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A Comparison between the rly Cellular Response
‘" to Flectren Radiation and the Prcoduction of Tumors
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1.0 Idtroduction

The aim of this study is to quantitate radiation-induced.cell
population changes in various epithelial components of rat skin
and to correlate them,if possible, with the subsequent préduction
of tumors.

The experiment reported here is part of a continuing series
of experiments carried out in this laboratory, in which a number
of relationships between radiation-induced damage and oncogenesis
have béen established. The model used was thé dorsal skin of
‘albino rats (strain CD) which is susceptible to the pradgction'
of radiation-induced tumors and which has a low spontaneous tumof
incidence.

It was shown that the peak tumor incidence occurred at
" intermediate doses of radiation, that is; there was an increase
in tumor yield up to a maximum which was followed by a decline
associated with doses which produced some degree of ulceration
(Albert, Newman and Altshuler, 1961). A possible interpretation
was that at higher doses insﬁfficient cells survived to give rise
to an appreciable number of tumors. The'peak tumor yield occurred

at a dose just below the ulcerative dose and thus must have resulted



in a consideréble amount of cell death.

The association between damage and tumor formation was studied
in greater detail in resting skin by counting the number of damaged‘
(atrophic) hair follicles in whole mount preparations of irradi-
ated skin (Albert, Burns and Heimbach, 1967 b). It was found that
the tumor incidence was directly proportional to the number of
atrophic follicles. Thus, a relationship Eetween chronic damage
and oncogenesis was eétablished for the resting phase follicles.

The correlation between damaged follicles and tumors was
‘pursued in two experiments in which the degree of damage.to different
parts of the follicle was varied. This was done by two methods.
The first method utiiized electron beamws of varying penetration
(Albert, Burns and Heimbach, 1967 a). It was found that the
surface ddse had to be considerably increased at low penetrations
to give the same tumor yield as at high penetrations. The dose
response curves for the different penetrations could be made to
coincide if the dose at a depth of 0.27 mm was plotted against
the tumor yield. This depthiéorresbonded roughly with the tip
of the resting follicle. The secoﬁd method used the Bragg peak
of a 40 MeV g-particle beam to irradiate the follicle at selected

depths (Heimbach, Burns and Albert, 1969). The Bragg peak which



is about 0.1 mm wide was placed at three different depths below
the skin surface. In no case was the tumor incidence elevated
above that expected from the Bragg curve plateau dose. It was
suggested that tissue repair could in some circumstances reduce
the oncogenic damage, but that lack of complete repair, as
evidenced by permanently damaged follicles, increased the
susceptibility to tumors.

In all prior éxperiments cited thus far, the irradiations
were cérried out in the resting phase of the hair cycle. 1In the .
.experiments reported here the irradiatiohs were carried out in
the growing phase. The resting follicle is a mitotically inactive
structure, During the period:of growth, there is intense mitotic
activity in the follicle accompanied by an enormous increase in
size. In the mature growing follicle mitotic activity is con-
centrated in the matrix of the hair bulb.

It has been established (Geary, 1962) that the growing phase
of the follicle is much more susceptible to radiation;induced
morphological damage than the resting phase. Compariéon of the

tumor data in the present experiment with that already collected
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in the experiments on fhe resting follicle will determine whethér
or not the growing phase is also more sensitiée to tumor induction
either in view of the increésed mitotic activity or the increased
number of cells present. .

In addition, since radioactive label could be built ipto the
growing follicle, it was possible to obtain infofmation on cell
loss from cell kinetic studies. Two penetration depths were used
in 6rder to moaify.the injury response. The shallower of the two
penetrétions essentially spared the matrix of the hair bulb while
“the deeper penetration delivered a more uniform dose to the

whole follicle. Thus, information on the relationship between

injury and oncogenesis was obtained for both penetrations.
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1.1 Radiation Oncogenesis

Much of the literature on radiation carcinogenesis is
concerned with the indirect or systemic effects of radiation.
Since electron irradiation of the skin is a localized effect,
systemic effects will not be considered. Reviews of systemic
effects are included in erticles by cCasarett (1965) and Glucksmann,
Lamerton and Mayneord (1957). However, the exclusion of a
discussion of systemic effects does not preclude a consideration
of the indirect effect of radiation on the cellular enyironment
‘as qpposed to the direct effect on the cells from which the
abnormal growth arises. A

The problem of understanding the mechanism of radiation
carcinogenesis cannot be adequately dealt with untillcertain
basic relationships have been elucidated. These relationships
include the dependence of tumof production on radiation dose, on
fractionation of the dose, on the volume of tissue irradiated,
and on the inherent sensitivity of the tissue. In adaition,
determining the antecedents ef‘tumor proauction in terms of
morphological and other changes inzthe tissue will contribute

to the solution.



Dgspite the large amount of data reported on the carcinogenic
effects of radiation, the mechanism is still obscuré. The
following sections will attempt to summarize the present information
on the subject.

1.1.1 Dose Response Relationships

Considerable interest in the relationship between
fadiation dose and carcinogenesis has stemmed from the controversial
conéept of a "threshold dose" for the induction of cancer. Lewis
(1957) calculated that the probability of leukemia per individual
"per rad per year wés constant over a wide range of doses in the
case of Japanese atomic bomb survivors and in the case of patients
treated with radiation for ankylosing spondylitis. He took this
as evidence that the relétionshié between leukemia incidence and
radiation dose was linear. He also found no evidence in the
Japanese data to suppor£ a threshold dose. This finding was
supported by tﬁe fact that relatively low doses of about 0.1 rad
per day appeared to increase the incidence of leukemia in radiologists.
Lewié concluded that the 1inéér dose response déta‘could be
explained by a somatic mutation, presﬁmably occurring in one of

the precursor cells destined to give rise to mature leukocytes.



However, he did point out that the somatic mutation hypothesis
and other hypotheses for the origin of radiation-induced'malignancies
were not mutually exclusive.

Op the other hand, Brues (1958) emphasizing the uncer-
tainties in the dosimetry of the Japanese data suggested that the
data were at least as compatible with a physiological mechanism
linking leukemogehesis with initial severe hematopoietic damage as
they were with a mechanism which was linear with dose., Further,
he claimed that more critical evaluation of the data on ahkylosing
.spondylitis patients and on radiologists failed to support the
linear, no threshold dose hypoﬁhesis.

ray (1965) analyzed the data of Upton (1961) on murine
myeloid leukemias and found two components to the dose response
curve. The first was an increasing iﬁcidgnce of leukemia at
relatively low doses wﬁich was dependent on approximately the
second power of dose, and the second was a decreasing incidence
at high doses due to cell killing. The dose’SQuared'rélation;hip
suggests that‘more than one érocess is involved in leukemogenésis.

Perhaps the most widely studied radiation indﬁced c;rcino—

genesis, after leukemias,. is that in skin. This area of study was



made feasible by the use of electron beams and B-particles from
radioactive sources which enabled the skins of laboratory animals
to be irradiated without causing injuries to deep seated organs.
Raper, Henshaw and Snider (1951) reporting on the delayed effects
 of exposures to external 5-fays,on the skih in a variety of
laboratory animals presented data on tumor induction in the skins
of mice and rats. Though the data weré sketchy, they suggested

a low incidence at low doses with a sharp increase at higher doses
(3000 rem in mice and 4000 rem in rats). The lack of survivors

6 months after irradiation at even higher doses precluded any
further analysis. However, earlier data by Henshaw, Snider and
Riley (1§49) indicated a decreasing tumor incidence with increasing
dose in thé range 4500 rep to 8500 rep.

Both of-these experi?ents were essentially confirmed by
the work of Albert et al.(1961) who completed dose~tumor incidence
curves for single doses of p-radiation ranging from 230-10,000
rads applied to the backs of rats. The resultant curves showed
that the incidence of all tuﬁo: types increased abruptly at around

2000 rads, reached a peak at about:4000 rads and declined at

higher doses. The sharp increase in tumor production occurred at

Rl S o
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doses which produced mild to moderate skin damage, while markedly
ulcerative doses had a suppressing éffect on tumor production.

Hulse (1967) found the same relationship for skin tumors
in mice produced by B-irradiation in the dose range from 750 to
12,000 rads. In a further analysis of this data, Hulse, Mole and
Papworth (1968) found that it could bé accounted for by assuming
that tumor induction was proportional to the squaré of the dose,
i.e., the same relationship found by Gray (1965). It is worthy
of note that the tumor ingidence‘recorded by Albert et al. (1961)
is aléo roughly prOportionai to the square of the dose.

The value of‘dose-response ;élationships lies in the
potential to decide whether two types of carcinogenesis may have
a similar mode of action or even in deciding between two different
hypothesis of cancér induction. In radiation carcinogenesis two |
separate but not mutually exclusive hypotheses may be presented _—
that radiation converts normal cells into pqtentially neoplastic
cells, and that radiation cauéeé tissue démage the imﬁérfect
repair of vhich is responéibie for tumor'production (Mole, 1958).

It is possible then to sufmise that the aose squared

dependence found in the data presented above may imply the
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involvement of both the aforesaid processes.

1.1.2 Dose Fractionation and Repair

Though dose fractionation has been used routinely in
the radiation therapy of malignant neoplasms, e.g., see Ellis
(1969), it has not been widely used in oncogenesis. The rationale
for its use in therapy is that homeostatic repair mechanisms are
operative in normal tissue but not in the tumor. It would be of
interest to know whether or not these same mechanisms could cause
a reduction in the onc0genicity oﬁ a given dose of radiation.

Henshaw et _al. (1949) exposed a group of rats to surface
B-radiation for months and another group to single doses. The
tumor incidence from daily doses of 50 rep cumulating to 24,600
rep was equivaient to a single dose of 4600 rep, suggesting that
the single dose was much more efficient°

The ‘implication that there is recovery with respect to
tumor induction was illustrated in a recént experiment by Burns,
Albert and Sinclair (1971 Absﬁract) in which dose response curves
were compiled on two groups of rats. The first grdup was given
a subtumorigenic dose of electron radiation (or at least a dose at

which there was a very low incidence of tumors) of 750 rads. One



month ;ater both groups were given graded doses from 750-3000 rads.
The dose response curves for tumor incidence for both groups co-
incided if one subtracted 650 rads from the first group. Thus,
the effectiveness of the initial dose in the éroduction of tumors
was largely reduced by the time of the second irradiation.

The evidence from other fra;tionation studies in skin
is equivocal on repair. For example, Boag.and Glucksmann (1956)
reported the same tumor incidence after 12,000 rads in a single
exposure as after 4600 rads in two equél exposures 2 months apart.
.Hulse aﬁd Mole (1969), on the other hand, found that with doses
of 12,000 rads and 6000 rads of B—radiatién given in different
fractionation regimes, there was a decrease in the incidence of
dermal tumors énd increase in epidermal tumors with fractionation
of the dose. However, the radiation doses employed in these two
investigations were high, the single doses being in the ulcerative
range. It is possible that there was a decrease in the tumor
incidence for the single doses due to excessive cell killing.

Experiments involving fractionation ox protraction'ﬁf

dose in the inductiqn of leukemia seem to indicate that fractionation
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increases the incidence of ieukemias. cole and Nowell (1963)
compared the induction of leukemia in LAF mice by a dose of 260
rads of X-rays either as weekly fractions or as a single dose at
the beginning or end of the year. The results show a siénificantly
higher incidence of leukemia from fractioﬁation.‘ This supports
the conclusions drawn by Berenblum ana Trainin (1963) that divided
small doses of radiation are more effective than a single large
dose for leukemia induction.

waever, the murine leukemias are a varied group

Aincluding thymic leukemia and generalized’leukemias and there is
considerable evidence from the work of Berénblum and Trainin (1963)
and others o indirect effects and the role of a virus, so that
pérhaps they constitute a special case. Certainly the role of
repair in the oncogenic processes has not been spécifically
determined by fractionation_studies.

1.1.3 volume of Tissue Irradiated

The question of whether or not non-uniform irradiation
patterns produce tumors in proportion to the number of cells
irradiated is pertinent to the verification of any hypothesis on

radiation carcinogenesis. Proportionality between the number of

(e
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cells irradiated and the number of tumors produced would suggest
that the developmeﬁt of a tumor depends on radiation-induced
changes within the cells and not on the spétial arrangement of the
tissue or interactions between the cells énd their environment.
The fact that 0.3 Mev electfons produced no skin tumors
in mice in contrast to 0.7 Mev electréns (Glucksmann, 1963) is
evidence that spatial distribution of the irradiated cells is a
contributory factor in carcinngenesis. This was reinforced by
the studies alread? alluded to in the introduction (Albert et al.
1967 and Heimbach et_al. 1969) in whiéh'rats were irradiated with
electrons of varying penetrations and with g-particles with the
Bragg peak placed at varying skin depths. The conclusion was
that the entire follicle should be irradiated in order to produce
a significant tumor yield. Additional evidence for the existence
of an effect extrinsic to the irradiated cells was the decreased
tumor yield obtained from grid and sieve i:radiation (Albert
.gg_g;, 1967). The implication from the above paperé Qaé that the
oncogenic action of radiatiog could be reduced by the presence of

cells which had received minimal amounts of radiation.

s
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1.1.4 Inherent Susceptibility of Tissue

Practically no experimental work haé been carried out
to ascertain the possible variation in the susceptibility of a
particular organ to radiation carcinogenesis as a function of
the different physioiogical states of the organ. The~only data
from which a possible inference might be dréwn was that on the
increased incidence of leukemia and other neoplasms in children
irradiated in utero (Stewart, Webb, Giles and Hewith, 1956),
which suggested that developing organs were very susceptible.
.This effect might be due to thé increased radiosensitivity of
dividing célls.

It is cértainiy well.documented'(chase and Montagna, 1951,
Geary, 1952 and Argyris, 1954) that hair follicles are much more-
sensitive to the lethal effects of radiation in the growing stagé
than in the resting stage. For example, Geary (1952) showed,
in a histological study of the effect of low voltage X-rays on
the hair follicles of rats, that with doses up to 2066”R the matrix
cells of the growing follicle were among the most radiosensitive
élements in the skin. Argyris (1954) using higher'doses, 3090

rads and 5000 rads in mouse skin, found earlier and more abrupt
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epilation in the growing phase than in the resting phase. However,
no investigations into differences in oncogenicity of the two
phases have previously been carried out.

‘Data on the effect of the hair cycle on chemicél
carcinogenesis, however, is not lacking. Andreasen and ﬁngelbreth—
Holm (1953) demqnstrated that skin in the resting stage of hair
Qrowth was much more susceptible to tumor formation afﬁer a single
painting of 7,12;dimethylbenz(a)anthracene than skin in the active
phase. This was confirmed by Borum (1954). However, Berenblum,
‘Haran-Ghera and Trainin (l958) showed that this effect was dge~

to the greater fetention time of the hydrocarbon in the resting
skin rather ciual any increased inherent susceptibility of the |
cells in the resting stage.

The importance of the hair follicle in the production of
skin tumors have been inve;tigated in chemical carcinogenesis by
comparing the incidence in a strain of hairless mice with that
in the same strain of mice with hair. Giovanella, Liegel and
Heidelberger (1970) recentlylreviewed the confiicting‘reports on

this subject and concluded that there are markedly fewer cells

in the skin of the adult hairless mouse capable of undergoing
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neoplastic transformation. They stressed the role of the hair
follicle in the neoplastic process. |

It would be of interest, therefore, to compare the
oncogenic response of the skin in the active and resting stages
of hair growth, to a carcinogen, the dose level of which Equld
be calculated at any level in the skiﬁ -- namely, radiation.

1.1.5 Morphological Antecents of Tumor Production

Radiation-induced injury has been described in virtually
every organ of the body. A recent monograph on the pathology of
irradiation edited by Berdjis (1971) would serve as a general
guide.

although the degree of susceptibility of different
tissues vary the general patterns are similar. Tﬂe injury is
basicaily characterized by cellular degeneration followed by
structural disorganization. Glucksmann et _al. (1957) concluded in
their discussion that radiation-induced cancer arose from a tissue
environment that had suffered severe disorganizatioﬁ"éifher as a
Aresult of loéal radiation damage or hormonal distufbance.

Radiation damaée to skin has been described by numerous

investigators, for example, Henshaw et al. (1949) described abnormal
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at abopt 3 weeks and could be either temporary or permanent.
Sebaceous glands showed reduced secretion at about one week and
then Eecame atrophic with thickening of the basement membrane.
Eventually many of the'glands disappeared completely. Ié the
dermis the collagen bundles became swollen, edematous and
homogenized. Elastic fibres were swoilgn, fragmented and frayed.
There was an associated inflammatory reaction with edema and
cellular infiltréteo The blood vessels.were edematous, often
dilated and showed endothelial swelling and proliferation. 1In
'severe damage the blood vessels underwent necrosis. |

With irreversible damage, there was a slow progressién
of changes over a period of months. The epidermis became atrophic
in areas. Elsewhere thefe was hyperkeratosis and acanthosis,
disorderly arrangement of cells, dyskeratosis and increased mitotic
activity. Irregular downgrowths of epidermal cells éround
telangiectatic vessels were observed. Such changes frequently
lead to ‘invasive carcinoma. In the dermis the collagen bundles
become atrophic, sclerotic aﬁd.hyalinized and contained pleomorphic
giant fibroblasts. The blood vesséls becoﬁe thickened énd hyalinized

and their lumens were reduced.

P, |
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wWhat role the above changes play in the subsequent
development of tumors is unknown. However, since in the rat the

highest tumor incidence was associated with a dose, which was

- just below the ulcerative dose (Albert et al. 1961), and since

the tumor incidence was proportional to the number of damaged

‘follicles (Albert et al. 1967), then it is possible that a

considerable degree of injury is necessary for tumor formation.

e &
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2.0 Materials and Methods

2.1 Experimental Animals

Male albino Sprague Dawley rats, CD strain from the Charles
River Company, Brookline, Massachusetts were used in the experi-
ment. A 12 cm? area oﬁ‘the backs of these animals was ifradiated.
This region was irradiated during the growing phase of the hair
cycle, i.e., when the rats were 37 days of age. 1In order to
insuré greater uniformity in the phase of the hair growth than
is obtainable by following the normal growth patterns, the dorsal
Ahair of these animals was plucked at the 28th day of age which
was close to the end of the first resting period (telogen) of
hair growth. Plucking of the hair, which was accomplished by
using the depilatory wax compbund zIP (Jean Jordeau Inc., N.Y.),
synchronized the onset of the elongation of the follicles in the
region to Le irradiated (Johnson and Ebling, 1964).

The animals were anesthetized with 35-40 mg per kg Nembutal
by intraperitoneal injection‘érior to irradiation. AFéiiowing
the irradiation procedure, the-animals were allowea to recover

from the anesthesia and housed two to a cage while on test. They

were given food and water ad libitum.
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2.2 Irradiation Procedure

The irradiations were carried out on the 1.0 MeV Van de
Graaff accelerator located in the Depaftment of Nuclear Engineering
on the University Heights campus of N.Y.U. The energy of this
accelerator is variable over wide limits permitting the adjustment
of the depth of penetration of the electron beam into the skin.

The beam was collimated with lead bricks.

The dosimetry of the electron beam was carried out with a
1.0 mm gap parallel plate ionization chamber. The saturation
current was converted to dose rate using the Bragg-Gray principle
(see Appendix I). The rats were irradiated in boxes attached to
the rim of a rotating table. The average dose rate was calculated
from 10 passes of the chamber through the beam.

Depth dose curves were constructed by placing tissue equivalent
absorbers in front of the ionization chamber and measuring the
dose rate for each absorber thickness.

The rats were irradiated Qith either of éwo penéffation ‘
depths, one shallow and one éeep. The depth dose curves for the
two penetrations are shown in Figuie 1. The shallow penetration

delivered a substantially lower dose to the follicle matrices
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than to the upper part of the follicle. The deep penetration
delivered an essentially uniform dose to the whole follicle.
The doses at different levels of the growing follicle are shown
in Fig. 2 for both penetrations. .

Four surface dose levels 1000 rads, 2000 rads, 4000 rads
and 8000 rads were used at the shallow penetration and three,
1000 rads, 2000 rads and 4000 rads at the deep; in order to.
establish dose response curves for tumor production and related
effects. |

Approximately 32 rats were irfadiated in each group making
a total of 256 including controls.

The beam current of the accelerator was adjusted to make

the surface dose rate about the same for both penetrations.

This dose rate was about 1050 rads/min.

2.3 Observations and Analvysis

Sixteen animals in each group were observed for tumor pro-

duction over an eighty week period. The remaining animals in each

group were used to study various aspects of the acute response,

and chronic damage. The analyses carried out are summarized in
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Table 1.

2.3.1 Appearance of the Skin

After the irradiation, the rats were observed every
other day for the first 4 weeks to assess the acute response,
and at 4 week intérvals thereafter to assess.chronic damage and
tumor formation. |

The acute responsés recorded were:

1. Retardation of hair growth resulting in a reduction -
of hair length in the irradiated area called hair
suppression.

2. Decrease in the amount of brown scale normally.
. found on those animals called blanching.

3. Areas of complete tissue brezakdown or necrosis
called ulceration.

The observations carried out at 4 week intervals were

used to assess-the chronic efﬁects of irradiation which included
scar formation, permanent suppression of hair:grbwth,'ﬁlceration

and tumor production.

2.3.2 Tumor Incidence Calculation

The tumor incidence rate, expressed as number of tumors
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per ;at, was calculated by dividing the number of new tumors with
a diameter greater than 2 mm which appeared during each 4 week
interval, by the average number of rats alive during that interval
(Altshuler, 1970). Summation of the tumor incidence rates through
any post-irradiation time then gave the tumor incidence at that
time. All tumors included in the analyses wére verified hiéto-
logically.at death.

2.3.3 Histological Analysis

Direct evidence of tissue damage and of possible repair
'was obtained by examination of histological sections prepared
from skin biopsies. Eight rats per group were used to‘provide
the sections, each animal provided 6 to 9 biopsies each taken
at a different time after irradiation° Biopsies were taken from
éix rats per group at 5 to 10 day intervals for up to 60 days'
post-irradiation. In addition, two rats per group provided
sections at intermediate time intervals to see whether or not
multiple biopses affected the response to irradiation. The biopsy
schedule'is shown in Table 2;

The tissue biopsies wereapreserved in formalin until

cut and stained with hematoxylin and eosin. Acute damage was

e s g



-25-

determined from estimations of the size of the follicle and
sebaceous gland compartments made by usihg an eyepiece grid and
counting the number of grid intersections which superimposed the
compartment in question (Chalkley, 1943). A 10 line x 10 line
eyepiece grid was superimposed on a 460 p diameter field. For
the follicle compartment only intersections falling oﬁ cellular
parts of the follicle were counted. For the sebaceous gland all
intersections falling on the boundaries or lumen of the gland
were counted. For the epidermis a line inscribed on a grid
éyepiece was superimposed én the epidermis at right angles to
it. The number of intersections this line made with epidermal
cells was taken as a measufe of the cellularity and thickness of
the epidermis. Since éll comparisons were made with sections
fromAunirradiated‘cohtrols, no attempt was made to convert the
"counts" to a measure of the volume of the compartment.

2.3.4 Biochemical Analyses

Four animals in each group were used to make an estimate

of acute damage by measuring the loss of DNA from prescribed’

areas within the irradiated region. Decreases in DNA levels

e |
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stained by the Feulgen brocedure°

A description of the method of extraction of the DNA
is given in Appendix II. The analyses were performed using
Burton's colorimetric technique for DNA (Burton, 1956) and
liquid scintillation counting of the tritium.

2.3.5 Whole Mount Preparation

The number of surviving follicles and the number of
abnormal follicles produced by the irradiation were determined
from whole mount preparations of ﬁhe skin. These whole mouﬁts
Awere processed by soaking biopsy sections overnight in a Ringers
solution confaining 0.5% crude trypsin at about 3°c. The dermis
could then be peeled off from the epidermis and attached hair
follicles. The epithelium was then stained with hematoxylin and
sudan IiI, embedded in glycerin and sealed with a cover glass.

Follicle counts were made under low magnification using
a stereoscopic dissecting microscope using a field delineated by
a square of area 1.21 mm2. Tﬁenty fields were cbunfeawon each
animal. The size of the irradiated area at the tiﬁe of sacrifice
in animals suffering_se&ere radiation damage was smaller than the

size of the irradiated area in animals suffering less damage, due
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to scar formation and contracture. Therefore, the follicle
densities were corrected by multiplying by the ratio of the size
of the irradiated area to the known size of a simiiar area in
unirradiated controls.

Follicles were considered abnormal if they displayed é
marked loss of normal sfructure. Theitwo most common abnormalities
were (1) small, hairless, follicle remnants and (2) aggregations
of sebaceous cells and/or sebum.

Four animals in each group were used for the preparatiop
-of whole mounts as soon as ulcerative damage was healed, i.e.,
around 16 weeks post-irradiation. In addition, whole mount
preparations were made from biopsies taken from tumor bearing
animals at the time of sacrifice, i.e., at about 80 weeks. This
provided a comparison between early and later incidences of
follicle abnormalities.

2.4 Tumor Pathology

At 80 weeks the rats were killed and sections stained in
hematoxylin and eosin were made of all tumors. Any rats dying
before 80 weeks were processed ptoﬁided'aﬁtolysis was not too

advanced. Ninety-nine per cent of ‘the tumors were verified
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histologically and claséified according to their differentiation
pattern following a system used in this laboratory (Albert,
-Phillips, Bennett, Burns and Heimbach, 1969).
The tumors Qere classified into 4 principle categories:
keratinized, keratosebaceous, sebaceous, and nondifferentiated.
The tumors were also subclassified OnAthe basis of the predominant
mode of growth as exophytic, endophytic, and subepidermal.
Exophytic tﬁmors projected more than 3/4 ébove the skin surface
and subepidermal lesions were completely below the ékin surface.
Subtypes were established with similar structural characteristics
for each of the 4 principle categories. Keratinized tumors were
subdivided into four types. Type-l was compqsed'of tightly~-packed
loﬁules with cells resembling those of the basal iayer of the
surface epidermis. Granules of keratin were scattered sparsely
thréughout each lobule. Type-~2 resembled type-1 except the
keratization was more extensive. and tended to form discrete nodules.
Type-3 consis£ed of lobules with cells on the periphéf§ surrounding
“a large amouﬁt of keratin in-the core. Intermediafe stages of
keratinization with keraﬁohyalin granules could be recognized.

There were no subtypes of the keratosebaceous tumors. ‘These
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tumors were lobulated with sebaceous cells at the core and
keratinizing cells at the periphery of the lobule.

Two‘types of sebaceous tumors occurred. Type-l were solid
Atumors with predominantly sebaceous cells. Tyée—z were cystic
lesions.

The nondifferentiated tumors weré subdiviaed intq 2 subtypes.
Type-l resembled keratinized type-1l, except no keratin was evident.
Type-2 resembled type-1l, except for the presence of cells with a
clear non-reticulated cytoplasm.- Some connective tissue tumérs
‘occurred, but they were relatively infreguent and were not -
included in the analysis. Illustrations of the tumors in the
various cataga#:es and sub-categories may be found in the article

by Albert et al.l969.
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3.0 Results

3.1 Appearance of the Skin

Hair emerged on all rats 7 days after plucking, which confirhed
the synchronization of the growth phase. However, by 6 days post-
irradiation the length of hair inside the irradiated area; was
noticeably shorter than outside in all groups except 1000 rads
shallow. This suppression of hair growth depended on both dose
and depth of penetration. The average respbnse for animals in
each group was‘estimééed 6 days after irradiation and the degree
'of suppression was gfaded 0 to 4, these values are presented in
Table 3. At 8 days post-~irradiation, there was a loss of hair |
froﬁ the irradiated areas in most groups and this'obscured the
suppression of hair growth. The degree of epilation also depended
on dose and penetration depth and raﬁged from complete epilation
at 2000 and 4000 rads deep to only the slightest suggestion of a
thinning of the héi: at 1000 rads shallow.

It can be seen from Table‘3 that in termé of haifﬁsuppression
4000 rads shallow is equivalent to 1000 rads deep and 8000 rads
shallow is equivalent-to 2000 radsideep. 'A ratio of deep to

shallow surface doses of 4:1 delivéred'the same dose at about
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0.8 mm depth in the skin (Fig. 2). This was about the level of
the matrix of the growing follicle. Thus} the degree of hair
suppression was related to the dose received by the matrix
(Table 3). |

In céntrol rats hair growth continued until 18 days post-
irradiation, however, it continued up to 32 days post-irradiation
~in the irrédiated area on rats in which only partial epilation
occurred.

Ulceration, that is the complete breakdown of the skin,
occurred extensively in the highest dose groups. The onset of
uIC¢ration was between 10 and 12 days post-irradiation and was
maximal by 14 days. The average response was estimated at 14 days
post-irradiation and is shown in terms of percéntége of irradiated
area ulcerated in Table 4. From this it can be seen that the deep
| penetration is more effective in caqsing ulceration than fhe
shallow penetration. It is evident then that ulceration is
dependent on the dose relatiyel? deep in the dermis...%he vari-
ability of the response precludes a good estimation of a critical
depth but it is likely that a critical level liés.between 6.6 and
0.8 mm. In this region the deep penetration delivers a aose 2 to

4 times higher than the shallow penetration, yet the shallow
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penetration can still deliver a substantial dose (Fig. 2). The
critical structures are probably the larger blood veséels.

small areas of ulceration healed and were replaced by scar
tissue by about 36 days post-irradiation. ILarge ulcerated areas
were replaced by a laterally contracted scar between 50 and 100
days post—irfadiation.

Ulceration was usually preceded by a serous oozing and
sloughing of the epidermis, which is known as moist desquamation.
However, in groups in which ulceration was limited to less than 5%
of the irradiatéd area, i.e., 2000 rads shallow and 1000 rads deep,
the epidermis sloughed off in dry flakes, this is known as dry
desquamation, At 1600 rads shallcw, there was no noticeable
desquamation. The similarity of the epidermal'resp0nse at 2000
rads shallow and 1000 rads deep indicated that the epidermis
required about_twice the dose at the shallow penetration as at
the deep to produce the same degree of epidermal damage. Thus,
it is evident that damage to the epidermis is dependéné on more
than epidermal irradiation but.is also éffectéd by irradiation
of deeper structures, possibly blood vessels. -

Another radiation effect which was observed was'blanching,

that is, the loss of the brown.substance which is present on male
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rats of this strain. Blanching was noted by 10 days post-
irradiation, and was the only really observable effect in the
1000 ra@s shallow group. 'If the brown substance is associated
with secretions of £he sebaceous gland as has been suggeéted by
Nikkari (1965), then its disappearance implies damage to this
giand. The average response for each group was graded 0 to 4,

at its éeak at 21 days post-irradiation, and is shown in Table 5.
The dose to the sebaceous gland was 10 to 30% higher for the deep
penetration than for the shallow.. This may explain at least in
‘part why the response for 1000 rads deep wés more mérked than for
1000 rads shallow. However, the similarity of the response at
2006 rads shallow ané 1000 rads deep suggested that the deep .
penetration is more effective for a given dose to the gland.

The brown material returned after varying intervals whiéh
were dependent on dose and.penetration. This is evidence of
functional recovery of the gland. No evidence of the recovery of
epilated hair follicles to produce hair could be deduced from the

gross observations.

3.2 Histological Data

Examination of the histologicadl sections revealed degenération

..... ey
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in the ‘bulbs of the follicles at 2 days post-irradiation in the
deep penetration. This preceded the grossly observable response
of suppression of hair growth. The average number of grid inter-
sections, which occurred over cellular parts of the follicle per
observed field, were counted as described in Section 2.3.2. These
follicle "hits" are shown in Figs. 3 and 4. Representative
standard errors are included.

The sudden decrease in "hits", which began around day 10 in
the control group, reflgcted the decrease in the size of the:
Afollicles associated with the end of the growth phase of the hair'
cyc_le° This shriﬁkage of the follicle is known as catagen. The
subsequent increase.about 8 days later is due to the start of the
third anagen ox hair growth period of the rat's life. The number
of hits in thé third anagen is lower than the second due to the
wider spacing of the follicles in the older animals. No attempt
was made to correct for growth‘of the rats.

Froﬁ Fig. 3 it can be seen that the 1000 rads sﬁéilow dose
group did not differ significahtly from controls, howéver, there
was immediate evidence of a decrease in the size of the follicle

compartment at 2000 rads shallow and a marked decrease at 4000 rads
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and 8000 rads shallow. For the deep penetrations (Fig. 4), the
initial rates of decrease in the size of the follicle compartment
was the same for all 3 dose groups, however, the decrease halted
at 5 days post-irradiation at 1000 rads but continued to complete
destruction of the follicles ét the higher doses.

No evidence of follicle regeneration is evident from this
data. However, at 1ongAintervals after irradiation the presence
of follicles in different phases of the hair cycle in the
irradiated area makes it\impossible to compare the count data
‘with that of earlier synchronized phases.

Injury to the epidermis appeared first as a loss of definition
in outline <f the basal cell; 4 days post-irradiation. By 6 days
the squamous layers became amqrphous and there was a reduction in
the amount of keratin present. Table 6 lists the number of
"laygrs" (i.e., epidermal cells intersected byva line superimposed
on the epidermus and perpendicular to it as described in Section
2.3.2). The control number was relatively constant and consisted
of a layer of basal cells, ailayer‘intermediate between the bésal
and squamous layer, a sguamous layer of cells containing keraté—

v

hyalin granules and two layers of cells composed largely of
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keratin in which it was not possible to delineate the individual
cells.

One of the most noticeable observations from the data in
Table 6 is the penetration effect, i.e., for the same surface
dose the deep penetration was more effective in causing damage
than the shallow. At 1000 rads shallow there was no significant
difference from control values, whereas at 1000 rads deep there
was a transient increase in the number of layers at 10 days post-

irxadiation followed by a return to essentially control values

seven days later. At 2000 rads, the shallow pehetration values

were similar to 1000 rads deep, i.e., there was a transient
hyperplasia, whereas at 2000 rads deuj the epidermis was eradicated
by 10 days post-irradiation. Re-epitiizlialization occurrgd at
about 20 days post-irradiation at 20CC rads deep, and a markedly
hyperplastic epidermis was maintaine: up to at least 86 days post-
irradiation. At 4000 rads there was complete eradication of the
epidermis at both penetrations but the shaliow penetfééion was
re-epithelialized earlier than the deep. Further, at 4000 raas
shallow the hyperplastic epidermis appeared to return to normal

by 49 days post-irradiation, whereas at 4000 rads deep the epidermis
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was still markedly hyperplastic by 86 days post-irradiation.

The sebaceous glands were found to be extremely sensitive to
irradiation and disappeared as recognizable structures by 10 days
pqst—irradiation at all doses above 1000 rads. There was some
regeneration at all doses but not all glands regenerated.

Sebaceous gland data are presented in Table 7. This data was
raccumulated by the grid count‘ﬁethod used for the follicles.
However, since not all glands regenerated and since many of those
that did were hyperplastic, "hits" per gland and glands pef field
-were scored rather than the number of hits per field. Thus,.the
number and size of the regenerated glands is recorded in'preference.
to the amount of sebaceous material per field. It can be seen

from Table 7 that for 1000 rads shallow, thereAwas a slight reductioh
in the size of the glands followed by a rapid return to control
levels, whereas at 1000 rads deep there was a decrease in both the
size and the number of glands followed by an overshoot in the

size of the regenerating glanas. This hyperplasia of the
regenerating glands is accentuated at 2000 rads. It is also
evident at 4000 rads. In general, the time of reappearance of

the glands was dependent on dose and penetration, being later at

. the higher doses and deeper penetration.



-39~

There was a definite difference in response of the sebaceous
gland to the same surface dose at the two penetrations. However,
the dose to the gland was 10-30% higher for the deep penetration

(Fig. 2) and this may account, at least in part, for the difference

in response.

3.3 Biochemical Data

3.3.1 DNA Extractions

Totai DNA measured in biopsy sections taken from the
irradiated area at 2 day intervals are shown in Figs: -5 énd 6.
‘Standard errors of the determinations are included. Deficiency
in DNA in the irradiated areas was taken as a measure of net cell
joss. Overall cell loss measured by this method should reflect
the weighted mean of the cell loss from all the components of the
skin and should thus complement the histological data.

Figure 5 indicates that for the shallow penetrations,
the rate of loss of DNA initially increased with dose. This may
bimply that as the surface dose increased, cytocidal dbges were
delivered to deeper structures. For the deep penetrations (Fig.
6), tﬁe initial rétes of loss of D&A were about the same at all

doses. From this it might be inferred that if a cytocidal dose
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was delivered then the rate of cell loss was independent of dose
and théf only the maximal destruction was dose dependent.

After the initial decrease in DNA levels, the yalues
leveled out and increased from 6-10 days post—irradiatioﬁ. Macro-
scopic observations revealed progressive deterioration of the
tissue during this period especially at the high doses. Thus, it
was unlikely thaf such increases were due to repopulation repair.
Examination of hisfological sections revealed that the increased
DNA levels were due to the infiltration of the damaééd area by
‘cells associated with the inflammatory process. However, the
sections indicated that this was not a serious problém until after
the fourth day pést»irradiation, Thus, the initial slopes of the
DNA curves were not affected,

3.2.2 Measurement of Radiocactive Label

The measurement of “H-thymidine in the bi0p;ies enabled
the rate of cell loss to be measured.- Examinaﬁion of'the autoradic-
graphs showed that at the tiﬁe of irfadiétion, most of the heavily
labelled cells appeared to be connective tissue cells in the dermis
and cdnnective tiésue sheath of the follicle. Siﬁce the 3H-thymidine
had been injected 6-7 days earlier, the presence of.thcse heavily

labelled cells indicated a slow turnover time in those compartments.
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The rest of the lébel was diluted in the compartments of the
skin with the faster turnover rates.

The levels of tritiated thymidine incorporated into
DNA, measured in disintegrations per minute per square centimeter
(dpm/cmz) of skin biopsied, are plotted against time in Figs. 7
and 8. Since the uptake of 3H~thymidine varied considerably
from animal ﬁo animal, the dpm/cm2 were normalized at the day
of irradiation. The actual dpm/cm2 on the day of irradiation are
shown in Table 8. Standard errors of the measurements are
-includedo

For all doses at both penetrations, the slopes of the
curves in Figs. 7 and'8 are approximaitely the same as controls.
This is evidence that the rate of loss of cells after irradiation
was similar to the turnover rate in the normal tiésue.

3.4 WwWhole Mount Preparations

3.4.1 Hair Follicle Suxvival
Hair follicle survival was defined to incluaé both normal
and abnormal follicles and is expressed as per cent of the average
number of folliclés in unirradiated controls. The percentage of

surviving follicles at about 16 weeks post—irradiation'and at about
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80 weeks post-irradiation are listed in Table 9 for‘both'
penetrations. It can be seen that there was no significant
difference between the two periods.

It is evident th;t the numbér of surviving follicles
decreased with increasing dose at both penetrations. The number
of surviving follicles at 4000 rads and 8000 rads.shallow
penetration was relatively high, suggestiﬁg that the sparing of
the deepest elements of the follicles helped to ensure their
survival. Comparison of Tables 4 and 9 reveals a correlation
‘between follicle survival and ulceration.

3.4.2 Abnormal Hair Follicles

Abneormal hair follicles expressed as per cent of normal
follicles in the control rats is listed in Table 10 for both
penetrations at both time intervals. Again, ﬁhere is no significant
difference betweeﬁ the incidence at 16 weeks and that at 80 weeks.
This implies no repair of abnormal follicles in that interval.

The peak for abnormal follicleé occurred'betwéen 20063¥ads and
4000 rads at the shallow pehetration and between 1000 rads and
2000 rads at the aeep penetration.i Decreases in ﬁhe number of

atrophic follicles at the higher doses is associated with the
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decrease in survivors at those doses.,

3.5 Tumor Data

3.5.1 Tumor Incidence

The cumulative tumor incidence was calculated as
described in Section 2.3.1, and is shown in Figs. 9 and 10. The
first tumors were observed at twelve weeks after irradiation.
Subsequently, there was an approximately linear increase in the
incidence, at all doses and at both penetrations.

In Fig. 11 the cumulative tumor incidences at 72 weeks
.are plotted as a function of surface dose., The 72 week inciéenéé
was chosen rather than at 80 weeks, since it was considered
desirable to have followed a tumor for at least two observation
periods before it was included. In nddition, abnormalities
arising shortly before the rats were killed were ofteﬁ too small
to obtain reliable pathology. The standard deviations in Fig. 1l
wére calcu}ated by assuming that the total number of.tumors was
distributed according to a Poiséon function ana thusifﬂe standard
deviation was equal to the sguare root of the number of tumors.

The peak tumor incidence appears to be 5etween 1000

rads and 2000 rads surface dose at the shallow penetration and
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around,lOOO rads at the deep penetration. Since surface dose is
a rather arbitrary parameter, dose-response curves for tumor
incidence were calculated for the dose at 0.3 mm dépth and at

0.8 mm depth in the skin, and are shown in Figs. 12 and 13.

0.3 mm was chosen since this is about the depth of the germ cells
of the resting follicle, these cells are the stem cells of the
cell population of tﬁe mature growing follicle. The 0.8 mm depth
was chosen since it is about the dep&h of the matrix cells of

the average growing follicle. The dose response curves for the
Atwo penetrations are'irreconcilable when the dose at O.S.mm is
used, but they have a similar shape when either the surface dose
or the dose at 0.3 mm is used. The rzhallow dose gave a consistently
lower incidence.

3.5.2 Tumor Incidence and Abnormal Follicles o

A direct proportionality between the incidence of
abnormal follicles and the tumor incidence had been found for
the irradiation of the rééting'follicles (Albert g;_gl; 1967).
Thus, the ratio of abpormal follicles to tumors was calculatea
for each irradiatéd dose group and the data are presented in

Table 11l. It can be seen that the ratios for the deep penetration
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are relatively constant. Thié is consistent with the hypothesis
that a relationship exists between abnormal follicles and tumors.
However, the ratios are widely disparate for the shallow penetration,
notably the high number of abnormal follicles per tumor at 4000

rads shallow and the relafively low ratio at 1000 rads shallow.

It is evident then, that tlie correlation between abnormal

follicles and tumors is not valid for the shallow penetration.

3.5.3 Tumor Pathology

All tumors occurring in the irradiated area were examined
histoldgically at the death of the animal and classified as
described in Section 2.4. After combining subtypes, the numbers
of tumors in the four main categories are given in Table 12 for
all dose groups. The tumor types are similar to those obtained-
in previous experiments on irradiation of skin in.the resting phase
of hair growth, no new tumor tyées were oﬁserved. The data
éhows no clear dependence of tumor type on penetration. However,
it can be seen from Table 11 that there is an excessﬁaé keratinized
tumors over non-differentiated tumors at doses which produced a

marked degree of residual injury, i.e., 2000 rads and 4000 rads

deep and 8000 rads shallow. Whereas the non-differentiated tumors

v
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were in the majority at 1000 rads shallow, where the chronic
injury was minimal. This finding is consistent Qith a previous
‘report which summarized tﬁé tumor morphology of a number of
experiments carried out in this laboratory (Albert, Philiips,

Bennett, Burns and Heimbach, 1969).
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4.0 Discussion

The purpose of the experiment was to compare early chaﬁges
in the cell populations of various components of irradiatéd skin,
with the subsequent producéion of tumors.

Both biochemical and histological techniques were utilized
to measure the celi population changes. The measurements of the
persistence of 3H-thymidine in the DNA of the skin showed that
the rate of loss‘of 34 was the same in all the irradiated groups
as in.the controls (Figs. 7 and 8). This indicates that the
‘rate of loss of cells in irradiated areés was similar to the
normal turnover rate. The slopes in Figs. 7 and 8 indicate a
50% reduction in 3H labelled DNA in 5 days which implies a 50%
turnover of labelled cells in this interval. At the deep
penetration the total DNA also declined at a rate of 50% in 53
days (Fig. 4){ which implies that complete reproductive death
occurred without any regeneration during the initial 4 days
post-irradiation. The growth of the skin was estimated during
tﬁe intervai after irradiation by measuring the ihcrease in size
of an area tattooed on the back ofrseveral rats. The growth rate

was found to be approximately 4% per day. When a correction for

B s 4
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growth is applied to the slopes of the curves fox total DNA and
3H—label, the turnover time is increased from % to 6 days.

The equality betwsen tho rates of loss oL °i and total DA

also implies that at the time of irradiation, the 38 was distributed

fairly uniformly between the different components of the skin.

That is, 6 days after injection the label in the compartments

.

with a high turnover rate (and conseguently high incorporation)

C3;r

was diluted; so LHat the levels of “H in thosc (rtraents was

approxzimately the same as that in the comparimarnts with a low
turnover ratc {and congequently low incovporition).

The histological data on the sebacecus gland
shows that the glands are almest completaly eradicatzd by 5 daye

post-irradiatiocn at the high doses. This implics a greater than

50% loss of cells in that interval. Siwmilarly, the in

size of the follgcle compartmant at the high dozes in the deep
penetratibr (Figs. 4) also implies a grezter than 50¥% loss of
cells in 5 days. The difference between the rate of losg of cells
in the folliclas and sebaceous glands (grestor than 50%

and the rate of loss of total DNA (about 508 in & days) indicates

)
L
Q
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that the turnover rates of these epithelial
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£han the average for the wholé skin. Thus, the turnover raté of
the connective tissue musf be slower than that for the whole skin.
This explains why the heavily labelled cells in the autoradio-
graphs were mainly connective tissue cells.

One interesting consequence of the irradiation was over-
compensatory hyperplasia. In the epidermis and sebaceous glands,
the acute cell loss was followed, in general, by regeneration
which resulted in an increase in thickness of the epidermis-and
an increase in size of the sebaceous glands comparéd to controls.
‘Although cell counts Eef se were not performed, the size increéées
were equated with hype;plasia since the individual cells were not
larger than those.in.coni:rols° At most dose levels the hyperp;asia
was temporary and- there was a return to normal size. The degreé |
of hyperplasia and the time at which normal size.returned were
dependent on dOSe‘and penetration. In the epidermis, for example,
- the response ranged from a slight hyperplasia with a rapid
(within 21 aays) feturn to normal at 1000 rads deep, to a late
occurring (38 days pOSt—irraaiatiOn) and persistent (up to at'
least 86 days poét—irradiation)»hy%erplasia at 4000 rads deep

(Table 6). The response of the sebaceous gland was similar to
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the epidermis. However, it was a more individual response,
since some glands did not recover at all, but those that did
were frequently hyperplastic (Table 7).

By 15 days post-irradiation, differences in the hair growth
phase betwéen the irradiated group and the controls.made the
—wcomparison~of~follicle'sizemdiféieult,msincewa»high1ﬂcount"'could
represent either a few growing follicles or a 1ar§er number of
resting follicles.. Follicles in intermediate stages, that is,
in the process of elongating orvin transition from growing to
resting (catagen) also added uncertainty to the interpretation
of the follicle céunt data. Asynchrony in the hair growth cycle
after 15 days post-irradiation made it impossible to assess
regeneration in the follicles.

The histological and biochemical data can be summarized as
follows. The irradiation resulted in complete reproductive death
" in the first 4 days posﬁ-irradiation.‘ The sequel to cell death
was either a permanent reduction cell number or a reéu;n to .
control levels or to a hyperplastic state. The hyperplasia was
either temporary or per;istent depending on the dose and penetration

of the beam. For example, temporary hyperplasia occurred in the

\
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epidermis at 1000 rads deep and 2000 rads shallow, and in the
sebaceous gland at 1000 rads shallow and 1000 rads deep (Tableé
6 and 7), while persistent hyperplasia occurred in the epidermis
at 2000 and 4000 rads deep and in the sebaceous glands at 2000
deep and 4000 rads shallow (Tables 6 and 7). The persistept
hyperplasia was present until .at least 86 days post-irradiation
and this is about the time of appearance of the first tumors in
all the irradiated groups. In addition, there were abnormal
follicles in all dose groups (Table 10). Red
The aim of the study was to determine whether or ﬁot theséf
early changes could be correlatesd with oncogenesis. The
correlation between the incidenée of abnormal follicles and the-
tumor incidence, which was established in earlier experiments é@
on irradiation éf skin in the reszting phase of hair growth
(Albert et al. 1967 b), was not supported by the data- in thg
" present experiment. Although the ratio of abnormal follicles
to tumors was relatively constant for the deep penetfaéion and
similar to that which had beén'obtained for the resting phase;
if was widely di%parate for the shallow penetration (see Table

11) . The most significant departures from the previous ratios



were the high incidence of tumors at 1000 rads shallow which
was associated with the production of relatively few abnormal
follicles, and the v~y low incidence of tumors at 4000 rads
shallow where the number of abnermal follicles was high. Thus,
it appears unlikely ﬁhat abnormal follicle incidence alone
determines the tumor incidence.

Do other foris 0L m :pbclajiéal abnormalities corxrelate with
tumor induction? Again, the above menticned groups are difficult
to reconcile with such an hypothesis., At 1000 rads shallow, the
effects on the epnidarmis ¢nd sebaceous glands werxe relatively .
yet there was an appreciable tumor yield;
whereas at 4000 rads shallow a persistont epidermal hyperplasia
was found together with freguent hyperplastic sebaceous glands,
yet the tumsr yield was low. In other dose groups no correlation
could be found between the type of damage produced and the tuwor

type. For —g'nple, one might expect a high incidence of .

keratinizing tumors to be associated with a persis tently h;pn-m
slastic epidermis. However, the incidence of this type of twuwcr
P E s

was lowes at 4000 rads deep at which there was a persistent

!n

epidermal hyperplasia, than at 1000 rads deep where the hyperplasi



was transient (Table 12). Nor can a correlation with transient

hyperplasia be substantiated since the degree of hyperplasia at
2000 rads shallow is the same as that at 1000 rads deep, hut the
incidence of keratinizing tumors at 2000 rads shallow is only

half that at 1000 rads deep (Table 12). Thus, it is evident that
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in the case of partia of the growing hair follicle,

no rclationshin hetwsen persistent worphological damage and

onccgencesis can be established.

_An alternative hypothesis, consistent with the present data
and which explains the previous exp2riments on irradiaticn of the

resting follicle, is that therc exists an oncogenically susceptibliz

population of cells at a relatively shallow depth in the gkin,

irresncctive of the phase of the hair cycle. In the resting phasec

the "critical' depth wag found to be 0.3 mm, this is the level of |
I 3

l"‘\
r_.l
}_J
= _J
0}

‘the "germ" cells, i.e., the ;vn. calls of the growing
The fate of the "germ" cells in the growing phase is unknown
however, it is possible that thay remain at or about.the same depth,
this would place them in the hody of the follicle about the level
of the sebacecus gland. The results of the pres experimznt are

consistent with the susceptible cells being located at a dept ‘h of

porenes T



arourd 0.3 mm, since the dose dependengs of the tumdr incidence

i
.

for the two penetrations are similaxr when the incidence is plotted
against dose ét 0.3 mm (Fig. 12) . However, this similarity also
holds for doses plotied at other superficial depths, for example,
it holds for the surface dose (Fig. 11). 1In order to determine

-

the exact depth more accurately wore data must b2 accumulated; th:i

{2

eass

is being done in an experiment which s currently in progress,
in which additional doses and pcnebration depths were used

The hypothesis that the oncogenically susceptible cells
remain permanantly at a relatively supcyrficial level while the

~follicle length varies, can explain the coryslation between abncrmzl

lack of coxrrelation for the shallow panetration irradiation of the

growing follicle. Accoxding to the hypotlicsis, in the resting phzze

the distal ena o=
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the oncogenically susceptible call

the follicle and thus to irradiats them it was necessary LO irrvadiz:s
the entire follicle thereby produciag abnormal follicles. In the
deecp penetraticn irradiation of the growing phase, the whole follicls

received a uniform dosz, thus the susceptible cells reccive

approximately the same dose as the cptire follicle, and a similar

-§
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situation'to irradiation of the resting follicles was produced.

On the other hand, for the shallow penetration irradiation of the
growing follicle, the suscepﬁible cells received a higher dose

than the lower part of the follicle and tumors developed independent
of follicle damage.

The correlations of Albert et _al. (1967 b) between abnormal
fqllicles and tumor production and the hypothesis of Glucksmann
(1963) that severe tissue disorganization is required for radiation
carcinogenesis, are not then necessary ¢éuditions. Glucksmann's
.position which grew out of the observation that severe radiation
dermatitis preceded skin tumors in radiation workers has réceived
much attention. Dunham (1972) has reviewed the incidence of
tumors arising in benign lesions in man and the suggéstion that
the morphological abnormalities associated with these lesions are
necessary for oncogenesis is strong. However, the present work
suggests that in rat skin at léast the association may be only
coincidental.

The vast majority of radiation induced skin tumors in man are
associated with a degree of skin~d;mage which suggests a radiation

dose of several thousand rads (Medical-Research Council, 1956).
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There are, however, a few reports of tumors appearing in skin
which had been irradiated but which clinically appeared normal
(Ridley, 1962 and Lazar and Cullen, 1963). iuise (1967) found a
few skin tumors in mice whose pelvic and thoracic area were
irradiated with 204'1‘1, a beta emitter with a maximum range in soft
tissue of 3.0 mm, at an incidence dose of 750 rads. The only
acute effect of this dose was depigmentation of some hair in
half the irradiated mice. However, the vast majority of the
tumors arose at ;adiation doses whi;h caused more severe damage.
‘The significance of Hulse's experiment is obscuréd by the fact
that the mice ranged in age from 2-4 months and consequently the
hair phasc was wvariakle at the time of irradiation. Zackheim,
Krobockvand Langs (1964) were alsc able to produce tumors in rats
with Grenz ray ir;adiation with certain dose levels and treatment
schedules which produced no éermatitis, although an increased
tumox incidepce was generaliy asscciated with severe radiation
dermatitié. The present investigation is the only instance to
the authoir's knowledge wherevthe peak tumor incidence (in the'case
of the ghallow penetration) occurred at a dose which produced only

minimal grossly observable damage (i.e., slight blanching) .
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Heimbach et al. (1969) using an a—pafticle beam placed the
. Bragg peak at different levels in the resting phase skin and showed
that tumors were not produced when the Bragg peak was placea at
0.3 mm and only cells around this depth were heavily irradiated.
They suggested that ﬁhe minimally damaged part of the follicle
could effect recovery with respect to tumor induction in the rest
of the follicle. Thisvis not true in the case of the growing
follicle. The lower part of the follicle escaped serious damage
at the low doses in the shallow penetration, but the tumor
'incidences, although lower than those for the deep penetrations,
are appreciable., The cells below.0,3 mm in the growing phase are
‘well differentiated; and this may restrict their capacity for
repair,

The peak of the tumor incidence occurred at a dose of about
2000 rads at 0.3 mm in the resting phase (Albert et _al. 1967 a).
In the growing follicle the peak was definitely below 2000 rads
and could be as low as 1000 rads at 0.3 mm (Fig. 10). This
- difference in sensitivity ma? be expected since in the resting

phase the follicle cells are mitotically inactive, whereas in the

growing phase the follicle cells are dividing rapidly. Thus,
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although the susceptible cells may remain at a fixed location
as the follicle length varies, they differ in oncogenic radio-

sensitivity between telogen and anagen.

e



5.0 Summary

The aim of this study was to quantitate radlatlon induced
cell porulation changes in various compcenents of anagen phase rat

k C g
skin and to correlate them, if possible, with the subsequent
4

production of tumors. The dorsal skin of rats in the grocwing
phase of the hair cycle was irradiated with an electron beam.

“e beam wore used: one shallow (1.0

Two penetration
mm) and the other d ap (2.0 mm). Doses of 1000 rads, 2000 rads,
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4000 rads
Size changes the sabacecus ands follicles

inter-

prelabelled rats, were wade from bicpsy samples taken at 2 day
intervals incidance was recoxdad menthly

and the tumcrs were verified histologically at the animal'g death.
Abnormal follicle incidence was determined from whole.mounts of
the rats' skin.

The rate of loss of 35 thymidine labelled DNA was found to

be the same in all dose groups as in conbrols, indicating that the

bl



-60-

irradiated cells were

-

eliminated at the normal turnover rate., At

the deep penetration the initial rate of loss of DNA was the same

, 3 s . . e .
as that of “H-thymidine indicating that there was no initial cell

X

replacen2ntc,

&7

{

The grid counts showed that after the initial cell
1

loss there was, in general, a hyperplastic reaction in the epidermis

and sebaceous gland. The degree and time of occurrence of the

hyperplasia was dependeni on -dose and penetration. The follicle

grid counts provided no evidence of regeneration in the follicles.
o correlation batween acute or chronic da mage wag found.

shallcw peneiration occurred at

1000 rads. a dose which nroduced only minimal morphological change:
3 I o2 i pol P

~ .
P

; R . — = R, 5 = . .
and very fow absncrmal folliclen; while very few twads

at 4000 rads shallow a dose which produced epidermal and sebacsous

gland hyperplasia and a significant number O abnormal follicles.
No assoeciaticn batween tumdor € and hyperplasia was found
either. The incidence of keratinizing tumors was higher at 100

rads decp, where there was only transient wwperplasia,. than it was
at 4000 rads deep where the hyperplasia was persistent. Hyper

ebaccous glands were not necessarily agsociated with a

“

pla:.ic

large number of sebaceous tumdrs,
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The high incidence of tumors at 1000 rads shallow implied
that there might exist a population of stem cells susceptible
to oncogenic transformation which were located at a relatively
shallow depth in the skin. It was suggested that a possible
source of thié population might be the germ cells of the resting
follicle, and that the location of these cells did not change

between the resting and growing phases of the hair cycle.
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Summary of Analyses Carried Out
Biopsy Schedule

Degree of Hair Growth Suppression at 1 week Post-

Irradiation
Degree of Ulcexztion at 2 Weeks Post-Irradiation

Degree of Loss of Brown Scale (Blanching) at
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3 weeks

Number of BEpidarmal 'Layers' at Various Post-

Nunber of 'Hits' par Sebacesous Gland and Numbar
of Glands ner Microscope Field at Various Posi-

Trradiaticon Ir-.esrvals

r

" :
Amount of “H-Thymidine per Biopsy Sample on Day o=
Irradiation Measured in Disintegrations per Minute

per,cm2 of Tissue



Table

Table

Table

Table
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Hair Follicle Survival at Each Radiation Dose

Number of Abnormal Follicles Produced at Each

Radiation Dose

Ratio of Numher of Abnormal Follicles to Tumors

Each Radiation Dose

cunulative Tumcy Incidence Sulrfivided inlo the

4 Main Categories of Tunors
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Table 1 Performed Analyses

No. of Post Irradiacion
Rats/Group Analvses Inte;val Covered
| 16' Tunor Formation ' 560 days

8 -Histology 90 days
4 ~Acute D¥FA Loss and 10 days

Retention of Label
4 Whole Mounts v90 days

32. Total/Group 560 days

Total # of Ratz = 258
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Table 2 Schedule of Histological Sections

No. of _ | No. of
Rats/Group ' Days Post Irracdiatien == Sections/Group
6. 0 5 10 15 2% 29 3& 49 60 54
‘~l 21 86 2
1 | 4 .29 86 2
Total‘No. of Sections/Group 58

00 rads at the shallow
at the éeep penetration
ogic

nistol cal data.

-.EL_
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Table 3 Hair Growth Suppression--Maximum
Response-Seen at 1 Week
| Shallow Pen=tration | Deen Penetration
Surface i Dose at 0.8mm | Response . Dose at 0.8am ;| Response
Dose (rads) | (rads) | (rads) :
1000 280 0 1020 2-3
2000 560 2 2180 3
4000 - 1120 2-3 4360 3-4
8000 2240 i 3
. : !

> w NP o

No effect

Jusc nol

iceable

Noticeable

liarked

Complete
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Table 4 Ulceration - maximum response at 2 weeks.
Percentage of irradiated area.

Shallow Penetration Deep Penctration
1.0 mm v 2.0 mm
1000 rads 0 | 5%
2000 rads 5% "75-100%
4000 rads 25-100% ‘ 100¢
8000 rads 50-100%
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Table 5 Blanching--Maximum Response Seen at 3 Weeks

Shalliow Pgnetration Deep Penetration - ;
Surface Dose at 0.3mun} Recsponse | Dose at 0.3mm! Response
Dose (rads) (rads) . (rads) !
1000 1020 o 1-2 - 1200 3
2000 2040 3 2400 piee
4000 : 4080 4 . 4300 p 0%
8000 8160 | 4 9¢00
0 - None
1 - Just Noticeable
2 - HNoticeable
3 - Marked
4

-~ Complete
1‘

¥x - Epidermis too damaged for meaningful observation

-
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Table 6 Epidermal "Layers"

: ! | Numer of Epidermal "Layers"
Days Post - | g |

Irradiation ! 0 ! 5 10 [ 15 21 29
3 L ! 4
i Control i5.2%0.2 §4.8io.3 4,8%t0.3 | 5.2%0.3 [5.2%0.4| 5.0%0.
. 1000 rads | | | . .
' challow i5.3T0.2 15.0%0.5 | 5.3%0.2 | 5.0%0 5.0%0.4 1 4.5%0. .2 2
© 2000 rads_.é N . . - N
i Shalliow 5.2%0.2 15.3%0.4 1 7.3%0.8] 5.7%0.5 { 6.0%n.5! 5.3%).

. . i R

| |
! 4000 rads | ,
| Shallo 5.0t0.2 !5.2%¥p.31 0 —- 9.5%2,01 8.7%1.8 1] 8.2%0
e s | | 1
i 1000 rads : ' ; ! ' i
, Lot ; + ! + j i ! + I
| Daev 4.28%70.2 1 4.8%0.2} 7.3%0.6! 5.8%0.2 ! 5.3%0.6 | 5.3%C 4.
i i : 5 |
| 2000 rads | | ; N : . ! ' N
R '4.8%0.2 1 5.0%0.31 0¥-- ot-- 12.0%1.6 | 9.3%1.51 7.5%2.0 5¥0.9112.3%3.
| i
| 4000 rads | N : ,
| Deep i5.3%0.2 1 5.8%0.2! c¥-- o¥-- 0¥-- 0T-- 12.4%0.38 i
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Table 8 DPm/cmz on bay of Irradiation
pDPM/cm? day O'(not ncrmalized)
individual rats in each group
Dose Pen® 1 2 3 4
[Control 19,659 14,056 18,937 15,825
Control 129,925 32,8693 28,441 --
1000 rads Shallow 18,450 20,750 22,450 1,790
2000 rads -Shallcw 27,125 26,528 11,322 9,966
4000 rads Shallow 16,610 10,040 21,665 21,205
EOOO rads Shallow 5,140 19,869 7,031 4,540
1000 rads Deep 19,770 27,595 11,725 24,095
ho0o rads | Deep 20,529 15,044 15,200 18,0500
(;ooo rads Deep 13,631 26,684 15,978 | -
! i

o
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Table 9 Surviving TFollicles

Survivers
. e . % of controls
Svrface
n
Dose Pen* 16 weeks 80 weeks

Control 100.0 | 100.0

1000 rads! Shallow lO0.0id.S 107.li2.7
- X A +
2000 rads! Shallow 88.573.7 84.5-2.4

4000 rads| Shallow 68.2%5.5 82.6
8000 rads| Shallow 54.4%5.8 57.4%5.1
1000 rad: | Deep 87.076.3 97.3%5.3

2000 rads| Deep 23.4%3.0 30.3%2.8

.y T - r
4000 rads i Deed . A7V LLS 2.0-1.8

r
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Table 10 Abnormal IFollicles

r‘ Abnormal % of
Normals in Controls -

Su;face " .

Dose Pen*” >16 weaeks _ 80 weeks
Control 0 1.3%0.5
11000 rads| shallow | 3.6%1.1 5.5%1. 4
2000 rads| shallow | 8.3%2.¢6 13.5%1.8
4000 rads! shallow i12.2%2.5 14.2t1.8
8000 rAds Shallow 5.2%1.8 ; 8.350.9_
1000 rads! Deep 10.9%5. ¢ § 25.2%3.2
2000 rads! peep 16.1%3.0 f 16.1%1.4

k. ' +

4000 rads: Deep

(€%
\;\
[
u
N}




Table 11 Ratio of Abnormal Follicles to Tumors

-82-

2 md

Abnorm. foll.

Surface Pen*®
Dose turor

1000 rads Shallow 1,370 370
12000 rads | Shallow 4,110% 1,180
4000 rads Shallow 40,615%21,120
8000 rads Shallow 4,061% 1,425
1000 rads | Deep 2,410f 434
2000 rads Deep 4,150% 772
4000 rads Deep 2,032 581

Masatnsiecs ¢



Table 12 Cumulative Tumor

Incidence in 4 Main Categories

i

Cumulative Tumor Incidence

Cat Cat 2 i Cat 3 | Cat 4 ! Total
lsurface :
Dose Pen K KS S U 5T
[}
1000 rads Shallow .28 07 .08 .92 1.35%0.34
2000 rads Shallow .32 06 .06 .65 1.09%0.26
- - 4C00 rads Shallow 0 0 0 .13 0.13=0.09
8000 rads Shallew | .41 0 12 .12 0.65%0.24
1000 rags | Deep booLTs 3 16 1.28 2.85%0.438
2000 racs Deep N T N 20 1 .11 .38 I 1.5%%0.33
14505 rads Deep 7 20 0 .14 | 0.c1%0.26
K - Keratinized
KS - Xeratosebaceous
-5 - Sebaceous
U .

Undifferentiated

~e3-
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8.0 Figqures .

)
O

L

o
1t

D

two penetrations

-
1

Figure Depth dese curves in skin

of the electron hszam.

Figure 2 - Depth doses at various depths in the skin relative

to the growing hair

Figure 3 ~ Follicle "hits" por micy

Figure 4 - Follicle hits per wicrozcope field as a function

£ A I R T T 1t S 1y Y
of days pOST-lrudaidiviOun oGP Wi GGep penztran ion

Total DNA An mgis per

9]
i

Figure

of days post-irradiation for the shallow penetxation

beam.

LA Y

Figurae 6 -~ Total DA in mogms per biopsy sample as a function
. J -

davs wost-irradiation for the deaep pencetration

O
)

bheam.



Figure-7

Figure 8

Figure

Figure

Figure

11

Arpount of 3H—thymidine per biopsy sample in

disintegrations per minute per cn? of tissue as a
function of days post-irradiaticn for the shallow
penetration beam. All counts standardized on the

day of irradiation.

2. - . . . .
Amount of ZH-Thymidinc per biopsy sample in

1te per cm? of ti

disintegrations per minu ssue as a
funchion of days post~irradiation for the deer

-

penaetration boam. All counts standardized on the

gday cf irradiation.

Tumor incidence in tumors per rat as a function
of post-irradiation elapsed time for the shallow

penetraticn.,

Tumor incidence in tumors per rat as a function oI

post-irradiaticn elapsed time for the deep pencetrztion.

Tumor incidence in tumors per rat versus the

incident dose in rads.
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Figure 12 - Tumor incidcnce in tumors per rat versus the dose

-

in rads at 0.3 mm depth in the skin.

Figure 13 - Tumcr incidence in tumors per rat versus the dose

in rads at 0.8 mm depth in the skin.
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9.0 Aprendix 1

S.1 Electron Ream NDosimetry

According to the Bragg-Gray principle, the dose rate, dD/d

as measura2d by the ionization in a small air cavity embedded in

[

the abszorbing medium, is given by (Birge, Anger, and Tobias,

1956) :

i
o}
[t
ot
o
i
M
8
O
th
:..v
0
"o
]
o]
43
b
=
2
T
s
2
0
o
i
3
T
H
[
[
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E.I.
I
g
0]
L
(8]
[
V)]
5

where., J =

w0
i

¥
[

W = the amount Oof enexgy Zn ¢l

LON pEar

0
0
)

f=is

[P T =y e o Je ey e o eee mam m £ -
Sm the relative masse ctopning power of G

i

J is given by the exprescion:

wvhere, I = the saturation curxeni in upames

r_ .. = density of air at operating temperature and

all
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Substitution of the eupression

factors into equation 1

gives:

dp/dét

or

The fixed

extrapolation chambax

was proportional Lo

Therefore the 1.0 mm fhixad

linearitv,

The

average
calculate

numnber of revolutions SECLNd

Yy
AT

1
JJ‘—V

1O e

i_-

given the expres

wm

for

©

J and the ot}

= 2.08 10721

1.261

H

calibra ted with resjpect

HCAVAGS S

voluticn

on

for a 5.0 ywa o

1ar numerical

an

cuxil

A CH
el

revolution is

<

i —



10.0

10.1

Pinch up area of rat skin with square ended forceps.

1

forceps with a scapel removing 1 cm

t}

Cut around edge O:

of tissue.

Weigh and freeze.
Mince with scapsl,
lace in glass homogenigser tubs, add 2 ml of 1M NaOCH

and digest for 1 hx at 37YC.
nrind with glass hemogenizer and allow to digest 1/2 hr

AN

ilter wacehi

ng with cold O

C104.
Wash precivpitate with alcohcl,



10.

Wach precipitat

Wagsh precipitatce with 0.4 HC104.

Remove filter p

place in test t

Hydrolize the

Take 0.5 ml for Burton's analy

Take 0.8 ml for

103~

e with ether,

aper, trim and cut into 10 pieces and
3

ube,

®A for 20 mins at 90°cC.

scintiilation




