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SUMMARY
The dorsal skin of 172 Swiss Millerton ﬁice was irradiated

A'withJelectrons in singie exposurés at 6 doseAleveis r;nging,from

- 500 to 4000'rads- The mice were observed every 4 weeks for.skin
Atumér formation over a period of 88 weeks. At deafh each tumor
'_qu.examined histologically and whole skin mounts were used to .
deéermine the survival of ihtéét hair follicles and the incidence
,:rof-étrophic follicles. These data were-coﬁpared to £he dose~-
res?onse characteristics for tumor inducﬁion and hair follicle
‘surviQal in the rat from previous experiments. The incidence of
‘epithelial skin tumors was markedly lower in.mice compafed,to rats
even at optimal tumorigeﬁic doses. This difference was.shown to
be'due télthe failure of ﬁice to develop adnexal tumors, which are
the pfedominant.typéxof skin tumor in the rat. The radiaﬁién
Sebsitivity.of the ﬁbuse'skin for haif follicle destruction'y;s

at ieésf doublé that of the rat. Thé virtual absence of atroéhic
follicle formation in the mouse skin as a cbnsequenée éf radiation
damage may be re1a£ed'to‘the failu£e to dévelop édnéxa1?§kinQ
tumors,‘sihcé there is a cldsé association in the rat skin.bétwegn

the incidence of atrophic hair follicles and skin tumors.



.INTRCDUCTION:

There i; a strong assoéiation in.the'rat.skin between fhe
p?oductién of irrepérable hair'féllicle damage by-ionizing
radiation and tﬁe magnitude of the skin'tumor response., This
VcorrglationAﬁas’been ébserved in a series of,éxpefiméﬁts'involving -
‘'single exposures df the skin with resting foliicles to electrons
(lf;.alpha partidles (2), beta rays (35.and x-rays (4) by using
‘Qaribus irradiation,éonfigurations,-including‘sieVe patpgrn;g@ w
(5) and severalldifférent.depth-aose pdtterqs (63 7);' if'ﬂas
'?been féﬁnd consiétentiy fhat as'ﬁhe raaiation dose increases
the tumor response, in terms of the iﬁciéence.at 80 weeké after.-
exposuré, rises to a maximﬁﬁ and then declines .in association

with increasingly severe acute ulceration.:



"There is also a doée—depeqdent progressioﬁ ip the severity
of permanenﬁ hair follicle damage. With increasing radiation
dose, there is a declihe in the proportion of hair follicles
] which remain sﬁructufallyAnérmal and an increase in the proportion
_ ofAfollicles~wHich are completely destroyed.:'There’is also an
intermediate form of hair follicle desﬁrucﬁion in which thé
follicles are étrophic,-vThe incidence of atrophic_fbllic}es»
,re;ches a peak . at about‘the same dose which produCes the haximum
'ﬁumbr yield, and there is an excellent.COrrespondence between' the
shapes of'thé dose—incidénce curves for tumors.and atrophic
fellicles. The.numbér of'étrophic folliéles bér epithelial tumor
is in fhe domain of 4QOOQ ‘There is a correspondence between the
histologiéal séructure bf'the atrophic follicles and the skin
‘tumors most of which.are adnexal. Growths on the atrophic
' follicles have occasionally béen obse#ved on whole skin mounts

which resemble early tumors (8).



‘For.theSe reasons, it has been suggested that the atrophic
folliclés might £e the precursor lesion for the majority of the
radiation induced epithelial skih tumors in the*rét (1) . However,
the basis for aﬁ asgociation’between atrophié follicles and skin
.tumggs is unknownkandAit is élso not clear whether‘éﬂe association -
"is merely a pecﬁiiarity of the rat.

It appeared to us that further ihéight into the matter might

" be obtained by comp%ring the:radiation tumor and hair follicle
injury respénsé of the rét énd mouse. Reports from othér
‘laborafories iﬁdiqate.that the mouse has a very different skin
tumor response pattern than the rat; relétively few tumors can be
produced by ionizing radiation,and the majority of the epithelial
:tumors are epidermoid carcihomas rather than adnexal tumors as in
;vthé rat (9, 10). Wé_thefefore undertéok thé e#periment reported
?here_to assess -the Eumorigehic response of mice to a series of
graded single electroﬁ exposures and:to charactérize:thé hair
‘follicle damage on wﬁole skin m§unts obtained at thé end of tﬁe
experiment. Thesé data are compared with the expe;imental findings

from similar experiments on rats that have been reported previously.

A



MATERIALS AND METHODS .

. Swiss Millerton female mice werelirradiaﬁed at 30 days of
age with ﬁonoenergegic electrons'from a Van de Gra;ff accelerator.
The energy of thé beam Was 0.4 MeV:and the maiimum pehetration-in
the skin was adjusted to 0.4 mm by'usehof an absorbé£ in the beam,
The'eléctron beam Was diffused by about 3 feet of air and iny
thehportionvqf the beam within 2 inchés'of the center line Qas
7gsed for the exposures. Thé~depth—dbse ¢urve was measured by
placing plastic absorbers bn’a 1.0 mm gap ionization chamber. The
depthfdbse curve was approximately linear and the dose rate at'ﬁhe'

skin anrface was 550 vads/min. (5).



'Four days before irradietion the hair was removed with an
electric clipper. Mice with evidence~of hair-growth on the day
.of irradiation wereldiscarded. 'The mice were.anesehetized with a
dose of 25 mg/kg.of pentebarbital approximately 15 min. before
irpadiation; The anesthetized mice were taped:in a ﬁeaa—up
- position to one—eiéhth inch thick plastic plates, which were
mounted vertically on the rim of e cireulaf table and rotated
through the_electron.beam at a'rate-of 18 revolutions per miﬁute.
'The_rig permitted exposure-of up to 36 mice at the same time.
AApertures in the piastic plates-served to mask 'the radiation
| exposure to a 1.5 cm x 3.0 cm area on the‘dcrsal skin witﬁ the
long axis of.the irradiatea.areaAcentered along the sﬁineg

After the irradiatiens fhe mice were observed every 4 weeks
until the end of ﬁheeexpefiment at 88 weeks. The cumulati;e
fumoriincidence was ebtainea.by adding, in successive 4 week
pefiods;'the ratio of new tumors appearing to the average number

- of mice alive during the period,



At death the full thickness of the entire dorsal skin wés
removed;'all'tumors wefe taken for histologiéal examiﬁationo
wWhole mounfs were made by soaking the remainder of the skin
overnight in 0.5% crude trypsin at.4QC;>the epidermié and attached
'hair folliclesAwere pegled away from the dermié and mounted on a
élide in'glycerol jelly after being stained.witﬁ Sudaﬁ iIi and
hematoxylin. Tﬁmor sectionS.Were sfained with hematoxylin and
~.eosin.

" Normal and atrophic follicle counts were made oniwhole skin

2

mounts by:using a stereomicroscope Qith a field size of 0.44 mm
‘which, in the non-irradiated areas, enéompasgéd about 15 follicles.
The number of folliclgs kboth atrophic and structurally normal)

was ﬁeasured in>successivé 0.44 mm? fields with a minimum-of three
tra&erses across the irradiated area of each mouse skin.

The totai number of normal and damaged (atrophic) follicles
in.the irradiated area was'obtained by multiplying the follicle
'~density by fhe total area of the irradiated skin. The irradiated
area ‘'was measured from phétographs'of each animal made at the timg
of»sacrifice; Where the site &as notAdiscernible in terms of
hair loss.or the presence of a scar, the area was assﬁmed to be-

4.5 cm? which was the size when originally irradiated.
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RESULTS

As shown in Table 1, a total of 172 micé were ir%adiated in
"qrdgpé of 20 to 24 at’aoses'rangihg from 506 to 4600 rads. All
of the ﬁice in each dose group wefe givén their rédiatibnAexposure
at the same time. There4wés comparable ;urviQal of mice in the
i:radiated_ana cohtrol groups_f;nging from 52% to 67% at 88'weeks
‘except for the 800 rad group Where sﬁrvival was 37%.

| The tumor incidence with respect to time after irradiation

‘is shown in text—figure l° Separaté curves are shdwn.for saréomas
(p) aﬁd eéiaermoid carcinomas (B) which occurred in approximately
equal numbers and which accounted for all of the tumors. The
first sarcbma occurred at 40 weeks and the first epidermoid
carcinoma occurred at 48 we‘eks° For sarcomas there was a trend
A toWard ea;lier tumof.formation at hiéher doses; this was not
"cléarly the case wiEh the epithelial tumors. No further . tumor
:fofﬁation occufred betweeﬂ 68 and 88 weeks. |

Text-figure legend 1. -Tﬁe incidencebkin tumors ?er mouse)-
of epidermoid caréinoﬁas and sarcémas with respect to elapéed

time after irradiation.
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‘The tumor incidence at é8 weeks as a function of surface
dosé is shown in text~figure‘2. For epidermoid carcinomas the
ma%imum incidénce of 0,14 tumors. per mouse occurred at 2540 rads
while‘af 1690 rads aﬁd 4006 rad; the inéidence was 0.08 and 0.05
réspectively° For sarcémas the incidence was.0,04.a£'l690 rads
and 6.14 at 4006.rads; No sarcomas were obéerved at doses less
than 1690 rads.

Text~figure iegénd 2. Thé incidence versus surface dose of
éarcomas and epiderﬁoid carcinomas for ﬁouse skin at 88 weeks

-after irradiation.
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..Text—figure 3 shows the survival of hair follicles in the
mouse as a fqnétion of surface dose. <Folliclé surviyal and the
ihcidencé of‘étrophic folliclesyére expressed as éércent of the
'_nuﬁber of'normai follicles in an equivalent control area. Tﬁere
was'yirtﬁaliy no folliclé loss at 800 rads but_as‘thé'dose‘increased
."there was‘a.véry rapid reduction in follicle suxvival. The dose
forZSO% follicle survival was 1580 radéu The yield of atrophic
'foliicles was very'low'and the occurrence of these lesions was
essentially limited té doses of 1690 rads and greater with a peak
. inciéence of 7% at 2540 radé. It can.be seen in text~figure 3

that there is

o

similarity between the curves for the inecidence
of\epidermoidvcarcinqma and atrophic follicles in thé sense that
_fhe general shapes ére simiiar with maxima occurring at about the
same dose, i.e., 2540 rads° At this ‘dose the overall follicle
sufvival waé reduced to abo;t 15% of the number of follicles in
contréi skin, Text-figuré 3 also inéludes a curve representing
the size of the residual irradiated area as a perxcentage of the
equivaient controi.aréa. The'disérepancy between the curve of the
reéidual ifradiéted'area and the curve of follicle survival
_ihdicates that not éll of the folliéle~lethality can bevéscribed

to ulceration and gross tissue loss. [For example, at 1690 rads
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the follicle population was reduced to 25% of control while the
skin area was reduced to only 75% of control. This was evident
~on the whole mounts as large areas of epidermis completely devoid

of hair follicles.
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‘Text—figure legend 3. The dose~response curves in the mouse
at 88 weeks after irradiation are shown (as pércent of controls)
fof hair foliiéle sUrvivél (total and étrophic), the afea of
irradiated skin, and the incidence of epidermoid carcinoﬁas, The

data are related to the dose in kilorads at the skiﬁ‘surface.

DISéUSSION

| The results of this experiment‘cohfirm the reports of other
'ihvestigators that iOnizing.fadiation has a very low efficiency
for the indﬁction of skin tumors in thé-mpuse, and that the-
-;féw tumors thatAdb occuf are epidermoid ¢éarcinomas whereas the
majérity of radiation—induéed skin tumors in4the-rat are adnexal
(9, 10).

The reason for the differeﬂce‘in the radiation skin tunor
response of the twoAspecies is clearly related to the mérked
'aiffefence_in the pétterﬁ o% héir,folliclé injury. This is
illustrated by a comparison oflﬁhe data for follicle sur&ival.in

‘mice shown in- text-figure 3 with the combined data from a series

. of rat experiments presented in text—figures,4 and 5.

o
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lTeXt—figure 4 shows the total survival of all follicles
(normal and atrophié) and the incidence.qf atrophic follicles
for rat skin as a function of the minimum follicular dose which
is defined as the-smailest dose occurring within 0.3 mm of the_'
~surface, i.e., within the depth of the hair'fbiliCIé;. The
mipimum follicular dose was used because it best reconciled the
results of experiments with radiations héving diverse penetrations
(6, 7).

' Textefigure legend 4. The dose-response curves in the rat
‘at 80 Weéks after irradiation are shown as a funcﬁion’of the
r follicle dose (in kilorads)vfor.ﬁhe»survivél (in
‘percent of contréls) of tbtal follicles (upper curve)-and'atrophic
~follicles (lower curve). The total follicle survival curve includes

normal as well as atrophic follicles. The various experiments are

"indicated in the key.
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Thé foliicle survival curve héé a shoulder (extrapolation
number approximately equal to 5),_ané 50% survival occurs at a
dose of just under 3OQO fads° There is éonsideraﬁle scattering
- of the points for the incidence of aﬁrophic follicles in the
-vicinity of the.peak incidence. The_curve shéwn in text-fiéure 4
QQS'drawn through the average of the points and_the best estimate
of the position éf the maximum is 2700 + 706 rads.

.The tumor inciéence»as a fgnction of ﬁhe minimum dose to the
ﬁaif follicle for rat skin and the curve for theAinciaehce of
damaged follicles from text—figuré-4 are shown in text-figure 5.
The appe te congruence of the two curves demonstrates Ehé
correlation between tpmof incidence and'atrophicAfollicle
incidence for rat skin for éeveral different'types of radiations.
and skin{penetrwatior}’.depths°

Téxt—figure légénd 5. The dose~response curves iﬁ the rat
at 80 weeks after irradiatién are shown as a function of the
~minimum foilicle dose (in kilorads) for the incidence of epithelial
skin”tumors (tumoré pér‘rat) and the incidence of atrophic follicles
kpercent of éontrol). The vafious experiments are indicated in

the key.
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There’ére 2 major differencés betweeﬁ the follicle injury
and tumor response in the mouse compared to the rat: (1) as
shown inAtext-figure 3, there is-virtually no radiati§n~induced
foliicle atrophy in the mouse skin; by and lafge, either £he
follicles rémain intact or they are completely destroyed; (2)
the mouse hair foilicles are much more'radiosensitive'ﬁhan those
of_the rat. Téxt—figure 3 shows that thé surface dose for 50%
-'survival of the mouse hair‘follicles is lSOO.rads which is

‘équivalent to a minimum follicle dése of 950 rads.. This-is to

. be éOmpared with a minimﬁm folliclé dose of 3000 rads in theArat
for the survival of both structurally intact as well as atrophic
follicles énd a minimum follicle dose of about 2200 rads fof the
survival of only thoéé folliclés which remain structuraily intact,
It,is.perhaps more appropriate to make the survival compérison~
.. on fhe basis of Strﬁcturally intact follicles since the incidence
of atrophic follicles in the mouse is negligible. Regardless of
“how the compariéon is made,'the sensitivity of the mouse hair

~follicles is at least double that of the rat.



-18-

For reaéons-unknown the few atrophic folliélés that do occur
in the mouse are found at doses wﬁeré the totél follicle survival
ié very-low° 'In thé rét the peaﬁ atrophic follicie incidence
~occurs at a levél of follicle survival of about 60%. In the
mouse the corresponding peak occﬁrsAat about{lS% fdilicie.survivai;
Nevertheless, the correspondéncé between atrophic folliclés and
tumors is not gréatly different than in the rat, i.e., in the mouse
 £he nunber of atropﬁic foliiclés per epidermoid carcinoma whén
a§eraged for the 4'highes£ dose groups was 7200.(0 = 2400). This
f“ratio ié only abégt double thét which occurs in the rat for

rfv‘-\i-(-'l-.-r_\T il clkin

tumors .,
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" The maximum .tumor incidénce for mouse skin is very low, i.e.,
6.14 tumors per ﬁouse (text-figure 2) compared to 4.0 or more for
rat skin (text—figufe 5) which is about a 30 fold excess of rat
tumors compéfed'tq mouse tumors-° One contributing factor to
'tﬁe différenceAﬁight be.the compafatively small size of the mouée¢ 
The4£elative préportién of the total skin éurface that was
irradiated was roughly‘comparable for the two species although thé
-actual irradiated area in’rats-was much greater at 24 cm? than
.that in the mouse aﬁ 4.5 ¢n?. Approximétely 15;000 follicles
were irradiated in the mouse compared to 60,000 follicles in the
radiation experiménts with rats. Thus, tﬁe number of irradiated
follicles and thévirradiétéd areé‘were about 4 and 5 times greater'
'respectively in the rat. 'EVen aﬁter correcfing for the difference
‘ingareas, the epithglial}tumor incidence for fat skin egceeded
 that'of,mouse skin 5y abqut"G fold;

On'a per unit area.basis, ghe susceptibility to saréoma induction
was ﬁot significantly differént for mouse and rat skin. The best
estimates‘ére.as follbwé: for mouse skin the average number of
sarcomas pef cm? in the dose éange from 1690 rads to 4000 rads
was—0.026 + 0.02 while the comparable figure for rat skiﬁ in the

dose range from 1500 rads to 6000 .rads was 0.10 i 0.005.
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:-The relatively low tumor yield for mouse skin compared to
rét skin cénlbe attributed solely to the lack of fdrﬁation of
adnexal (hair folliéle) tumors,"Text—figure 6 shéws the épidermoid
carcinoma incidence'per animal as é function of surface dose for
 rat'§kinvfrom the eXperimenté referred to in'text—f;g#res 4 and 5
4and.for méuse.skiﬁ aftér multipiying by 24/4.5 fromitﬁe.p¥§sent
-experimento It can be seen from the déta in text-figure 6 that
':there is_nb'signifiéant differéﬁce in epidermoid carcinoma
. incidence per unit area for moﬁsé and. rat skin wﬁich means thét»
‘ the elévated incidence.of-epithelial tumo;s for rat skin was due
‘.éo].e],v to the occx;rrence of adnexal tumors. N
Text-figure legend é.‘ The incidence of epidermoid tumoré
 f6r rats and mice, at 80 ana 88 weeks respectively after irradiation{
are shown as a fﬁncﬁion Qf theAsurface dose. The mouse tumor
.incidenée data has ﬁeen scaied up by a faptor of 24/4.5 to correct
for thé difference in the irradiated areas. The rat data was

from the same experiments used in text-figures 4 and 5.
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The lack of formation of adnexal tumors in mouse skin may be.
felated.to the.ihability to form atrophi¢ (damageqj follicles.
In rat Skin atrophic follicleé 6écurred at intermediate doses and
ségmed to represent anAintermediate stage of damage,'whereas in
domparable dose fanges for mbuse skin, relati?ely fewfétrophic
.folligles formed even though many follicles wefe completely
idéstroyed,A At hiéher'aoses a low incidence of atrophic folliclés

was found bﬁt only at the. edges of the irradiated area.

i
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The expianatipn for the relative laék of formation of atrophic
\ follicies in mouse skin is unkann buﬁuit canﬁét be rélated simply
to the iﬁcréaéed sensitivity o% the mousé‘folliclés to.the lethal
aqtion of thé radiation. Our currénﬁ hypothesis is that the
~radiosensitivity of the'cells af.the varioushievéls 6f the hair
follicle is reléti&ely ﬁniform in the mouse so.ﬁhat tﬁe féllicle
‘tends to be desﬁroyed completely or noﬁ at all. 1In tﬁe rat,
'however, there‘is.aiﬁendency for the destruction to progress from
the lower end of the foliicle toward the surface.. The hair gérﬁ
'of'the‘folliclertendS«to be destroyed éeléctively at'lowér doses
leaving a scbacecus gland aha folliclé orific, atﬁached to the
skin surface; with more severe damagerthe follicles tend to be
féduced to stumps offepitheiium'attached‘to the surface (i.e.,
without a sebaceous:glandf. It is this latte; form of follicle
*étrophy whiéh is also founddin the mouse at high dqées in
association with epidermoid t&mofé;'similarly, in the rat, the
‘epithelial-stump variety of atrophic follicle is associéted with

a bredominande of .e-p‘ideziﬁmoidfumor.s° |

¢
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It is not clear whether the mouse fails to produce adnexal
tumors because the relatively high sensitivity.of the follicle
for lethal démage precludes the éurvivai of cells.irradiated at-
effective transfbrmiﬁ§ doseé or because of the inability to form
atfophic follicies° Evidence obtained from experiméhﬁs where the
irradiations wefe‘done on the rat skin with the hair'follicles in
the ;esting stage suggests that atrophic follicleg might be a
" necessary féctor in‘ﬁhe tumorigenic process because of the
felatively constant pfoportionality betweén the incidence of

-

. atrophic follicle and tumors under conditions where the dpsé

distribution along the follicles varied widely (1, 8).
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FIGURE LEGENDS

. Figure 1 -

Figure 2 -

Figure 3 -

The incidence (in tumors per mouse) of epidermoid

carcinomas and sarcomas with respect to elapsed time

- after irradiation. -

The incidence versus surface dose of sarcomas and.

epidermoid carcinomas for mouse skin at 88 weeks

- after irradiation.

The dose~-response curves in the mouse at 88 weeks

'after irradiation shown (as’percent of controls) for

"hair follicle survival (total and atrophic), the

area of irradiated skin, and the incidence of

epidérmoid carcinomas. The data are related to the

- dose inAkiiorads at the skin surface.



Figufe 4 -

Figure 5 -

‘incidence of atrophic follicles (percent of control).
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"The dose~response curves in the rat at 80 weeks

aftéf'irradiation are shown as a function‘of the
'minimum hair follicle dose (in kiloréds) for the
éutvivdl (in percent'of controls) of total follicles
(uéper cur&e) and afrophic follicles (IoWer curve) .
Thé total follicle survival curve includes normal

és well as atrophic follicles; The various

experiments are indicated in the key.

The dose-response curves in the rat at 80 weeks =~

after irradiation are shown as a function of the

. oy . ~ . CYRR I S S - . K v
P Tt S A A R AR R A LT L. a3 Coet L AN L oot Mol b
e et tae } s - o g R Sl \

Seles ey L
L e b A S

of epithelial skin tumors (tumors per rat) and the

4

" The various experiments are indicated in the key.

Eigure'6-v—

The incidence of epidermoid tumors for rats and mice,

at 80 and 88 weeks respectively after irradiation,

‘are shown as a function of the surface dose. The

mouse tumor incidence data has been scaled up by a

factor of 24/4.5 to correct for the difference in the

irradiated aréas° The rat data was from the same

experiments used in text-~figures 4 and 5.
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