Thieme-Stratton Inc., N. Y. (1980), 84.

5. ADAMS G. E., AHMED I., SHELDON P. W. and STRATFORD I. J.: Radiation
senstitization and chemopotentiation: RSU 1069, a compound more efficient
than misonidazole in vitro and in vivo. Br. J. Cancer 49 (1984), 571.

6. ADAMS G. E., MICHAEL B. D., ASQUITH J. C , SHENOY M. A., WATTS M. E. and
WHILLANS D. W.: Rapid-mixing studies on the time-scale of radiation damage
in cells. In: Radiat. Res.; Biomedical, Chemical and Physical Perspectives
(0. F. Nygaard, H. I. Adler and W. K. Sinclair eds.). Acad. Press, London
(1975), 478.

7. ALPER T. and HORNSEY S.: The effect of hypoxia during irradiation on
four-day death in mice given single and split doses of electrons. Br. J.
Radiol. 41 (1968), 375.

8. ANG K. K., LANDUYT W., RIJNDERS A. and v. d. SCHUREN E.: Differences in

31



repopulation kinetics in mouse skin during split course multiple fractions

per day (MFD) or daily fractionated irradiations. Int. J. Radiat. Oncol.

Biol. Phys. 10 (1984), 95.

9. ANG K.K., v. d. KOGEL A.J., VAN DAM J. and v. d. SCHUEREN E.: The

kinetics of repair of sublethal damage in the rat cervical spinal cord

during fractionated irradiations. Radiotherapy and Oncology. 1 (1984), 247.

10. BALDETORP L., HUBERMAN D., HÅKANSSON C.H. and TOREMALM N.G.: Effects of

ionizing radiation on the activity of the ciliated epithelium of the

trachea. Acta Radiol. Ther. Phys. Biol. 15 (1976), 225.

11. BALDETORP L., v. MECKLENBURG C. and HÅKANSSON C. H.: Ultrastructural

alterations in ciliary cells exposed to ionizing irradiation. Cell Tissue

Res. 180 (1977), 421.

12. BALDETORP B.: A comparison between the immediate effects of photon and

electron radiation on the ciliary activity of the rabbit's trachea. An in

vitro study. Acta Radiol. Oncol. 1984 (in press).

13. BALDETORP B. and BALDETORP L.: The effect of re-irradiation on the

tracheal ciliary cell activity. A radiobiological study. Acta Radiol.

Oncol., 1984 (in press).

14. BATTERMAN J. J. and BREUR K.: Results of fast neutron teletherapy for

locally advanced head and neck tumors. Int. J. Radiat. Oncol. Biol. Phys. 7

(1981), 1045.

15. BERRY H. C , PARKER R. G. and GERDES A. J.: Preliminary results of fast

neutron teletherapy of metastatic cervical adenopathy. Cancer 37 (1976),

2613.

16. BIAGLOW J. E.: The effect of hypoxic cell radiosensitizing drugs on

cellular oxygen utilisation. Pharmacol. Ther. 10, 2 (1980), 283.

17. BRAUN H.: Beiträge zur Histologie und Zytologie des bestrahlten Thymus.

Strahlentherapie 133 (1967), 411.

32



18. BROKAW C. J.: Movement and nucleoside polyphosphatase activity of

isolated flagella from Polytoma uvella. Exp. Cell Res. 22 (1961), 151.

19. BROKAW C. J.: Effects of viscosity and ATP concentration on the movement

of reactivated sea-urchin sperm flagella. J. Exp. Biol. 62 (1975), 701.

20. BROWN J. M.: Selective radiosensitization of the hypoxic cells of mouse

tumors with the nitromidazoles metronidazole and Ro 7-0582. Radiat. Res. 64

(1975), 633.

21. BROWN J. M.: Cytotoxic effects of the hypoxic cell radiosensitizer Ro

7-0582 to tumor cells in vivo. Radiat. Res. 72 (1977), 469.

22. CATTERALL M., BEWLEY D. K. and SUTHERLAND I.: Second report on a

randomized clinical trial of fast neutrons compared with X or gamma rays in

treatment of advanced cancers of the head and neck. Br. Med. J. 1 (1977),

1642.

23. CHURCHILL-DAVIDSON I., SÅNGER C. and THOMLINSON R. H.: Oxygenation in

radiotherapy. Br. J. Radiol. 30 (1957), 406.

24. CHURCHILL-DAVIDSON I., FOSTER C. A., WIERNIK G., COLLINS C. D., PIZEY N.

C. D., SKEGGS D. B. L. and PURSER P. R.: The place of oxygen in

radiotherapy. Br. J. Radiol. 39 (1966), 321.

25. CONROY P. J., v. BURG R., PASSALACQUA W., PENNEY D. P. and SUTHERLAND R.

M.: Misonidazole neurotoxicity in the mouse: Evaluation of functional,

pharmacokinetic, electrophysiologic and morphologic parameters. Int. J.

Radiat. Oncol. Biol. Phys. 5 (1979), 983.

26. CREAGAN E. T., FOUNTAIN K. S., FRYTAK S., DESANTO L. W. and EARLE J. D.:

Concomitant radiation theraphy and cis-diamminedichloroplatinum (II) in

patients with advanced head and neck cancer. Med. Pediatr. Oncol. 9 (1981),

119.

27. DALEN H.: An ultrastructural study of the tracheal epithelium of the

33



guinea-pig with special reference to the ciliary structure. J. Anat. 136, 1

(1983), 47.

28. DAVIES R. W. and HALL W. S.: Oxygen cathode measurements and radiation

response in tumour-bearing mice treated with misonidazole. Br. J. Cancer 37,

III (1978), 154.

29. DENEKAMP J. and FOWLER J. F.: Further investigations of the response of

irradiated mouse skin. Int. J. Radiat. Biol. 10 (1966), 435.

30. DENEKAMP J., BALL M. M. and FOWLER J. F.: Recovery and repopulation in

mouse skin as a function of time after X-irradition. Radiat. Res. 37 (1969),

361.

31. DENEKAMP J.: Changes in the rate of repopulation during multifraction

irradiation of mouse skin. Br. J. Radiol. 46 (1973), 381.

32. DENEKAMP J., HARRIS S. R., MORRIS C. and FIELD S. B.: The response of a

transplantable tumor to fractionated irradiation. II. Fast neutrons. Radiat.

Res. 68 (1976), 93.

33. DENEKPMP J., STEWART F. and DOUGLAS B. G.: Changes in the proliferation

rate in mouse skin after irradiation: continuous labelling studies. Cell

Tissue Kinet. 9 (1976), 19.

34. DENEKAMP J., TERRY N. H. A., SHELDON P. W. and CHU A. M.: The effect of

pentobarbital anaesthesia on the radiosensitivity of four mouse tumours.

Int. J. Radiat. Biol. 35, 3 (1979), 277.

35. DENEKAMP J.: Cell Kinetics and Cancer Therapy, 162 pp. C. C. Thomas,

Illinois, 1982.

36. DENEKAMP J., MICHAEL B. D., MINCHINTON A. I., SMITHEN C. E., STEWART F.

A., STRATFORD M. R. L. and TERRY N. H. A.: Comparative studies of

hypoxic-cell radiosensitization using artificially hypoxic skin in vivo. Br.

J. Cancer 45 (1982), 247.

34



37. DEYS B. F. and STAP J.: Infuence of the hypoxic cell sensitizer

misonidazole on the proliferation of well - oxygenated cells in vitro during

prolonged exposure. Br. J. Cancer 40 (1979), 761.

38. DISCHE S.: Clinical experience with Misonidazole. In: Progress in

Radio-Oncology, pp. 108-119. George Thieme Verlage, Stuttgart 1980.

39. DOUGLAS B. G.: Superfractionation: its rationale and anticipated

benefits. Int. J. Radiat. Oncol. Phys. 8 (1982), 1143.

40. DOUPLE E. B. and RICHMOND R. C : Radiosensitization of hypoxic tumor

cells by cis- and trans-dichlorodiammineplatinum (II). Int. J. Radiat.

Oncol. Biol. Phys. 5 (1979), 1369.

41. DOWN J. D., COLLIS C. H., JEFFERY P. K. and STEEL G. G.: The effects of

anesthetics and misonidazole on the development of radiation-induced lung

damage in mice. Int. J. Radiat. Oncol. Biol. Phys. 9 (1983), 221.

42. DURAND R. E. and OLIVE P. L.: Evaluation of nitroheterocyclic

radiosensitizers using spheroids. Adv. Radiat. Biol. 9 (1981), 75.

43. DUTREIX J., WAMBERSIE A. and BOUNIK C : Cellular recovery in human skin

reactions: Application to dose fraction number overall time relationship in

radiotherapy. Eur. J. Cancer 9 (1973), 159.

44. ELKIND M. M. and SUTTON H.: X-ray damage and recovery in mammalian cells

in culture. Nature (London). 184 (1959), 1293.

45. ELLIS F.: Dose, time and fractionation: A clinical hypothesis. Clin.

Radio!. 20 (1969), 1.

46. FIELD S. B., HORNSEY S. and KUTSUTANI Y.: Effects of fractionated

irradiation on mouse lung and a phenomenon of slow repair. Br. J. Radiol. 49

(1976), 700.

47. FLEMMING K., MEHRISHI J.N. and NAPIER J.A.F.: The loss of intracellular

K+-ions from the intact Ehrlich ascites carcinoma cell following irradiation

35



with 15 MeV electrons and X-rays. Int. J. Radiat. Biol. 14 (1968), 175.

48. FOWLER J. F., MORGAN R. L., CHIR B., SILVESTER J. A., BEWLEY D. K. and

TURNER B. A.: Experiments with fractionated X-ray treatment of the skin of

pigs. I - Fractionation up to 28 days. Br. J. Radiol. 36 (1963), 188.

49. FOWLER J. F.: The estimation of total dose for different numbers of

fractions in radiotherapy. Br. J. Radiol. 38 (1965), 365.

50. FOWLER J. F. and TRAVIS E. L.: Repair of late and early radiation injury

in lungs of experimental mice. In: Progress in Radio-Oncology II. (Kärcher

et al eds.) Raven Press, New York (1982).

51. FOWLER F.: La Ronde - radiation sciences and medical radiology.

Radiotherapy and Oncology 1 (1983), 1.

52. FRIBERG L.G.: Effects of irradiation on the small intestine of the rat.

A SEM study. Thesis, Berlingska Boktryckeriet, Lund, Sweden (1980).

53. FUJIWARA K., HÅKANSSON C. H. and TOREMALM N. G.: Influence of ionizing

radiation on the ciliary cell activity in the respiratory tract. Acta

radiol. Ther. Phys. Biol. 11 (1972), 513.

54. GOMER C. J. and JOHNSON R. J.: Relationship between misonidazole

toxicity and core temperature in C3H mice. Radiat. Res. 78, 2 (1979), 329.

55. GONZALEZ D. G. and BREUR K.: Dose-modifying effects of misonidazole on

the radiation response of growing cartilage in mice. Br. J. Cancer 37,

Suppl. Ill (1978), 235.

56. GRAY L. H., CONGER A. 0., EBERT M., HORNSEY S. and SCOTT 0. C. A.: The

concentration of oxygen dissolved in tissues at the time of irradiation as a

factor in radiotherapy. Br. J. Radiol. 26 (1953), 638.

57. GRIFFIN T. W., LARAMORE G. E., PARKER R. G., GERDES A. J., HEBARD D. W.,

BLASKO J. C. and GROUDINE M. T.: An evaluation of fast neutron beam

teletherapy of metastatic cervical adenopathy from squamous cell carcinomas

36



of the head and neck region. Cancer 42 (1978), 2517.

58. GRIFFIN T. W., DAVIS R., LARAMORE G. E., HUSSEY D. H., HENDRICKSON F. R.
and RODRIGUEZ-ANTUNEZ A.: Fast neutron irradiation of metastatic cervical
adenopathy: The results of a randomized RTOG study. Int. J. Radiat. Oncol.
Biol. Phys. 9 (1983), 1267.

59. GUICHARD M., WEICHSELBAUM R. R., LITTLE J. B. and MALAISE E. P.:
Potentially lethal damage repair as a possibe determinant of human tumour
radiosensitivity. Radiotherapy and Oncology 1 (1984), 263.

60. HAHN G. M., and LITTLE J. B.: Plateau-phase cultures of mammalian cells:
An in vitro model for human cancer. Current Topics in Radiation Research
Quarterly 8 (1972), 39.

61. HALL J.C., GOLDSTEIN A.L. and SONNENBLICK B.P.: Recovery of oxidative
phosphorylation in rat liver mitochondria after whole body irradiation. J.
Biol. Chem. 238 (1963), 1137.

62. HALL E. J. and ROIZIN-TOWLE L.: Hypoxic sensitizers: Radiobiological
studies at the cellular level. Radiology 117 (1975), 453.

63. HARRIS J.W.: Effects of ionizing irradiation on lysosomes and other
intracellular membranes. In: Advances in biological and medical physics,
Volume 13, p. 273. (J.H. Lawrence and J.W. Gofman eds.). Academic Press, New
York and London (1970).

64. HASELOW P. E.t ADAMS G. S., OKEN M. M., GOUDSMIT A., LERNER H. J. and
MARSH J. C : Simultaneous cis-platinum (DDP) and radiation therapy (RT) for
locally advanced unresectable head and neck cancer. Proc. Am. Soc. Clin.
Oncol. 42 (1982), 201.

65. HAYNES M. J. and INCH W. R.: Effect of metronidazole on the
radiocurability and oxygenation of the C3HBA tumor. Radiat. Res. 68 (1976),
184.

66. HENDRY J. H.: Radionecrosis of normal tissue: Studies on mouse tails.

37



Int. J. Radiat. Biol. 33 (1978), 47.

67. HENDRY J. H.: Sensitization of hypoxic normal tissue. Br. J. Cancer 37,
Suppl. Ill (1978), 232.

68. HENDRY J. H.: Quantitation of the radiotherapeutic inportance of
naturally-hypoxic normal tissues from collated experiments with rodents
using single doses. Int. J. Radiat. Oncol. Biol. Phys. 5 (1979), 971.

69. HENK J. M. and SMITH C. W.: Radiotherapy and hyperbaric oxygen in head
and neck cancer. Lancet, 16 (1977), 104.

70. HOFFMAN-BERLING H.: Geisselmodelle und Adenosintriphosphate (ATP).
Biochem. Biophys. Acta 16 (1955), 146.

71. HORNSEY S., MYERS R. and ANDREOZZI U.: Differences in the effects of
anesthesia on hypoxia in normal tissues. Int. J. Radiat. Biol. 32 (1977),
609.

72. HORNSEY S. and FIELD S. B.: The effects of single and fractionated doses
of X-rays and neutrons on the oesophagus. Eur. J. Cancer 15 (1979), 491.

73. HÅKANSSON C. H. and TOREMALM N. G.: Studies on the physiology of the
trachea. I. Ciliary activity indirectly recorded by a new "light beam
reflex" method. Ann. Otol. Rhinol. Laryngol. 74 (1965), 954.

74. HÅKANSSON C. H. and TOREMALM N. G.: Studies on the physiology of the
trachea. IV. Electrical and mechanical activity of the smooth muscles. Ann.
Otol. Rhinol. Laryngol. 76 (1967), 873.

75. HÅKANSSON C. H. and TOREMALM N. G.: Studies on the physiology of the
trachea. V. Histology and mechanical activity of the smooth muscles. Ann.
Otol. Rhinol. Laryngol. 77 (1968), 255.

76. HÅKANSSON C. H. and TOREMALM N. G.: Ciliary activity recorded by
TV-monitor and phototube. Acta Otol. Rhinol. Laryngol. 71 (1971), 508.

38



77. KALLMAN R. F., DENARDO G. L. and STASCH M. J.: Blood flow in irradiated

mouse sarcoma as determined by the clearance of Xenon-133. Cancer Res. 32

(1972), 483.

78. KEIZER H. J. and van PUTTEN L. M.: The radioprotective action on bone

marrow CFU during immobilization of mice. Radiat. Res. 66 (1976), 326.

79. KEIZER H. J., FARIM A. B. M. F., HIAN NJO K., TIERIE A. H., SNOW G. B.,

VERMORKEN J. B. and PINEDO H. M.: Feasibility studie on daily administration

of cis-diamminedichloroplatinum (II) in combination with radiotherapy.

Radiotherapy and Oncology 1 (1984), 227.

80. KIRK J., GRAY W. M. and WATSON E. R.: Cumulative radiation effect. I:

Fractionated treatment regimes. Clin. Radiol. 22 (1971), 145.

81. KOCH C. J. and BIAGLOW J. E.: Respiration of mammalian cells at low

concentrations of oxygen: I. Effect of hypoxic-cell radiosensitizing drugs.

Br. J. Cancer 37, III (1978), 163.

82. LINDMO T., PETTERSEN E. 0. and WIBE E.: Cell-cycle inhibition by

misonidazole of human cells cultivated in vitro under aerobic conditions.

Br. J. Cancer 40 (1979), 755.

83. MAOR M. H., HUSSEY D. H., FLETCHER G. H. and JESSE R. H.: Fast neutron

therapy for locally advanced head and neck tumors. Int. J. Radiat. Oncol.

Biol. Phys. 7 (1981), 155.

84. MERCKE U., HÅKANSSON C. H. and TOREMALM N. G.: The influence of

temperature on mucociliary activity. Temperature range 20 C - 40 C. Acta

Otol. Rhinol. Laryngol. (1974), 444.

85. MERCKE U.: The influence of varying air humidity on mucociliary

activity. Acta Otol. Rhinol. Laryngol. 79 (1975), 133.

86. MILNE N., HILL R. P. and BUSH R. S.: Factors affecting hypoxic KHT tumor

cells in mice breating 0?, Op + C0 2, or hyperbaric oxygen with or without

anesthesia. Radiology 106 (1973), 663.

39



87. MOHINDRA J. K. and RAUTH A. M.: Increased cell killing by metronidazole

and nitrofurazone of hypoxic compared to aerobic mammalian cells. Cancer

Res. 36 (1976), 930.

88. MOUNT D. and BRUCE W. R.: Local plasma volume and vascular permeability

of rabbit skin after irradiation. Radiat. Res. 23 (1964), 430.

89. OGI D.: Studies on the cellular effects by radiations: I. Effects on the

cilia movements of beta-ray irradiation of human and rabbit ciliary

epithelial cells in vitro. Nippon Acta. Radiol. 19 '1959), 819.

90. OLIVE P. L. and DURAND R. E.: Activation of radiosensitizers by hypoxic

cells. Br. J. Cancer 37, III (1978), 1Z4.

91. PEACOCK J. H., JOINER M. C. and STEPHENS T. C : Modification of tumour

cell kill by anaesthetics. Br. J. Cancer 41, IV (1980), 311.

92. PEDERSEN J. E., SMITH M. R., BUGDAN R. D. and PECKHAM M. J.:

Distribution and tumour cytotoxity of the radiosensitizer misonidazole

(Ro-07-0582) in C 57 mice. Br. J. Cancer 39 (1979), 429.

93. PETERS L. J., WITHERS H. R. and THAMES H. D.: Radiobiological bases for

multiple daily fractionation. In: Progress in Radio-Oncology II (Kårcher et

al eds.). Raven Press, New York (1982), 317

94. PETTERSEN E. 0. and LINDMO T.: Inhibition of cell-cycle progression by

acute treatment with various degrees of hypoxia: Modifications induced by

low concentrations of misonidazole present during hypoxia. Br. J. Cancer 48

(1983), 809.

95. PHILLIPS T. L.: Split-dose recovery in euoxic and hypoxic normal and

tumor cells. Radiology 105 (1972), 127.

96. PHILLIPS TH. L. and MARGOLIS L.: Radiation pathology and the clinical

response of lung and esophagus. Front. Radiat. Ther. Oncol. 6 (1972), 254.

40



97. PHILLIPS TH. L., WASSERMAN T. H., JOHNSON R. J., LEVIN V. A. and van
RAALTE G.: Final report on the United States phase I clinical trial of the
hypoxic cell radiosensitizer misonidazole (Ro-07-0582; NSC '261037). Cancer
48 (1981), 1697.

98. PINEDO H. M., KARIM A. B. M. F., van VLIET W. H., SNOW G. B. and
VERMORKEN J. B.: Daily cis-dichlorodiammineplatinum (II) as a radioenhancer:
A preliminary toxicity report. J. Cancer Res. Clin. Oncol. 105 (1983), 79.

99. POWERS W. E. and TOLMACH L. J.: A multicomponent X-ray survival curve
for mouse lymphosarcoma cells irradiated in vivo. Nature 197 (197), 710.

100. REGAUD C : Influence de la duree d'irradiation sur les effets
determines dans le testicule par le radium. CR Soc. Biol. 86 (1922), 787.

101. REGAUD C. and FERROUX R.: Uber den Einfluss des Zeitfactors auf die
Sterilisation des normalen und des neoplastischen Zellnachwuchses durch
Radiotherapie. Strahlentherapie 31 (1929), 495.

102. REGAUD C : Sur les principes radiophysiologiques de la radiotherapie
des cancers, Acta Radiol. 11 (1930), 456.

103. REIMER Å. and TOREMALM N. G.: The mucociliary activity of the upper
respiratory tract. II. A method for in vivo studies on maxillary sinus
mucosa of animals and human beings. Acta Otoi. Rhinol. Laryngol. 86 (1978),
283.

104. RICHES A. C , SHARP J. G., LITTLEWOOD V. and THOMAS B. D.: The effects
of irradiation on the haemopioetic tissues of unanesthetised mice. Acta
Haematoi. 50 (1973), 50.

105. RIGDON R. H. and CURL H.: Effect of roertgen irradiation on capillary
permeability and inflammation in the skin Oi the rabbit. Am. J. Roentgenol.

49 (1943), 250.

106. ROCKWELL S. and LOOMIS R.: Effects of sodium pentobarbitol on the
radiation response of EMT6 cells in vitrc and EMT6 tumors in vivo. Radiat.

41



Res. 81 (1980), 292.

107. RIVERA POMAR Y J. M. and SANCHEZ F.: Modificaciones ultraestructurales

en lascelulas ciliades del epitelio traquel de la rato por la acción de

vapores tóxicos. Revista de la Facultad de Medicina de Sevilla 1 (1969),

29.

108. SADE J., ELIEZER N., SILBERBERG A. and NEVO A. C : The role of mucus in

transport by cilia. Am. Rew. Respir. Dis. 102 (1970), 48.

109. SATIR P.: Studies on cilia. The fixation of the metachronal wave. J.

Cell Biol. 18 (1963), 345.

110. SATIR P.: Structure and function of cilia and flagella: Facts and

problems. Protoplasmatologia III. E. (1965), 1.

111. SATIR P.: Studies on cilia. III. Further studies on the cilium tip and

a "sliding filament" model of ciliary motility. J. Cell Biol. 39 (1968),

77.

112. SATIR P., WAIS-STEIDER J., LEBDUSKA S., NASR A. and AVOLIO J.: The

mechanochemical cycle of the dynein arm. Cell Motil. 1 (1981), 303.

113. SAUNDERS M. I., DISCHE S., ANDERSON P. and FLOCKHART I. R.: The

neurotoxicity of misonidazole and its relationship to dose, half-life and

concentration in the serum. Br. J. Cancer 37, III (1978), 268.

114. SHELDON P. W. and CHU A. M.: The effect of anesthetics on the

radiosensitivity of a murine tumor. Radiat. Res. 79 (1979), 568.

115. SILVESTRINI R., MOLINARI R., COSTA A., VOLTERRANI F. and GARDANI G.:

Short-term variation in labeling index as a predictor of radiotherapy

response in human oral cavity carcinoma. Int. J. Radiat. Oncol. Biol. Phys.

10 (1984), 965.

116. SONG C. W., ANDERSCN R. S. and TABACHNICK J.: Early effects of beta

irradiation on dermal vascular permeability to plasma proteins. Radiat. Res.

42



21 (1966), 604.

117. SONG C. U. and LEVITT S. H.: Vascular changes in Walker 256 carrinoma

cf rats following X irradiation. Radiology 100 (1971), 397.

118. SRIDHAR R., KOCH C. and SUTHERLAND R. . Cytotoxicity of two

nitroimidazole radiosensitizers in an in vitro tumor model. Int. J. Radiat.

Oncol. Biol. Phys. 1 (1976), 1149.

119. STEWART F. A., DENEKAMP J. and RANDHAWA V. S.: Skin sensitization by

misonidazole: A demonstration of uniform mild hypoxia. Br. J. Cancer 45

(1982), 869.

120. STONE R. S.: Clinical experience with fast neutron therapy. Am. J.

Roentgenol. 59 (1948), 771.

121. STONE H. B. and WITHERS H. R.: Metronidazole: Effect on

radiosensitivity of tumor and normal tissue in mice. J. Nat. Cancer Instit.

55:5 (1975), 1189.

122. STRANDQUIST M.: Studien uber die Kumulative Wirkung der

Roentgenstrahlen bei Fraktionerung. Acta Radiol. Suppl. 55 (1944), 1.

123. SUIT H. D., MAIMONIS P., MICHAELS H. B. and SEDLACEK R.: Comparison of

hyperbaric oxygen and misonidazole in fractionated irradiation of murine

tumors. Radiat. Res. 87 (1981), 360.

124. SUTHERLAND R. M.: Selective chemotherapy of noncycling cells in an in

vitro tumor model. Cancer Res. 34 (1974), 3501.

125. SUZUKI N., WITHERS H. R. and HUNTER N.: Radiosensitization of mouse

spermatogenic stem cells by Ro-07-0582. Radiat. Res. 69 (1977), 598.

126. THOMLINSON R. H. and GRAY L. H.: The histological structure of some

human lung cancers and the possible implications for radiotherapy. Br. J.

Cancer 9 (1955), 539.

43



127. URTASUN R. C , CHAPMAN J. D., FELDSTEIN M. L., BAND R. P., RABIN H. R.,
WILSON A. F., MARYNOWSKI B., STARREVELD E. and SHNITKA T.: Peripheral
neuropathy related to misonidazole: Incidence and pathology. Br. J. Cancer
37 III, (1978), 271.

128. WALLACH D.F.H.: Radiation effects on biomembranes. In: Biomembranes,
Volume 5, p. 213. (L.A. Manson ed.). Plenum Press. New York and London
1974.

129. WARNER F. D. and SATIR P.: The structural basis of ciliary bend
formation. Radial spoke positional changes accompanying microtubule sliding.
J. Cell Biol. 63 (1974), 35.

130. WARNER F. D. and MITCHELL D. R.: Structural conformation of ciliary
dynein arms and the generation of sliding forces in Tetrahymena cilia. J.
Cell Biol. 76 (1978), 261.

131. WATSON E. R., HALNAN K. E., DISCHE S., SAUNDERS M. I., CADE I. S.,
McEWEN J. B., WIERNIK G., PERRINS D. J. D. and SUTHERLAND I.: Hyperbaric
oxygen and radiotherapy: a Medical Research Council trial in carcinoma of
the cervix. Br. J. Radiol. 51 (1978), 879.

132. WEICHSELBAUM R. R., SCHMIT A. and LITTLE J. B.: Cellular repair factors
influencing radiocurability of human malignant tumours. Br. J. Cancer 45
(1982), 10.

133. WEICHSELBAUM R., DAHLBERG W., LITTLE J. B., ERVIN T. J., MILLER D.,
HELLMAN S. and RHEINWALD J. G.: Cellular X-ray repair parameters of early
passage squamous cell carcinoma lines derived from patients with known
responses to radiotherapy. Br. J. Cancer 49 (1984), 595.

134. WILLS E. D.: The effect of irradiation on sub-cellular components.
Metal ion transport in mitochondria. Int. J. Radiat. Biol. 11 (1966), 517.

135. WITHERS H. R.: Recovery and repopulation in vivo by mouse skin
epithelial cells during fractionated irradiation. Radiat. Res. 32 (1967),
227.

44



136. WITHERS H. R. and ELKIND M. M.: Radiosensitivity and fractionation

response of crypt cells of mouse jejunum. Radiat. Res. 38 (1969), 598.

137. WITHERS H. R.: Regeneration of intestinal mucosa after irradiation.

Cancer 28 (1971), 75.

138. WITHERS H. R., THAMES H. D. and PETERS L. J.: Differences in the

fractionation response of acutely and late-responding tissues. In: Progress

in Radio-Oncology II (Kärcher et al eds.). Raven Press, New York (1982),

287.

139. YAU T. M., DURAND R. E., BIAGLLOW J. E. and KIM S. C : Hypoxic

radiosensitisation and oxic radioprotection of single cell suspensions and

multicellular spheroids by local anaesthetics. In: Radiation Sensitisers:

Their Use in the Clinical Management of Cancer (L. W. Brady ed.). Masson

Publishing USA, Inc., N. Y., (1980), 337.

140. YUHAS J. M., YURCONIC M., KLIGERMAN M. M., WEST G. and PETERSON D. F.:

Combined use of radioprotective and radiosensitizing drugs in experimental

radiotherapy. Radiat. Res. 70 (1977), 433.

141. YUHAS J. M.: Misonidazole enhancement of acute and late radiation

injury to the rat spinal cord. Br. J. Cancer 40 (1979), 161.

142. ZANELLI G. D., LUCAS P. B. and FOWLER J. F.: The effect of anaesthetics

on blood perfusion in transplanted mouse tumours. Br. J. Cancer 32 (1975),

380.

45



i A C H K O C I I I A R V Cl |.|.


