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1.0 Generai Summary

Rat skin has been studied for a numbér_of yéars as é model of
radiation carcinogenesis in a solid tissue. - Accessibility of the
skin enables the tumors to be detected early so.that growth rate,
proliferation rate, and onset times can be established accurately
and, of course, the superficial location permits an accurate assess-
ment of doses and a localizatibn of the radiation to the tissue of
iﬁterest. We haveISeen attempting to establish a;'accurately as
possible the nature of the dose response curvé, i.é. the rate of
tumor océurrence as of function of radiation dose, and the importance
. to tumor induction of radiologic faétofs, such as dosé rate, fractiona-
tion, dose localizatioﬁ, linear energy transfer and of biologic
factors, such as the Eroliférative state 6f the hair follicles and
epidermis at the time of - and subsequent to irradiation. The inter-
action of ;adiation and other carcinogens, especially ultraviolet
light, is under study because of'epidemiologic evidence suggesting
" a potential synergism ‘for induction of scalp tumors.

Radiobiological recovery processes have beeh studied in tumor.
response experiments using splitAdoses of radiation separated by
various times. .The recovery rate for electron induced tumors has
been measured, and the oncogenic effects of high LET particles

(proton, alpha, argon) are being invesfigated.
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2.0 Progress Achieved

The major experﬁments'in approximately the order fhgy were
performedEWill.mpM'be described. These descriptions are hot
intended to be: exhaustive but are merely to indicate the general
naturé offtheseﬁperiments and the significant findihgs and
interpretations. |

2.1 Post Erradiatiom Proliferation and Tumor Development

In:this'expériment a relationship was sought between
proliferaﬁion?zate, in tﬁe haif follicle and gpidermal cell popula-
tions at the time of and subsequent to irradiation, and the induction
.rate and appearance time of skin tumors. Siastained follicular
proliferation iIndunced ﬁy mepeate&ly Plucking the hair had little or
no effect on tmmor response.- Also repeatéd stimulation of the
epidérmis by sumface:abrasiop produced either no effect (at low doses)
ior reauée&Atumm['appearance rate (at high doses). These results
indicate thaf azceleratedgprolifération of epithelium subsequent to
irradiation:doesAndt shorten the fumér appearance times, -

2.2 Early M@zﬁhologlcal Response of Growing Hair Folllcles
to Various Penetrations

' The effect of radiation penetration depth on the morphology
of fhe growing:kair_follicles has been investigafed for electron
radiation. Hair follicle and epidermal cell populations were
studied by measuring total éellulafity, total DNAlcontent and

specific activiity of DNA at various times after irradiation
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with several doses and skin penetrations. It is of basic
importance té know whethetvthe entire growing hair follicle,
which iS'mitdtically'véry active, needs to be irradiated to
produce permanent mo:pholbgical injury; or whether partial
—irradiétion (shaft, bulb, stem cellﬁ) is sufficient fér
injury. The effect of rapid cell proiiferation at the time
of irradiation is also important to the injury response in
terms of accelerated repopulation and repair}in the follicle.
_ These results were compared to the tumor réqupse pattern at
similar doses and penetrations. o
The most éfficient production of permanent morpho-
gical hair follicle damage occurred when substantial doses
were delivered to the follicle matrix lével at abbut'O.S ;o
1.0 mm from the surface. Morphological hair follicle damage
included étrophism, bent hair shafts, énlarged sebac—eous glands
.and hairless follicles, several weeks after irradiation.

3H-thymidine labelled DNA was found ..

The rate of loss of
to be the same in all irradiated groups as in controls, indicating
that irradiated cells were eliminated at the normal turnover rate.

The rate of loss of total DNA was identical to 3H-thymidine rate loss

during the first 4 days post irradiation, indicating that there



was essentiaily'no repqpumatioﬁ or regeneration replacement:of
irradiated cells during this period. Histological examination
indicatedla,consi&exablelloss of cells in most‘epidermal.com-
ponents at 5 to 10 days PI followed by a hyperplastic reaction
in.the.epidermis and sebareous gland which lasted a period of
10-60 days dependent on dose and penetration. The higher

doses and deeper penetrations produced more initial cell loss

and a ﬁigher degree of subsequent hyperplasia. In some follicles
the hyperplasia prolonged ithe. growing phase well beyond the con-
:trol time. No;correlatidmibetween acute and chronic. morphological
damage and.tumor'inciaence\was found.

2.3 Penetration Effect for Tumor Induction in Growing Phase
' Skin o ‘ :

As mentionel earﬁ&er the growing stage hair follicle is
“much déeper"in.the skin anﬂ'more_mitotically active.thén the
resting follicle. For this reason a variable-penetration experi-
ment was done to determine*whethef a correlation existed between
tumor yield.and.dqseito different depths in skin corresponding

to foliicle:depﬁh,v In other words, which folliéle»component is
more important to tumor imduction, tﬁe germ cells (at the level

- of the resting phase follicle, 0.3mm) or the follicle itself
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(0.8 - l.O'ﬁm) in growiﬁg phase. A series of carcinogenic
electron doses were given at penetrétions of 2.0 mm, 1.5 mm,
1;0 hm, and 0.5 mm ip rat skin.'

The tumor reéponse indicatéd thét it was necessary
to:irradiatelonly down to‘the resting follicle dépth, even in
the presense of growing phase hair, in order to induce tumors.
Therefore the sensitive site for tumor induction does‘not
change with increased size and depth 6f the growing follicle.
‘For shallow penetrations of 1.0 mm, the peakvﬁpmor yield occurred
well below the ulcerating dose, suggesting_?ﬁat tumor sensitive
cells may be killed even at doses not sufficiently penetrating
to cause éfosé ékin and hair follicle destrucfion. -

2.4 Tumor Growth Rate and Appearance Time

A single dose of radiation in rat skin produces tumors
that appear-at a more or less constant fate (after an initiai
. tumor free'interval) throughout the animal's life. A question
arises whether all the tumors actually started to grow as cell
masses at the time of irradiation and appearance.time is determined
by groﬁth rate or new tumoréiére constantiy appearing and growth
is ‘independent of:time.' An initial study indicaéed that growth

rate distributions were independent of the time of initial




appearance, but the.growth ratesvwere so variable from tumor to
tumor that the conclusions could have been compromised.
Conséquently,'a study was launched to obtain detailed
information regarding the growth rate characteristics of tumors
in the size range above 1.0 mm in diameter and a special technique
w;sideveloped to detect tumors as smail as 0.1 mm in diameter.
The growth rate analysis indicated that most of the tumors under-
went retarded growth, i.e., growth rate declined with increasing
size, and some reached asymptotic sizes. The search for micro-
tumors indicated far fewer than expected on _the basis of the
assumptionbthat all tﬁmors were present from the time of irradia-
tion. Once the tumors wére large enough to detect, the incidence

curves were displaced in a parallel manner for various size end-

‘points indicating that the major events affecting appearance time

occurred at a stage of tumor development prior to decection, even -

- as a microtumor. .The results were‘consistent with the assumption
that new tumors were forming conétahtly throughout.the animal's |
life. | ) | |

In spite 6f the necéésity to irradiaté to af least

'+ 0.3 mm to produce tumors, about 75% of the microtumors small

enough to be assigned a definite location were in the outermost
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0.15 mm, i;e;, essentially in or close to the epidefmis. Thé~
implications of the above finding are to be.explored more fully
in future work.

2.5 The Effect of Fractionated Doses of Electrons and Proton
" on Hair Follicles '

, A stﬁdyvcbmpéring.the éffect of singie andlfractionated
dosés of electrons and protons with respeét to the ability of
'the-foilicle to resﬁond to g:owtﬁ stimulation, i.e.,:elongaté ahd
to produce'hair. The technique consisted of a histological
'detérmination of the ability of the hair follicle cells to proli-
Afé:ate and produce a mature growing féllicle~a£ various times
after irradiation. ,Thé survival and regrowth curves of hair
fbilicleélfoilowing irradiation showed a téméorary suppregsionv
'caﬁsed by a delay in ;;grOwth of new hair, which was measured as
'Sbout onevday of delay per 100 rads for'protons. It was found
_ thaf‘permaﬁeht_growth suppressioh occurred at 4800 rads fof o
:electrons énd At'a dose greater than 1200 rads for protons. The
. doses required to produce 50% fallicle suppression at ten'days
post irgadiatioﬁ.ﬁéré 700 raQS-;nd 2100 rads for proéqns'and
eleétrons,Arespécﬁively, impl&ing a relative'bio;ogigal gffectives
ness (RBE) of about three for the.two radiations. A fractionation
effeqt waé-bbserved for boﬁh types pf radiation with aboht 60%

- recovery for protons and 100% redovery for electrons.
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2.6 Growth Fraction and the Ggo-Phase in the Cell Cycle
(AEC 3380-15) ' “

A paper was presented at the 13th Annual Hénford
Biology Symposium which described certain theoretical. aspects
of the growtﬁ fraction concept and how it‘relates_to fhe Go-
phase. Labeled mitosis curves for a variety Qf tumors and
normal tissues were fitfed to the curves predicted'by fhe
model with good agféement. The G,-phase was most pronounced
iﬁ slowly growing autochthonous tumors and was essentially
absent in rapidly growing transplantable tumors. The gfowth
. fraction varied over wide limits esSentially independént of

the growth rate and type of tumor .

2.7 Cell Kinetics and Tumor Inductioh in Rat Liver for
Various Dietary Carcinogens -

6

As a means of céntrasting the tumor response in a diverse
organ, such as liver, with skin, investigations haye been carried f
. out to determine the relationship of hepatic cell loss and
proliferation and‘tumor incidence to time during and after
continuous dietary levels of various_cércinogéhs, including 2-
fluorehylacetaﬁide‘(Z-FAA),‘diethylnitrosamine (DEN) and aflatoxin. -
For 2-FAA early cel; loss was followed by aépafent regeneration

while at the same carcinogenic dose DEN produced hyperplasia
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wifhout significant cell loss. The‘enhanced proliferation .and
hyferplasia of the DEN response was :eversible and the'tiseue>
returned to apparently hormal levels when the DEN was stopped.
Hepatomas appeared even when the DEN was stopped early although
they were delayed in comparisen to continuous DﬁN.‘ Theee studies
are being extended to inciude higher doses of aflatoxin.

- 2.8 Tumor Induction for Single and Split Doses of 10 Mev
Protons

Rats were irradiated with either a single dose or two
doses separated by 24 hours of 10 Mevvprotons~produced by eyclotron
.at Sloan Kettering Institute for cancer Research in New York City.
| 200 animals were exposed in 10 differept dose groups.
Pfoton doses were established by'calibrating an argon
- filled double ionization menitorihg chamber at the end of the |
"beam pipe against the current collected oh a beam stop. The
calibratiod was comﬁared to previous results obtained for alpha
" particles in this chamber and agreement was found on the basis
- of LET ratios fof protons and alpha particles. A second parallel
plate'ioniiation ehaﬁber was'ueed to determine the felative depth-
dose by measuridg;ehe iopization current after beam filtration

through various thicknesses of aluminum. The anesthetized animals




were rotated-through,the,beam at'}8 rpm onva speciallrevolving
platform and a rapidly spinninquisk;of variable thickness
aluminum absorbers was used to move the Bragg peak in and out of
the skin, producing'an approximately linear depth dose curve.

Oon ﬁhe-first.day~of exposure single doses of 75, 150,
300, 450, 600 oxr 750 rads were given to those animals receiving
only one dose.. ,1130'150 r#ﬁs was givén to those animals receiving
split doses. Gmn the second day (24 hours post-irradiation) the
split dose groups received 150, 200, 450 or_éOO rads, resulting
_in total doses equal to the single doses given on the first day.

The twmor dose-response curve for single doses increased
in an approximated dose-sqnaredffashioﬁ ﬁp'to 750 rads, the highest
dose Qsed; In previous experiments with elecgrons, a redﬁction in
'tﬁmor vield is seen at,déses in which acute skin ulceration occurs.
-In the present experiment, the acute responses were relatively
. mild, yith no ulcceration, and no.ﬁeak in the tumor response curve
was observed. The tumor responsé in thisiexperiment was more
vigorous than that seen in other eﬁperiments in which rats were
irradiated with ‘either eléctibns or protons. When compared with
electron irradiatiop éf.ZB day old rats the-protbns in this study

have a Relative Biological Effectiveness (RBE) between 2 and 3.
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when cémpared_with raté irradiated with protons at:58 days of
age, the aniﬁals in this experimen£ are sensitive, suggesting
that age at irradiation may be an‘important factor in determining
the tumor response.

There was a clear dose displacement between the re-
sponse curves for single and fractionated exposureg, which
may Be interpfeted(as resulting from recovery. The errors
associated with the low tumor yiels in the 300 and 450 rad
.total dose groups preclude their use in makiﬁg a numerical

e?aluation of the amount of recovery. There was, however,
‘éufficient difference between the fractionated and single
exposure groups at 600 and 750 réds to enable estimation of
thé aﬁount of recovery, and the best estimate is that compiete
frécovery occurred, althoﬁgh as little as 78%.recovéry is con-
sisteﬁt with the upper 95%A:onfidence limit of the observed
~tumor yields. These results are nearly identical to those
reportéd_éreviously for fractionated doses of electrons, i.e:
essentially complete recovery within 24 hours.» ceeel . im
Thus, the response of rat skin to proton irradiation
shows a rapid forﬁ qf recovery of both sublethal and suboncogenic

injury and RBE values between 2 and 3. The combination of RBE

values greater than one, and recovéry.indicates that while protons




induce injury more efficiently per unit absorbed dose than electrons,
there is still @ reversible component to the injury process.

2.9 Recovery Rate for Tumor Induction

The purpose of this study was to measure the rate of
split doéesrec@mery for skin tumor induction in rats followihg
electron radiatiion and tc develop mathematical formulae based
on these and otther results for predicting the role of dose rate
in radiation carcinogenesis. Knéwledge of the recovery rate is
integral to desigﬁing'and interpreting dose ;ate experiments.
_Recovery kinetics are also important in understanding the nature
of carcinogenic ‘transformation, and may eventually lead to a
rule for the imcilusion of dose rate féct§r$ in estimating human
exposﬁre iimits and risks. Recovery was quantitated by cémparing
'tﬁe tumor indwction.rateé in rats reéeiving two equal dose ex-
pos3ures separated by various times up to six hours . with the. response
_eliciteq by a. single exposure of the same total dose.

A 10 cm® area of dorsal skin on anesthetized 28 day male
albino rats was irradiated to a depth of 1 mm with 0.7 Mev electrons
from a Van de Graaff accelerétor. The time delay between equal
fractions was'ahas,xl, 3, or 6 hours for total doses 1000 (500 +

500), 1400 (70@ + 700), and 2300 (1150 + 1150) rads. Single

-
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in the above experiment. The model assumes two separate fumor
indﬁction (cell transformation) pathwajs by radiation. One
pathway requires one dose-dependent step (event) for transformation.
The other requires two dose-dependen# steps, the first step beihg
revereible and the second irreversible. Recovery from the
.reversible state back to the initial undamaged condition is assumed
~to occur indeéendently of dose and fime.

Mathematical equations were derived relating the production
of irreversible states to dose and dose rate; For acute exposures

the model predicts a response curve of the form Y = A.D +_A2D2.
\The relative magnitudes of A; and A, may be estimated for electrons
from the single doses used in this experiment, and for protons from
the e#periment described in the presiding section. Fof beth types
of radiation, tumor inciéence as a function of dose indicates an
essenfially dose squared re;ponse with no linear compenent. The
_large doses used preclude, however, ruling out the possibility that
thereuﬁay be a small linear coméonent which may be of significance
.at doses much lower than those tested.

For two dose fractibhs, the model edﬁatione inaicate that
recovery of the intermediate, suboncogenic form of ihjury should

occur in an exponential fashion. This prediction is in good agreement

with the results obtained in the pfesent experimeht. The model also
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exbosure groups were done at 500, 700, 1150, 1400 and 2300 rads.
The above doses are the doses 0.3 mm beneath the skin surface,
which has been found pfeviously to be the most relevant dose

for tumor induction. Each group contained 18 to 20,énimals.
Tumor incidence data was recorded at 6-week observation intervals
-and histologic-verification of all leéions was performed at

death or terminatiqn of the experiment (64 weeks post irradation);
The initial latent period of 15.weeks was independent of dose

and fractionation interval. The subsequent ;g?sonably constant
fates of new tumor appearance were in clos¢~§greement with
previous experiments, and increased at approximately the square
of the dose up to a peak response dosé of about 1400 rads. The
effecfs of dose fractionation indicated‘that the recovery-rate
'fbr tumor induction was independent of dose and time affer
irradiation and had a half time of about 3 hours.

Hair follicle survival was also scored in o;der to
estimate the lethél effect qf radiation on the follicular germ
cells. . Radiation‘rééovery for hair follicle survival also
exhibited a 3 hour halftime..' |

A model has been proposed for predictinélthe‘effects of

dose rate on tumor induction based on the recovery rate estimated

h



:Lndlcates that a pronoumced reductlon in tumor 'yleld should occur
as a: given: total dose is protracted over long exposure tlmes..

This dose rate: effect may be summarized in terms of a Dose Rate
Factor (DRF) whiich is defined as the ratio.:of the acute dose to
protractedh ‘d‘osl,ee which produce the saxne tumor yield. The usefulness
of this ratlo iz that a given protracted dose, Dp, may be equated
with an acute &ose,, Da., by multiplying by the DRF: Dp x DRF = Da.
The DRF decreases w:Lth decreas:.ng dose rate as long as the acute
dosé is om: the dose squared' 'portion of the response curve. As

indicated above, it may be that there is a small linear component

[E—

‘'which becomes szﬁignificant at very low ldoses and for Da values in
the region where the linear term dominat‘e‘s_; the reductions in dose
rate ‘would‘. not. meduce -the .DRF. Iu the model, this condition
corresponds' to dose rates so low that reco;lery‘ effectively prevents
the ‘buildupj. of:' suboncogenic injury arid all tumors are produced by
the direct,, dose rate independent mode, if it exists.

2.10 Kinetics of Papilloma Growth in Mouse Skin

| ~ The: goowth kineticsfmethodology normally applied to radiatio;:
induced tumors: im rat skin “‘has been used to evaluate chemically
1nduced mouse. s\km tumor growth characterlstlcs. '

DMBA. mmt:.atlon followed by PMA promotion produced mainly

~15-
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papillomas which regressed when promotion was ended. An effbrt'
was made to determine whether kinetic differences could bebdetected
between regressing papillomas and thé small proportion of non-
régressing paéillomas.

It:was found that immune suppressioq exhibited no effect
on regression but a non-specific irritant, ethyphenyl propiolate,
inhibited regfessibn. The.rapid cell proliferation characteristics
of the papillomas éid not decrease afterlproﬁotion ended, whereas
the cell kinetics of the promoter on normal tissue were reversible.
The promoter seemed to produce a dose rate effect not dissimilar
‘fo that okserved fof irradiation wiéh ioniiihg radiation in that
the régression~of papillomas when painting is discontinued leads to
tﬁe expectation that a reduction in the fréquency of painting (Dose
’Rate) would correspondinglf reduceAthe tumor yield.

2.11 The Combined Effect of Ionizing Radiation and Ultraviolet
Light on Tumor Indaction in Rat Skin

The proﬁoting effect of ultraviolet light (UVL) on ionizing
irradiated rat skin is being investigated. UVL and ionizing radiation
are both complete*cércinogens when administered separately in rat |
skin; Chronic UVL exposure ééuses edema, erythema, and scaling with

subsequent eschar formation.
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Comparison of tumor induction in albino rat skin were
made for‘singbaﬂdosés of erythémal (275-375 um) and germicidal
(254 um) UVL; and for repeated doses of erythemal UVL following-
single doses. off electron radiation. Single exposures to
erythemai,UVL #nduce tumors of increasing incidence with dose in
the range of G.8 x 107 to 3.2 x 107 ergs/cmz. The tumor incidence
appears constamt in:the‘dose range 3.2 x 107 to 25.2 x 107
ergs/cmz. In: tthis dose rahge approximately 10 times as much
germicidal UVL @&s erthemal UVL was required for equivalent tumor

Groups ©of 6 or lz)malg albino rats were given 690,
1380,'2066;or'3480'rads of electrons to ﬁhe dorsél skin at 28

7

days of age foklowed ﬁy exposure to either 2.1 x 10" or 0.42 x

7 :
"10. ergs/cmz'emgthemal.uvn\weekly for 12 or 20 weeks respectively.

Th: electron im#uced tumors consisted primarily of squamous

. or basal cell types and were clearly distinguishable, both grossly

and histologically, from UVL—indﬁced tumors which were exclusively
kerato-sebacoms_c?ctic acanthomas. This marked difference in

histoldgy of Ehe'tumors_ﬁay~feflect differences in the oncogenic
targets of?fhe-two :adiétions. In rats exposed ﬁo bofh UVI, and
electrons; - the incidence and types of:tumo:s indicated that the

effects of the &wo agents were generally additive and independent
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except for about an'eigﬁt week deiay in the appearancé 6f e1éctron-
induced tumofs during the 20 weekslof UVL exposufe. For a given
totél dose}lf;actionatéd exposure té erythemal UVL induced fewer
tumors than a single exposure, suggeéting that recovery'dr prdtection
occurred during the protracted exposure,

2.12 The Caréinogenic Interaction of Ionizing Radiation and a
Chemical Carcinogen

) "The carcinégenic potential of ionizing £adiation in
conjunction with a chemical carcinogen is.of.pracﬁical importapce in
. simulating environmental conditions. Because the tumor response for
‘ionizing radiation is well established in rat skin, tﬁe interaction
with other céréinogens'can be studied with respect to equivalent
doses to produce the same response. Temporal additivity can be

analyzed by comparing the individual temporal incidence curves for

')

‘the different carcinogens with the incidence curve obtained with
combined tfeatment. |

Arrangements: have been.madeito use the 2.0 MeV Van de Grarf
accelerator at Union carbide, Sferling Forest, New York for the
initial electron ékposure& ngxt.month_(May, 1976). ‘The protqcal
consists of irrédiating the dérsai skin of rats with doses of 750,

1500, 2250 and 3000 rads of electrons followed by weekly applications

of 0.002%, 0.01%,0or 0.05% dimethylbenz(a)anthracene (DMBA) in acetone.
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At these doses, the DMBA above should produce low tumor incidences.
The objective of the experiment is to determine whether prior
electron irradiation alters the susceptibility of the skin to DMBA.

2.13 Age Dependency in Radiation Carcinogenesis

Rats. of various ages were exposed to. low voltage x-rays in
order to determine the age dependence of the dose response curves for
thmor induction. _Newborn, 28, 5§, 100, 200 and 350 day old rats have
been exposed t@mdoées of 500, 1000, 1800, 2250, 3000, 4000 and 5000
rads. An increase in radio resistance with ége was noted for the

incidence of ulceration at three weeks post irrédiation. Tumors
‘'were induced with latents periods (time fréA\irradiation to. appearance
of first tumor) in the range of 15-24 weekg which was not strongly
age dependent, with the exception éf the 350 day old group which
had no tumors at 30 weeks post irradiation. Tﬁe subsequent tumor
appearancearéte*was approximately constant at each dose. The typical
dose response curve (tumors/rai 25; dose) ascends rapidly, reaches
—a.éeak incidénce,.and then'descends at higher doses. Although the.
height of the twmor incidence peék was nearly-agé-independent, the
position of the peak on the dose axis shﬁwed a shift to ‘higher doses
with increasing age. That is, the oldgr rats becamé progressively

more resistant to the oncogenic effect of the radiation. 1In terms

of the dose: at the depth of the follicular bulb, the peak tumor



incidence occurred at 1200-1800 rads in newborns, at 2200 raas in
28 day old rats (previously published data). and at about 2800 rads
in the 100 day old rats based on 76, 80, and 28 weeks of observation
respectively. The tumor incidence in the 200 day old animéls is
still too low for analysis at 16 weeks post irradiation.

An increase in radio resistance with age was observed in
our préviouslé repqrted studies on skin tumor in rats irradiated
with électrons or protons aﬁ 28 and 58 days of #ge, and supports
the general éonclusion that several types of radiation become less

oncogenic with increasing age.

2.14 Fractionation with High ILET Radiation for Tumor Induction

on the basis of cell lethality data, which exhibits LET

aepenaency, there should be little or no recovery from hiéh LET
'(about 100 kev/u) radiation for the tumor induction endepoint.
Inves£igation of this poinﬁ for tumor induéti§n in rat skin is
~possible only by irradiation with high atomic number nuclei such
as argon (atomic number 18).

_ - These irradations are scheduled to take plaqe in June using
the Lawrence Berkeley Laboratbry heavy-ion linear accélerator.(HILAC)
- and Bevatron in combination (BEVALAC). Preliminary dosimetric

considerations and design of a suitable exposure system are underway.

A-skin flap technique will be used which involves stretching
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a‘i cﬁ. wide flap of dorsal skin vertically above the back of the
animal_an&.scanning the beam horizontally through several aﬁ;mals

in succession. The experimental protocal designed will determine

if linearity exists ét h;gh'LET for single doses, and also the amount
and rate of recovery betwésn split doses.

2.15 DNA Damage and Repair in Tumor Induction by Ultraviolet
Light and Ionizing Radiation

Damage: and‘subsequent repair processes of csllulsr DNA are
believed to be related to the cellular reaction to ultraviolet light
;na ionizing radiation. Recently these processes have been implicated
“in the csrcinogenic response and several experiments have been under-
taken to dstecttDEB daﬁage and :epaif following in vivo exposure.

The measurement of UVL induced exéision repair DNA synthesis
. was attempted usimg the sparse labelllng radloautographlc technique.
Thls lnvolves 1n3ect1ng (either intradermal or intraperitoneal
u3 thymidine immediately following UVL irradiation and subsequent skin
‘biopsies taken one hour post irradiation. Radioautographs of thin
sections_frbm‘thé'biopsies will exhibit spare labelling if DNA
repair'synthesis-ﬁss occurred.bscause only small segments ofvnewly
synthesized;DNAlﬁill be labelled. The cells in S-phase are heavily

- labelled and easily distinguishable from sparsely labelled cells.

In our experiments using erythemal UVL (275 - 375 nm) in the dose range of
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1.58 x 10’ to 25.2 x 10 ergs/cm2 or germicidal (254 nm) . - UVL

in the range of 0.65 x 107 to 26.0 x 107 ergs/cmz, we found no

evidence of sparse labelling above background in non S-phase cells

in the dorsal skin of albino rats. This is a carcinogenic dose'

for both erythemal and ge;micidal radiations and a dose at which

DNA repéir synthesis has been demonstrated in hairless mouse

epidermis, The erythemal UVL did p;oduce a general decrease in H3-

thymidime uptake in both spgrsely and heavily labelled background

cells, indicating -an inhibition of all celiu;éf DNA synthesis.

The erythemal UVL also caused a‘rapid-depqulation of epide#mal

basal cells to 65% of controls at one-hour post-irradiation when .

‘biopsies Were'taken:
| The alkaline sucrose gradient technique for dete;tion of

'gingle stranded DNA'breakage in vitro develcped by McG;ath_and Williams

and réfined by Elkind and éther investiéators is being adaptéd for

. use with epidermal cells exposed to ionizing radiation in vivo.

2.16 Hair Follicle Proliferation Following Irradiation

The interest in obtaining mitotic indices of irradiated
hair fdilicies Qriginatesfroﬁ'the concept that the hair follicle.
is a possible tissug of 6rigin for tumor cells. 'Thus‘the c§rre1ation
between tumor yield and mitotic proliferatiqn in hair follicles was

examined. Four groups of CD strain rats obtained from Charles River
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Laboratories, Brookline, Massachusetts, were expoSed to 0.7 Mev
electron radiation on their dorsal sﬁxfaces at doses of 700, 1150,
1400 and 2300'rads respectively. Animals were observed and appearance
of tumors noted. At 68 weeks post.irradigtioh, the animals were
injecfed with vinblastine four hours prior to sacrifice. Tissue
sections were made and mitotic figures counted at. 1250 x magnification
in resting stage haif folliéieé .08 mm below the epidermis.

The mitotic rate in irradiated hair follicles was
significantly higher than that of the controis, although there was

no-clear relationship between the mitotic rate and either the

[

radiation dose or the subsequent tumor yields. 1In groups receiving

700, 1150, 1400 or 2300 the rates were 0.68 + 0.20 hr-l, 0.52 +

1 1

0.07 hr ~,0.41 1.0.07”hr-1, and 0.57 + 0.09 hr~" respectively, while

1

fin the control group the mitotic rate was 0.09+ 0.09 hr ~. The

tumor yields for the various dose groups increésed from 0.16 tumors/ -

_ rat at 700 rads to 3.04 tumors/rat at 1400 rads, and declined to 1.28

tumors/rat at 2300 rads.
. The increase in proliferation rate of follicle cells is
a striking effect and further studies are being carried out to

determine the effects of radiation on proliferation in the overlying

epidermis. The possibility that an increased rate of cell turnover
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contributeS'to'quor‘develqpment has been long recognized for such
cﬁemical promoting agents as phorbol myristate acetate (PMA), and
it may be that a similar e€fect is occurring in irradiatéd hair
follicles..

2.17 Chemotherapy of Rat Skin‘Tdmors

Thefpresent experiments were undertaken to evaluate two
cytotoxic agents, methotrexate and cytosine arabinocide (Ara-C)
in preventing the appearanée of new rat skin tumors and in causing

the regression of pre-existing tumcrs. Since we have previously

.notéd a high miftotic rate in radiation-induced rat epidermal cell
‘tumors, it.was“hxpothesized‘that anti-mitotic drugs would be
effective in'altering'the growth rates of these tumors.
‘iumor”heariné rats from a previous experiment-weie assigned
'fo treatment. groups at 7é‘weeks post-irradiation. 1In one group
me “hotrexate was injected in alternateflaﬁks three times weekly
~at a dose of Imgyké, while the same injection protocolAwas used for
Ara-C (3mg/kg) or saline (2.5 ﬁl/kg) in two other groups.‘ The
methoﬁrexate treated animals all showed severe weight loss and died
after a few injections. As'éuch. the injection protocol with Ara-C
was modified’so'thaF anf animal showing 10% weiéht loss in two days
had ;ts treatment witﬁheld until the weight stabilized. Survival
in this group was not different from coﬁtrols for the 18 week
duration df therapy, and fﬁe overall weight loss for the group was'~

-
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flegs than'lO%. Ail grossly visiblé lesions were scored at the
time of starf of the treatments and subsequently at biweekly '
intervéls” Ara-C did not induce tumor regressién. of 27 tumors
in ‘the treated group, 3 regressed while 2 of 38 regressed in the
control group; Since we have previously observed about.lo% false
positives in identifying éarcinomas from their gross appearance,
these "regreséionsF.may nof reflect the actual disappearance of

carcinomas.

For each of the groups, the number of new tumors appearing -

during the 18 weeks of treatment may be compégéd with #he~number of
‘tumors appearing in the same animals for tﬁé\18 weeks:ﬁrior to
-treatment. We have previously observed'thét the rate of appeafance
of-new tumors is approximately constant and, therefore, ohe expects
the number of tumors to be about equal in the two intervals if the
chemothereputic agent had no effect. There were 4 new tumorsJin the
Ara-é~txeated animals, compared with an expected number of 3, and in
wthe'saline treated animals, théfe were 14 tumors compared with 1l
expected. We conclude that Ara-C did not reduce the rate of new
tumor appearance.

Examination of microscopé section showed that many of the

tumors in the Ara-C treated animals had evidence of cell death.

-25-
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' conditions of this experimental test.

Many-of the-tﬁmor cells were pyknotic,'and there was extensiVe
infiltration by lymphocytes.

The antimitotic agent Ara-C was neither able to réduce .
the new tumor<appearance rate,.or induée'regressibn in preexistiﬁg
lesions. AThe implication of these observations is that tumors
of both large (microscopically visible) aﬁd small (subvisible) size
are able to grow in spite of what appears microscopically to be a
large. le thal stresé. There is no prophylactiC‘value to the
antimitotic agent in preventing tﬁmor development'under the

2.18 Epidermal Cell Survival

Radiation has both toxic and carcinogenic effects on

tissue, and it has been suggested that cell lethality at high

"doses may be responsible for the reduction in tumor yield.

The objective of these studies is to evaluate the radiation

-éell killing in rat skin. for not only single doses,!but

for split doses of radiation where recovery of both sublethal and

suboncogenic injury is likely to be occurring. The assay

~ developed uses the ability of cells to complete‘the first

- post-irradiation mitosis as an index of viability. ' Sl

The experimental procedure involves the pulse labelling
of cells with H3-Thymidine, allowing 24 hours to elapse, and then -

making‘whéle mount preparations of the epidermis. During the

P
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24 hour interval, the labelled (S-phase) cells will progress through

mitosis and appear as adjacent labelled cells‘(labelled doﬁblets)
in the sheet of epidermal cells.

Irradiation increases the nﬁmber of cells'which are
incapable of completing mitosis, and thus reduces the:fraétion of

labelled cells appearing as labelled dpublets. Variation in

cell cycle sensitivity to radiation may be quantitated by

L varying the timing between the irradiation and 3H-pdr injection.

“~ For example, concurrent irradiation and labelling assays the

-~ survival of s-phase cells, while irradiation several days prior

to labelling assays the survival of cells that were iniGl at the -

time of irradiation.

Preliminary'results indicate that S-phase cells irradiated

—

with either electrons or Grenz Rays have a broad shoulder on which
little cell killing occurs. 400R reduced the number of labelled
doublets only slightly (90 % survival), while doses larger than

'800R prevented mitosis in nearly all cells. Results for late Gl

cells (24 hours between irradiation and labelling) indicate the .

3H-'rdr incorporation, which may be the result of

|

[

absence of any
DNA synthesis suppression,“ B
Current plans are to more carefully define the shape

of the survival function for S-phasg cells, and to extend the
—27-
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interval between irradiation and labelling to longer time periods

.to overcome: the suppression of thymidine incorporation.

Plans also include the measurement .of split dose recovery for this

lethality endpoint, once the survival curves are established.-

aa® °
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Opimion about state of knowledge in field of radiation carcinogenésis

Radiation' carcinogenesis is still a field of scientific concern
.because.it is iikely that radiation exposures, whether medical,
occupaticnal or experimental, will continue to occur among large
populations of people; A better undé:standing of the risks associated 
with these exposures 'is essential for rational management of radiation.
The shape'of the dose response curve must be known and, for extrapo-
“lating tc low doses, the basis or mechanism that determines the shape
must be known. Recovery is an important but puzzling radiobiological
occurrence and the finding that recovery is operative for oncogenesis
makes it impe;ative to obtain a bettef underst&nding ofvtheAprocess
and the conditions under which it occurs.

The rat skin mé§ serve as a useful model for solid tumors in
'-providing answers to suéh questions that arise in connection with
the interaction of radiation with other oncogéns ir the environment. .
The mechanism of oncogenesis itself is obviously an active area of
scientific inquiry and radiation may provide certain clues to the
mecbanism-thatAcannot be determined in other ways. In other words
the study of'radiologic and biologic factors in radiation oncogenesis
is likely t6.pfovide informafion that could be useful in the inter-
pretation of mechanismé and could also be of practical value in
providing a basis for controlling risks because of inad&ertant or

unavoidable exposure to ionizing radiation.
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