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ABSTRACT

e

Intermittent x~radiation administered in three K doses for ten successive
veeks tc RAP mice 418 not incremss the incidemce of leukemim. A total dore
of 100 P (10 R veekly) significantly increased the level. A total duse or
300 R (30 R veekly) incressed the incidence of Jeukemia only slightly but
not significantly over that induced by the 100 R total dose. The two leukemno—
genic doses of x-radiation (100 and 300 R) ylelded incldenmces of leukemia
scmparable 10 those folloving mean doses of perinatal gamms e:posure at 00
and 1000 rade. Fovever, comtimuous liretime exposure of iive successive
generationr to 30 reds wae by tar more effective than the higher dorec of
gamma or x-radistion. In these wide dimcrepancier detucen 1eukemogenic
effects of equal low doses of gamma and x-radiation, there arc tvo disparate
reotors: chromic verrus iatermittent exposure snd the populaticvus at risk}

young adult mice versus mice exposed from conception to deatk.
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Evmenac of a greater seasitivity of {mmature as amwed »ith mature

. mice fn not reflected in t:aw leukenic mcidcncc or in the gro)e:et;td liresgan

- of nonlukwie Blce fclloung 1000 vads perimtu gamma axposurse,

“Astde from the poasible grester arfecuwnesa or chronic expusure, the
importance of fndireet offects in euwsted by the greatly extended lifespan
of the 30 R x-irrsdiated mice es compared with those receiving 30 rade garesa.

. The force of comututional factors and/or an inhidbitory im'luence or
Bigh dcues is spparent fn the response of rute (MFDE atmiu) to vhole%ﬁy
smgu doses within the range of 700 to uoo R

Single rats, or ote of » parmbiotic pair thus treated, shoved only

marginal Sifferences fu incidence of laukemia aoapared «ith control m:,

end parabiosis alose ylelded & cowparsble incidence of leukstia.
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The leukemogenic ection of lov doges of vhole-body radiation iun miee
has bean demonstrated for gasma exposures, first dy Lorven: et al. {1, 8]
aad later by curselves (3], Intermitieat esbient expesures continucus
throughout 11fe of IAF, mice at the rate of 0.11 /8 k dey to & total dose
of 80 rads iuvdueced @ zignificent increase of lymphatic levkemia and reticulum
call carcome {2]. In our experiments, continuous lifetime exposure to
sabient gexma radiation at O0.062 red/é to an average dose of 30 R ylelded a
bigh leukemis incidence im RAP mice Wut not in AJAX mige {3].

The effect of cosparable low doﬁs of x-radiation svaite further study.
X-radistion-induced lymphomatosis iz mics, first reported by Krebs et al. (3],
vas later shows to bs {ncreassd by dosas of 200 to 400 R by Barmes &

Purth (%, 6].

%e present hers data cn the leukemogeuie effect on RAP afult mice of
vhole-wody fatermittent x-vediation in &oui of 30 to 300 R te b evalumteld
vith the response o gaame anbient redistion of 30 R to adult mice, %o
perinatal gamma exposiures, ssah doses of 300 to 1000 reds, snd the respoass
of the ras, less prove than the wouss to spontenscus leukemis, to lawge
doses~4J 1000 R of x~rediation.
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METRODE

X-rediation, provided dy a GF Maximar 2'0 kVp machine, iz dowes
totalling 30, 100 and 300 R respectively, war givean ia ten weekly intervals
%0 three series of 60-day-old RAP! miee of Doth sexes: 3 R (xry, 217 mice),
10 R (xR, 98 mice), 30 R (XRyg, 92 mice).

The gamme radistion previously reported vas from 6060 sources applied
consineously for differing pericds at different stuges of development ia
tvo vays: ambient from external sourses (3] asd perinatal from a souree
in the dam (7].

In a field of amdlent radiation from spaced 6000 sources at & rete of
0.062 rad/d sveraging & total dose per mouse of 30 reds, five gemerstioms of
unice vere exposed, the first from puderty to éeath, the four successive
generations frem conception 4o death (GA, 147 mice) [3].

A S0cc source plased permencatly in the therax of u femals at the time
of mating provided contimuous exposure to offspring at various doses ssd
dose rates duriag three periode of developmmt, intreuterise, suckling or
both. Meen doses to litter ramged from 1AT to 2140 reds (PN, k25 mice) {7).

As ccatrels for these irradiated mice, ve have 619 unirradisted RAP
mice derived from three souress, atoek, offspring of continonusly-bred mice

end remote ianbred desgendauts of perinatally-irrediated peirs., Since there

lehe PAP mouse vae pendbred by Rockland Farms from strain ICRiha (Instituu
Yor Cancer 3iesearch, Pox Chase, Pennsylvania) vhich had teen minimally
igbred vith comtiaucus selection for large size and lerge litter size siace

1947, It 18 nov designated Roc:(IOR).
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a0 #iéﬁiﬂcmt gifferense m ihg iaéiﬁénce’o‘!’ lsukenia or ‘-the @tﬂiﬁy’
rates Of the thres gmups, e hé.vn coabim& the groups. -
The sice, about equsny diﬁde& a8 to wex, vere housed four to six to
s cage and provided vith Purine Ladoratery Chow sad w.ta:' &2 1ibitus. kn
surviving sice wars xilled at 00 doys, exceﬁting the two sories exposed t§
100 R (XRI.O) ‘and 300 R (XR3O) vhich ware killq& at 500 dm.‘ | 4
| Rate of the NLDR strain, vhich have a. very lov spontanecus tactdence of
icﬁm.*.s, w&n‘ciudicd in -tu'o' éiftarent}y‘»tnatasi groups. The first mup‘
. congisted ot 227 single rgts, ths survivors b«mﬂ 100 asyt !rou - stuﬁy of
b2y

5
x-radiation at sbout §0 days of age.

o lwen {8] These vats had reseived from {00 to 1100 R ?..;Q kip

The m?z:ona group ecam;ntad ot 2172 parabiosed pairs. Littemw m;};t |
of the sage aox, about 60 days of age, verc parabiosed _91%33 & common pevi-
topeal cavity [9}. Ac shout 110 days of a;ge the right-hand partner received
1000 1t of whole-body 230 k?}} x-rediation 1:41’ o single éaté, a lead shield
p*atcai*ng tb‘ 1§$téhtna partner, Only those pairs mrviv‘mt over 100 days
' pontmdiation axe i,neludcé in thiz study. k'

| antrola for these two groups consisted ot 601: st.oc:k slogle rate md
265 pairs of p&rabimed rats. The shislded mtmrs of the irradiated
parabiont nts could wot te used as cc;‘t;z'bl,a since leukawmic cells pasc from
one senboer of & pa:ir to the ot ha'r‘.\ | '

xn.lu siagle mta uere asged ee?aratcly or in pairn , foemsles in groups
(kor Sour, F’m:h pnmbient pair wBh cagpd sepamtely, A8t verv provided

- Puzins Leboratory Chm» ans fsater ad 1tbitun, Moribuad saimals .ere killad.
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All anlxals wcre sutopsied. Fkurairila seccicas ol all but iatracraaial
tlssus were olained -ith hezatoaylia and ecsin, and -hen indicated - ith
spacial stalas, and exawiasd histoligically (o weteralue the presesce or

sbseuce ui leukemim and the histolugic iype i pres.at.
RESULTS

In the data Burevuith presuated those reletinyg to males and remales are
cuntined. The leukemic rates werc substantially the sase in each sex barring
the single ilastance ol a sigaificanily higher rate ui the iemales ihan the
wales :0lloving 30 R - -radiatica (x.‘z3) (c. R. 2.7)° uhich, hevever, did not
cicecd that oo eoatrol famales (7igs. 1 sud 2).

The lovest leukemogeaic dose vas 30 reds amdbient gamma (OA) radtation
vhich, in murked coatrust to the lae:rcatual 30 R a-radiativa (Fig. 3),
yivlded an incidence of leukemia higher than that of other gesme or

x-radiatiocn dases.

One Muadred reeatgens <-radiatiom induced & leukemio incldeuce signifi-
e aatly abcve that of control mice and thuse c.posed to 30 R x-radiation
(C. ®. 2.9) (Fig. %), Thoe higher incideace rolluviag 300 R vas not sigaifi-
caatly sbove that folloving & perisatal (kM) dose of 1000 rads (C. R. 0.7).
Parinatal gaaca redietica of 200 rads had approximstely the same ¢ffective-
ness 8& 100 reds (C. 2, 0.2) and as 300 R x-redisticn (C. K. 0.6),

“{thin ths perinatal group the stage of msvurity .as vithout influence

oo the development of leukemia, vith the exception of the higher incidence

o
“c. A, (eritical ratic) 2.6 1s significant at the 0.01 level of probadility.
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in mice erpored to 1000 rads, both in vtero and during zucklina, ac QC'parcd .
#ith those mxpoeed enly {a utore (€. X 2.6). ’

The types of lcukenmia varied tith Goes rather thaa +ith-cther factore
o esporure, and signiricant cox differcn~es d1d act appear. Tho relativa
;nctdcncu of lymphuxic loukenln, tho dcadnant type in all cerics, control
and irradiated, vaes significantly olevated Pollcvina 100 ! z-radiation
(Tabls I). Hotcvur. 100 R d14 not rales thﬂ tyelogensue leukeata ineidence
"which tan elevutcﬂ xollo'inh 300 7 (C. R. 7.7) uni by higher dorec (Pig. 5).
Obhor types of leukemia, contisting uf reticulum cell uarccna, 1ynphbsarcoma,
thymnma and unuscal forrs of leuliesla, placoa coll, L:nocytic and etenm cell,
wore zore aurmerous and diverrze follu.img 1000 rads per laatal U0 expoOsure
(Table I1). _

Xﬁc"t*icably related to T&ﬂl&tiéﬂ‘iﬂﬁLQOJ leukamia ie the eifcct o.
radiation on 1if eepan ‘The accempanying estiratee of 1ongevity are tascd cn
projecticn of the probable are at-death of ths last surviving zouse in each
saries (Table II).

. Rediation shortens the lifecpan of leukemic aal to a leeser degrce of
ncnleursmic mice 1n All eortes v.ith e=coptiva cf those expoceé to 30 anid
106 R x-rad{atisn. The life ahcrtenxng of louvkemic mice ip prediotadbly
‘reluted to tha dogéeo of the loukemie fncidence rather than to factors of
rediation and ie tost carked fcllowing amblent garma c. pogure of 30 rads
~I.'(l't:‘b‘l.e II). There 13 little &1rrcrence in lircapna ¢f leukcnic miee in the
conirel serioe and ia those mice recaiviua 300 W x~radiation or 200 rade of

gemaa radtation.



IAEA -0M-502/210 ) . 7.

The projected lifespan 'or nonlsukemic mice in the varicus experimental
scries {s likevise independent of factors of rediaticn, via, the very short
lifespan follcving 200 rads gawsa &z against the lifespan folloving 1000 rads
sad 100 R, both approxizately the samc as that of control mice (Table II).

The lengthening of life of leukemic mice induced by 30 R z~radiation
is correlated vith the such lengthened lifespan of the nonleukemic mice of
this series (Tedle II nnd-ng. 6). That folloving 100 R 1s related to a later
development of leukemia (Pig. 7). The cumulative mortality of nonleukemic
mice in each series is advanced over that of the controls (Pig. 8).

In 111' series, coatrol as vell as irradiated, most leukemic deaths
oceurred betveen 200 and h.0 days of age (u;i. T and 9).

In viev i.f the influence of physioclogical changes, including the hormon-
ol savironwent, on leukemic incidence, we investigated the possidility of o
correlation vith ovarian tumors, the indirect product of radiation through
the altered hormonal milieu subsequent to sterilization. Although both
ovarian and hesatopoietic tissues respond to lov doses of radiation, there
vas no sigaificant coexistemce of ovarian tumors and leukemia. Hovever, cur
data are only suggestive sincs the long latent pericd of ovarian tumori-
genseis requires lifetims cdservation for reliadble evaluation of dose response
relations at lov doses. Thirty rads gamsa readiation snd 30 R intermittent
x-radistion had no effect on the ovarian tumor incidence as compared vith
that of control mice, although io some strains a single dose of 32 R
x-radiation is tumorigenic for the ovary [10]. An incresse in incidence
occurred betwveen 30 aad 100 R (C. R. 9.0) and between 100 and 300 R

(C. R. 2.8). Perioatal exposure vas less effective as the £00 rads ylelded
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&0 ovarian tumor incidence only slightly above that of 30 rads amdient gamma
‘exporure (C. M. 2.2), snd 1000 rads var slightly but not significantly less
effective than 100 R x-radiatfon (C. R. 2.0). The higher incidence folloving
100 snd 300 R x-radiation s in part due to the longei- period of cobservation.

In coutrast to the leukemogenic efficacy of lov doses in cur eeriss of
aice is the marginal effect on rats of high single doses or whole-body
x-radistion (700 to 1100 R) uader tvo different experimental conditions. le
have data on induction of leukemias in the REDH rat by doses of x-radtation
{a the lethal range, as a byproduct of a long-term study of radiation carcino~
genesis. | |

Azoag survivors from LD,y experiments folloving doses of 700 to 1100 R,
the incidence rate of leukemia increased, but only slightly, from 0.8¢ in
control animale to 3. % (rig. 10).

A single dose of 1000 R whole-body x-radiation to the right-hand
partner of a parabiotioc pair resulted in a leukemic incidence rate of 2.4%%,
significantly adove that of control siugle rats. Hovever, paradtosis aloae
caused a fivefold increase in incidence of leukemia, to 4.5%. The disease

8180 appearsd adout 200 days earlier than in the control single rats.
- DISCUSS 108

The discrepancy detveen the leukemogenic effects of equal lov doses of
ﬁm and x-radistion might rest on s greater efficacy of chronie continuous
eiposure as compared vith a rhort period of {intermittent radiation. Hovever,
variations in the populations at risk must aleo be veighed. The XR3 group
(30 R) consisted of young sdults. The GA population (30 rads) consisted of
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five succassive gensrat: cns. The Tirst .ar erxpugeld frum puberty to death,
the l'vllowing generaticns from concapticn to death. The lucidence of
leukenia Trox generatlon to generation varied sigaificantly only vith a
higher incidence in the ‘ourth generation.

A puatulated enhanced sugcepiikility of f{mmature mice tc radiation i
inconsistent »ith ocur rindiags: the projected long liferpan (comparadle to
that of control mice) of nomleukemic mice in the FN series ‘hich received
1000 rade of pericatal gamns radiation, and the absence »t significant
differences in lacideace follo: {ng the fcur leukemogenic doses (darring the
anomalous 30 K ssbient exposure) ranging from 100 R z-radimtion to adults to
1000 rads gazma perinatal exposure.

The general or fndirest oirlects of rudiation as constituting & recog-
nized factor in leukemogenmesls are difficult to assess. Thase, rather than
the dose delivered, may have been cperative {uor the differences in leukemo-—
gemaslis betveen the GA and X3 serles reported. This ia suggested by the
marked differences ia the projectnd lifespan of nonlevkemic aice, groatly
extended In the XR3 series and much shortesed in the GA seriss, esach daving
raceived comparsble lov doses. '

The luv incidence rate of spontanecus leukemis in the NFYDE rat vas dut
little increased by 1000 2 x-~rsdiatf{on in coatrast to the striking increase
sern in the case of vur FAP mice v{thll00 R perinatal radiaticn, like.ise
having & lov spontaneous inciden-e rate. Binhammer et al. {11] d4id not fimd
lenkenia 1n their paradbictic Hollgman rate folloving o doge of TOD R. I¢ is

tc be noted that the leukenogen’ ¢ respunse to like dores of radiation of the
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singlfe and tlw pumbiosed raks vere mch the S dcspme the ouppo*t tmm
the unirradiated wtmr. :

te have the surprising findiog that radietion with & single dose off
ic)oo R does not increase the incidence of leukenis in parabiotiaf rats above
that found following psradiosis alome and zay even decresse it. This
suggests either a constitutionsl factor of en Lahibiting sechantom resalting
from exceasive radiation exposure, | o

Our undimﬁ arg ‘ﬁcngryuent s;it.h the suggestions mude by Nole [12] and
‘numerous authors summarized dy Mayncord [13] that with doses above the pam
response the leukenogenic eﬂ’saﬁ ot’ ruﬂuu:m w be &mnunea ﬁhmgh the

®tlling of cells madse laukamic or suaceptidble of deconing leuiwmg.
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TABLE I, PERCENT DISTRIBUTION BY TYPE OF LEUKENIA

¥esn dose Lysphstic  Kyelogenous Other
gontrod 0. 55 g 18
@, 3R 50 . e 21
My 0B a1 | 9 | 9
XRy e, 30RO &5 _ 35 39
PR 200rede A7 2 29
PA 1000 rads A . oA 38

oA 30 rads 8 o - g
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| TADIE 1%, PROBABLE AGR AT DEATH OF LAST EURVIVING MOUSE

s .

Mean dose

1th leukenis Vithout Jeukemis

aays

Contro)

*Ry
o
30

5

PN
b3 ]
GA

0
30 R
ioo'a

'_édo rads

1000 rads

‘30 rads

890
1060

1050 -

840
780

1250

1680
1500
1070

930

120
oo

13-
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| TABLE ITI. INCIDEHCS OF OVARTAN TUMORS

saan dose - % ovarian tumors

Ccnt._x:‘ol‘; ' | 0 . o 3
¥, - 3R . . 3
LIS R 100 R L A v -
4.} " . 200 rads | 22
e oo vess 36
e 0ram T
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CAPTIONS.

?3.&4 L Iticmenc& mte percent of lﬂukenia t’ollwig:a vumvus dones or

_ fa—tct;mnateﬁ x~md1utiog. anly in thu m3 ceries iz there ﬁmm i,cwb

" atrleronce betueen t!;w Bexes. \ | N
_?15.2.‘ inazdenm‘ :f'ét;é pe#neﬁt of l.nfu_kam.‘m folleving gamse raiietion. ﬂote
ﬁ‘bgén;:g of abx airfercm#a‘ma the hich sate of incldence 1 the A am{tcv. |
. ¥ig.3. Poresntage ’meidemé azli'wmmé, Hote t)ut htgh {ncidence c:r

v loxzhmmia fwlmma 30 rads (CA sesics) am‘i the muu-e of 30 R (ms ecriua)

| o show 3ncreuad 1m1¢emc m'u controls, o
Pig.h. Cemparuon of mc:dences rnto perc:ent of leukesmis following radia<
tion » x-ray and gouema. Role that 100 B was the lovest mum:mget:ie doaa ¢f
*ﬁ"di&thm. Higher dcmes of x»raﬁiu‘bion or of perinatal germs :adistion

atd not caute assnlfiéant increuac in incidenco above that of 100 R. The

.. GA saries swved. an snonalous immas_c.

' . _?:.g-.s{ Incidence of types of loukemis at asfferant :uzwlff .ér rédiat-:.on. \

E Doaaé abciw 300 R étusé& increase in inc*};dedce of ny&iagenc_n;w Mukmii. ‘
715,65, ommxve pa’rcem’ mortality of nonlevkemic mice after various doses
of internittout x-radiation. Prom thie avd ﬂgs. 7, 3 and 9, the pm:,wtéd’
‘Mfacpans of the enirmle given fn Table II vere caloulated uaing probit- |
‘ ,.‘acue grﬁphs. (Most: aurvivéing au?.mlu had been k1lled at 500 "detya«.). me '
proasetad lix‘ezygn of’ mleukamic mice vas lengthenm’i rellcwing 30 R
Jx«radiwian. : ’ ‘ , | | A
Fi5.7. Cumulstive percent m'rmimy of mice vith leuhenis after various doses.
of x-radiation. "N;)tﬁ the gencra'liy liter oceurrenee of loukemia fu Tty mice

and t‘-};\e;'ﬁw rate of fnerease in inoidence of leukemin.
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?38,3‘ Cusuletive perecat ‘morisiity uf nonlevkemic aice after w;é:l.mm acnes
- of gomua and x-radistion. Hote that sll acnleukesio 1%;;“& utc« shcum
grester early wmlity thm the controls, but that pm,}aectimn of XRB and
Kﬁw a&brt&lity graphs .‘.udicut& longer gurvival than the curm:‘cis. '
#ig.9. -ctmulasf.w y&meh)mﬂﬂiﬁy of mice tith leukenis after vario\m_
doses of gamaa radistion, o '
¥ig.10. szxlann pereent inciden-e of lmkaah in NEDH ratn. ficte thr
dirferenca in meidama of ledkenie ’ﬁstvam eamml singleo and cmtml
ptrabiont: rete. Fadistion di4 not 1uduce highsr levels of lwh&n»&u than H
d1¢ parabiosic alone. | ‘
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INCIDENCE RATE % OF LEUKEMIA
FOLLOWING FRACTIONATED X-RADIATION

Control XR3 XR10 XR30
50+ 30R ' IOOR 300R Total Dose
Moles
40l- [ Females
w |
(&
2 30+
w
e
o
=
= 20k
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INCIDENCE RATE % OF LEUKEMIA FOLLOWING GAMMA RADIATION
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PERCENTAGE INCIDENCE OF LEUKEMIA
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| CUMULATIVE % MORTALITY OF NON-LEUKEMIC MICE =
'[AFTER VARIOUS DOSES OF INTERMITTENT X-RADIATION :
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CUMULATIVE % INCIDENCE OF LEUKEMIA IN NEDH RATS"
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