
♦v*- •

1720 DECLASSIFIED -

- 1 -

Health and Biology-Gen s ra i

Contract Ho. r-35-05B eng 71 33445
ft » «

BIOLOR* nECrrOH OF RESEARCH 01713101

* * *

TT*E firwgft.^ PTC TIKE OF ITBHDT ‘.TTON D r \ c v  ?C; TISSHgS

Part j> Superficial Radiation (Bata rays)
Part I I .  Penetrating Radiations (Neutrons, Gamma rays)

P. S. ffonaha* and R. S. S n id e r^  
Clinton Laboratories, Oak Ridge, Tenn

Date Received: 7/8/47 Date Issued: 7/8/47

CLASSIFICATION CANCELLED
Dan........m m —
Fos^Taa Atomic Emcbot Ohuusskmi

_ J  _______ ---------
DtbLASSIFlED



c

Part 1. Superficial Radiation (Beta ray a)

Introduction

Features of the Skin

Composition! formal skin consists of two general parte, 
the epidermis and the dermis* The epidermis is made up 
exclusively oi epithelial cells v hich ore usually 
arranged so ae to shot* four recognisable layers of cells 
The first is the stratum gernimtivua, the germinal 
layer ..hich gives rise to all the other cell types in 
the epitnelium; the second is the stratum mucoaum. con
sisting of larger and more rounded or cuboids! cells w m
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(sometimes called stratum raalpip.hli) ; the th ird  i s  the 
stratum gramilosuir. comprised of fla ttened , some time a 
a n n u la r , c e l le ;  ar.d the fourth i s  the s t r  >tun corneum, 
the horny surface layer, for purposes of sim plicity  
we may omit the stratum granulosun since i t  i s  usually 
absent and refer to  the other layers as the permInal 
(or basal) lay e r, the interm ediate layer, and the 
corneal lay e r, these layers vary in  depree of iccentu- 
ation in  d iffe re n t species and msrpe more or leeu smoothly 
in to  an o rderly  pattern o f d iffe ren tia tio n .
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M H ^ H H H H H II lM ie d la te ly  beneath the epithelium i s  the derrw, which

I s  composed mainly of connective tissu e  and blood vesse ls .
d€naa then is  i  sustaining base for the enithelium 

ind i t s  eeneral condition has an Important be«r1np on the 
function o f  the epithelium.m sm
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y Normal d iffe ren tia tio n  o& eplthellum r  W apranm aticallj t  

the etepe in  d if fe re n tiitio n  of epithelium may be 
represented as shown in  figure 1.
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Diagrammatic arrangement of c e ll types in  t h r  
epidermis. showing progressive stapes of d iffe re n tia tio n .
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r  i c i n g  * * xvw  v i  vn juL o  '• .(iJ .cn  o v c r o a  n r u i i  ic v j  h o  w it s j  '
move toward and fina lly  comprise the surface layer o f the 
skin. Since the outer layer i s  made up of non-viible homy
c e lle , I t  l e  appropriate to regard the progressive change 
as one of d iffe ren tia tio n  which culminates In c e l l  death .

such a process, the germinal layer must form two types 
: °[ C«H** ( l ) c a l l s  which become d iffe ren tia ted  ao ju s t  in*

f  as one 01  aiijrerentiatj.cn wiucn culminates in  ceil, ueatn . ■ I  )

■  1 K ....■ ■ ■ ...
j S f e  d icaU d , and (2) new germinal c e l ls  lik e  theaselvea which ' n t :

in  turn produce more germinal and more corneal c e l ls .  There 
oust continually  be a residuum of germinal c e l ls .m a
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Figure I
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m i In addition t t  fornatim  of the homy inte<?jment, the epi
thelia l layer givea r is e  to opacial organs such ae hair, 
teeth, nails, scales, feathers, beaks, clavs, aebacious and 
rurmary rlands, etc. In a l l  these Instances, likewise, the 
stratum germinitivun is  the source of ce lls ; i t  rives rise 
t0 particular ce lls  that bee one modified to form the 
special parte. Damare to either the germinal or to the in ter
mediate layer may lead to abnormal structures.

es: The ukin may shor. three ventral • 
es: failures, anomalies, and excesses.

Failures of the akin ure manifested as drying, scaling, 
fiasurihg, lessened resiliency, reduced re ite ra tiv e  came- Jfg 
i ty  ond inability to grow appendages such as hair or nails. 
Changes of thiv type can resu lt fron functional defects i  
ir. the derma or stratum yerminativuo, or both.

’ ’ i  ;' v v
Anooalieu, such no badly formed nails, poor quality of hair, 
poorly developed teeth , and the like, resu lt from improper 
differentiation of the* eritheliupj hence, these charges are 
due to  the Inherent condition of the cells of the basal 
l'*yer.

pas of abnori

Excesses result freer, overgrowth or overfunction. All the 
a fe ; e e ll  components capable o.‘ dLtosis con manifest excess 

growth. Let us consider the consequences of excessive 
ac tiv ity  In certain of the eell layers in simple skin. Ex
cessive activity of the intermediate layer would lead to 
thickening of this lay;* ana in some cases to uhuaual for- 
oatlon of squamous. When th is is  confined to the surface 
there may be piling up of horny material with consequent 
keratoses, ’.hen there i s  a folding of the surface tissues Si 
and the process of keratinixaticn continues, the squamous 

. materials are throrn into circular "pearls" embedded v . l th
in  the tissue masses and recornised as acanthema. If  this 
condition is  accompanied by dot* grorth i7ftR extensions into

■



m i

other tissue ports, squamous carcinoma is  obtained. lhe 
middle layer noy also underro excessive prot/th *ith a ten
dency toward glandular manifestations, hence the pro* tbs 
that result are destrc ted is  idgfioma* The histo lorical 
picture in these tuners spy rese-fcle marmry glands, se- 
bicious glands, sweat glands, or even !»ir fo llic les. I t  
is  important to note tb t  in these instances the newer of 
nrcliferat.lve grcr-th is  retained by the differentiated^ 
glandular structures and that l i t t l e  or no dene^dence ie 
placed cn the stratum per^initivUn tt6 the source of ce lls .

Occasionally the stratum germinalivun itsel.* m.y undergo 
excessive growth ; i th  the cello shovinr l i t t l e  tendency 
to d ifferentiate, and recultlnp in a tumor tyne known as 
reticulated epithelioma. The histologic oicture here i s  
one of primitive cells ohov.inr thickening and extensions 
of doT4npror.th. The clinical picture in  this type of tumor 
is  interesting in thnt the behavior is  essentially op
posite to that of epithelisation in  wound repair. In 
humin betnro, the early epithelioma lesions appear as 
broader flattened elevations or is  multiple ssr 11 thick- 
eninpt which coalesce, if  ter a period, rhlch may cover 
several ye.rs, the lesion r.xy ulcerate dUrJUvin* i 
etuncLerUiic redent.ulcer with a remarkable tendency 
to remain superficial. This neoplasm destroys the skin
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down to superficial fascia where i t s  progress is  long 
restrained. Extensive fibrosis of the base my lim it

m |§

the downward growth and a t the some time obstruct uny 
natural or a r t i f ic ia l  effort a t cure.

- - Jv:a;u-•
In those forms th a t have pi«\ent ce lls  in  the skin, ex- ; & ^  JL ^ J j
oesslve growths in  the stratum granulosura may aloo occur,
giving rise  to c lin ica l forns known as xeroderma plrmen- I
tosum (malignant freckles) and malignant lentigo.
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Lxcssslve growth in  general is  detrimental to the well being 
of a host organism. The degree of interference with l ife  
however nay vary a l l  the nay from inconvenience to le thal. 
Death from excesses usually result from malignant manifes
tations characterized by the pov;er of tunor cells to invade 
other tissues and the ability  of the tumor to metastasize. 
Death eventually results either from the involvement of 
v ita l organs or a generalized toxemia.

Kinds of Damaging Wantf

•V ,  • - ' . ' . .

Skin is  continually affect.d by ito  external environment. 
Excessive dryness or excessive moisture art less favor- Jpj 
able for the best skin function; likewise repeated trau
matic injury varying from the sligh test irrita tio n  to com
plex t.ounds a lte r  i t s  function. Thermal bums and sun
ligh t reach exposed parts, but except for excessive ex
posures a lters only the surface layers. Other types of 
agents such as chemical compounds and penetrating radi- 
at ions traverse deeply and may or may not affect the 
superficial layers depe*:dinr upon the oroperties of the 
agents used and the quality of skin acted upo^.« Hence : 
some correlation can be made between the type of agent 
employed and the Hind of daemge obtained.

•

_ _ _  .  _  _  _________
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Effecte of Pamirs on the Separate Cell Layers

I t  is  advantageous a t this point to consider in hypothet
ica l manner the results of damage to each oi the cell layers
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separately. Berinninp - t  the surface, the corneal layer Is 
l i t t l e  affected by do6es o f amenta which t i l l  a e riru s ly  a f* 
fee t the tissues beneath, th is  is  because the com eal la y tr  
is  a&de up o f c e lls  t h ; t  are already non-viable. The in te r
mediate layer and the stratum j^ranuloaum (when present) are 
rade up o f l iv in g  c e lls , lien any appreciable number o f 
these ele-.ento are destroyed a t  a riven t in e , a break re
curs in  the chain o f d if fe re n t ia t io n . I f  the squamous wears 
away, as i t  doss in  normal l i f e ,  there is  an in s u ff ic ie n t 
quantity of maturing c e lls  to  replace those th a t disappear, 
end fo r  a period there iu  an area o f immature skin exoosed; 
rhere the stratum te n d liU ln m  is  not destroyed, the damned 
layer is  soon replaced , by iiew* c e lls  and a new la y e r o f 
squamous is  established, The stratum germinativum is  l ik e 
wise made up o f l iv in g  c e l l6 and, as already aolnted ru t, 
is  the founta in head ol' c e lls  fo r  the wholf epithelium . 
Complete destruction ot th is  layer leads in  time to  an open 
u lce r as there are no c e lls  remaining in  the area fo r  re
placement. Ho filin g  in  such a case must take place from 
the margin by la te ra l extension o f e p ith e lia l sheets from 
the periphery o f the round so as to lay down a ne« epithe
l i a l  f ie ld .

In  order to  be tte r understand the carcinogenic ac tion  of 
ra d ia tio n , le t  uo consider alco the action o f chemical com
pounds. I t  ia  novr w e ll knemt t i n t  reoe’.teri nnp lica tion  
o f ce rta in  coal ta r  and other products to  the skin - i l l  
e l i c i t  d iffe re n t k inds 'o f sk in  cancer, ’“hen these . nrorivete 
are painted on the skin surface a la rre r n rcoortion  of 
e p ith e lia l growths are obtained, ..hereas when they are 
planted or in jected subcutaneously a greater nronortion of 
sarcomas are derived. Th is surrests tha t ‘ he c e lls  ire 
acted upon d ire c t ly  by the agents,.

V.
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I t  Is of inUrest also that precincerous conditions apoear 
to br* developed '..hen the virloub ClTOlnO* nic hydrocarbons 
are irmlied i s  a forerunner of the fu ll  blo-n cincerous 
conditions. Usually after ’.he A^nts have been anolied 
once or tv ice a week for sever <1 weeks, the skin ;iho*.\s evi
dence e!’ injury In the.loro 0 mild ulcer tion . T* treat
ment ie  discontinued at th is  at «*e, the lesion i l l  sub
side and dican-ear5 whereac i f  It i s  continued skin car- 
cineft i i l l  develop. *'or cover, skin c rctnona may be in
duced ?n the second nhise of tre:«trent hen tre tnent con
s is t s  of nothin* more th in mild heat ip l ic a t^ n  (hot 
water in * teat tuoc 1 i:i across tha wounds)^'.

? flM t illuminating experi..ef;t Htu bosn carried out by 
drrf-.fi. ‘-nail paraffin p ellets were prepared, sane oi* 
rhich were plain, others o:’ which contained non-carcinorenic 
hydrocarbons, and s t i l l  others of which contained certain 
curcinor-nic hydrocarbons (iaettiylcliolunthrsne;. These 

•pellets were Implant»d subcutaneously in animals, and tissue 
sections were prepare a t different times to determine the 
course of the reactions. The plain pellets and those con
taining nort-carcinorenic hydrocarbons ware found to ? lic it  
the usual foreign-body reaction leading to enclosure of the 
p e lle t  within fibrous connective tissue in two to three 
months. After th is , the reaction was complete and there were 
no further chanrea  ̂ re ll« t s  containing carcinogenic erents 
on the other hand prevented satisfactory encapsulation.
There vas an inadequate formation of fibrous miterial and the 
collagen formed was small In amount and loose in  texture.
The connective tissue beyond the point where a capsule was 
expected to form, showed evidence of irritation  and remained 
in  a mild state of inflammation. After setae months, foci 
of secondary cellular proliferation appeared beyond the 
primary lesion at a distance from the pellet and i t  wis from 
these areas that sarcomas developed. I t  was sugrested that 
the presence of carcinoren tended to restr ic t the usual 
tissue reaction to a foreign body, thereby preventing ‘in effective
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and sa tis fac to ry  «nd-polnfc In the healing procoss from being 
reached. The uur rounding connective tis su e s , being rield 
under a constant stimulus for re p a ir , eventually gwvt way 
to neoplastic growth.

Thus, one sees in  chenlcal careinorenebis the features of 
mild in 'u ry  together with incomplete h ta lin r over a long 
period of tie * .

Physical Carcinogens (Irrad.lalion)

Under the general heading of auperfiol& l irrad ia tion  may 
be l is te d  eun liph t, u ltra v io le t, beta  ray s , cathode rays 
and soft x-rays. *~e shall deal with the carcinogenic e f 
fec t of the l a t t e r  f i r s t .

Cancer of the akin reou ltin r from exposure to x-rays was 
observed as early  os l$ 0 £ w  which was within six  yeors 
a fte r the discovery of these rays was .announced.

•dually , the x -ray  exposures of the patien t observed were 
received in  the year 1B76 and lasted  fo r several tours 
each day a t  a  short, distance frew. a low vacuum tube. After 
some weeks of such exposure the h&nQ* became rea and dry 
and soon were pain iu l end greatly  sr.oU.en, despite the ces
sation of exposure. The naUa became dry and s tr ia te d , 
then oof tenet! and finaU y sloughed off> "'ithin a few aontlv  
b lis te rs  formed and sloughing of skin areas began. Treat
ment of th is  case , like  that in many o tte rs  since ran a 
tragic course of excisicn , fra ftin g  and amputation.

> lb .ich ^ ) in 1909 used txc&«jd tis su e s  from r«rsons with 
la te  x»ra? derm atitus and made n ca re fu l study of histolopicaX 
changes therein . Comparing the tissu es  o f normal ekin vdth 
those oT lesions iporoac»ing the cancerous s ta te , he

i'jfe



*

- u -

described four types of modification: (1) A thickening and 
dotmgroeth of epithelium: (2) a rarific..tion of the loose 
connective tissue imrediitely beneath the dermis, ch-iruc- 
terired as beinr in 1 state of inner foot repair; (3) vas
cular changes, consisting mainly of telangiectasia, loss of 
e la s tic ity , and obliterative endarteritis; and ( k )  itrouhy 
of the smooth muscle, mostly in blood vessels.

VolbtCh stated t tu t  in g..neral the increased thickening, of 
the epidermis and the production ox v^rt-like growths with 
keratoses and dot.nr.ro-..th are oatst explained ab the result 
of constant, active, proliferative repair Cilled forth by 
the continuous occurrence of untill defects in the under- 
lin in r coriua. In a la ter paper "olbachW stated that 
"the outstanding factor of imjxjrtanceis that conditions 
are continually occurring th a t r i l l  ca ll forth proliferative 
activity of the epidermis gre tly  in excess cf the rate of 
normal pro lifer tion", and inferred fchut the acquisition 
cf aalimimt properties is  not sudden but is  gradual during 
the ccurce of years.

Histologic chanpes in the skin and underlininp tissues f'oi* 
loving exposure to icniring radiations have been forked out 
in  soot d e ta il by Montgomery(7).

Soft x-rays penetrate well beyond the surface epithelium 
and afiect the dermis as se ll  as the epider-is. Hence 
clutnget in epithelium may be secondary to changes in 
blood vessels and connective tissues beneath. I t  is  of 
particular in terest then to consider the effects of radi
ations which are absorbed mainly by the enithelial layers.

Sunlight as a possible causal agent in akin cincer has long 
been recognised., The preenneercus condition called neaicer^a 
Skin has been attributed to continued exposure to l i r h t .  
31uai'8) stated that, while fee oppose the idea th-.t. sunlight 
ciy be an etiolo^le factor in cutaneous cancer, opinions 
vary regarding i t s  relative imoortance.

v
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Blum summarised the conclusions of v r io u s  vorkers "is fe l-  
lo r s : " ( l)  cancer of the skin occurs p rinc ipally  on m rts  
exposed to sunlight? (2) c mc*r cf the skin i s  more n rt-  

.len t in outdoor verier a ; (3) the incidence cf c.ncer of 
the skin is  greater in  regions of the earth  rhich receive 
the g r t teo t insolation? un«! (4) cancer of the skin occurs 
mere o fttn  in  blondes than in brunetes” .

* MucKee and C ip o ila r© ^  rive  a description of nrarmers »ndp |
s a i lo re 1

K

s j m

akin* on exposed a re is  of ad u lts , aou tly  middle- 
aged nnd e lderly  persons rho have been exnosed tc  the sun 
for iviny years- The skin b-C'mea wrinkled and dry, showing 
permanent le n tiro , t e lm r ie c t .s ia ,  and rh i te  sc lero tic  
soot* . The lip s  are ap t to  become dry vnd f issu re  easily . 
Keratoses of the senile type freauently develop in such 
sk in . The condition bear* seme resemblance to chronic 
derm atitis , F/'lthelicma, often of the squamous c e l l  type, 
dewr.loos commonly from firm ers ind aailo ra  sk in . Preceding 
the onset of active growth, dep.ener ition and atrophy of the 
connective tissue  occur in  the upper layers of true ukin. 
The epidermis i t  someth.,t atrophic except in areas where 
keratoses are developing.

mKmm
are s t i l l  more instruc-

K

Experiments with u ltra v io le t  l ig h t
t iv e .  D lu»(W , giving repeated exposures f iv e  times weekly 
to  'nice, was able to induce tunors cn the ears of mice in 
100£ of the animals. Both c ircino.-vts tnd sarconas were ob
ta in ed . The in te rv tl  between the beginning of treatment 
*nd the appearance of tumors was shortened ( to  3 or 4 ornths) 
by increasing the d ; i ly  dose up to a  c e rta in  l im it .  In
creasing the dose beyond th is  point Droduced no further 
change in the induction time. Other experiments shewed 
t in t  I f  the tre ilr.en t schedule rao in terrupted  or r-tomed, 
the induction time van 1 'rwer nnd t in t  i t  varied inversely 
with the number of t re  t*vnts a l l i e d .

Blum *nd his usseci .te» (^ -) wert able to  obtain tumors with 
only b ligh t evidence of precir.ce reus lesions. They pointed 
out th- t  with large da ily  noses the tissue destruction ore- 
ceding tunor fomstlOS rrirh t be severe, whereas *. i th  snail 
da lly  doses i t  night consist of nc no re than a  s lig h t hyper
p lasia  with no skin abrasions or u l :e r s .  They staged in 
f i c t  " i t  i t  d if f ic u lt  to  uny th . t  hyperplasia i s  an essen tia l
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factor for tumor formation, or oven that the two processes 
are directly re l tedfl.

Vithout attempting to give figured, i t  may be aaid tha t 
the epithelium 01 no*t okins is , or a t  least very nearly 
totally absorbing lor the active components of the visible 
and ultravio let ligh t. Blue rude a series of r.easurenents 
on the transmission of ultraviolet lip h t in the skin of nice 
and decided that a significant proportion actually reached 
the derma. He offers this as in explanation for the fact 
that some sarconac were obtained ilonr vith the carcinomas 
in the ultrav io let treated animals, i  ;

'Pie interesting r.e-*: findings by Riper vith nhonnhorus (p3^) 
beta rays provide certain additional fsoturesW . The half 
value thickness of tiosue for thic particular radiation is  
approximately 0.8 mm., which is  v e il t.ithin the derma, and 
in rat skin is  near the base of the hair fo llic les . Raper 
obtained both sarcomas and carcinomas, the la tte r in much 
h ir4,er frequency, and after single apnlications of the 
rudiation.

The beta ray induced tuooro began to aooear at about 4 
nenths after treatnent and arose from uo.ttered discrete 
foci on in tact akin. ~hen sinrle doses of 4000 rep were-> 
used, no gross changes were r.ot*d in the skin orevious to 
tumor fornation. ~hen the dosee were 5000 reo significant 
skin damage was noted, \t  three to four weeks ttiers was 
epilation v ith  some desquamation which was frllov/sd by a 
fairly  normal hsAinr nt rerrowth o ‘ hate- id thin four to 
six weeks. The okin in these animals then r ’mined fa irly  
normil un til the tumors began to appear*

In resume1. the eireinormie action of beta rays finotara to be 
different from that of chemical compounds as no visible in lory 
need necesoirily precede tumor formation, aid different from 
t ‘r. t  of u llr  ivlolet light in that a single anolic .tiun cf 
the arsnt io bUiliciont to induce tumor*. since aLrxst svery 
known type of epithelial tumor pau obtained vith beta ruys 
i t  npoeare that colls ol t?ie okin \t practically every level 
of differentiation can be induced to indignant behavior. 
Various tynes of cello aro wrenched from their o rr^ iaational 
mooring and impelled to assume a different type of activ ' ty.
I t  ift pertin-mt that v.ith dully treat: ento of 50 rep per day, 
tumors should arise in the face of exoosure after several 
months.

*  m A *-***rmi i *i* n i



mm- ; I;
i I;

-1 4 -

m SSl Summary

M

m  i
■
»$

iiH

r : r ^  ̂ / . '

■ . ■

.

* .
.. a B B

ifeiii

The pertinent fa c ts  a s .cc iu ted  a t  th is  t in t  w ith Induction  
of skin  tuners v.ith su p er fic ia l rad iations may be lis t - id  
ae fe llow s:

1 . I t  i s  important to remember t b i t  skin consista  o f layers  
o f c e l l s  v.ith t h i  Terminal la y e r  a t  the base, and th-.t the 
gem in al layer n r .l if e r a te s  other Terminal c e llo  and c e l l s  
which become d ifferen tia ted  f i r s t  to  form an interm ediate 
layer and f in a l ly  the dead corneal layer,

2 . In the skin  there must con tin u a lly  be a residuum o f  
active  germinal c e l l s  ind a process of maturation to  death 
of c e l l s  in  order to  hive normal sk in  function*

3* Skin abnorm alities c o n s ist  o f  three types: (1 ) fa ilu r e s  
coniferted  a s  cryin g, scaliiu*, f is tu r in g , leadened r e s il ie n c y ,  
and reduced regener ative capacity; (2) anomalies such as 
badly formed n a il s ,  poor q u a lity  oi h a ir , and poorly developed 
teeth ; and (3 ) excesses involv ing overgrowth anti over-function  

# os in  neoplasia*IM jio
4 .vR ad Ia tion  absorb'd in  the skin causes damage prim arily  
in  the perninal la y e r .  When the dinage to  th is  layer  i s  
p a r t ia l , th e e f fe c t  i s  a skin fa i lu r e ;  the rernlnal layer  
i s  unable to  p ro lifer  :te encurh c e l l s  to maintain th e  in t e 

rnment v.ith the r e su lt  that th ere i s  drying, s c a lin g , T ie- 
uurinr, nosaible lo s s  o f h a ir , e t c .  Repair takes o l»ce  
from th e -flo o r  o f th* d.TT'<*ed area, however, rrrm liv in g  
germinal c e l l s  th at remain, *"hen damnre to  the Terminal 
liv e r  i s  connlete the e f f e c t  isrtcln s te r i l is a t io n :  not. 
cnl.v i c  there dryinr md scu lin p , but a lso  there i s  exudation, 
sloughing and u lcer formation. In th is  case h e ilin r  must 
b« from the edt e . a 3 no Terrain-j1 elements remains f f  f t  &
5 . Skin tumors o ften  ar ise  out o f  such wounds t h .t  have 
become refractory .

M m

6 , In the case o f  eu p erfic ia l rad iation s skin tumors (o f  
p ra ctica lly  every type) have been observed to appear in  animals 
that d isp lay l i t t l e  or no gros* evidence of skin break down,

'
. ■ '  j  ‘ -  • U .

7 . S ingle a o a lic it io n s  o f.b eta  rays have been observed to be

MM

carcinogenic, an mnv as 50 to  100 lo c i  of tumor growth being
produced on ra ta  that ordinarily  show no akin lesio n s*
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Part I I . Penetrating Radiations (Neutrons, ftjjtai rays)

Introduction

•\ description his been riven 0 >irk *•) of tumor formation and the 
accompanylnp chanreu th a t fellas*. applications of su p e rfic ia l 
radialiono to  mammalian forms. \  s im ilar description ia  riven 
hare of chanres which fo lio : exnosure to  oenetratin* rad iations 
and an ate.nrot is  m-ide to  indicate some of the s i l ie n t  features 
involved in the rrocesu of i r r  adiation in ju ry  and in  im d ia l io n  
carcinorenesis*

Relative Vulnerability of Tissues

Experience has revealed th a t when penetra tin r radii.tions 
are used to a ffe c t ma/jntalian organisms, e sse n tia lly  the 
same kinds of chmpea a re  produced irresp ec tiv e  of the 
type of radiation used -  th - t  i s ,  x-rays fa rm  rays, fa s t 
neutrons or s lo t neutrons'2*®), ‘lien such agents arc ap
plied  to  the hole body, lynphoid organs are amonr the « 
f i r s t  to  respond; ao a  ru le , some dampe in  the form of 
c e ll  d isin te rra tion  can be found Ln lymph nodes as e*:rly as 
ted  hour3 a fte r  doses as lov. is 25 to 50 r .

i
I
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The germinal eoithclium of the te s tis  is  almost as sensitive, 
alt..ough danar.e cannot be detected ia soon after exposure.
The erythroola3t and myelocyte of the bone mrro*. ore a l i t t l e  
sore resit.tant and the epithelial lining of the gastro-intestinal 
tra c t is -.ore resistan t s t i l l .  The susceptibility oi the ovary' 
v-ries consideraoly from specie to specie, and accordingly, 
cannot be readily f itte c  into a scheme of vulnerability. Suffice 
i t  to say th it the sensitiv ity  of the ovary ia  intermediate anong 
the other organs. Connective tissue and bone arc comparatively 
quite resistant as are the nature elements of the blood stream 
and organs such as the rvwcreis, live r, and kidney. At the bottom 
of the l i s t  are organs ouch as nerves, brain and muscle, Since 
the fate of organisms following irradiation is  determined by the 
more sensitive warts rather than the most resistan t, the dissuasion 
here v.ill pertain more to the former.

Significance of Cell Saturation

In the discussion on skin responses, i t  was pointed out 
that cells in th is  organ pass through various progressive 
levels o. differentiation and that cells at certain levels 
are more sueceotible to  radiation damare than those at 
other levels. 1 similar oicture appears in the germinal 
epithelium of the te s t is .  Near the basement membrane of 
the seminiferous tubules there is  a layer of aoermatogonial 
cells v.hich are parent types in the sense that they give 
rise  to  primary spermatocytes &hicn in turn give rice to 
secondary spermatocytes, these to sper.atids one finally 
the la tte r  nature sperm (Pig. I I . ) .  In th is  series, the urinary 
sperroatocytis appear to  be the most sensitive and sper.r^tigonia 
only a l i t t l e  less so.
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Figure II* Schematic arran;euent showing the order of 
saturation cf the skin and testlcual epithelium in 
mammalian forme.

Similarly, the nature granulocytes of the blood stream are 
derived through differentiation. The hemocytoblast develooa 
from the primitive mesenchyme ce ll and in turn rives rise  
either to-more hemocytoblasts or to  myelocytes. The myalo- 
cytec change rr'idually and become the prccursorr of nature 
pnnulocytes (F ir. I I I .)

Figure I I I .  '’chcmtic arrangement shewing the order of 
maturation of various seminal elerents of the mammalian
body. -"I ' t ‘ 1,1 f e ’r- •,

In the same manner, the mature erythrocytes develop by 
passing through progressive levels of differentiation a l
most identical to the mature granulocytes -  i .e .  mesenchyme 
cells to henocytoblasts to erythrobla8ts to mature eryth
rocytes (Fig. I I I . )

!tature erythrocytes and nature granulocytes are relatively very 
resistant to  irradiation damge but as in the case of the skin 
and te s tis  the younger cells such as Iwmocytoblasts, o-elocytes, 
and erythroblasts, ire relatively very sensitive. I t  is  em
phasised, however, that the most ori Hive cell of them a ll  - 
the r.esenchy»ie ce ll -  is  <|jite resistant to irradiation injury. 
I t  v il l  remain and be Junct ional following exposure t.hen most 
ol the ottier elenenls )t»ve disappeared.

\ % ^ v
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Figure III.
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The lymphocyte series can, r.ith appropriate consider it ion, 
bo fitted into the same scr.cme. The primitive resenchyae 
cell (parent to both tne myelocyte and lyr.ohoc*'tte series) 
is resistant ithile the large lymphocyte (identical rith 
nenocytoblast), the medium and small lymphocytes are very 
susceptible to irrigation in’ury. It is not entirely 
clear which is the mature cell in the development of the >|! 
l.'wnhocyte series; hence, cnc cannot rcrrelite uith certainty 
the stare in development v.ith radiosensitivity. But, if as 
6ome believe, the l-mohocvte can develop into mature granu
locytes, monocytes, :nd pl-.ama cells, '-hich are resistant, 
then the lymhocyte Picture is consistent r.ith the others(n«. in.)
This general picture can also be a 'plied to the epithelial 
lining of certain parts of the gastro-intestinal tract be
cause cells neur the bottom of the crypts of Lieberkulin in 
the doudenum, for example, are more sensitive to radiation 
damage than are those in the upaer part of the crypt. It 
la interesting that regeneration of the single layer of 
epithelium takes place in or near the bottom of the crypt 
and nex* cells move upward along the neck of the crypt dif
ferentiating into goblet cells tnd into columnar cells with 
striated border*. These latter cells arc resistant to 
radiation damage.

M
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Figure III, is a diagrammatic arrangement shewing the pro
gressive changes of differentiation In the various tynea of 
cells. Iiereaa the types of tissues involved and the end 
products obtained are very different in each instance, there 
are certain features common to all. In each there is a source
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element and a process of obturation of cells to death. The 
source element functions both to maintain itse lf  and to pro
vide a continuous supply of cells for a particular pattern 
of differentiation *:nd use. Stress must be laid on the fact 
that the most prinltive cells ( i . e . ,  mesenchyme, e tc .) are 
irore resistant to  radiation Urn are the intermediate in a 
differentiating series , >s can be seen freo I I I . ,  the 
number of transitional stap.es in differentiation of t,he t i s 
sues mentioned varies, but the flovr from source to \  special
ized ce ll type and finally death io much the same in a l l .
I t  is  significant from the standpoint of susceptibility to 
radiation that these tissues are a l l  of the pener tive series 
and are at the some lima the tissues designated a3 the moot 
sensitive to radiation.

Nature of Irradiation Damage

I t  was pointed out for the skin tha t the cells of the basal 
layer are the most susceptible to radiation, and that injury 
to the belle of th is  layer w ill resu lt in poor skin function 
for a period of time or in a complete loss ol the skin in 
the exposed regions, depending upon the amount of raoijtion 
’pplied. a similar reaction takas place in each of the t i s 
sues or organs under consideration here.

•

The te s tis  furnishes an excellent example, .s emphasized 
already, there i s  a progressive sequence ol* differentiation, 
sturting r?ith the spermtoroidal ce lls  rhich in turn give 
rise to spermatocytes, spermtids and spern in this order. 
Breeding tests following the exposure of various laboratory 
animals to  radiation reveal periods of temporary or Immanent 
s te rility , ay.Vn depending upon the dose of radiation a l l i e d .  
Teats carried out to correlate the nature of testicular chanres 
with dose or radiation unplied have shev.n that the prir.-ry 
spermatocytes and sperm* to ror.ia are the f ir s t  cells to th ow 
damage snd dlcippear, As in-the skin, vhen an intermediate or

X
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source c e ll  drops out, the more advanced c e lls  complete 
th e ir  cycle of maturation md eventually disappear. Thus 
a fte r a la ten t in te rv a l, the tissue  or organ shoes a oeriod 
of injury or s t e r i l i t y ,  'hen an intermedi te  or source 
type c e l l  i s  the most vulnerable, the su scep tib ility  of the 
more mature forme i s  o f l i t t l e  consequence, as the effect 
of a bretk in the supply lu*s the appearance of destruction 
of mature c c l l t  also  by irradiation* Ib is  is  bee ,use the 
mature c e lls  disappear in the usual manner and, for u 
period at le a s t, are not replaced. The toreshold of dosage 
fo r te s ticu la r in jury  which c m be detected by h is to lo rica l 
sjeans In laboratory animals is  in the ran S of 100 to 200 
r  of x-rays or Raima r  *ys.' the s te r il iz in g  dose i s  4 to 6 
times th is  mount. From the else of the s te r iliz in g  dose, 
i t  is  olain th a t complete s t e r i l i ty  i s  d if f ic u lt  to obtain 
without i t  the same time nroLucinr other chanres th t  s i l l  
be le th a l.

The power o regeneration in  the te o tls  i s  extremely great, 
f te r  periods of s t e r i l i ty  ihen the sperm lie  tubules are 

almost devoid o. gerodt*! clementc, regrov.th of the epi
thelium will take p ltce  Jia the production of functional 
speie K ill occur apparently lik e  normal. i \

Irrad iation  damage to  the hemopoietic organs chous points 
of sim ilarity  and pointc of d iffe re ice  v.hen compared »:ith 
chan es induced in  the skin .and t e t t i e .  Small lymphocytes 
(as seer, in ..'dee) are the nost rad iosensitive  14)1 the f i r s t  
to  chow derersrative chin es following exposure, r* enerv
ating lyrphocytes may be found in  the l;»nph nodes and 
spleen vlthlr. 2 to 4 hours a fte r x-ray doses as lew as 50 r  
or le s s . The threshold doses for abet myel.id elements 
are  in the more of 10C to 200 r  and d icin tegr tion doee 
net ieg.ir> fo r several hours a fte r  exposure* The h ln i f p  

|  leukocyte levels in  the peripheral blood and the maximum 
aplasia c / the hemopoietic orrm s are reached i t  4 d-tys to 
1 reek. I f  the or f in ise s  survive, recovery to  •• erudition 
resembling normal takes place in most cases in 3 to 4 week?. 
Erythrocytes, having no nuclei snd being inunlm.te, so l o l ' ^ J  
speak, chow no s ig n ific an t d ls ln te rra tio n  following doses i  

;o f  a few hundred r .



The over i l l  picture so far as the henopoietic organs are con
cerned inpearo to be no follows. The source cello , that is  
the henocytoblaots, are secondary with respect to radioaensi- 
tivifcy, the more advanced ce lls  (erythroblasts and myelocytes) 
being more sensitive. ! en the doses of radiation are in
creased or repeated, the hemoc'ytoblast also dioaonea»e. Thus 
at 4 days to  1 week a stage is  reached at vhich the blood Is 
cowpoeed almost exclusively of erythrocytes, and the lymph j ; 5; 
nodes, spleen, and bone marrow are nearly devoid of ce lls .
The erythrocyte levelc for the moat part remain in the nor
mal range despite a regimen of treatment tb it  »i l l  practically 
eruoe the leukocyte components. This appears to be true de
spite the fact tb it leukocytes and erythrocytes spring from 
a common ancestral type ce ll.

Although the eryth/ ocyte lu not damaged particularly by the 
direct ucti;m of radiation, the question ariose oe to *«diy a 
fa ll in erythrocyte level does not occur when the snonly is  
cut off by the destruction of the ancestral hemocytoblast.
The explanation appears to l ie  in 2 factat f i r s t ,  tha t the 
m tare erythrocyte has a comparatively long life  and second, 
that recovery of the ab ility  to proliferate new erythrocytes 
le rapid. The life  span oi’ erythrocytes, according to re- g j  
cent data, ap ears to be 1 to 3 months. Hence, since the 
bone marrow even after extensive damage can return to ap» 
parently normal in 3 to o weeks, i t  io evident that a safe 
carry-over period exists for the erythrocytes when single 
treatments of radiation are administered.

.hen repeated treatments are given in such a manner so to 
shorten the I lf s  span significantly, ;'et not cause death 
within 6 to 8 months (a period well beyond the norral life  
of erythrocyte*), one night expect to see a downward d r if t  
in erythrocyte level of the peripheral blood. Although «*t$h 
a d r 'f t  does occur in a few species ( i .e . ,  guinea p i g e ^ ' ,

□
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uaually the normal erythrocyte level 1- maintained u n til  death 
or u n t i l  an abrupt anemia occur a ju*t before death '/ f i n  these 
la t t e r  cases i t  .culd appear tf t i t  a p a r tia l  bone narrow is  
able to  keep a fa ir ly  normal erythrocyte le v e l ,  but eventually 
rive  a .. ay in  a s ta ts  of exhaustion (aplasia unenia). the fac t 
t i n t  sens animals apparently die from i n f l a t i o n  in jury  with 
the normal erythrocyte level indicates th t  .p la s tic  ar er,da j  
i s  not the cuuae of irrad ia tio n  death is  a ru le , despite the 
fac t th it i t  may be Id iome in s t ncea.

Turning now to the ra s tro -in te s fin a l epithelium, the response 
cf th is  tissue to rad ia tio n  i s  Iso c lea r-cu t. 'inc.e there 
i s  much riilo tic  ac tiv ity  near the b-.se of the ergots urd since 
the c e lls  nature us the” na h th e ir  vtxy to  ‘he surface, i t  i s  
s lrr .lf le a n t th t  those c e l l  near the base are the eenrltlve 
cneu whereas those ne»r the surface are more re s is ta n t , “hen 
the d_mere to th is  layer io su ffic ien tly  great ihole o tehee 
o epithelium are sloughed aeay and i f  the areas are denuded 
in  wich u nar.i.er that re  overy cannot occur, n u tritio n  is  
iu te ri ered dr.h an<; death may re su lt ( i , e . ,  from th is  nd 
other commensurate in ju ries)*

Tumor Induction with Radiation

As in  the skin, abnorm alities of the various tis su e s  o* in
te rn a l orpins rviy be characterized as fa ilu re s , anomHes, 
and excesses, the most s ig n ific an t of v.hich 1*. the la t :e r .

'.‘I y ti: v * V * ' o V - *£ v > ' *, c • - 'i• * * v' ;; 1 , '  •v’h ' . ' ' c:' • «' - ■». * .•;!’ * - ♦v. - ’ . : f c , • . ‘ - ,

In the discussion thui? f a r ,  i t  has be n pointed out th t ,  
in  general, the lissues most vulnerable to  rad ia tion  Are f l  
tiicse th ,t have a normal ac tive  p ro lifera tive  function, 
and fu rther tha t the f i r s t  irrad ia tio n  effects* isere of § p |  
Injurious character to f ra g ile  and po ten tia lly  uctlve c e lls
I t  was also pointed out tou t malijinunt grot.tha cccuitqo In 
cerU in  of the doored  t is s u e s , although not a l l .  In s t .‘d ies

i



-25-

k

with mice and penetrating radiations ae used, only the hemo
poietic  organs were found to give a  re a lly  s im if  leant r i s e  
in incidence of rwlignant disease-

The cycle of chanrci. In the blood and blood-forming or .ns, 
aa indicated, com ict3  of a f i l l  in  leukocyte levels which 
begins vdlhin 2 to  U hours a fte r  exposure ^nd the degeneration 
of lymphoid nd myeloid elements beginning a t about the same 
time. Both of these e fects are progressive nd the time of 
muxijnu/n n .m e I s  read  ed in 1 to 7 d .y s , depending upon the 
(.use of rad iation  .nd the type of c e l l  considered. ; egrowth 
01 the nurrov. aid lymaiuid argons begins * t about 1 week 
u:»u the apparent normal condition iff readied agdn  a t  3 to  6 
weeks a fte r exposure, fteturn to  normal leukocyte leve le  i s  
reached fta a ru le  a t  about the some tim e. At U to 6 cunt he, 
death oegina to  occur with the animal groups e ither in a 
s ta te  of generallyed atromhy or neoplasia of hemopoietic 
orpins. In certa in  s tra in s  of nice the l a t t e r  consists \  ;r 
cw|nly of mediaati nal lymphomatosis with occasional reneral § | 
involvement of a l l  lynph nodes and spleen; in nost ca»ec 

I  the oeripheral blood shivs nr increased white count. In  V7;
the varituo otruino of nice thus ta r  studied the predominant 

:!ee li type in  these tu-iora huff been the t»*-CLl or nedium- . 
uiued lynphocyt.e.

In b r ie f , the eerjuence of events ia  as .'oil* vat (1) a 
period of degeneration and atronhy during the f i r s t  week 

|a f t e r  ( \  uiogle) exposure; (2) a  period of rec very ann^ N 
regeneration «iurin.* the .»econd mid th ird  wpokff) (3) a 
period of rciuonubly r.ormffl existence for several "itr.ths;

|  and \L )  general atrophy or neoplasia, ' }X0 i  ' ■.

fince the highest incidence o;' lymphoma ic  found in animals 
which suffered severe das are to the heieopoieUc organs, the 

t  question ic  raised  us to ’.'nether in ju ry  i s  u necessary fore
runner of neo i l . s io ,  end in lik e  manner '. heifer the exten- 
oive rern lr procesr. may bo a contributing fac to r. Vftlle

%r"
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1 the findings on hcnopoietic organs would tend bear out 

such an hyootheois, the re su lts  obtained • i th  the other 
organs are opposed to  i t .  In the te a t i s ,  the dwrVre oro- 
duccd «vU3 comparable in  extent to  th a t  in the hemonoietlo 
organs, yet no tumors of the te s t le  were found. Furthermore, 
ab indicated in  Part I . ,  tumore ci' the skin may be obtained 
with u ltra v io le t l ig h t  and beta rays shere i t  is  doubtful 
th - t  any tissu e  degeneration preceded the ncool.eia. In 
chemical c a rd  nopene ala of the sk in , long periods of imperfect 
repair rae a conspicuous fac to r but auch i s  not read ily  ap
parent in  ir ra d ia tio n  carcinogenesis of the hemopoietic organa 
rhere extensive rereneration has occurred. I t  aposars, there
fo re , th a t extensive tissue  in jury  le  not always a necessary 
prerequisite  o f tumor formation in  Irrad ia tion  carcinogenesis.

Discussion
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’.hen penetrating radiations from external sources, such aft 
fu st neutrons, alov. neutrons, and guana rays are applied to  
animals as small &» nice -he d is tr ib u tio n  through the ani
mal body io  reasonably uni Core. Under these ciruuuuitances, 
ua already made c le a r , the organs and tissues mat re id ily  
affected a re  tho ^lood-fer.ting components, 'the germinal 
epithelium ci‘ the t e s t i s ,  and the g u stro -in te stin a l mucosa. 
$kiii and bone by comparison a re  l i t t l e  a f f e c t e d .^ ^ h a a ^ g  
been emphasised also  t in t  following dam ge to  the 
orfnne r-cn tim e d , malignant growths are  confinod ro in ly  
to 'n ly  one of t e a s ,  the heroooietic (in  mice).

•Then other kind* and other eources of rad iation  a re  used, 
the major damage can bo shifted from the porle mentioned 
to  Other p a rte , “i th  beta rays fo r example, damage and pi 
tumor induction con be confined la rge ly  to  the cldn, and 

Jftith  ingested radiouclive m aterials having an a ff in ity  
for pa rticu la r organs, dnjftift and tumor formation can be 
confinod mainly to  particu lar in te rn a l organs.
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i i i i i i i i i  i i i i i i
I t  has oeen shown a lre .dy^) that with b e t» rays, more 
radiation can be applied to the skin without k illing  the 
animals, and that akin tuaors can be obtained in great 
profusion in this manner (in  Sprague-Dawley ra ts ) .  Simi
la r ly , as indicated elsewhere(*C), the feeding of radio- 
strontium leads to a greatly increased incidence of bone 
tumors in animals that show mainly lynphoaas a fte r expo
sure to  external sources of radiation*

I t  hac been found furthernore that the tuner spectrum fol
lowing irradiation w ill wary with different species of ani
mals. As indicated above, lymphoma is  the predominant tumor 

• type seen in certain atr ins of nice Pollowinr uniform ^ o le -  
body irradiation. In other studies with mice, ovarian tumors 
are most frequently seen. In addition, certain or Tins, such as 
the hemopoietio, u il l  respond readily to radiation in same 
strains or species whereas in others gre t  resistance is 
shewn.

The cycle of dun&ge and repair in the case of single and re
peat treatment# is  cpiite d ifferent. Followinp em 11 repeated 

1  treatments, instead;of sudden atrophy and fa ir ly  rapid repair, 
the evidence a t  any time for injury is  clinht. By intricate 
means, however, subliminal effects can bo demonstrated. I t  
would appear then th :t  when subthreshold doses are given over 
e long period of time, damage i s  produced as usual by irrad i
ation but due to the rate or repair when the damage is  

. e»»ll, the la t 'e r  is  sufficient to comnensite larrely  so 
that in 'ury often is  not aprtarent. By this means, an ani
mal might be pressed near to the limit of i t s  reserve capa
citie s  without showing extensive outward signs, yet under 
stress—as in combatting infection—be unable to ouster 

} 'g |su ffic ien t reserve to do so. |  Although generalised atrophy 
was not observed in the uninala receiving small daily treat- 11 manta, the experiments thus fur have revealed l i t t l e  Infor- 

, maticn on subliminal effects which are so very important 
from the st'.ridpoint of low grade injury and la te  effects.
There i s  need for much additional information concerning,

I whether vigor is  lowered, resistance to disease ie  reduced, 
or l i f e  span is  shortened appreciably by small daily  expo- 

N§ii sures in the accepted tolerance range.

. > 7 - '
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1. I t  was pointed out that the aost rodioseneitivo t is 
sues are of the generative type -  that i s ,  those which In 
life  are continually proliferating new cells which undergo 
maturation, serve a useful function for a limited period M m -  
' and ’ then dief

2, the skin, te s tis , hemopoietic organs, gastro-intestlnal 
epithelium and perhaps other tissue series show a parallel 
type of differentietif n . i th  these features In common.

3« In a l l  oases (with the possible exception of lymphocytes), 
certain parent cells (hut not necessarily the most primitive 
types), were found to be the most susceptible to  radiation*

4« P artia l damage to a particular tissue series results in 
a limited period during uhich mature cello are being foraed, 
whereas complete damage resu lts  in  s U r i l i e a t i o n # ^ i | | | | ^ |§

5* Recovery to an apparently normal condition takes place 
even '..hen the acute histologic destruction has been alnost 
co«8plet«#f ^

6. Subliminal daouge in the case of daily exposure may hold 
an animal nearer to a sta te  of exhaustion so that be is  less 
able to cope with a c ris is .

7. in im ls receiving large doses of r id i tIon (either «in pie 
or repeat treatments) die prematurely usually either a state 
of atrophy or rioppl-iuia* : v- » & .

8* /Then penetrating radiations are applied generally to 
the whole body, leukemia is  the predominant tumor type cb~

^  tainedf when only slightly  penetrating radiations are applied 
to the body surface, skin tumors are obtained; and hen in- 
tert'al e r i t t r s th a t  are bone seckoro are anpliei, bone tumors 

. are obtained, ’rH  /•'' - •
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