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BENEFICIAL RADIATION

Zbigniew Jaworowski

CENTRAL LABORATORY FOR RADIOLOGICAL PP JTE
URRENT ADORESS INSTITUTE OF ENERGY T= CHNOL

The recent decision of the Jniteg Nation Scientific Committee on the Eftects of Atomic
Radiation to pubhish its report on beneficial (or » Jrmetic) effects of small doses of radiation
may influence the current philcsoph y of radiologica: protection. which i1s Sased on a pnnciple
of linear-non-threshold dose-eHect re ationsnip. The hormetic effects were observed at
biochemucai, cellular and orgamism level in celluiar cultures, bactena plants. expenmenta
amimails and in human populations The most mponant trom among more than 1000 pub

ICations on radialion hormesis are reviewed n the UNSCEAR (28) repont. in which the
main emphasis i1 laid on elucidation of the mecran sm of this phenomenon

n March 1994 the United Nations Scientific C cmmittee on the Effects of Atomic
Radiation (UNSCEAR), decided to publish {S report on radiation hormesis, a
phenomenon of beneficial effects of ra The report “Adaptive Responses
to Radiation in Cells and Organisms provea after 12 years of delibera-
tion, dispels the common notion that even the smallest dose of radiation is
harmful

What caused that UNSCEAR needed MEelve years to prepare a report on
hormesis (a Greek word for stimulation)? Myths are nard to bamsh, and untl
récently hormesis was a scientific taboo. Tris was because it contradicts an
assumption which is a basis for the current ph 0SOLhy and policy of radiation
protection. This assumption states that there s no dose limit, or a threshold
oelow which no cancers are induced by radiation It mplies that each dose, even
-/0S€ 10 zero, 1s detnmental. It also 'mplies that low doses of radiation produce the
same effects as observed at high doses. only with a lower ncigence, and that no
other effects occur at low doses than at the n gn ones. The assumption had an
enormous influence on spreading cf radiophobia the irrational fear radiation ana
all nuciear things. In effect, American women and college students perceive
nuciear power as the most dangerous am ong 30 nsky activities and technolog:es
far away from the 20th position ass gned to it by experts [19]

The non-threshold hypothesis was accepted as a principle 35 years ago by
the International Commission on Radiological Protection (10] for protection of
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BENEFICIAL RADIATION

Zbigniew Jaworowski

CENTRAL LABORATORY FOR RADIOLOGICAL PR TECTION WARSAW/
CURRENT ADDRESS INSTITUTE OF ENERGY TECHNOLCSY P 0 B

The recent decision of the United Nation Scientific Committee on the Eftects of Atomic
Radiation to pubiish its reporn on beneficial (or normetic) etects of small doses of radiation
may influence the current philosophy of radiclogicai protection, which is based on a pnnciple
of linear-r .~ threshold dose-effect relationsnip The hormetic effects were observed at
Diochemucal. cellular and organism ievel in celluiar cultures, bactena plants expenmenta
animais and in human populatons The most mponant trom among more than 1000 pubd

iCanons on radiation hormesis are reviewed n the UNSCEAR (28) report. in which the
mam emphasis is laid on elucidation of the mecranism of this phenomenon

'n March 1994 the United Nations Scientific C ommittee on the Effects of Atomic
Radiation (UNSCEAR), decided to publish its report on radiation hormesis, a
phenomenon of beneficial effects of radiation The repon "Adaptive Responses
to Radiation in Cells and Organisms” (28], approved after 12 years of delibera-
tion, dispels the common notion that even the smallest dose of radiation is
harmtul

What caused that UNSCEAR needed twelve years to prepare a report on
normesis (a Greek word for stimulation)? Myths are hard to banish, and untii
recently hormesis was a scientific taboo. This was because it contradicts an
assumption which is a basis for the current pr I0SOLny and policy of radiation
protection. This assumption states that there s no dose 'imit, or a threshold
Oelow which no cancers are induced by radiation It mplies that each dose. even
-'0se 10 zero, is detnmental. It also implies that ow doses of raciation produce the
same effects as observed at high doses. only with a lower ncidence, and that no
other effects occur at low doses than at the high ones. The assumption had ar
enormous influence on spreading cf radiophobia the irrational fear radiation and
all nuclear things. In effect. American women and college students perceive
nuclear power as the most dangerous among 30 risky activities and technolog:es
far away from the 20th position assigned to it by experts [19]

The non-threshold hypothesis was accepted as a prinCiple 35 years ago by
the International Commission on Radiological Protection (10] for protection of
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Beneficial radiation c

The absurdity of using non-threshold priciple for arge populations was brought
to light after the Chernoby! catastrophe. A g'ant global monitoring network for
radioactive contaminations gathered a vast amount of data on radiation doses
from Chernobyl faliout to the population of the Northern Hemisphere. For exam-
ple, it was found that people living in the United States would receive during the
next 50 years a dose of “Chemobyi radiation” approaching 0.0046 mSv (7], or
0.004% of the average dose which they will get in 50 years from natural back-
ground radiation (120 mSv). The population of the rest of the Northemn Hemi-
sphere would receive 0,3%, and in the European part of the former Soviet Union
the population would receive 5% of the natural dose.

These minute doses were then used to caiculate the number of cancer
deaths that the linear no-threshold hypothesis predicts would be induced by
Chernoby! faliout over the next 50 years. For example, it was calculated that 30
more cancer deaths would occur in the United States, 268,000 in the Northern
Hemisphere. and 25,400 in the European part of the former Soviet Union (7]
This was a simple arithmetic: the 50 year Chernoby! doses were multipliec by a
number of people living in a region, and Dy a cancer nisk factor based on epi-
dgemiological studies of 75000 atomic bomb survivors in Miroshima and
Nagasaki. The bomb survivors, however, were irradiated in a fraction of a second
with doses more than 50,000 times higher than the dose which inhabitants of
the United States will get from the Chernobyil fallout during 50 years. No epi-
demiological data exist to indicate that a linear no-threshold dose-effect rela-
tionship holds in this situation

Only in a few among such death estimates the readers were informed that
there was a probability of a zero effect (7], and such statements are never cited
Oy the media. which reported tens of thousands of future Chemoby! deaths as
fact. not by hypothetical extrapolations. The media never say that epidemiolog-
cal studies from different parts of the world. where since immemonai time natural
raciation is not 0.004%, 0,3% or 5%, but 100% or 1000% higher than the global
average 'evel. no higher cancer death rate has been observed. On the contrary
the cancer death rate is often lower than in less radioactive regions. Dr. Lau-
riston S. Taylor, the former president of the U. S National Council on Radiologi-
cal Protection and Measurements defined application of the linear, non-
threshold. dose-effect relationship for such caiculations as “deeply immoral uses
of our scientific hertage” (23]

The “no-threshold” anthmetic was also applied to population exposed to the
local Chernoby! faliout, and lead to a decision of the Supreme Soviet to evacuate
about 200,000 inhabitants of Ukraine and Belarus which lead to unspeakable
sufferings and a loss of many billions of dollars equivalent of about 1.5% of the
General National Product of the former Soviet Union [9]. The intervention level
for evacuation was a lifetime (70 years) radiation dose 350 mSyv, i.e. a level only
about twice as high as the global average natural lifetime dose of 170 mSv. All
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families with pregnant women and chiidren under age of 12 years were reloca-
ted from areas with '37Cs contamination greater than 550 Bq per m? (9). '3'Cs
body burden in children still living in such areas was found to range between
0.04 and 2.25 kBq, which is less than natural amount of 4°K in the chiidren's
bodies (9, 19] (an adult body carnes about 4000 Bq of 40K). Radiocesium body
burdens of several thousands Bq are now common in Northern Canada and
were as high as 100,000 Bq dunng weapons tests in the 1960's [22]

The question arises: why governments of vanous countries do not relocate
populations living in areas where lifetime dose of natural radiation is higher than
350 mSv. For example, why are people not evacuated from Norway where all-
country average lifetime dose s 365 mSv [8], or from high background regions
in India with a lifetime dose of > 2000 mSv [21] and in iran with lifetime dose of
> 3000 mSv [20]? Perhaps in Iran, for example, the government considered not
to follow the ICRP guideiines when it considered the fact that in a house in the
city of Ramsar several generations were receiving average individual lifetime
doses of natural radiation of 17,000 mSv (240 times more than the current ICRP
limit for exposure of members of the public to natural sources of radiation). Yet
these individuals show no increased incidence of any disease, and some of them
lived to 110 years of age [20]

Using the no-threshold principle to caiculate “precise” numbers of imaginary
victims of Chernoby! fallout 1s like counting the number of dead among a small
group of suicidal persons who consume 50,000 tablets of aspirin each in one
session, and then stating that the same number of deaths will occur in another
group. 50.000 times greater. whose members consume a single aspinn tablet
each spread 50 years, divided into 18,250 daily doses (SO many days are in 50
years). Even before eating all of 50,000 tablets at one session most of the
perscns in the first group would die. while the members of the more mogerate
group will show no detnmental effects, and may, in fact. have healtn benefits t
they increase their consumption to one tablet per aay

This simple truth was known to Paracelsus (1493-1541), a Renaissance
physician. naturalist and philosopher, who is recognized as the father ot the
modern toxicology. He posed the biological principle: “What is it that is not
poison? All things are poisonous and nothing IS poiSONouUs Only the dose deter-
mines that a thing is not a poison” [16]. This pnnciple 1s valid for chemical and
physical agents. ncluding ionizing radiation Hormesis fits this principle, and
goes beyond the notion of no-effect-threshold at small doses: at small doses of
noxious agents new stimulatory effects occur, which are not observed at hign
doses. and these new effects are beneficial to the organisms (Fig. 1)

The existence of a true threshold vould be impossible to demonstraie ngor-
ously, if hormesis did not exist. This follows from purely statistical difficulty of
proving absolute that there is an absolute equality of an effect an epidemiolog-
ical study at zero dose and at an elevated dose. If, howe'er, due to the hormesis
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Fig. 1. Diagram of general blological response 1o chemical and physical agents Deficit of an agent

dose less than ) causes deficsency symptoms: smail doses (between O and T) are wial for good
heaith (shaced area): doses rugher than T cause toxic or other harmiul effects. NVis probably average
global natural radiation dose. Dotted and solid lines represent hinear-non-threshold and hormetic
Jose-effect relationships. respectively

a deficit of cancer incidence or of other deletenous effects is observed in a pop-
ulation exposed to small doses of radiation or of other agent, there may be a
statistically significant difference at an acceptable confidence level [25]. This
may soive the problem of prohibitively large populations needed to resolve the
threshold dilemma

Beneficial and protective effects of low d;es radiation were known long
ago In plants such effects were observed soor after the discovery of Roentgen
ragiation in 1895 [1]. In 1943, dunng the early stage of Manhattan Project, an
nteresting result was ohserved in experimental animals that were contaminated
Oy inhalation of uramum dust. The rats exposed to uranium level expected to be
fatal. lived longer, appeared healthier and had more offspring than the non-con-
taminated control rats. For years, these results were treated as an anomaly (4]
But later studies produced similar results. The first report of UNSCEAR to the
General Assembly of the United Nations presented results of expernments
showing longer survival ime of mice and guinea pigs exposed to small doses of
gamma radiation than of nonirradiated anima's [27)

Since the 1960s such effects were ignored in radiation protection practice
However. research on radiation hormesis was continued durnng the past several
decades. The results of 1239 published papers on these studies have been
reviewed recently in a book by Luckey [13]. and have been presented at four
nternational conferences: in Oakland, California in 1985, Frankfurt a. M
Germany in 1987, Kyoto, Japan in 1992 and in Changchun, China in 1993

Most important of the publications on stimulating effects of radiation have
been reviewed in the 1994 UNSCEAR document. These effects. at biochemical
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Fig. 2. Ettect of shielding on proliteration of Paramecium tetraurelia. cutured in identical chambers
of which one was shielded with § cm or 10 of leag The non-shieided conirol animals were exposed
10 normal natura gamma radiation rate of 1 75 MGy per year and animals shielged by 10 ¢m of lead
were exposed o 0.3 mGy per year On the 8th day, the proliferation of paramecia in the chamber
shieided with S cm ang 10 em of iead was 60% and 40% respectively. of proliferation of the non-
shielded control animais Adapted from Planel et af [14)

cellular and organic level. were found in the cellular cuitures. bacteria, plants
and expernimental animals. In mammals they increase the defensive reactions
againts neoplastic and infectious diseases, increase longevity and fertility

Of special interest is a group of French studies on the effects of deficit in
normal background radiation. These studies, started in the early 1960's, indicate
that protozoans and bacteria exposed to antificially lowered level of natural
radiation demonstrate deficiency syndroms expressed as dramatically decrea-
sed proliferation (Fig. 2). This suggests that small doses of ionizing radiation
may De essential for life. indeed. this might be expected. Living organisms
developed at a constant exposure to natural 'Onizing radiation, which at their
ascent was higher than now. The early organisms leamed not only how to protect
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themselves against the adverse effects of radiation to survive, but probably aisc
how 1o use it to their advantage. Similarly. organisms learned how to use ultra-
violet radiation, lethal at high doses, for photosynthesis that became a major
basis of life

The UNSCEAR report [25] emphasizes the elutidation of mechanism of ra-
diation hormesis, occumng on the level of cell control systems (protein synthesis
gene activation, DNA reparr, stress-response protein production, radical detox-
ification, activation of membrane receptors, proliferation of splenocytes, stimu-
lation of immune system etc)

In several expenments, small initial radiation doses have been shown to
improve survival of animais subsequently irradiated with large, near-lethal doses
In other expenments, an increase of life-span was found in animals irradiated
with doses between 0.25 and 3 Gy. In an experiment with '3’Cs gamma-
radiation the number of ali malignant neoplasms in mice exposed to a single
dose of 1 Gy of was more that 30% lower than in non-irradiated controls

Perhaps most interesting are, nowever, the results of studies on human pop-
ulations. UNSCEAR report (28] informs that among nuclear attack survivors from
Hiroshima and Nagasaki who received doses of 0.2 Gy (80 times higher than the
global average annual dose of natural radiation), there was no increase of cancer
deaths. In fact. montality caused by leukemia was less in this population than
among non-irradiated inhabitants of these two Japanese cities. At doses about
0 3 Gy mortality caused by non-neoplastic diseases was slightly lower than in
non-irradiated persons, and at the doses 0.5-1.0 Gy montality was 65% lower

Probably the best radiocepidemniological study at low doses has been carried
out in China. Between 1970 and 1986, 74 000 people in Yangjiang county, which
nas a high level of natural background radiation (5.5 mSv per year), were
compared to 77,000 people in two adjacent low-background counties of Enping
and Taishan (2.1 mSv per year). in the high background Yangjiang county the
nhabitants are receving dunng 70 year of life a dose of 385 mSv, which is higher
than the intervention leve! for evacuation adopted by the Soviet Government for
Chernoby!

Should the Chinese Government follow the Soviet example and evacuate
the Yangjiang county? The epidemiological data show that there is no reason to
do s0. In an age group of 10-79 years the general (non-leukemia) cancer
mortality. was 17% lower in high background county than in low background
ones. The leukemia mortality among men was 15°% and among women 60%
lower in Yangjiang than in low-background counties

The most recent data showing hormetic effects In humans came from the
former Soviet Union. In September 1957 inhabitants of 22 villages in Eastern
Jrals were irradiated with high radiation doses of up to 1500 mSv. This was
caused by the radioactivity release after a thermal explosion in a Soviet military
reprocessing facility “Mayak”. About ten thousands people were evacuated from
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It 1s the author's hope that the official acknowledgement of the very

existence of hormesis by UNSCEAR. the most distinguished international
authorty in the matters of ionizing radiation, may help forming a more realistic
approach to estimating and managing the nsks of radiation and nuclear energy

This paper will also be published in the “21st Century Science and Technology”

with the permission the Editonial Board of Nukleonika
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M an osieoblast that leads 1© ¢ bigh rate of osteosarcoma

development. Further, these children are at & signi dy
mmnedmkhéevdopqamo(hm
mnnﬂh'.u‘:hn&on,ha&n“npy
mummumwuam
Mwmlouatwhmm
mmuumsmmuu
Mdmu“‘.ﬁﬁu-uwy
high mie [S71} Patiens with s mre familial cancer
syndrome called e Li Fraumeni syndrome are at
mcreased rsk for cancer largely because of
nwmh-kﬂJ-um' gene.
Mﬁmmheﬁm&hﬂmtdw
wmmpﬁmﬁhsmﬂﬂ_l

7. hcmﬂnﬁdhhmmﬁknq
slomic bomb survivars, » high excess relstive risk asso-
aummmwmhmm
uum.eu-mdwmqss
years [L20] These carly-omset cases occwred almost
Mdymmwmhmdm
mmmwuuuyuun-
sequence of s small mmd
exposed women. The suthors coutiomed et the imter-
pretation of hese det needed © be confirmed i studies
from other wradisted populstions or experancntal

CONCLUSIONS

398 In recent years a substantial number of new
epdemiological studies of the carcinogenic ¢ ffects m man
of exposure 1o external low-LET radiation at bigh dose
rate have been undertaken. Many of these studies are of &
mq\mny.muymwlynum-
ledco(mecmqmdhmnemt,tiw
ofud'nn’nubtueandﬁm.hnﬁbmmyd&
Mbhhwhun‘uwyhmuyuuhwe
Memmnmnm-muu
of data on whick 1 evaluste the msociation between
ndhnmmdamaddnaauwny.

399, The Commiuee acknowledges that for the time
bemng quanutative evaluations must continue 1o be hased
prumanly on the findings of the life span study cobon of
swvivors of the 2tomic bombings. However, as the
maienal in ths Annex illustratrs, some other studies are
able 0 provide useful rsk estmates for & subsantial
number of specific sites. [t would be very useful if more
parallel analyses of muitiple studies could be made, as was
done for the radon studies or the studies of cancer of the
breast The Commitiee recognizes that a limitation of the
life span study 1s 1ts nability 10 address directly the effects
of low-dose-rate exposures. Other studies are needed to
provide mformaton on the appropraieness of nsk
esumales derved from high-dose-rawe exposures.

- Y- - o

400. In the UNSCEAR 1988 Report [Uz],
estimates of the risk of exposure-induced death and
loss of life expectancy following exposure to 1 Gy of
low-LET radiation delivered at high dose rate were
made on the basis of estimates of the excess sbsolute
and excess relstive risks, averaged for age at
exposure and sex, observed in the life span study
cobort of survivors of the stomic bombings in Japan
using data through 1985. These estimates were
calculated on the basis of usweighted organ absorbed
dose. [ndividuals whose estimated kerma doses were
greater than 4 Gy were included in the calculation,
and 2 linear dose-response relation was assumed both
for levkaemis and for other sites of cancer. For
leukaemia the risks were assumed to apply from the
second year following exposure up to 40 years after
exposure, while for other types of cancers they were
assumed to apply (rom !0 years after exposure for
the rest of life. It was sssumed that there was no
additional variation in the risks with time since
exposure and that risks for men and women were the
same. While age-specific coefficients were used 1o
estimate the total risk of all cancer, for specific sites
of cancer the only estimates that were presented were
those based on nisk coefficients that bad been
averaged over all ages at exposure
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01, Nuhmdmhhmw
thchl.wmtauhm:umyhe
compared with ¢ morality dem, which have been
extended trough 1987 (R23]. Estimates of the faml risks
associated with exposure bhigh-dose-rate, low-LET
ndiation in this Annex have been based on this extended
life span study mortality data. The analyses of the more
recent data differ from those used © describe the risks in
the cartier life spen study daw. [n particular, excess rsks
n the life span study were described using general models
that allowed for differences i age at exposure and sex in
the excess nsks. Survivors with shielded kerma estimates
m excess of 4Gy were excluded, and rsks were
computed @ ierms of weighted organ doses n which the
neutron dose was given & weight of 10 and the gamma
dosc, 2 weight of 1. Because the tame-constant additive
(i.emtabnolucmk)lwnlm&um
span study data, rsk projections based on the constant
asbsolute risk model are not included i this Annex. The
Commitiee acknowledges that risk projections must ake
1o acoount Inportant vanations in rdia bon- nduced nsks
with sex, age at exposure and time since exposure and that
meﬂommnd:dlodmusuiﬂamum
of the different patierns of risk seen for specific sites from
the random vanability mberent in comparsons of site-
specific risks.

402 The life span study da®s for solid tumours from
1950 w© 1987 are consistent with |inearity between 0.2 Sv
and 4 Sv (weighted dose), bur they provide lite direct
evidence about the shape of the dose response at lower
doses. Risk estmates are presented in this Annex for
doses of both 1 Sv and 0.2 Sv and for a Japenese
populstion with the demographic charactenstcs that
prevaded i abowt 1950. The resuls for 0.2 Sv show a
slightly grester risk proportionally than for 1.0 Sv becsuse
the risk of exposure-induced death u non-linear in dose. A
limear dose-response model does not fit the life span study
leukaemia dam, but @ lincar-quadratic model does. The
data from the life spen study (1950-1987) lead © 3
lifetame risk estimase for solid umours of 10.9% at | Sv:
the estimate for 0.2 Sv is 2.4% (Table 31) For leukaemia
the correspamung sumbers are 1.1% at 1 Sv and
0.14% at 0.2 Sv. For all cancers, solid tumouss plus
leukaemia, at 1 Sv the risl is 12.0% and at 0.2 Sv it
is 25%. The corresponding estimate of nsk for all
cancers in the UNSCEAR 1988 Report [U2] using a
multiplicative projection was 10.7% at | Gy (omgan-
absorbed dose). Projections beyond the follow-up penod
for models in which risks were allowed 1o decrease at
longer proyection times lead to lifetume risk esamates 20%-
0% lower than 12.0% (Tabie 31)

403, No antempt bas been made m the above rsk
esumates W address the ssue of dose rate for either solid
tumours or leukaemia. The estimates are presenied without
any adjustment for such effects. The applicaton of a small
dose and dose-rate effecuveness factor was recommended

Jor

n the UNSCEAR 1993 Report [U1}, Ansex F, *Influence
o(mudau-umm«umm'.u
nfomruauZ(uwwbleRPmOwau.
e above estimates for solid tumours for both 0.2 Sv and
1 Sv would be balved. Thase for leuksemia would also be
approximately haived for » chromic exposwre of | Sv as
compared with an acute exposure, while those at 0.2 Sv,
ummmwwumwnm
response, would stay the same.

Ho The publication of the life span study mcidence
an.amhxmnm.--mmmw
the body of knowledge on the late effecw of mdistion. The
stengiths of the mcadence deta include the high quality of
the diegnostic mformation snd the langer number of cases.
especuily for sites such as bresst, Byroid and skin, with
lower lethality. Thew limitations mclude the absence of
chimtdilc-a-dacehhhliiyunm
umhh!mmﬂoﬂmﬁ&uﬁboﬁw
for migrtion. It ¥ noteworthy st i the mncidence
MmMm.udhwumm
myeloma, for which swustically sigaificant rinks had been
seunbem&yhh,dimm:.hwy
significant rsks.

405. Additional mformation has become availabie on
the effecm of prenstal exposure 0 radistion simce the
subject was last reviewed in depth in the UNSCEAR 1986
Report [U3]. The evidence regarding the causal nature of
the mcrease m childbood cancer foliowing exposure of the
W‘oMUdemhmn
stll equivocal. The best estimate of the excess absolute
nsk of developing cancer before age 15 years followmg
prenatal exposure 10 X rays ot bigh dose mte # asbout
5107 Gy, sumilar w the lifetme risk for aduls. This
esumate does not mclude any cancers mduced Uy prenatal
cxposure (o radistion that may arse w the age group of 15
years and above. Data from the swrvivors i wiero at the
time of the atomic bombings in Japan mitislly revealed an
mcrease in cancers in the ages of 15-39 years, but no new
cancers were found m the exposed growp i the next four
years of follow-up [Y1} The excess i large but not, so
far, satstically significant.

406.  In the UNSCEAR 1968 Report [U2) it was noted
hat sigruficant excess cancer mortality bad been seen for
the first ume for some cancers at doses between 0.2 and
05 Gy. There s also some limited evidence that directly
pomes lowards the carcinogenicity of doses m the <0 2 Gy
range, although each of these studies has weaknesses. The
studies mciude childbood cancer among those ¢ xposed 0
doses of abowt 0.01 Gy & wero, for which there s an
equivocal but possibly sygruficant mcrease; both modence
and mortality for all can.ers other than leukaemis m the
life span study cobart, for which, although not sgnificant.
there are smooth mcreases m relatve rsk with ncreasnw
dose m dose categones m the <0.2 Gy range; and thvrow
cancer in the [sraeli tinea capitis study.



become svaliable om workery nuclesr nlants in the
UWK‘-.‘-MM.T\:M&»
vide some quanttative mformstion oo the effcct of
promcied low-dose exposwres 10 low-LIT radistion
Although #t present the confidence imis are wide, the
signiicant value for lewkaems in the study in the United
Kingdom, 0.8% Sv'', is similar w vaives derived from the
ldewuy.mmnuh&q-uym
s & oon-sgrficant value for all solid tumoun of shout
10% Sv'. Additional dats scquired through exwensions of
the follow-up and e inclusion of exvs cobors sbowld
mcrease the miormaton evailable pom study w future
years. On the other band, studies of wori - in the United
Swtes, which wre of somewhat lower power (smaller
populston), bave found o evidence of an assocwtion
between exposure and leuksems or all cancer.

908  Dawa have recently become svailable on seversl
populanons in the southern Urals, including workers with
Mm-umﬂudmhh
Xposed a8 & reswt of environmental relesses and acc-
o, [n the study of workers, only limieed mionmation &
silable 50 far on the methods of dets collection, and
:lid-umudyunuyilkmolhq
Jmed out. The study could he very informative, bowever,
soce the doses were substantial and the workers had
MVMMWWWW-“
w.mmmn-muu.uma
mwmmnuww
publshed. Fak“ﬁdn&hm«lb
envronmental releases. it would be desirable © improve
mqw-qdummauum-upa.
lrutal findings based on the follow-up of the Techs River
cobort suggest clevared nsks of leukaemis and solid
cancers. While & betier undersianding of the dosametry and
the (ollow-up s needed, results are brosdly smisr 1o
those derved (rom atomx bomb swrvivors for keukaemis.

409 No siudies heve yet provided evidence that an
mcrease i ywodd cancer can be clearly atrbuted 10 '
However, the mistive impormnce of the vanious oo
that mght afiect these resuls & not dear. These factors
mclude the low dose rates mvolved i '] exposures, the
bewa-ray dstribution m G gland. the rather limned follow -
up in some studies and biokogical factors such as the cell-
killing, which wsually follows testment witt *'[ In
adaiuon, most of the evidence concerns those exposed in
adult life, and by analogy with recent results for thyrowd
cancer followmg external low-LET radistion, the possi-
buity of substantial nsks following childbood exposure L
DU remaus. Medical exposures © '] have been asso-
Cuted with increased risks for some other sites of cancer
but the avalabie dsta do not provide strong evidence of 2
causal reigonship. [t should be noted that leukaemas has
not been observed in many thousands of adult petients
weated with *'1. Further studies of the effects of miermns!

410. Sﬂadﬂ-mhnh-wwn
ammmwmwmau
Vanous solopes of radium provide conclusive evidence of
the ability of alphs radstion  Be skeketon © cause bone
nEnours m“mn&“uwu
wvyaua*umﬂmw
sbout 5 10 Sv'! for lifetime. The minimum mductioe
period appears ©© be short, 8o ore thas sbhowt 3 ears,
and e studies of paticas injected with short-lived 2*Re
provide clear evidence that the period of expression of the
fdistion-mduced tumouss lass 50 more than sbout
JOymF-‘a-dyudhdua&mko(b-u
Smours m persons exposed o the various Botope: of
n‘niuudhr’lkpnmmumt-
related o dose, Teatment perod, tne smce exposure and
oﬁumquhuﬂh CORMPUreOns
with studies of populstions exposed W ofher types of
mdistion. lo sddition © as moresse m bome hamouns
cxcesses of ~ancens of e breast, liver, pamsessl sssmes
and mastoud aw cefls, and also of multiple myekoma, keve
been repored meced with o workens
contammaed with Further study of these moreases
uumm.n«;mm
e role of extermel gamune-radistion would be
mformative.

411, There » strong evidence that ingected Thorotrast
& & cause of liver cancer. The mmimumn mduction period
iMlOMundl&mI.hm
thase myecied ot younge:r ages, although sbeolute excess
nsks do not depend cirongly on age o exposure. Ruks are
similar m males and females, and the cumulstive rsk of
malignant liver wmowrs, albough subject © many
uncera mbes owing o pousibie confounding or enbancmg
ficton, & estimsted W be sbowt 300 10* Gy' o
1510“Sv!, quite similr © reswls from low-LET
exposure. There & also definite evidemcr thit ijecwed
Thorotast ® & cause of leuksemin, especmlly myelosd
‘*ukaemis and erythioleuksemis, and it seems likely that
8 also s cause of & vanety of other cancers. Perhaps
because the dose is highly localzed at sites of macroscops
dumensions, rmk estanates (or leukaemis based on petents
exposed © Thorotas! are much less G would be
expecied besed on low-LET risks (ie. an RBE of | fis
betier than 20) Nevertheless, additional analyses of the
nsks of liver cancer and leuksemis in the German
Japanese and Portuguese studies based on the concepr of
person-wears at sk would be heipful, as would caloulaton
of the relative rsk and comesponding significance levels
for otber types of cancer.

412 Additonal studies snd many more cases of lung
cancer attributable © mdon In munes bave become
avadabie for analysss since the publication of the report of
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&mwm[a}hm'mm
w&niﬂ&urudlqm(aﬂwu

uhmmldhnmh-n&mm&mm
mnmuu&::hw:ruucmmuln
mmtnmmbmkuhnmuwmam.hi
Row stong suggestive evidence that the joint effect of
amwﬂmoummuhﬂhqn
nhmmkothammyuhobchhaumh-
plicative. Although it may eventually need (o be modifies
umummmmuwm
proposed by the BEIR [V Committee [C6] adequateiy
sumumanzes the effecs of occupstional exposure © radon.
Amx-amlymdcmfmdqhaa-m
rdon eXposure CUcwmsances, rasing the question whether
£Xposures  other substances in mine aw, such as silics or
diesel exhaust, might also modify rsk. Studies of cancers
uhulhn!hmeollkluqfdlowl'ndmmm
provide little evidence of a pusitive association.

413 Al present there  litthe diect evidence on (he
mboflmmmuu‘mmndumw
radon. Although & substantial number of geograpbical
studies bave been camed out, difficulties i they mierpre-
@lon render them unsuitable for use 1 rsk estanstion
Unﬂmﬂu&mwumduwﬂm
shﬂah«mmly“umy.molhmh
dmmwummeUMMWnu
be based on the results of studies of e <fecws of

occupational exposures.

414 Following reports of a leuksemis clusier near the
Scllafield reprocessing plant m the United Kingdom,
severnl other clusters were found in the Unsted Kingdom
mwheqummnyoftupuwndnnmmml
mught bave been recerved from radionuclide releases at
am&mmiﬂﬁed-mume‘uby
ctmahmohmuhmnemmA
lentative explamation based on an assocwtion of childbood

s e o e e S g

bess for ths effect

415 hminman.mmlmpcuwh:-hab
fcilnate the comparson of risk estimates from different

penson of nsk estmates from different studies. When
Mdhnnumqmmwan
mmn-muuauu-mmmw
stiempt o evaluste the effect of these on risk estimates.
Pierce et al. [P31] provide methods for e Even if
individual doses are not svailable, investigators shouid
be encoursged 1o use modern regression and modelling
methods [B28, B29, P32, V12| in their anaiyses of
effect modification and temporal patterns of risk. Such
methods are especially useful as an slternative to
subset analyses.

416. AMG&NO‘MM&»I&R
t.hxmmwmubumﬂy
oﬂmdumpwhﬁ-mumrmpw
faclimie comparative snalyses of available daw. For
mﬂghuMdhlmmm
Jmnnmidehnkhdhhﬂbuﬂnum
FMdmhm-wmmoI
be encounged © meke thew date avallable m 2 like
ManneT S0 as 0 encourage paraliel analyses. The Commutiee
also notes e need for more careful, formal examination
of the evidence for similarities or differences m nsk
MMWT\:mlﬂmmw
byP‘Ilcldhm[PIDth:mMn uch
mvesigations. There &, i summary, much scope for
Mnm«mmam«
banhemlbknmhcmkqunﬁamo(mb
from radiation exposures.
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Adaptive responses to radiation in cells and organisms
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1 The scientific community bas been aware for
many years of the possibility that low doses of
radiation may result in changes in cells and organisms,
which reflect an ability to adapt 1o the effects of
radiation. In lower organisms, for exampie, enbanced
proliferation in We presence of radiation at doses of a
few microgray per day (0 & few milligray per dav bas
been observed in experiments involving cultures of
prokaryotes and eukarvouc cells [C1, C2, C3, C4.CS
Cé. 11, 12, L4, P2, P3, T11).

2e

INTRODUCTION

b}

2. The biological expression of adaptive and
stimulatory responses in seeds and plants (e.g. [C14,
H9, H10, R6, R7, $43]) bas also been described. The
extensive literature up to 1976 supporting radiation-
associaled adaptive effects was reviewed by Lucke.
(L1]. A more recent publication by the same author
summarizes the literature between 1976 and 199
nvolving about one thousand reports judged by him ©
demonsirate beneficial responses in animals and in
buman populations [L2).
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3. It bas been suggesied i recent years that the
conventionsl estinstes of siochasuc effects following
exposure 10 low doses of wnzmg radution may have been
oversiater' because no allowance was made for the
possibiity thet small doses of radution may condivon cells
50 a8 © induce processes (hat reduce either the natural
ncdence of cancer i its vanous forms or (he likelibood
of excess cancers being caused by further radistion

exposure.

4 An mmportant obscrvauion from mammalian cell
studies = support of these processes & hal miogen-
sumulated buman blood lymphocytes exposed »r viro
appear 0 suffer less demage than would be expecwed
followmg acule exposure 0 » few gray of low-LET
radiation if they are (irst exposed 10 3 dose of a few ens
of mulligrny. This response W low-dose exposure, which
remans effective for several bhours, s referred 10 as an
adapuve response.

5. Adspuve responses have been observed in other
mammalsn cell types, such as bone mamow ceils and
fibroblass, but not conssiently m spermaiocytes or at all
m embryo cells exposed in the pre-implantation stage.
Changes m (he composition of the culture medium can
alter the adapiive response. [n 8 wider context, it is known
that changes similar 0 those observed i radiaton-mduced
adapive response can occur as & result of mewbolic
disturbances and afler damage resulung (rom exposure to
a vanety of pbysksl and chemical agens. The com-
sequences of these cellular changes are referred 10
collectively in the literature as stress response or response
© genotoxic stress.

6. Evience of adapuve response bas also been
desonbed i studies using laboratory anuimals, m which the
anumals were exposed either 1o single acule doses from a
few tens of millgray to » {ew gray, or sccumulated doses
of up w0 » few gy over a lifeume. Reporied mani-
festations of this form of adaptive response described in
mammals afler exposure © low doses of radisuon include
an sccclersted growth rake w the young, an ncrease in
reproductive sbility, an extended life-span, sumulatory
effects on the immune sysiem and @ lower-than-expecied
mcxdence of spontneows umours. A sausfactory
explanation of mecharusms that might be responsible for
such effects, which have not been conssienty observed in
different invesugations, s not obvious. It may involve a
DNA repaer mechanism similar 10 that proposed for the
cellular  adapuve response, umplying s immediate
avadabiity of cellular damage randomly occurs dunng e
arumal s lifeume. Involvement of the immunosurveliance

sysiem Las also been proposed

7 Fowr conferences (one on radwuon bormess, beid at
Onkiand, Californaa, in 1985 (S1}, one an low-dose raduauon
and e suumune sysiem, beid st Frankfurt m 1987 [S21}
one on low-dose uradauon and biologacal delense

d0b
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mechansms, beld at Kyow n 1992 [S2} and one on low-
levdamnmumuw,m.
QlWQﬂ.ll%BﬂBmeum
ruty for scenusts working i the Geld of low-dose effecss
mklwmlﬁMhp_&
Mechansms umvofved i radi son-induced sdapuve msponse.

8 NMMMyuMyM
data. bas beea compiled by the Commitiee with & view w0
denufying the celluler mechanusms that may be involved
in e adaptive response at low doses. It should be
considered a8 & contmuation of the discussions on radia-
uon response conwined i the UNSCEAR 1993 Repont
U1} One problem in dentfying common mechansms of
response s that there are differences between the doses
and dose rates used m cellular studies and those used in v
mmdhw‘mmAWmﬂhm
s that there are few studies zvailable in which doses of &
&wnﬂl@ynyuwehmm
rdisuon level bave been used. Low dases were defined i
the UNSCEAR 1993 Report (U1}, Annex F, "Influence of
dose and dose rate on slochastc effecs of mdiston®. wih
e values depending on the level of mvestigation. Al a
mucrodosametic level 8 low dose s defined as sbout
00002 Gy. In » samilar comtext the Internationsi
Comumussson on Radiclogical Protection [16] considered
that low doses and low dose rates mply situabions in
woich it & very unlikely that more than one event of
energy depasition will occur m the cnitical parts of & cell
within the tame during which repar mechansms m the cell
can operate. For mammalisn cells in culture, 3 low dose
is defined as less than sbout 0.02 Gy. For the nduction of
buman tumours, s low dose i defined as less than about
0.2 Gy. The same crikens can be applied in ths Aanex,
although it should be recognuzed that much of the
experumental dats on effects i cells and animals & based
on doses in excess of about 0.5 Gy.

9. Manlestauons of adaptve responses m animals snd
in buman populations are bricfly sddressed m ths Annex.
Evidence for the expression of an sdapuve respomse in
buman populaiions exposed to low doses of radiston
above the natural background level has not untl now been
cearly demonstrsted nor bas #t been refuled The
possibility that exposwre W low doses of radiation may
affect e level of competence of immunosurveilance
mechansms in carcinogenesis s discussed. Details of the
mechansms of acuon of radiation i inducing cancers and
serous hereditary effects in bumans are not discussed
These aspects of the deletenous effects of radiabon can be
found in the UNSCEAR 1993 Report [Ul}, Annex E,
“MectBrusms of radistion oncogeness”, Annex G
"Heretitary effects of mdiation”, and in ths Repont in
Annex 4. “Epidemiological studies of mdiavon carano-
genesis”. These Annexes should be read in comjunction
with this Annex ©© achieve 2 balanced view of the ovenall
effecs of low doses of ndiauon.
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L. ADAPTIVE PROCESSES IN MAMMALIAN CELLS

10. Ehhwhulmadeovumepndeadcb
chancierze e adapuve response induced by mutagens in
mammalian cells. A response has been demonstrated in
mulogen-stumulated, buman blood T lympbocytes. Other
cell types invesugated for evidence of a response include
prolferaung |ymphoblasts, bone marrow cells, spermato-
Cyies, pre-implantaton embrvos and fibroblasts.

11 Celis respond 10 radiation-induced injury by the up-
Rguuluo(pmuuvolveduceumuilQandby
mw::mo(mmdvdnaup»
liferavon [Al, S3] and in the synibess of DNA repair
enzymes (L1, LS, M3, W2} Qualistively similar
responses have been described as & result of cellular
disturbance caused by emporary oxygen deprivation (BS,
L7, M4, 59, $10) and glucose sarvaton (H1, S11}.

12, The mechamsms involved in the adapuve response
0 low doses of radiaton have been linked 10 2 more
general phenomenon i which the cells are able o
mmbwumovquﬂysmlnd
Chemucal agens. These agenis include overheaung [S8],
UV-radiation (B3], trace amounts of wiutagenic chemicals
(B4, V1], local ansestbetics that alier membrane structure
(L6] and besvy metals known 10 act as cellular posons
(€7

A. EFFECTS IN HUMAN LYMPHOCYTES
I. Chromosome aberrations

13. It was reported in 1984 [02] that when pbyto-
baemagglutiin-sumulated human iympbocyies were
BFOWN in & culture medium containing tlated thymidine
and were exposed in e G, phase of the cell cycle ©
1.5 Gy from x rays, the yield of chromatd sberraions was
sgruficanty less than the sum of yields of the aberrations
induced by Wwitised thymidine and x mys separaiely
(Table 1) The response was observed 10 occwr at @
concentration of tntsted thymidine low enough W grve an
esumated one bel disintegration in cach cell volume
between exposure 10 the tnuum and the x ravs. The
reducuon in the expecied number of aberrations was not
considered (o be attnbutable 10 a radiation-induced delay
in cell cycle progression ai s low concentraton. Nor
Was it consdered (0 be due 10 the selectrve killing of a
radiosensitive  population of |vmpbocvies that hid
incorporaled tibaied thymidine (W3

14 When the tnualed bvmidine was present i the
blood cultures throughout the enure culture penod, the
resulls were quite vanable. This was shown, bowever (0
be annbuabie © the fact hat i blood, the amount of
Mualed Gymidine ncorporated mio cells s hghly
dependent on e caaboism of hymidine © a degraded

form which cannot be ncorporated. Later experiments i
which the tntiated hymdine was pulse-labelied while the
cells were in the S phase maikedly reduced this varability,
and the upake of tritisted thymidine was maxmzed.

ummwwmulymmm
MSM&.M“M:nn(n&mﬂw
vanously i the literature as the condivonung. inducmng,
pruning or adapimg dose), followed by exposure of the
cells i the G, phase 10 4 bigh dase from x rays (called
mcchllenpduc).h-mpunwuuheqmn
confirmed by some wvesugatons B6, B11, K4, L25, M0,
O3, 513, 514, We, Ws| although not comssiendy by
mmmmmummmm.
M21, S15, 516} The lympbocyw audls from different
donmswwvwnbkmnwny.u-shommhbkl

16, It was postulated that the condiionmg dose of
mduton sctivaied genes and that this was Quackly
followed by the synthesis of enzymes responsible for
DNA repair. If these enzymes were avaiabie m adequaie
mmmnkmhdhmupanba
Mwh&hmdhkpldDNAdlme
Was anproved, 50 that fewer chromatd sbermuons were
ohmdthniucﬂomqbchlha‘cdnnody.
ltwnmudhluuprmmu
mduﬂywaﬂaﬂcmumm‘qumm
adymh&-.umnudhw
Was urepanibie by the ume a sufficient quanuty of
enzymes became avaiabie. This bypottiesis was supporied
bythcohavmmwﬂnmmmmmuubc
blacked by the prowein synihesis inbibitor cyciobex mnade
(Table 3) and by 3-ammobenzamude (Tsble 4), an mbibitor
of poly(ADP-ribase) polymenase, which & known 10 be
induced durmg the repair of DNA strand breaks (A 16]

17, Other chamscierstics of the o viro Iyinphocvie

adaptive response have been reported:

(a)  the adapuve response 10 x rays requires a dose of at
least 0.008 Gy delivered at 2 rate of more than
0.2 Gy min™ [S14} The mmplication of this findmg
s that 2 cenain number of DNA lesions, perbaps of
a specific type, need to occur within & fixed tme o
order 10 wutiste the signal for expression of the
adaptive response. [n facy there s @ window of
dose, 0.005 w 0.2 Gy, below which and above
which the phenomenon was not observed. Such a
namrow  window has also been observed n
efipeniments with ndiomunetc compounds such s
Bleomycin, which, like x rays, induces double-strand
breaks:

(b)  the inducuon of the repar mechanism takes place
between 4 and 6 bours after exposure W Wi
conditioning dose and remamns cffectve for three
cell cycies (S13}

_2!_’—
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(c) when e cells were exposed 0 two condibonng
doses delivered within a few bours of cach ower.
the reduction = e amount of chromaud damage
was found © be similar w0 that otserved afier &
single dose. The second dose (bus provided no
addiuonal protecuon agains! the damage caused by
the first conditioning dose within this ume (Table 5)

(d) o bas recenty been shownm that a single dase of
O.NSGyﬁul"Copm rays dd not create
conditions for the adapuve response, but two doses,
each of 0.005 Gy given i the same cell cycle, did
do so [B22] The effect of the two conditioning
doses was optimum when they were given at 36
hours and 42 hours and the challenge dose of | Gy
or 15 Gy was given at 48 hours afier mitogen
sumulation. [t & implied from this study thai the
acuie dose 10 Induce maximum acuvity of the repaw
enzyme system s about 0.01 Gy.

18. The quesnon why Iympbocywes from some
ndividuals do not respond remams unresolved. [n fact the
lympbocytes in some cultures exposed 1o 0.02 Gy (rom
x ays rescied synergstically 10 subsequent mutagenx
westment (O3] The cells in thus exrerunent were fixed 2-
4 bours afler the challenge dose, in contrast 10 those in
other expeniments, where (ixation umes were confined 0
6 bours or more after the challenge dose. The
unpredictabie nature of the response bas been confirmed
using differeqces i micronucie: frequency as an end-pownt
[P4] Changes in the bydrogen won concentration of the
culture medium can affect the yield of induced chromaud
aberratons (Table 6). This finding was confirmed when it
was shown that adjusung the bydrogen on concentration
of the culture medium to pH 6.4 just before the challenge
dose enbanced the effecuveness of the response (O3] It
was also shown that the response could be mduced n
cultured lymphocytes (rom donors who bad not previously
displayed the sdaptive response, by sdding compounds lo
the culture medium that could affect the metabolism of the
phylobscmaggletinun-sumulsted  [ymphocyles (eg
wierfeukm-2, which sumulates proliferson). [t s
concervable Bt We repaw systems mduced may react
differently sccording W the culture conditions, a situation
that should not be overlooked when consderng (he
consequences of e conditloung dose. Thus, the
composition of the culture medium may be crucial

19. It has been pownied outl that measurements of the
frequencies of aberrauons induced in asynchronous cell
populauons are likely 10 be musleading if expressed as a
simple average from a single fixavon ume [S23] The
reason for this Lies in e ntercellular vanability of the
cell-cycle vansiton umes. It s known hat the nrusk
cellular rndicsensitivity vanes as Wbe cells pass througd the
cell cycle, and the ume of apphicauon of the conditionuig
or challenge doses of radiwton may Werelore be crucial
In these circumstances. the aberration score will alwavs

de ¥

refiect the average of a muxture of cells baving differemt
radiosensitrvives, and any shifts in the muxture ratos will
nfluence the abermauon viekds. A double - labeil mg
echnique (Brd-U replication banding), which permis
denuficauon of the cell cycle position occupsed by esch
scored melaphbase at the ume of the conditorung and
challenge doses. has recently been described and may belp
0 solve this problem [Al0] Using this echaque, it was
shown that & conditioning dose of 0.01 Gy from x ays
deltvered at 2 rae of 0.05 Gy mm ', followed € bours
later by a challenge dose of 15G; at a2 e of
0.0044 Gy mun ', resulted in 8 vansient decvease i the
frequency of ol aberrations at 6 bours, but not at 9
bours, afier challenge. Furthermore, when the coborts at 3,
6 and 9 bours afier the challenge dose were combined,
there was no evidence of an adaptve response. This
preiuminary experument scrves o demonstrate the comphex
rature of the kinetcs of celis i sumulated lympbocyie
cultures and e possibility that an adaptive response may
occur only in & narrow window of cell cyde when cells
are panucuiary radiosensiive.

20. The expermmens described sbove refer w© the
application of the condiioning dose i the S phase and 2
challenge dose from x mys i the G, phase of the cel
cycle. Studies in which phywhsemaggiutinin-sumulaied
lympbocyles were exposed W the conditioning dose at
otber stages of the cell cycle bave beea reporied, but
different laboraiones have bad different results, which bas
yel (o be explamed An adaptive response was reported
when e G, or G, phase celis were exposed 10 &
condiuoning dose and challenged in the late S or early G,
phase [C8, K4, KS| and when cells were exposed o &
condiboning dose i the G, phase and challenged n the
G, phase (S17, W7]. No response was reporied by other
laborstones if the condibomung dose was grven i e G,
or the G, phase and the challenge dose m the G, phase
[K4, S13}. These results are presented i Table 7.

2l.  An adapuve response, indicated by » reduced
frequency of chromosome asbermauons, has also been
demonstrated with the conditionung dose given 1 vivo
Preluminary resuls of the cytogenetic momutoring ol
children living in a region of Ukreme contaminated afler
the Chemobvi acoxdent indicate that the chromasome
aberrstion yield i lvmpbocyws 10 & challenge dose v
vgro 15 less (han that in control |, mphocytes [rom a
chalienge dose alone (P10} This has to be confirmed by
further studies, but there 15 supporung evidence from un
vrvo studies in the rabbit [L8|. The response of lvmpbo-
cvies W both condiuoning and challenge doses v vuro bad
been demonstrated earlier [CB]. In the v vivo study . tour
adulLmale rabbits were exposed 10 gamma-radation al a
dose rate of about 6 mGv b’ for 9 bours each dav for
davs, giving & daily dose of 0.05 Gy. Biood samples were
aken belore the v vo imadations and further sampies
were collected at intervals of 6, 15, 18 24 30 ang %
davs, the cumulative doses bemg 0.3, 075, 09 1 2 12
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and 1.8 Gy, respecuvely. Six cultures were established
ﬁu“uw'rwmmlmtorhulu
mmwmewdbamUeqe
dacleOytuxnysnudmuno{ou;}y
mmn', and Llun was added 0 them
immediately hereafler. The remaming two cultures were
incubsted with the addition of pbytobsemagglutnin at the
mdwmwwwuwwdmolwcy
m.nncmum.mm-mmwm
dwnmmmwwwmmu
same trend and are presented as aversge values i Tabie 8.
They show that an sdapuve response can be mduoed in
lympbocyies exposed 0 0.05 Gy 4" in vivo when the
Challenge dase © the pb yobsemagg)utnun-stunulsted celis
® grven v vuro i either the Gy or the G, phase of the
cell cycle. This could imply that ctironic iradiation of
crculating biood lympbocvies induces the synibesis of
protems m sulficient amounts 1© manam 3 continuous
and effecuve reservowr of repair enzymes.

L Clowe-forming ability and genomic stability

ZZ  To stdy the effects of radiation on clone-forming
ability and karvotypic sbnormalites in buman penpheral
blood lymphocyies, cells were exposed 3 Gy from
X mys in viro and either individual T-cell clones or long-
term T-ceil cultures were establisbed [H16). The karvo-
fypes were analysed in G-banded chromosome prepars-
uons afier proliferation for 9-34 days i vuro.

23, T-cell clonal karyotype abnormalities were found m
24 of 37 (65%) uradiated clones and in 2 of 43 (5%)
control clones. Balanced reciprocal translocstions and
deletons were the predommnatng fypes of clonal aberrs-
uons. Complex aberrations and unstabie karyotypes were
found in about haif of the uradisted clones. Some of the
T-cell dlones demonstraied sequental change from normal
© aberrant karyotype. Other clones seemed 10 develop
muluple, beterogeneous chromosomal aberrations during
growih i vero.

24 Toells wradisted with x rays and grown in long-
lerm cultuwre displayed karyotype abnormalities in 60%-
80% of the cells, and the types of aberrations were sum Jar
0 those found in the individual irsdisted T-cell clones.
An icreasing number of cells with the same abnonnal
Karyotype was observed when the cultivation tume was
extended, indicaung preferenual clonal proiiferauon

25, These results demonstrate that a surpnsingly bigh
proportion of T cells wih swble and ofien compiex
undauon-induced chromosome aberrauons are able 10
proliferaic and form expanding ceil clones v vuro
Furthermore, they indicaie that x-uradiauon induces laten
chromosome damage and genomic instabiity in buman
T lympbocyies. What would be inieresung would be 10
repeat (s studv by giving 8 conditiorung dose of a few

09

molmﬂlmybe{mucmla’dnuotlc}ym
mlluymupdifcwq'rczlhwn
siable abermation occurred.

3 mmum&w

6. Cell survival and chiromosome aberration yield have
been measured pbywobsemaggi utnm-samuated
IWWbamGym:nnﬂowdby
mumbladﬁy.b‘mh«glu
G,M(Slnhmumm;hynbo(
chromosome exchanges and delstions were found 1 be
htundbnumuchlwducody.
Lymmhudymdteuhmm
mummmmw-umcu
survival with » challenge dose of 2 Gy and nome after 3
qumdcoy.Ammmm
mmaoummriymmtucmmwu
adaptive response. Reductions m the number of cells with
uvmlwemun-(-umymcdh)muu
Mdamoﬁmm.“f&p
poruon of nom-abemant cells is not ncreased. thes »
survival adapuve response will not be seen.

27, h-mm,.mmmw
MLMt_uuMmumu
amGyhnlny;blovdbyleh&cG,phn
[S44] Under these exposwe conditions, most of the
mumuwnmuym
chromosome aberration sfier the challenge dose Cell
survival adaptive responses were seen i fow of the six
donors, but the decrease in the numbers of singly abermant
cells was not in itsell sufficient W account for the mcrease
m cell swvival [t was propased, therefore, that some
mcrease n cell survival could have been due © repar of
lumncdhhlma&kvdolmmlm
which would not be recognmed by the cywlogical
lechniques used 10 wentify aberrations.

28, Cell survival bas been measured concumrently with
e yield of mutations using 6-thioguanine (TG) selection
0 detect clones mutated at the X-linked bypoxantune
pbosphoribosy| transferase (Aper) locus [S18) Tritased
wymidine was added during the G, phase, followed by
upnsmlol.salOGyﬁuxnyl-thpm
Cell survival was not affecied (Table 9), but triuaied
ymudine at concentrations of 3.7 and 37 kBq mi” in the
Culture medium produced a significant decrease in the
number of mutabons induced afier the challenge dose
trom x rays compared with cells recerving the challenge
dose only.
.

29 In support of this observation, the mutauon
frequency was reduced by 70%, while cell survival was
not affecied, when lymphoblasiowd cells were exposed 1o
002 Gy from x rays, followed by a dose of 4 Gy m the
G, pbase [R8]. This decreased mumton frequency was
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Mbhhmnholumdmnpusm
Which was shows 10 be absent from mutant cells defickent
-Uhhmbmwauc,m
vonW&ol0.0lebmxuys.ldkned
bylMMd&dJGyﬁmxnysnmeG:phn.

4ls0 showed a reduced muttion frequency compared with
cdhupadm&edﬂhuemwy(‘hbk 10).

3. Reduced mutaon frequency was demonstrated with
humMmeammﬁueo(
001 Gy from “Co gamma mys st » dose re of
0.078 Gy min' and then exposed 18 bours later 1 3
challenge dose of 2 Gy (26). Afer imsdistion. the cells
mmhm(amndnyuunm-uhcwckml«
1640 medium 10 allow phenctypic expression of hper
mutanss. The (requency of Agrr mutations resulting from
e dose of 2 Gy was 269 10 Trestment with the
mmaq dose reduced the mutation frequency to
10.7 10,

k) ¥ M\nmcda\aapudbmchllcnpdm
showedpudekmnﬂmwunls«monz
mlonm(%)h.mpnﬂbﬂomol‘ﬁcdm
(ui)mwmmmsmgm
deletons and reamangements are  assocuied with
unrepawred o error-prone DNA double-strand breaks, it
muldbeenadwmuucmeaDNA
Me-mmw:ynpummmmmmm.

32 hmﬂnhuwlmpﬁoﬂwdu‘lli\em,
which s beterozygows for the ymidine kinase gene
(R"Lubmwnuuuolmummmn
twommcgmnclou.mdwiﬁeipn
loun;llnowuueawtymdmhm(m
|mmmcmmo-mm(‘m)m
Mmmuﬂﬂ)muhmmunm
al tbe Aprr and TK loci respecuvely. Cell survival and
muilon rile were measured afier protracted exposure to
nuaied water, followed by exposure 1o x rays at the rate
of 0.8 Gy m [T1}. The resulis of this experument are
Ulustrated m Figure |

33, The cells were grown n 2 medium containung
0.74 MBq mi™ of witsied water, the tritium uradisung Lhe
cells at a dose e of about 0.05 Gy ¢ Duning the
wmumdmmmtummo{mkd
waler, lhe cloning efficiency, determined after 10, 20 and
30 days of exposure. remained almost constant, and it was
comparable 1o that found for unimadiated celils. Afler e
challenge dase of up to 1.5 Gv from x rays, the survival
curves for TK6 cells, pretreated or not with tritiated water
for dufferent lengths of ume, were aiso similar. as shown
i e upper plot of Figure | These results showed that
with a low-dose-rate, protracted condiioning exprsure
from ncubsuon i triuated water, no adaptive effect on
cell survival vas detecable. Funbermore, treatment with
uated water had no significant effect on the induction of
mutauons. When ihe mutauon (requency was plofied as a

funcuon of the accumulated dose, regardiess of the
nﬁww.uhm“d“umr
relauonsbip was found, indicating hat the mumgenx
eﬂuto{pwemunbm“umm
umbxnnma«iw:.umunnm*
lower plot of Figure L

4 Intersction with chermicals

M. A recent review of expenments nvolving the
aamuoaofhcuuoxmavemmmuu
umw-mbwqmm
-ﬂhrymwh[DSLOlcochMdeed
hDNAmiaMcmmbw-thm-
Mw&mhnh:m-hamm
Face amounts of oxidizing radicals. [s confirmation of this
bm.mln@xymbmmnmd
hydwnpm&.hlwdbylheduoybm
xnyxwfmﬂbiﬁuhl&ﬂwm
(TaNcllLCoumMinchmnnum
With radiation s lenmed cross-adapation.

1. oum(annomu)m
Muuw-mumm
w-tbubmnmwlymnq-m
muwnunmabyaq-mmzam
beh!.chllchmedlﬁﬁyb-xnyllcnl
Hma.muabmwynmu
uymm.«muoluaouxmu
adaptive response was not observed. The suthors did not
pveuyumnon(ulhhdo(mhmu
doses (W3]

36. Aum-n‘nmudeibquac-yhubu
munlmmmmthydm
peroxide (D6}, Lympbocytes were exposed 10 & 30-mmute
pulse of bydrogen peroxude (25-250 uM) 24 bours after
fmn‘mo(hecuhumltoadnﬂn.:éaco{
l.SGyaJGyﬁomxuanouabu.

37. Anmmmmmumimmaa
dmmwofbhanym.m-humlo
produce double-strand breaks during the G, and M phases
dmwlmmmpmmnmm
cultured i the presence of low comcentmiis of
bleomycin (0.01-0.1 g ml ')lntishumve" Lo enged
with 2 bigh concentration (1.5 g mi”) o omyem or
with 1.5 Gy from x rays, lower than expec. . (requencies
of chromaud and sochromaud breaks were found. Thas
Cross-adaplauion was not observed if cells were exposed 10
methylating agents. [n fact, mdisuon and metbyl methane
sulpbonate act synergstically » the same way as a
combinatén of metbylaung agents (Tabie 12)
Conditioming  with interferon (SO IF mi') bas been
descnibed [M30] These experiments lend support 1o the
view 1hat cross-adaplaion may operste m lympbocvies 1o
reduce the damage cuused by some, but not all, DNA
damaging agents.

< /0
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S Repair of specific DNA lesions

38 A siady © identify the molecular lesions associsted
\V‘G‘“Mdu\mﬁnmmwmﬂy
been repared [S19] The end-pomts measured in the
lymphocywes fram wo donors included chromatid and
chromosome aberrstions and sister chromatd exchanges.

39. To measure chromaud aberrations. the cells were
exposed © 0.05 Gy from x mys 24 bours sfer phyto-
becmaggiutum sumulstion (e m the G, phase) and
WNZGnyny'udlouu(u.hhn
Shkearly G, phase). To measure chiromosome aberrations.
lhcclbmewnamGybmxnys 12 bours
mwmu.ummmm
ZGytonxnysullbuu(u.mWnu
G, phu;thbumomdomMmmum
mMc&WuhhtSaMszm
in contrast 1o cells from the other donor, which showed
ummmmwm:muc,m.

4. Three drugs were used o induce sster chromatid
exchanges: ectoposide (VP16), 1 3-bis(2-chloroethyl) |-
mrosoures  (BCNU)  and  cis-diamminedichloro-
pisusum(Tl) (cw-plaun). Ewposide. s toposomerase [
mhibilor, prevens the creation and resesling of DNA
strand breaks. as opposed W the bese modifications caused
by cu-platin and mer-strand cross-links by BONU. The
nmdDNAtmalspa&mmmm
& e result of the synthess of enzymes invoived in
excson and posi-replicaion repair or the synibess of
damage-recognition proteins (esierases ) that prevent Cross-
linking.

41, Cclhmapucdbomoybomxnysaﬂo
bours afier pbywobsemaggiutnm stamulstion and exposed
o drugs (0.5 M VPL6, 10 uM BCNU or 0.67 uM cis-
platn) 6 bours later for 2 bouss. A1 48 bours, the drugs
were washed out and the cultures treated for 4 bours with
30 M bromodeoxyundine (BrdUrd). This technique
ensured that only the cobort of celis that spent sufficient
tme o @ § phase during the BrdUrd labelling would be
scored. Swell but stausncally significant reductions in
siier cheametid exchanges, conssient with an adapuve
response, wese observed (Table 13). Both donors
responded simnilarly, showing reductions most often for
VP16-nduced smier chromatd exchanges. Although
sgruficant reductions were aiso observed for chromaud
deleuons, analysis of the data sbowed that thev occurred
ndependently of those for sister chromatd exchanges.
These results are consisient with the view that damage o
specific sites in DNA s repavabie following 2
condiuoning dose of x rays

42 No adaptive response was obtained when cells from
10 donors were exposed 1o mitomycm C, with and without
a pnor condiboning dose of 0.01 Gy from x ravs in the
Gy pbase (MS]. This may be reievant and in contradicuon

-1

e —————————

10 the observaton that 4 satstcally sigaificant decreased
nmudmawuuudquwfm.u
lmm«mmuuwy
exposed © low doses of radiation and whose blood
'mmwmmdbk-hq,mm
Mmdmuﬂym«ﬁ[‘ﬂ].

6 Summary

4. M&mmuw-mmmﬂw
bas been demonstrated in meogen-stmulated buman
lympbocytes when they are scutely exposed © a con-
Mumum.eamzoymm
Mm“duhpy.mmmb&n
uMnaMnty‘d‘i&wmﬁw
dmbmwynwuumu{hym
expecied. The adapuve response bas been demonstraied
When both e comditioning and challenge doses are
.puuuhcug-(sqm)duwm
M,Mi%ub%uuh
adaptive respomse ocowrs if the conditioning dose ®
applicd i e resting or eady stages (Giy/G,) of the cel
cycle. This mportant poant needs 1o be clarified, since &
bas mmplications for the crcumstances in which cells are
chroncally sradisted i vao.

44 The cellular response s transient, lasting for about
three cell cycies i culture. Since radistion-induced doubie -
mmnmwnwuﬂyum
of specific repaw enzymes in sddition (o those mvolved in
memoltqnto(dnqe-dhmduu
normal membolsm.

45.  There appears 1 be individual donor varation, with
mevduao(udlmm-hlywhcyuo{
same blood sampies lesied even though the culture
poaduumdaﬂb“pﬁmqlm
Why s s 50 & not known. Several explanations have
been proposed Ome possibility s that the adapuve
response requires the mamienance of & narmow range of
pﬂwﬁepwdmmmmb‘m
o the cultwe medium. Another possibility s that the
adaptive respomse ocours ot 4 precse tme m the cell
cycie, 5o that cells outside this phase do not respond. A
thrd possibility ® that » veo factors such as the
nutitional siatus or the immunocompetence of the |ving
orgarusm may influence the cellular response.

B. EFFECTS IN MOUSE CELLS

Spienic lymphocytes

46. The resuls of different studies with mouse
lymphocytes have been contradictory. In one expenment
mice of the CSTBI/6 strain recerved & whole-body dose of
0.05 Gy from gamma rays, at the rate of 1.25 mGy mm

.. 1.
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on four comsecutive days (W9 Groups of mice were
killed at intervals up 1© 26 days thereafler. Lympbocytes
solsted from e spleens of sham-imadated and yraduated
mice were exposed 1 vure w UV.mdauon to mnduce
unscheduled DNA syntbess or 0 mutomyan-C 0 mduce
swier chromaud exchanges. The zsulis showed a higher
nk of unscheduied DNA synibesss and lower sister
chromatd exchange frequencies i the uradiated mice than
n the sham-uradisted controls. Lrradistion i vivo with low
doses of gamma rays was consisient with an increase in
e ne of DNA repew, which s cffecuve for
approxunately 12 days. The results support those publsbed
by Tuschl et al [T2, T3] and Liw et al [L9) who
demonstraied that it s possible 10 nduce e adapuve
response i Vivo.

47. However, the sdaptive response was not observed
when lymphbocytes obained from the spleeas of female
muce of the Heiligenberger stran were exposed i vuro,
either 10 0.05 Gy from x reys at 24 bours or 32 bours
afier pbyobsemaggiuunm-sumulavon, followed by 3
challenge dose of 2 Gy at 40 bours; or 10 0.1 Gy at 32
bours or 42 bows with the challenge dose at 48 bhours
(W5, W23] A reducuon in the number of chromasome
aberrations as a result of exposure © conditoning doses
was seen i the lympbocyes from only | of 14 mice
lestied. Because of the hugh vanability of the radiation-
nduced break frequencies n the lymphocyies of the
different donors, the authors concluded that ths one
positrve result was due 0 chance and was not & genume

adapiive response.

48 To determune f s lack of an adaptve response
was unque © the Heiligenberger stain, spleen
lymphocvies were collected from CS7BU6 female muce in
whiuch, as discussed above, adapuve response o UV-
rndiavon-induced, unscheduled DNA  syntbess and
mitomyvcn-C- induced sster chromaud exchanges had been
observed (W5 A dase of 0.1 Gy from x rays was gven
after 32 bouss, followed by » challenge dose of 1.5 Gy
afier 48 bowrs of cwture. [nitial results indicated the
presence of am sdaptive response in some of the CSTBL6
muce. However, subsequent analysis of the abermation
scores of parailel lympbocyte cultures revealed a bigh
nre-ndvidual vanability. The suthors concluded that the
results were & reflecuon of this vanabiity rather than of
any induced adaptrve response (W27)

49 Expenments have been reported 1 which colony-
forming uruts (CFU-S) cells were exposed 10 low doses of
mdiavon in the range 0.03-0.05 Gy [S20, S32] The
adaptve response was observed {rom 4 bours unul 28
days afer each challenge dose and was more pronounced
after high-dose-rate exposure. The response could be
potenuaied by mecung the mxe with 50 g ol
polvnucieoude Poly [-Poly C two days belore ihe
challenge dose.

/)%

L Bone marrow cells

50.  Male Kunming mice were exposed 10 8 whole-body
condiuoning dose of 0.1 Gy from x ravs, followed 2.5.3
bours later by a challenge dose of 0.75 Gy from x ravs
[C&LlO].hcmdexmlouMmﬂ
challenge doses resulted in 8 smaller number of chromaud
abemations n bome marrow cells tun m cells from
anumals recenving the challenge dose only. These results
are given in Table 14 The whole-body expasure of female
CSTBU6 muce 10  conditioning dose of 0.0020.5 Gy
from x ravs, followed by a challenge dose of 0.65 Gy
within 3 hours, also resulied m an sdaptive response at all
conditioning doses (Table 14). A samiler adaptrve response
Wis observed when the snunals were exposed © these low
conditoning doses and then 10 . high dose of
miomycin C (0.5-50 mg kg') instead of the challenge
dose from x rays (Y2}

1. hnuqudmnuupmmmnmum
0 3 range of whole-body doses from gamma-
radiauon ai 8 rate of 0.09 Gy mm ' and imadisted 3 bours
later with & challenge dose of 1.5 Gy from x rays [J2)
Sgnuficanty lower cwomaosome sberrsbon frequescies
were observed M bone mamow cells sfer conditioning
doses of 0.05, 0.10 and 0.20 Gy, bwt not 0.50 Gy,
compared wilb anunals recesving the challenge dose only.
The prowracted whole-body exposure of male muce 1© ©Co
gamma-radisbion ai the rae of 0.014, 0.025. 0.06 or
0.23 Gy ¢, followed by a challenge dose of 0.9 Gy from
X mys within 3 bours afler protracied exposure had ceased.
also resulied in adepve responses [Y2)

52. Using a different end-point, male white SHK muce
were given whole-body exposwres 1o 'Cs gamma-
radiation at the rate of 1.3 mGy b over perods up w0 50
days and then exposed 10 & challenge dose of | Gy from
x rays withm a few bours afier the protracied exposure
ceased (G2} The frequency of micyonuciei in poiy-
chromatuc erythrocyles i chromcally iradiated mce
exposed 10 the challenge dose was about one third of that
observed in muce recerving the challenge dose only. it was
also shown that chronic exposure before the challenge
dose “esulled in & marked decrease m single-sirand breaks
an¢ on increase in DNA polymerase activity m splenic and
liver cells, consstent with the avaulability of a reservour of
repair enzvmes dunng chromsc wradiation.

53, Iln another expermment, 9-12-week-old male mice of
he Swiss albino stracn were exposed & vno 1o *Co
gamma rays [F23]. The condiuoning doses of either 0028
or 0.05,Gv were grven at a dose rate of 1.67 Gy min '
The cba'llcnge dose of | Gy was grven at 2, 75, 13, 185
or 24 hours after the conditonung doses. At 3 ume interval
ol 2 bours, both condioning doses reduced the frequency
of mxror-cleir in polychromatc ervirocyies and of
chromoc.. «¢ abemations in the bone mamow cells. Afer
exposure 10 0.025 Gy, the adaptrve response remained {or
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24 bous. Aller cxposwre © 005 Gy, bowever, the
mmwumwmmmuqe
dose was gives 13 ar more bours Later,

54. These expermnents indicate that (he adapuve
resporse can be mduced in bone mamow cells i some
strams of muce afler acute or chronic exposure © low-LET
mnmum.pdeMIhMdesgm
within & few bours afler the expasure 0 low doses has
ceased The resuls contrast, bowever, with those of
Jacobsen-Kram and Williams [J1], who were unable to
chct an adapirve response m the bone marrow cells from
ber stae of mice umadiated o vivo. However, m the
lacier experuments, the challenge dose was given 24 bours
ahhmdiﬁqua&amwmﬂymhq
for he DNA repar enzymes o remam effecuve m rapudly
dividing bone marrow cells.

3 Spermatocyes

55. Male Kunming mice were exposed o a whole-
body dose of 0.01 Gy from x rays, followed 2.5-3
bours later with a challenge dose of 0.75 Gy from
x rays (CB]. The number of chromatid aberrations in
the spermatocytes of conditioned mice was 'ess than
in the spermatocyies of mice receving the coallenge
dose only (Table 14),

56. In another expenimeri involving the whole-body
uradiaion of male Kunming mice, the adapuive
response was shown by reduced chromosome damage
and dominant lethal musstions [C17]. A conditioning
dose of 0.05-02 Gy resulied in & swustcally
significant reduction (p < 0.01) of chromatid and
isochromatid breaks in spermatocytes and in reciprocal
transiocavions in spermatogonia, cumpared with cells
{rom amimals receiving only the 1.5-2 Gy challenge
dose.

57, Cresi-adaptation bas been sbown using x rays
and low comceatrsuons of mitomycin C, bydrogen
peroxide amd cyciopbospbamide as the conditioning
dose (M27}. Male Kuaming mice were exposed 10 &
conditioning dose of 0.05 Gy from x rays; 3 hours
later, 0.1-0.5 mg i of mitomycin C or 0.1-1 M of
bydrogen peroxide was injected intrajeritoneally or
duectlv into the tesus. Twenty-four hours later, the
mice were exposed 10 a challenge dose of 1.5 Gy from
x ays. The frequency of aberrations in primary
spermatocyies was markedly reduced with the use of
mitomycin C or bydrogen peroxide. In contrast.
cyclopbospbamide in the range 0.05-0.5 mg mi ' acted
synergistically with the conditioning dose of x ravs

4. Mammary carcinoma cells

58 Exposing cultured mouse mammary carcinoma
(SR-1) cells to a dose of 0.01 Gy from %co gamma

rays, followed by 3 dose of 3 Gy from gamma rays
18-24 bours later, resulted in 2 decreased frequency of
induction of mutations at the Aprr locus [Z5). When
cells were exposed to bleomycin (5-10 ug mi™') for 12
bours instead of 3 Gy from gamma rays, a similar
reduction in mutagenic response was observed. Since
bleomycin acts 1o produce double-strand breaks, it was
presumed that the reduction in the frequency of
radiation-induced mutations was also arributable 1w
the repair of double-strand breaks.

5. Pre-implantation embryos

59.  Mouse embryos of the Heiligenberger strain were
exposed to & conditioning dose of 0.05 Gy from x rays
41 umes corresponding to the late G,/M phase of the
four-cell stage or the G,/S phase of the eight-cell stage
embryos (M6, WS]. A challenge dose of 1.5 Gy from
X rays was applied 6 bours later, and cells were
arresied in metapbase unmediztely thereafier. The
interval of 6 bours between the conditioning and
challenge doses was chosen because it was found W
be the approprisie time for the expression of the
adaptive response in both bumar lympbocytes and in
cultured Chinese hamster fibroblast cells [15). The
resuls of these expeniments are summarized in
Table 1S. The vyields of chromosomal bresk
(requencies and the percentages of aberrant celis give
no indication of an adapuve response compared with
cells receiving the challenge dose only.

60. It bas been reported that rat mammary glsnd
cells imadiaed & vivo may bave s higher repau
capacity thar cells irradiated in viro, a phenomenon
calied »n suu repair (G4). To examine the possible
influence of i suu repair on the adaptive response in
embryos, the conditioning dose was applied s vivo
and the embryos were left o sirw until shorty before
e challenge dose [WS). One group of embryos given
4 conditioning dose of 0.05 Gy was irmadiated in vivo
with 2 Gy from x rays at SO bours afier conception
and isolated 4 hours later. Another group was isolsted
at 48 bours afler conception and irmdiated with 2 Gy
from x rays ot wviro at 50 bours afier conception
Colcbicine was added at 55 hours and the metapbases
of the embryos in the 8-16-cell stage were barvested
at 62 hours after conception. The rescits of the i suu
repair experiments, given in Table 15, indicate that i
Stu repair was not sssocuated with an adapuve
response. Thev suggest that the mouse embryos are
either »n suw repair-deficient or that the opumal
conditions for tbe induction of an adaptive response
bave met been achieved.

61. Wojcik et al. [WS] pointed out that for an
adaptive response 10 occur in pre-implaniation mouse
embrvos, they must be abie to perform DNA repair
Unscheduled DNA synthesis does occur in hoth

T T ¥
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pronuciei of the one-cell embryo as well as in cells of
e later developmental stages. Until the late two-cell
stage, bowever, there is no gene expression in the
embryo, and all prowins required are synthesized
constitutively from mRNA inberited from the oocyte
[73). At the late two-cell stage, the embryonic genes
are switched on and much of the maternslly inberited
mRNA is destroyed. There is, however, evidence that
despie the transcriptionally active genome, some
genes inducible in somatic cells do not respond
inductively to ibe changing environment in embryos of
e preblastocyst stages. It is not clear whether
induced expression of repau genes in the embryo is
necessarily required for an adaptive response
radiation. However, the negauve oulcome of the above
txpenment could be due 1o a general inability of the
preblastocyst embryo to adapt to chenges 1n ils
environment

62 To investigate the poinis further. pre-implantation
embryos were exposed 10 4 conditioning dose of 0.03-
0.1 Gy, with a challenge dose 6-24 bours later [M6].
Table 16 gives the results of an experiment in which
two-cell embryos were exposed 10 0.05 Gy in the early
G, phase and 10 2 Gy when the embryos were in the
‘ate G, phase of the same cycle. None of the end-
poinis measured indicates a swuistically significant
effect as a result of the conditioning dose.

63. It is recogmized that up 10 the early two-cell
stage, the absence of sn adapuve response in carly
embryonic development could depend on specific traits
of this system. Starming with the blastocyst. however,
tere 1 no reason why genes coding repair enzymes
sbould not respond 10 signals calling for additional
enzyme synthesis. A similar experiment 1o the one
described for the embryo in the two-cell stage was
tberefore carmed out using blastocysts in which the
embryonic gemome was acuve. No swtistically
significant difference was seen between tbe effects
with and without the conditioning dose [M6].

64. It may be comcluded that an adaptive response
cannot be imduced in pre-implantation embryos, at
least with regard 10 the end-points measured, or that
the conditions are entirelv different from those
determined in other systems, in particular in buman
lympbocyies.

65. The response of fewl ussue bas also been
examined. Pregnant Sprague-Dawley-derived rats were
exposed 10 0.02 Gy from *'Cs gamma-radiation at a
rate of 0.4 Gy min ' at various umes on day 15 of
gestation, prior to receiving a challenge dose of
0.5 Gy. Fetuses were examined 6 hours and 24 bours
after the chalienge dose for changes in the developing
cerebral conex [H20). There was no evidence of a
celluiar adapuve response under these conditions of

exposure, but the suthors pointed out that be different
conditions of exposure need 1o be examined before the
absence of an adaptive response can be conclusrvely
stated.

C. EFFECTS IN FIBROBLASTS
FROM VARIOUS SPECIES

. Human embryoaic and skin Mbroblass
(@) Life-spas and mutation frequency

fbroblast cells of chronic exposure 0 *Co gamma-
radiation delivered st 2 dose rate of about 0.001 Gy b'* for
?'mepcdoyluhumu(w].'ﬂumue
lile-mn.wiiclw-mwbybclmamn
population dowblings, was 1.2-16 times longer n
imdated han n unemadised cells. The number of
muumummmm
trougbout thew life-span. Conversely, the mmadisted cells
showed numencal sbmormalities with ncreasing time.
Mmuuuuum—mdmany
muuuwmmuw.nu
e cells showed ctromosomal changes comssient with
abnommai phenotypes.

67.  In anotber study (W10, W11] 1o determine the e ffect
on the growth sbility of buman embryo fibroblast cells
viro, he expression of sbuormal phenotypes was
measured sfier fractionated low-dose gamma-mdiaton
&lhmmydtacdmvwwmuoay-
muw.wmm-xummmu
mansformanon by foci formation. # %er a dose of about
ZGyNhuamdnu.bcmmmuMu
mw-l.}lbmlhto(ttmmw
ransformed foo were not observed until the cells had
accumulsted asbout | Gy, the numbers of cells with
abnormal pbenotypes ncressed theresfier with increasing
dose. No cells, bowever, showed unlimited |ife-span w
viro.

68.  The mechansm responsibic for the increased growth
potenual of embryonic (ibrot lasts after fractionsted low-
dose gamma-radiation 1 viro remams obscure. Although
the data suggest that some damage s reps red duning these
exposures, it cannot be assumed that all of the damage
resulting in the transformation of cells & repawred. The
prolonged life-span may allow additional tume for e
expression of an otherwise unexpressed lesion, perbaps
assocuated with the development of additional karyotypi
changes and aneuplosdy. This process might be very rare
among buman diploxd fibroblasts grown i vuro (K6, K|
and might be specifically related to the ummortalization of
buman cells. The mechansm leading to the prolongation
of thew life-span remains o be shown, but calowum ion
may act as a signai tansducer dunng cell cvcling [110)
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®) C‘m-ldou-lonm.m

9. mu—-um«um(wsn)w
mu-mumo{mwm-
u«mmw-wmmammul
QUMMMnkaummden
(onmmmmlomcvdzmolmme
mm.m:mnuotphuu-mclhw
gamma rays, delivered at 4 dose rate of 0.003 Gy mun''
over 3 penod of 24 bours, reduced e effecs of a
chcmdtzsoy&mxnyommdmﬂy
aMMMrmanmmwba
twolold mprovement i cell survival and s twolold
reducton in mucronucle: (ommaton were observed,
mmpndm&md-mwululhm
expased o the challenge dose only. Furthermore. afier 7
dlys.memolmhmauswrvwm.mc
mmbundupmmwuubouttwmumnum
smo(cdonufmncﬂlsgwenachﬂemémconly.

70. The sumulation of clonogenicity at doses below
0.4 Gy from gamma rays has been observed in cultures of
buman skin Gbroblasts (srain GM 2185) The results,
Wustrated in Figure (11, are compatble with the bypothess
hat celis that do not form clones in e absence of
radiauon are sumulated © do so by low doses of radiation:
that s, additional colony-formmg cells are recruited from
formerly non-clonogenic celis. This enbanced
clonogenscity Was not observed in fibroblasts (A-T stein
GM 2531) in which DNA repaw was delicient, although
the numbert of non-clonogenic cells are similar © those
observed in the normal Gibroblast straun. [* can be umpled
from these results that enbanced clonogeniity s
dependent on DNA repar competence, but other
mechansms could be invoived (GS).

2 Chinese hamster cells
@) Mironuciei formation frequency

71 Prolifersting Chinese hamsier cells, cloned from the
V75-BI10H cell line, were exposed 1o bew- or gamma-
rdisuon from witisled bymidine or tnuated waler,
(ollowed by exposure 1o | Gy from “'Co gamma rays (15,
17, ill].AnnﬁuMmupmdau reducuon in
mucronuciei  frequency, was observed. The adapuve
response was inbibited by 3-ammnobenzamide (3AB) and
was nol observed afier one cell division following the
conditonung dose. The opumal range of the conditoning
dose was esumated to be between 0001 and 0.1 Gv on
the bass of the amount of tribum ncorporated into DNA
When thuated thymudine was adminsiered at lower or
higher concentrauons, a reduction in micronuclel nduction
was not observed.

72 Acute exposure ©0 0.01 or 0.05 Gy trom gamma-
radiation also induced an adaptrve response 10 2 challenge

douo(le.hluqmntohu-LEruumaddu
mwuuwdmmwmmu
quality and Guanury awmum
mmmemmammmuuy

mummmnmummm
and tbe challenge dose was exwnded w© 6 bours. The
mmmmu.-m»umm of a
Mh«mnDNAhn':.

() Cross-edeptatios

7. Qmmmahwumamq
daees (0.01-0.05 Gy) from gamma-radiation showed cross-
adapuuon 1o challenge doses of UV-B-radiauion (97.5.
195 ) m?) and mutomycin C (25-50 ug mi"') but nox 1
cihyl methane sulpbonae (EMS) (100 ug mi)) or cw-
platn (1 ug mi'), as evidenced by a reduction in the
numoadsmmuummwwy
m:mmmmm.mmunw
umw»bcmtmmtummchwum
hmwmbymymcuw-sm}m
muumnhummwmumm
bmobcwedwbenhmunlymphammw
10 this agent

74. heeﬂeuo!uuﬂamdiydmam
on the killing and mumuon of Chinese hamsier V79 celis
bydﬂuum-wdnoﬂmcmm
mmmnmuumlcu,szz;n
mmm&:m.mmmm(q
0.9 ug mi"') of bydroges peraxide render V79 ceils more
m«wwwnbylymmu-
IS ug mi'), gamuma rays (16 Gy) and N-metbyl-N'-nitro-
N-nigrosoguanidine (0.5-20 ug mi').  However, such
preurestment with bydrogen peroxide increased the
Mutabon yield by N-methyl-N -asro-N-aitrosoguansdine or
Bamma rays, suggestng emror promeness of the induced
repair acuvity. Cyclobexmnsde or benzamnade prevented the
mMmo(npt.ndheyahoWhm
i mutation yeid.

75. mmmummmmmman.
rat bepatoma cells with low concentrations of bydrogen
peroxide (1-5 uM) also resulted in an adaptve response,
expressed as increased survival when the cells were
exposed 0 bigh doses of bydrogen peroxade (0.1-1.5 mM)
or 10 & challenge dose from gamma-radiation (up 10 8 Gv)
[L20} This adspuve response was observed in bow
exponentially growing cells and platesu-phase cells. but
ibere was a reduced Aprr mutation frequency.

. 3 Mouse embryo cells
6. C3HI0TY plateau-phase mouse embryo cells were

condiboned with doses of 0.1, 0.65 or 1.5 Gy from *Co
gamma rays at a rate of 0.0025 Gy min'. Three and &

@y
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wmummm«mmaaoym
pamms reys. The conditioning dose did nor affect clono-
genuc survival, but it led 10 & reduction in micronucieus
frequency m binucleate cells and © 3 twofold reduction in
ransiormauon frequency per viable cell when cells were
subsequendy expased 10 ¢ Gy from gamma rays. The dats
suggest Gat 3 conditiorung dose of low-LET radiation
induces an adapurve response m CIH 10T cells. resulting
w enbanced DNA double-strand break repaur when the
cells are exposed © the chalienge dose. This enbanced
repaur appears 10 be emor-free, since the celis are less
suscepuble 0 radisuon-induced neoplastic transformation
(ALT),

4 Derived human epithelial cell line

77 Adaptive response has been described in expenments
nvolving Hela ceils (C21]. The cells were exposed 0 &
conditoning dose of 0.03 Gy, followed by a challenge
dose of 2 or 3 Gy. A decrease in the number of induced
mucronucie! occurred withia 4 bours of the conditoning
dose and lasted for three cell cycles. If the conditoning
dose was increased 1o 0.4 Gy, the adapuve response
disappearcd and the cells subsequently showed increased
radiosensitivity.

D. ADAPTIVE RESPONSE
TO CHEMICAL MUTAGENS

7. An adiptive response in buman kemunocvies
exposed W low doses of the mutagen N-metbyl-N -nivo-
N-nirosogusnudine bas been described [K8). Growing and
confluent buman kerstinocytes (Ha CaT cell line) were
exposed 10 different concentrations of N-methyl-N'-aitro-
N-niwosoguarudine for one bour, and the number of
smgle-strand DNA breaks was determmed by measunng
nucicowd sedimentstion througd neutrsl sucrose gradients.
Strand breaks cause the supercoiled DNA structure of e
nucleonds o0 relax, leading 0 @ reduction i he
sedimenation rate. When the growng cells were treated
with low dases of N-methyl-N'-nitro-N-nitrosoguanidine,
the nucleotds were found o sedii.ent faster than in cells
n the confluest phase. Similar shifts bave been reported
followmg miogen activation of buman lympbocyies /4]
and mouse splenic lvmpbocytes (G6]. This effect was
atnbuted to the reyoining of DNA single-strand breaks
present w1 confluent cells.

7. The ADP-ribosvlation system of chromatin responds
W radation-induced damage by processing ADP-ribase
resdues through 2 complex senes of synthetc and
catabolic reacuons. The key component of this mulu-
enzyme svsiem s poly(ADP-nbase) polymerase. a zinc-
conainmg protemn that specifically binds 0 single- and
double-stranded DNA breaks. Binding acuvates different
catalvuc reactions What lead o the synthess of polvmers
covalently bound to the polymerase [N3]. These polvmers

d/6

———

Mumehmmumw.hu
dccess 0 other prowews. c§ DNA belicase A and
loposomerase |, 10 encourage DNA excmion repay.
[nbibitors of poly( ADP-ribase) polymersse suppress the
adaptrve response in mammalian cells.

80. Further evalustion (B9], bowever, bas shown that
dilmcnulhmmmutmm
be explaned by changes in the amount of RNA and
protems, which affect the sedimentation velocity of the
nucieoids. To test this bypoibesis, kersunocywes were
exposed w0 0005 uM of N-methyl-N'-nitro-N-
nrosoguansdine for | bour, followed by a chalienge dose
of § uM of N-methyl-N'-nitro-N-airosoguanidine 6 bours
hm.mmmuuwsmqwu
DNAbnahnhmuaﬂlM-aﬂsw
o e challenge dose only. The presence of 2 mM of
>aminobenzamide blocked this response. Repsw in the
presence  of low doses of N-methyl-N'-nigro-N-
nrosoguanidine s conssient with an adaptve response of
e cells © the mutagen. However, 2 synergstic rather
han an adeptve response was observed in bwman
lympbocytes prewveated with N-methyi-N'-niwo-N-
nuoosoguandue, followed by & chalienge reatment wih
metbyl methane sulpbonate (W4

8l. Swdies with bydrogen peroxide (0.1 uM
condi dose, 100 uM chalienge dose) and bicom yan
(0.1 ng mi™ conditioning dase, 100 ng mi"' challenge
dose) are also consistent with the view that exposure o 2
low gose of these mutagens results either in an overall
decrease in the number of single-strand breaks or changes
n the nucleod cage of the DNA. They provide
complementary evidence of an adapuve DNA repaw
process.

F. SUMMARY

82. The adaptive response bas been demonstrated i
proliferaung cultured lympbocytes and (roblasss. In
addivon 10 2 reduction w chromosome abermatons, the
response has been measured as » reduction m the expected
number of smier chromsud exchanges, of induced
mucronucier and of speaific locus muations. An increased
swrvival rate and an mcreased proliferative capacity have
been shown (o be assocwted with mcreased mutaton and
transformavon frequency in some expeniments.

83, Bone marrow cells and spermatocytes from muce
exposed 1 vivo 0 low doses (0.010.2 Gy) from x ravs a
few bours before challenge doses (0.75-2 Gy) 0 the cells
showed reductions in the number of chromosome aberra-
uons compared © cells exposed W e challenge dose
alone. No adapuve response wis observed in pre-umplania-
uon mouse embryo celis, even though these embrvonk
cells were iested at @ stage of development in which the
were considered W be capable of syntheszing e own
DNA repav enzymes.
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B4 lemolmad.pumbefweeam
loxic chemucsl agents 1nd low-LET radiation. While it
M.—cummmumﬂ\wn
mMuhaWdW(facmﬂ.

ﬁ'llleﬂﬂﬁdhdybykmw-uaumuy
by induced bydroxyi radicals), e relation betwern rap.
muumuubmmwmm
wymDNAhumeuMhm

iL  MECHANISMS OF ADAPTIVE RESPONSE

85. Swdies of cultures of 'ymphbocyles, bone marmow

mm«m.amwmw«

0o some aspocs of e mechamsms mvolved o the

adaptive response. These mciude:

() hedbaolndhno-oabeanmn'ono(m
and e mfivence on cell cycle kinetics;

(b) the identificauon of actvaed genes and thei
enzyme products specifically invoived in radistion-
induced DNA repar;

(€) the relatonship between radistion-induced repaw
genes and those actvaled by other mutagens;

(d) the ability of cells o remove toxic radicals:

{e) the acuvation of membrane recepiors and the release
of growth frctors;

(f) e effecw of diation on the proliferstive response
o muogens.

Oﬁ:nwnmmybemvdved,wdaumhm

mmuncsurvedlance, which s discussed in Chapeer [

A. CELL CYCLE CONTROL

86. Research in tbe mechansms nvolved m ceil
cyding 1s advancing rapudly (M 23, N1, N2 NS, S28) The
drvision of » cell inio a paw of genetically identical
mydemammemmdnwo(
events. To divide successfully, the cell must bave
completed DNA replication and repaied any DNA
damage © the exient that allows the formation of
chromoscmes and thew correct segregation.

87. Control of cell cycling ® influenced by feedback
mechansms el can detect Gailure © complete the above
processes and amst progress al vanous sages m e cycle
(¢.8 progressiom from the G, 1o the S phase and from we
G:wbcMhz}Mno(tebmchwtcho(me
mechanmms has beco derrved from studies with yeast cells
and ses urchin eggs. Elucidsting the mechansms in
mammalan cells s proving more complex than doing so
I prumutive cells. [t s clear that the undersandir,,  as
yet ncompieie, but there s sufficient informaton to allow
speculaung on the principles mvoived.

1. Protein synthesis

88. The key componens n mamumalian cell cvcie
control are two classes of protein, the kinases and the
cycline, which are synbeszed in a3 well-conserved
sequence. Cell-division-cycle (cdc) kinases are believed to

3 &t several check-pomm, swiching cell cyde
muﬂoﬂmﬂybymm
qdhAmmndukhm-cydhmuaamm
*Mho‘aolmmt-wmﬂyof
threonmne pbospbate, on the kinase molecule.

8. MM&GObMG,MIMb
bcwbybwcﬂmuhly.dlmbe
presence of mitogens and the activation of proto-
oncogenes.  Progression ® the G, phase seems © be
regulsied by kinases similar ©, but nos identical with, cdc2
kinase encoded by the p34 “*Z gene (F20} Cydin DI
sccumulates durtng the G, phase and assocmmes with
many cellular protems, ncluding odk2, cdk4 and odkS
kinases (M24, X1].

90. mc.,msmmmnmu
cun;uxqolcyd‘-EMc&Zkhuldo(cyduD
with cdkd kinase. T\eckz-qdhl!m may be
Mumuummmc,um
S phase m buman cells K20}

91. Ammuncydip-lhmhnmly
been isolated from rat Goroblasts [T12} It i referred to as
cydin G. Cydim G mRNA is induced withis 3 bours of
gowib sumulation, hat 8, during the qunsition from the
Gy 0 the S phase, and its kevel remains clevated with no
apparent cell Cycle dependency, indicating 15 close
mmwummmwumuaﬁm
The kinasecyclin G complex remaims nactve untd
dephosphorylation of the kinase ocours.

92 Acdczk'lme-l.ydhAmqumSphu
progression (G9, P11]. Essentisl acoessory growth facions
durmg the S phase mciude plateler-derived growth factor
(PDGF) and insubin-like growth facter (IGF-1).

93. On passing through the G, phase, prowins that
regulste the spandle assembiy, chromosame condensa o
and nuclear envelope breakdown sre synthesized. If the
spindle assembly 18 not completed, then the cell is amesied
in the M phase. A cdc2 kinaseyclin B complex controls
e transion from the G, w0 the M phase (G9, P11

94 Cyglins A and B are rapidly degraded at the end of
mitosis. process induces the synthesis of enzvmes that
conjugate ubiquitin 1o the cycling and thereby rgets them
for degradation by protealytic enzymes. Degrading e
cycling negates the acuvity of the kamase-cyclin complexes
and the cells proceed 0 mierpbase.

17
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9s. The effect of radisuon oa the levels of cvcin present
at difflevent smges of the cell cycie bas been studied. In
normal ool cycling of umimadiated cells, e levels of
cydhlp‘“npdlymmczande
and decresse at e end of muoss. [ the cells are
imdiated i e G, phase, cycin B mRNA s readily
deteciable, although at siightly lower levels than in the
unsmadiated controls.  However, cyclm B proeem @
markedly decreased i amount a8 can be seem in
Figwe [V, and s » assocued with & delay n the
completion of Ge G, phase, which & assocuied with
dimsmushed levels of acuvaied kinasecycdn compiex. This
finding bas been confirmed in experuments with Chinese
hamster cells [L13}

L Tumour suppressor genes

96. As the role of tumow suppressor genes was
discussed in the UNSCEAR 1993 Report [Ul] Annex E,
only the pomis relevant W thew role in cell cycling are
referred © i ths Annex. Cumrent evidence indicaies that
the Rb mmour suppressor gene protein piays muluple roles
mn the conwrol of the cell cycle, not only in regulating the
response © early mutogensc sgnals (o the cell but also in
medisting the tansitional phases of the cycle isell. The
fundamnental mecharusm by which this & achieved s the
repression of cell growth and divsion by the Rb binding
of regulsiory nuciesr proteins, such as £2F and My,
which drive prolimetve resporses. Mutatonal loss or
mactvation of the Kb gene n an appropnate larget cell
may therefore be viewed as a principai means of relaxing
these controls.

97. The phosphoprowemn product of the p53 tumour
suppressor gene 18 also suspecied of playing a role m cell
cycle regulstion [L22] It s thought w0 funcuon as an
mhibitor of cell replication by delaying entry nto the S
phase of the cell cydle through influencing the assembiy
of the lawe G, protem complexes that mitae DNA
replicaton. The mbibiwon of DNA synthesss is therefore
an acuve physiological process, and Joss of the p53 gene
results = bane of this control.

98. Ansslier possible mechansm of action 15 that pS3
prosem, by virme of is DNA-binding properties, may act
& 2 wvamacripbonsl Gcor mfluencing criical  gene
expression controlling a cyclin-dependent protein kinase
inhibitor (CKI). This s a p2] protein that can bind 10 and
inhibit a wide vanety of cyclin-dependent kinases [N5] A
sumple bypothess for cell cycie progression has been
proposed: cycu-dependent protean kinases buid up at the
G, phase and the G, M tansiuon owing 0 the presence
of cyclindependent protein kinase inhubilors. Surpius
cyclins thea tngger the wmactvabon of cyclin-dependent
protein kmase inhiditors, and e cell proceeds through the
cyde. Inducible DNA damage may also cause the build-up

of cyclm-dependent protein kinase inhibitors, which may
be reversible or ureversible.

/8

%.  Prowoncogenes, onginally solated a5 funcyonal
BENeS supporng the profiferaton of Wmowr cells, enonde
proems that are unvolved in normal celiular proliferauon
Same of these prowo-oncogenes are therefore concemed with
cell cycling. They are mvolved i signal transducnon from
ucuumoummmm
signals 50 as © ncrease e biosynthess of DNA. These
oncoproteins mnclude growth (actons (e <5 encoding
plaiciet growth fackor), membrane binding recepeors (e.g. ¢
fms  encodng macrophage-colony sumulsting  {acior
receplor), sgnal medmtors by subsequent  phosphoryi
rescton (eg cvaf encoding proem, which can be
poospborylaied durng sgnal vensducuon ), vanscripuonal
acuvators (¢.g. ¢-jun and ¢-fos encoding AP-1 wanscrpuonal
ACUVEIOr protem ) and replicsion-related protens (e.g. ¢ e
ncodng huciear protem ). Some oncoprotems possess DN A-
binding acuvity afier phosphorylauon

100. As cxamples, e mansmon from the Gy o the G,
phase has been assocmied with the mareased expression of
cfos, coun and c-myc and EGR-! prow-oncogenes that
become scuvaied withan munutes of 8 growth stmulus. Al
of e producs are directly bound with DNA © activae
transcrpuon of e many genes necessary for enry wio the
growh cyde. The ¢-fos gene Tanmently expresser pror
differentauon @ 8 wide vanety of prematare blood cells.
Afler differentwuon, several types of ceil further express
differen oncogenes, such 3 oc (G7), c-sus [PS] and ¢ fms
[529), depending on the type of cell. Progression from the
5y W the S phase w thought 10 mvolve the up-regussiuon of
the ras family genes.

B GENE ACTIVATION

101. The disruption of DNA structure & a consequence of
exposure 10 many pbysical, chemucal and biologacal oxmns.
To a lesser degree, as described earlier, it & also 2 con-
sequence of the changes that can take place durmg normal
mewbolsm. [t 5 not swprsing, therefore, that cells bave
evolved @ complex system of defence agamst crcumsances
that might ureversibly damage them. A major role s plaved
by the activation of genes and gene products that mate
DNA reparr processes.

102 Evidence for the actvation of genes assocuied Wi
growth control and DNA reper came mitially from studies
in prokaryowes. These studies provided an msght mw e
mechanisms operaung m eukaryotc cells. For exampie
genoloxic stress n the bacierium Escheric/ua coli nduces
responses in vuch regulator genes (regulons) paruaips e
These include the lexA/recA-mediated SOS response (L
M1, P9, Rl, S4, W2, W24) the adapuve response W
akyBung agens [Bl, Ki, K2, K3, M2, O1, 54, &5 ]
hearyR-medaied bydrogen peroxide response. e saufl
mediated superoxide response, and the actvabon of bea!
shock prowan (HSP) genes (D1, DS, FI8, G157 W»
W24, ZA|
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103. The response of mammalin cells 10 muuagens.
mm-mmmmuum that many
dhnm-mluucydn.m actvated
These mchude genes responsible for growth sumulation,
growth contsol and differenuation [R9]. Genes associated
with growth control and actvaied by radution exposure
were dmcussed n a recent review article (F19) Similar
fypes of genes are actvaied by some alkylaung agents and
bydrogen peroxide.

L Cell growth arrest

104, An unmediate reaction in protiferaung cells exposed
s muagen s delayed progression tiroug cell division,
ind a number of genes have been ientified that wnbibit
wlcydekma.ma‘lhunmewtammd
DNA-damage - inducibie (DDI) genes (L3 Delayed
progression through cell division accompanied by an
nawcnlhencolnnamofgmmtenm
humucmu’mlmoNAam«
Gaused by the mutagen (W1} The different tvpes of repaw
enZymes produced in response to different types of
genoloxic stress are probably interrelated i the sense that
they are the products of simuar regulons (53]

105. Cell cycie delay is & prumary response o DNA
damage that represents acuve processes mediated by
mmmwcbulhoumvolvedmhummot
e cycims, pS3 wmour suppressor gene, ras oncogenes,
and the gadd (growth ames: and DNAdamage), gas
(growib-gmest-gpecific), spr (small proline-nch), MyD
(myelowd differenuauon) and c/EBP growih amrest genes
[F19]. Genotoxic swess has the puzzling effect of
condiuoning genes associaled with both growth stumulatory
and inhibiory responses, but the main effect & whibitory
Many ranscripuon (actors and genes acuvaled soon after
cxposure (0 radisuon arc associaked witk both responses.
Mmyolmegemmvdvunwnmmnme
been implicated n both the mitmtion and progression
sages of carcinogenesis, and (he same genes are often
induced by tumour promoters and DNAdamaging zgents
[C15, DS}

106, A summmary of the DNA-damage-induced (DD
genes [ound by various investigaions 1 be induced within
4 few bours of exposure & given in Table 17 The
compiex mult-gene reaction afler imadiation makes 1t
difficult 1o characterzze the molecular mechanisms of anv
paricular group of genes. However, most of the DDI
genes lsied i Table 17 are probably involved
ummediately after DNA damage.

107 Expenments with cultured aormal bone marrow
progenilor cells and with myeloblastic (ML-1) leukaem ic
ceils bave shown what e levels of p53 tumour suppressor
gene protewn transienUy increase whie the rawe of DNA
svithesis decreases after DNA damage, apparenyy
occuming via @ post-ranscnptional mechamsm (K21 |

Since cells with wildtype (W) pS3 genes exbibited
Mmcm-botucluho,m.ag
Samma-emadiauon, whkalhw.lhuornmpjj
genes amesied only in the G, phase, & was concluded that
‘"P”smuhyuomkmﬁ,mm

108. This observation was further supporied by
upumeuushowqmuhmuolmpﬂpq
o malignant cells lacking endogenows 53 genes
partislly resiored the G, phase amesi afier gamms-
uradiauon and that overexpression of a ransfected mutant
P53 gene in umowr cells with wid-type endogenous p53
g:nuahrqamddn(ilplmmwahmumn(m;

lm,&amhmanl'nomrwm
Uansfecion  experuments  bad multiple  gencuc
abmnllmuemimmunmu
nomulmllueeﬂryulhnbhunwiuteps.?
mhdhaudmpwdbybmﬂmunm
mn;.umummmmuhapnm
m&wuwmunmmac,m
arest.

110. meamumehm
pauents suffering from Sls-ielangecasia were unable 1o
ndualhcpddm.Myuthtm
Wmumﬁsnmmwym
conserved element in the gadd4S gene. [t was concluded
mnanWindhpﬁﬂpﬂﬂm
pWehnnﬂMMyhlm
wlqdcmn‘colphuﬂquNAw
mdmlm'-cha-pomplhny 8 defective in ataxus-
lelangiectasis pavents.

111. metfeaoludhomonheemofm
DNA -damage- mduced genes, desigmaied gadddS and
gaddiSs. bes beem examined i cultured buman
lympbobiasts [P6). These genes had previously been
shwnbbewymadbyUV-thnw
alkylating agents m buman and hamseer cells. [t was found
mm;uwsmmmumumwm
swongly induced by x rays. The level of gaddsS mRNA
increased rapidly after x-ray exposure at doses as low as
2 Gy (Figure Afer 20 Gy, padd¥S inducton. as
measured by increased amounts of mRNA, was sumilar o
malpmubyn:mmedmdaeo{mukth
1gent methyl methane sulpbonate. No induction was seen
after veatment with 12-0-tetradecanoyipborbol- 1 3-acetaie.
4 known acuvator of protem kinase C. Therefore. padd«s
FEPresents an x-ray-responsive gene whose mduction s not
meduated by protem kinase C. However, mduction was
blocked by the protem kinase mbditor H7, so that
inducuom 1s likely 1o be medisted by some other kinase.

2. Radiation-induced gene expression

112 The effects on gene expression of low doses of low-
and bigh-LET radwtions bave been studied in cultures of

die
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Syran bemster embryo (SHE) cells (W16} These (ro-
bissts are noresl diplowd cells that can be ransformed 1o
neople~x culls by mdistion. Genes coding virus-like 30
S clemen®, ¢for and f-protein kinase C have been shown
10 be acuvated by exposure 0 x rays (0.75 Gy) or gamma
rys (0.9 Gy) but not by exposure W fission neutrons.
Further studies [W17)] bave revealed that the mducton of
¢-fos mRNA occurred within 3 bours of exposure, and 2
proem-dinding site bas been Wentfied that medistes
transcripuonal response of the ¢-fos gene 1 serum factors
(75}

113, Of particulsr inierest was the response 10 radistion
of members of the prowin kinase C (PKC) gene Gamily,
wiuch has been shown 1o play an important role in tumour
promouion and in the regulation of cell growth. The results
of these expermnents showed that exposure © gamma rays
can induce mcreased expression of PKC mRNA within
1 bowr of radiation exposure (Table 18). However, PKC
mhibitors prevented the expression of PKC in Chmnese
bamsier V79 cells (111} Dase effects were evid :nt, with
increased accumulation of PKC mRNA at highr doses.
Levels of expression of PKC mRNA were inc.~ad
sofold over unimedisted conmtrols after cxposure 10
0.75 Gy from x rays (Figure V1)

114 The induction of PKC mRNA occurred at 2 ume
when wial cellular transcniption was reduced [ollowing
pmadiaton. The sctivation of PKC directly sumulaies
transcripiion of prow-oncogenes ¢-fas and ¢ -jun, which are
tymcal carly immediste genes. Cellular levels of ¢-fos and
cun mRNA also increase ransiendy after uradiauon (19,
S48) and it has been reporied thal these oncogenes are
nduced via the acuvauon of PKC after ymadisuon [H12}
These results suggest that supplementation of PKC afier
acivavon of the PKC gene & necessary for prolonged
expres son of fos/un genes, since deplevon of PKC and
down- egulsnon of fosjun mRNA ocowr afier thew
acuvabon. Ou the other band, several cywokine genes such
2 interieukin (IL-18) and wmow necrosss facior (TNF-a)
are found ® be contimuously expressed by uradauion
(Tabie 17) ILAP is known as » rdioprotecior because the
survival rote afier o sublethal dose of radistion & increased
by the sdmmistration of [L-If (N6} Since there u
potenual AP-1 (transcriptional activated protein, complex
of fos and jun prowem) binding sie at the 5-upstream
region of these genes, it is considered (hat e genes are
contnuously sumulated by regulstors con@ining the
products of the early umumediate genes as a laler response
agams! radiation damage at a whole-body level [W2s)
However, transieni expression of the [L-1f gene & also
observed logether with transient expression of fos/jun earty
immediate genes within | bowr of wradiauon (19] Thes
suggess the actvauon of early protective mechanisms as
4 response 1o whole-body irredistion

115. The cffecs of neutrons and gamma rays on (be
expression of genes encoding  the nucleus-assoc iated

o A0

Hé-tuiswone, c-jun, c-myc, Rb and p53 protems have als»
been reporied (Wi8) Synan bamster embryo cells were
urediaied 8t vanow doses and dose mites. Afler incubetion
of e cell cultwes for | bow followmg radiston
exposwre, the mducton of transcripw for coun and Hé-
hsione was shown W occw followmg gamma-rey
exposure (Table 19) but not following nevtron exposure.
The expression of pS3 proem was wallecied by eiher
ganuna-ray Of neutron exposure. The mcrease in the
relative amounts of Rb mRNA was marginal, and the
expression of c-myc mRNA was repressed foliowing
exposure to gunma rays and was unaffected followmg
EXPOSUre 10 DEUTON.

116. These expenunents provide support for the
bypotbesis that mdistos wdwces different  cellular
responses © mdston-induced damage, be n DNA
damage, oxidetive damage, profein denaturstion or some
other muacellular event. Recent experments unplicsting
oxxdatve damage as the wducing agent for c-fos, c-un, ¢
myc and other genes mduced following DNA damage
would suggest that gamms-ny induction of these genes
may involve oxadative damage as the modulsimg agent

117. The sctivation of oncogenes, including c-raf, c-myc,
wgre, Ki-ras, c-Hras, v¥-ras, N-ras, wh-rar and v-fms
genes, has been comelsted with imcveased cdonogenx
swrvival over the dose range 16 Gy [M25, S45] The
adaptve respounse appeared 1 be & specific consequence
of the ras gene musbon rather than transformation, since
reverant cells that contined functional ras genes rem med

ther clonogenx survival propertes.

118. The effect of oncogene expression on the seasitvity
0 gamma-radistion of the baemawpoweuc (32DA13) cell
line has been measured [F21) It was shown that these
hacmatoposetic  progemssor celis wansfecied with the
oncogenes v-erd-8, v-abl or v-src also showed mcreased
donogenic survival whes cxposed al dose rakes of
0.05 Gy mm" over the dose range 1-10 Gy. Exposure of
NIH3T? (broblast ceils transfected with the oncogenes
wabl, v-fms or H-ras siso showed incressed clonogenx
survival.

119. In & more recent expenment, it embryo cells from
the Fischer stmm of mi and derived Uansiecants
coneming the Ha-ras oncogenes were gmadisied with
Ueo gamma rays al dose rakes between 0018 and
072Gy mm' [O6} The oncogene-conammg cells
exhibited bhigher survival bevels at all doses compared wilh
the non-transfected cels.

120."ln contrast. the measurement of colony-loming
abilfty followmng exposure o gamuma-radiation was made
on tansformed buman embryo reunoblast cxll lines
conaining mutant ras genes (G10) No comrelavon was
found between tmnsformstion wilh acavaled ol
adenovirus or SVA0 genes and incmased ndiavon
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resstance. Nor was  there any comelation between
mmuumaewmamzx.
but two of Be @ree ras transformans that were least
seastive © gamwna ndisuon were from cell lines
mtwmamnnw.ww
unwnmmuswmwﬁmmmﬂv
DNA repar. Notwihsunding the negauve findings n
mannmﬂyWhtumm
induced oncogene acuvauon can induce increased cell
survival in some crcumstances (W25 |

12l A bumar XRCCI (x-ray repawr cross
complementing) gene oas been solaled that affecs the
sensiurvity of cells 0 radiation [C16, T13} The Chinese
bamsier ovary cell mutant, EM9, exhibin extraordinanly
high sster chromaud exchanges and s wuable W
effectvely repar DNA bresks caused by radistion and
cerain alkylating agents. Introduction of the buman
ARCCI gene comects the EM9 DNA-repair defect and
e frut buman gene © be cloned that has an established
role in DNA strand-bresk repaw. The gene s 33 kb in
MoMMaZmeuuMuMu
putative proten contamung 633 ammo acxds. Construcss in
Which the open reading frame of the XRCC/ gene were
Tanscnbed from the SV40 promoter, or the genomic
promoter natve © XYRCC] gene, were compared wih
regard 1o thewr ability w correct the sisier chromaud
exchange defect m e EM9 mutant These transfecunts
displayed signuficantly fewer sisier chromand exchanges
than other wansfecans. The results suggest that
overexpression of the muugene from the SV40 promoter
may increase the repaw capacity of EM9 mutant cells
relative 1© that of wild-type cells.

3 Induced protein products and DNA repeir
(8) Human melmnoms cells

122, Induced gene products synibesized in response 0
low doses of radiation in buman melanoma (U1-Me!
strain) cells and in » variety of otber buman normal
and cancer-prose cells bave been identified using two-
dimensionsl gel electropboresss [(B12] Ul-Mel cells
were choses since they bave & bigh capacity for
poientially letbal damage repair. Eight proteins were
induced by radiation, and two proteins were repressed.
They were not found after beat shock trestment or
exposure to UV-radiation or cerwin alkylating agents
The expression of one protein termed XIP269 (1o
indicate an x-ray-induced protein of approximately
269 kDa) at a dose of 0.05 Gy correlated very well
with potentally lethal damage repair capacity. This
protein was found 0 be down-regulated by exposure
1o catfeine or cyclobeximide under conditions in
whick both potentially letbal damage repair and
subsequent adaputive responses, expressed as cell
survival, were prevented (H3)

123, lnaddmnmnauqu-ny induced ms,
beleveho(x-ny-ahcbhmhvehaum::am
cDNAdouuhubyﬁMimamSwn
of these genes were incressed to over 20 times the
background levels by as lite as 0.05-0.2 Gy; four have
been idenufied as T-dipborase, Ussue-fype plasminogen
scuvator (B13, Bl4, H3], thymidine kinase and tbe prowo-
ancogene c-fps/fes.

124, Theﬁmphmo(paemﬂlywamp repar
occurs very quickly (2-20 munutes), presumably
increase e chances of survival of mdisied cells It &
ssocuted with & repid resealing of single- and, at s later
sage, double-stranded DNA Iesions that are either crested
nmﬂybyxny:uplodm-omunonhnpuo(
vanous rypes of base damage. The second siower phase of
mmymlwmrmMnmd
awmmm-mmwumn
are made (0 repew the remaining double-stranded D~/ &

e resructunng of gross chromosomal damage and can
hcmuywummmbymu
proiem syntbess [Y3] The rapid repar of powestially
WlethnhMmhb&yo{
consututively synthesized repar enzvmes such as DNA
ligases, oposome-ases or polymenases [B15]. In contrast
i s proposed hat the siow phase of potentally lethal
damage repar requires the induction on demand of
speciic genes and gene products These siow-phase.
posenually lethal damage repax responses may be further
enbanced if the genes are sumulsted with low doses of
rdiaton before & high challenge dose s grven

125 In & further expersment. confivence-arresied buman
normal (GM2936B and GM2907A) and neoplasix
(Ul-Mel, Hep-2 and HTB152) cells were iesied for
evidence of adaptive survival recovery responses (B25,
M9] Celis were exposed © 0.05 Gy each day for four
dlyuuuto(l.UGym"l“hlmﬂewMth
4 dose of x reys gving & 20% cell survival Only Hep-2
and Ul-Mel cells prevesied with 0.05 Gy showed an
mprovement w swvival afier 45 Gy, compared with
untreaied cells. Two gemes, XIPS (buman groww
bormone-related) and & gene tansarmpt related  XTP))
(buman angrogenm-related ), showed mcreased expression
over ume i these cells. Levels of cyclin A and, ©© 2 lesser
extent cyclin B increased in the pretreated cells only afier
the bigk chalienge dose and were not expressed duwrmg
exposwe W the conditioning dose or in cells recenvng
only the challenge dose. A slight marease i glutattuone S
tansferase mRNA was noted after the primary dose. but
P53 suppressor gene and 10 XTP genes were not acivated

-
126. Under the conditons of this expenment U'| Me
cells"did not progress into the S phase as measured by the
uptake of tntisted thymame o DNA. The mduction of
cvelin A under these condiions may thus indicale an
involvement of cydie A in specifically sumulaung DNA

Ay
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repasr. Based wpom these prelumunary dats, 8 model has

of radistion may be achieved in mammalian cells (M9)
lnivaily cells are sssumed 10 be in the G, phase or af
some poust ® the G, phase. Upon repested exposure 0
low dosss of mdistion, for example 0.05 Gy, cells
progress 0 and pause at or near e G, phase or the
beginamg of e S phase of the cell cycle. Gene transcrps
hat build up siowly in response 10 condiuoning doses then
produce protems (eg. cycdm A) that regulaie or control the
ranscripts (et appear following » challenge dose. Al at
pomt, cells we posed 1o sumulaie vanous DNA repay
sysiems (hat are not mducible in the mital resting state.

127. In snother expermment, buman melanoma (G361
stam) cells were expased © gamma radistion [O4)
Eleven induced proweins were exwacted from celis wib
molecular weghts between 43 and 98 kDa, while in P39
stam cels, 21 induced proteins were extracted afier
exposmg e cells W 3 Gy Thew molecular weghts
ranged from 32 w 98 kDa, and fowr of these, with
molecular weights of 57, 58, 77 and 88 kDa, were
considered W be specific DNA repar enzymes. These
protems are of 3 lower molecuwlsr weight Wan those
solsied and charscierzed by Bootman et al. [B12}

()  Human lymphocytes

128, Using two-dimensional gel clecumphoresss. a specific
group of protemns was detecied from buman lymphocyies
exposed © 8 conditoning dose of 0.01 Gy from x mvs
['W6, WB|. Cellular extracts from unamadisted lympbocytes
and from other cell types were separaied by cleciro-
phoresis and then exposed 10 & muxture of “*P-labelied
nuck-ranslated and nos-mdoective plasmid pCHI 10 on
niroceliulose membranes. Several bands that bind © the
nuck-translated DNA were detected, the prowem binding
ocowrrng as early as | bowr afier ymadiation and reaching
it maxunum by 6 bours. This binding was dimirushed by
4 pnor prosessase K treatment of the extracs, indicating
that the bumds are related 0 prowemns present n the
exrac. The cellwler exracs conined three prote ms (of
maoleculsr waights 105 kDs, 35 kDa and 1418 kDa) that
reproducibly bound 1o the lebelied DNA. The binding of
the DNA probe 10 the 30-35 kDs and 1418 kDa bands
Was twice as great as that found in ungmadiated cells, and
the 35 kDs band regularly separated into two bands

129. The 30-35 kDa band proteins have been substanually
punfied by :ffinity chromawograpby. If enough of e
proteins can be obuured, it should be possible o see if
ther introduction i cells will lead w a reducton in the
yield ol chromosomal aberrsuons induced by a dose ol
15 Gy from x rays, even though the cells are not pre-
exposed 10 the condiborung dose of 0.01 Gy An
allermative approach could be W introduce engineered
genes into cells and look for e adapuve response. [t
likely that the binding protewmns are single-chamn molecules

and (hat the binding site does not require » conformation
muwwammum,um
l#lsmmm-ncwbundulupum.
band proweun. Further studies sbould confirm

130. The exmtence of s specific DNA-binding prowem m
hcaudeao(l-nlm&umu
rdiauon, whuch was not detecied i nuclesr extracs from
unperturbed cells, bas been reported [S33) The effecs of
bs binding protem were shown © be dose-dependent and
ransient, resching & maxsnum | bowr afier smadistion snd
disappeanng from the muciei by 9 bows. The proem was
Muwﬁha“&mnm&m
prowein synthesis, and the resporse was speaific for
duuon and radiomumetic agents; nether UV -radiation
nor beat shock wvoked & resporse. The DNA-bunding
proten was present in (e cytoplasm of unurradiated cells,
apparenty bemg ansiocated 0 the nucleus only sfler
radiaton cxposure. Analyss demonstrsied that the nuckear
ané cywplasmic protems were spproxanaiely e same
s@ze, that ®, 43 kDu.

131, Sumiar experuneas with uradisted |ympbocytes
rom bumans, muce and rabbits bave been repored [L28)
Humsn lymphocyws » wioo and mice & vno were
uradiated witk 200kV xmys o 32 ne of
0.0125 Gy mm"'. Rabbits were expased in vivo © ©Co
gamma-radistion o & dose rke of 0.0056 Gy b for 9
bours, resulting i ae scownuleted dose of 0.05 Gy
Exuncs of cells or scpumied cywosolic and nuclear
fractions were subjected (0 two-dimeasional
clectopboress. Fow proiem spos not present in the
uneradisted cells appeared v the extracts of human
lympbocyies 4 bours after i virro exposure 0 0.05 Gy,
with molecular weghs of 25, 167, 168 and 174 kDa.
Nine spots were detected i e cywsolic exwract from
mouse lympbocytes 4 bouss after & vvo exposure 0
0.075 Gy with molecular weaghts of 51, 69-70, 145 and
160-179 kDu, and four spows were found i the nuciear
extract with molecular weights of 70, 90, 230 and
247 kDa. Five spow were detecied n the exusct from
rsbbit lymphocytes with moleculsr wesgbe of 105, 135,
138, 145 and 174 kDa. When compared © the prosein
spots wdentified afier exposure of cells w msomycm C and
beat (41°C), it was found thet the pwoteins induced by
these teatments showed many sspecs in common,
alibough there were some diflerences o thew

clectrophoreuc mobulity.

132. Crude exwacts of splenic lymphocyles (rom
imadiaied and sham-uradiated mice were subjecied 1o gel
Glratpn with sepbadex G-100 and sliquos iesied for
biologxal acuwity. Both stmulstory and suppressn e
ellecs were noted when separste fracthions were added
normal spienocytes exposed 0 concanavalin A, e
sumulatory effead of one prowein fraction bewng more
marked i the cluted fracton from the oraduied mice
These vanous protems were found 10 bave molecular

A2A%
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weights befow 100 kDa. When the fraction with
sumulstory eflects was added n 10 ng amounts 10
lymphbocyte cultures, it was found that the addition 42
bours afier phytohaemaggluunn sumulauon reduced the
frequency of chromatid and soctromaud breaks produced
by a dose of 1.5 Gy from x rays 10 a magnitude sumilar 10
that observed when a condivoning dose of 0.05 Gy from
x ays was given 42 hours afier phylobsemaggiutinin
stum ulavon.

4 Stress-response proteins

133, There are several exampies of genotoxic stresses
mfuencing the expression of proto-oncogenes and theur
products. Temporary bypoxu or glucose deprvaton, for
example, induces e expression of sevenal proteins. The
ncreased expression of mtucelivlar proemns termed
“oxygen regulated proteins” in Chinese hamsier ovary celis
has been described [W19] These protemns are different
from the beat shock protems, but two with molecular
weghts of 80 kDa and 100 kDa appear 10 be denucal to
two proteins that are induced by glucose deficiency [S31).

134 Haemoxygenase s a prowin associated with oxh
dauve stress. [ncreased levels of ths 33 kDa proten
ganscnpt bave been observed in buman skin (broblasts
and can be induced by treatment with UV-A-radiation,
bydrogen peroxide and sodium arsente [K9), heat shock
[S8] and wemporary bypoxs.

135. Changes in expression of protemn kinase C can
foliow exposure w physical or cherical agents. Prowein
kinase C ©» often up-regulated n prolifersuve cells
compared with quiescent cells i tbese cwrcumsiances.
Moreover, the mtraceliular distributon of prowin kinase C
in cells s also affected [A3] Consisient with this, low
doses of UV-A-radiaion bave been shown 10 increase
protemn kinase C actrvity in cultured mammalian {ibroblasts
and also © mhibyt EGF-binding (M 10},

136. While some degree of homology between the eflects
of vanows stresses bas been reported, there are clear
differences. The expression of the ¢-fos and c-jun genes,
both mvolved in the regulatory mechansms of cell
progression. are increased by beat shock [B16| and
radiavon (W16} However, bypoxs followed by re-
oxvgenation bas been shown 10 elevale only ¢-fos mRNA
Radiavon causes up-regulaton of the gadd< 5 gene, while
both UV-mdiauon and alkviating agents up-regulate
mRNA for gadddS anc gadd]53. Up-regulation of he
f-oolymerase gene © an example of chemical agents that
cause DNA damage affecung vanscription, whereas
x-radiauon and UV, both potent agents for DNA damage,
have no effect (F6|

137. The possibility that low doses of radiation induce an
adaptrve increase in e anuoxidant defence mechanism
bas also been considered [N2] The expression of stress

proteins was grven special atiention, in view of the finding
ﬂllllhnpullmp‘\emlmm
anuoxidant acuvities bave buen clevad [C9, P7]. A
sumilar response bas been obseived in msogen-sumulated
lympbocytes (F7, 4] Male C TBUS mice, six weeks of
age, were exposed © ¢ dose nie of 0.04 Gy ¢ from
X rays on (ive consecutive days each weex for four weeks
[M19). Three days sfier the last =xposure, thew spleens
were assessed for the constitutive and mutogen-stamulated
levels of beat shock protem (HSP) 7) mRNA and protem.
Glyceraldehyde- 3-phosphate debydrogenase (GAPD), a
bousekeeping gene, was used ¢s & reference. The resuls
indicate that low dases augment the consututive levels of
HSP70 mRNA and HSP70 prowem (Table 20). Thus, the
magrutude of the prolifersuve response of splenocytes W
T-cell muogen stimulation can be directly related 0 the
consututive and mutogen-stimulated levels of HSP70
mRNA and prowein. These resulis are consisient wath the
view hat splenocyies need W accumulaie some minimal
consututve level of HSP prowin belore they can
undergo an sugmenied proliferative response Lo maogenx
sumulauon and that T cells adapt  low doses by
augmenting therr HSP70 gene expression.

138. It was shown subsequendy thet the chromic
ursdiston of mice mcreases the expression of HSP70
genes i tssues (M11} The mice were rradiated at a dose
rate of 0.03 Gy ¢, and the levels of HSP70 genes were
analysed. Increased but transient expression of HSP in
lung, spleen and micstnal cells was observed,
commencing on day 5 of imsdiation. [n an extension of
ths experniment, the effect of dose e was exammed. The
data indicated that chronx sradisbion within the range
0.03-0 9% Gy " can scuvate the transcription of HSP70
genes and thew respecuve protem products. [n this respect,
the results were consstent with those of Nogami et al.
[N4], who observed the mduction of HSP70 proem in
resung splenic T cells afier chronc vadistion ai & dose
rate of 0.04 Gy ¢, but not st rates above 0.1 Gy "' wi
4 lotal dose not exceeding 0.2 Gy. However, increases in
HSP70 prowem were not seen in Chinese hamsier ovary
cells [A14) unless the dose was m the regron of 400 Gy
(S46).

139. In support of @ common mechansm, the effects of
viral and acuvated celiular oncogenes on the sensitivity of
Syran hamsies (Osaks-Kanazawa) cells exposed (0
gamma-radiaton, UV-radiation and beat shock have
recently been described [S41) Gresier wlenance (©
gamma-radiaton was conferred by the inzroducton ol
v-mos and ¢-cor genes, which encode for serinethreonine
kinase. Cells transfected with v-mos and ¢ <or genes were
alsp more tolerant © UV-radiauon and beat shock. Of e
activaled ras genes, the N-ras gene developed a cxll
phenotvpe resistant to UV-radiauon and gamma-rsdiation
The Ha-ras gene produced a cell type ressant © L\

radiation and beat shock, while introduction of the K ras
gene did not affect sensinvity. The veerd B gene was
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Mthlk&vdm:o{mwm 10
beat shock. Tramslection with nea, cmye and v-fgr genes
bﬂlhc.“auw‘wd.mm«ypuoﬂk
Md”ﬂum-mamwm
compered, tmd 0O alierations were seem in the cells
uryng Be (oregn genes. These resuls suggest that
acuvauon of senne/breonme kina.* mav be mvolved in
common processes occurring afier gammas-radusuon. U'V-
radiauon and beat shock westment, and that each oncogene
may bave a different effect on the development of 2
ressiant phenotype. However, cDNA clones for a vanety
of DNA-damage-inducible (DDI) ranscrips have been
solsted that may represent more specific responses 1o
DNA damage (F17)

C. OTHER MECHANISMS
L. Radical detoxiBcation

140. In sdditon w0 cell cycle amest and induced genes
and gene products © initiste DNA repaw, an allermauve
mechansm bas been proposed w explamn e adapuve
resporse (FB, F9, F10, F11, F12, F13, F14, F15, F16,
M12. Z1}. It relstes 10 the abiity of celis 1o remove toxic
mdicals. Radicals are known © be genersied in smali
smounts and dewoxified durng normal metabolsm. The
process of detoxification involves the mobilzauon of
mzymes, such as catalase, peroxidase, superoxide
dismutise, from the cywmsol [S34) Membrane-bound
viamin E & thought © scavenge the radicals as they are
formed; the latter are then detoxified by the cywosolic
enzymes. The purpose of this radical detoxificaton sysiem
5 0 maman the structural and funcuonal mtegnty of the
celi by prevenung damage w cellular constituents such a.
membranc-bound DNA (S35}

141, Evidence m support of this bypothesis is based on
the results of a seres of experiments i which male Wistar
e were exposed 10 x mys within the dose range 0.05-
0.5 Gy. Levels of superoxide dsmutase were found o be
increased i spleen, hymus and bone marrow 4 bours
later, whibe Npid peroxides were decreased [Y4)

142 It bas been reported that the concentration of serum
Wvimidine kinase increases after acute exposure [0
radiaton [HS] This was assocuated with a decrease i the
concentation of the enzyme in bone marmow cells 2nd a
delay in the incorporstion of the radioactuve thvmidine
analogue. 5-iodo-2-deoxyundine ('=IUdr). nto DNA o
these cells. The funcuon of thymidine kinase 1s 1o prepare
extracelivlar thymudine for its incorporation into DNA
Measunng changes in thymidine kinase scuviry has proved
o be 2 converuent probe for studving changes o radical
detoxificauon.

143, In one procedure of s kud, female (NMRI suauni
mice recerved whole-body e gamma-uradiauon. and

=08

—————

the relauve acuvity of mymdukmwmmunc n
boncmnwcdhonuomormm.uaa(
001 Gy. A dase of 0.01 Gy produced & reducion
meam“m&dummm‘m
aMmeuudmiu.mMmryuhuhouult
lMameOlewmwmm
mimd&ﬁuum.umnem
aciivity was accelersied, as was the rate of recovery, If
second expasure 10 0.01 Gy was given 4 bours afier the
mm“nw-mmn.oun
second exposure 12 bours afier the first resulted m &
reducuon of enzyme sctvity sumilar © that obsrrved 2 fier
a single dose of 0.01 Gy (FB)

144 These reducuons m thymudine kinase actviry closely
followed the decreased rute of upake of '“1Udr into bone
mammow DNA, and ihere was a simultaneows mcrease n
e mdical scavenger glumthione. These responses were
absent in cells exposed 10 & strong magnetic field, which
transiendy aliers lipsd membrane structure. A deficency of
viamin E, which & known 1o be & nadical scavenger, aiso
prevented the response.

145. The effect of low-dase radistion on ‘>[Uds imscor-
poraton bas also been measured i mouse niestines,
spicen and ymus (M20] Young female BALB/c mice
were yradisied within the range (L05-0.23 Gy with x vs
at a dose rate of 0.05-0.2 Gy min"', followed st vanous
mm&:bynmddmt.mm
won of 'S[Udr was decreased for several bours afier
single exposure W L-rdauon m § dose-dependent manner
in spleen and thymus. At 4 bours afler imadistion, for
example, the decrease relstive © controls was 79% in
spieen and 86% in thymus. If the first radiation was
followed 4 hours later by # second uradistion (0.05 Gy or
0.1 Gy, for example) the second wmredistion did not
enhance the nhibitory effect of the first exposure, thus
confirmung the observauons of Femendegen et al. [F8)

146. To put these studies mio perspective, it has been
calculated that 2 rdtion dose sufficient  creaie an
average of one ionwing track per cell would produce
enough radicals 1o delsy the mwe of DNA synthess in
mewbolically acuve cells [F9) The tmme delay was
suflicient W ensure the avauability of radical scavengers o
cope wilh radicals produced by 3 second dose of radation
a few bours later.

147. Other calculations reveal that 0.01 Gy of low-
LET radiation could produce about 6 nM of oxidative
radicals in each cell [K10}. This concentration sbould
be compared with the cellular steady-state concentra-
tuon ®f radicsls from normal mewbolic processes
invalving oxygen, which is about 1 nM . Therefore
has 1o be assumed that a small transient increase i
radical concentration above that normally present n
the cell 12 able 10 cause & measurable activanion
normal detoxification mechanisms.
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148 mmauyu-mmmmny
-MWMmh:nm.mm
mn“lﬂZGyhmmunn[Kln
T\nwmﬁmbyumnwumuum
m&mmhqu&mwuum‘
adenylate cyclase acuvaty, induced by a low concentration
(ODZMMW.WUWMIM
membranes were uraduted with gamma-ndisuon at the
e of 0.36 mGy 6! (K18, R4). When mitogen-sumulaied
mnmmolmmi cells derrved from
hmlywhumh[”]mm-um
of serum groww faciors, increased celiular proiifersuon
anIhaﬂmWnd«enud
0.36 mGy d"'. The conclusion from these studies was that
low doses of mdauon scuvaied membrane -bound
enzymes.

1 Stimulated proliferation of splenocytes

149 The effect of radistion on the & viro proliferation
dmmammqocyuwmmndmuu
previously evadiated i vivo [13]. The anamals recerved a
whole-body dese of x-mdistion in the range 0.01-2 Gy.
thmumwmymuwmun
cultivated in the presence of vanous mitogens, and cell
proliferation was evaluated by the rate at which tritiaied
thymudine was mcorporated ino DNA

150. The results showed thst the proliferation  of
splenocyws induced by concanavalin A (Con A) was
enhanced by the use of x rays within the dose range 0.01-
0.1 Gv, whereas that of thymocvies was not affected. as
can be seen in Figure VII. Imadistion with 0,08 Gy also
enhanced the proliferauve raee of splenocytes sumulated
by peylobsemaggiuunmn (PHA) or lipopolysacchande
(US).Mlbwwwmleulhnmn
MbyCmANc&mlm&cmuqen-
induced proliferation of spienocywes was observed only
wilbin a few bows afier ymadiation, suggesung that low-
dose. whole-body sradiation can induce an adapting effect
in splenocyses.

151. hisuym(dbndbyluuyo(m
sﬂmnwmmm-lmfl)mmw
measured (14]. The bioavaiability of mtceilular [L | of
sﬂmmmmmwmm
whole-body imadiason wup 0.025 Gy from X nys.
FW.MMMIWM
mumw&n&uw’lhdlmﬂamo{
serum from an uradisted mouse dugmented the pro-
l‘c.meﬂndthuANMmﬂybc

Madmu:m(qmm
e imadisted serum.

D. SUMMARY

(be radion- nduced sdapuve fesponse are conunumg, and
specific genes and thew proem products unduced afier
acucwndaedndhﬁmnbewon&w
tens of mdigray 1o » &wpyilvchundqufu.llhu
mmmcmamuuhw

0 e DNA molecule, other mechansms have been
W.Am:mamm.-uorm
dwbmbymw“-
MWM(MMO&WMHL
As an example, resctve oxygen miermedisies and free
n@mydMyMmedu
mmmbcm.ﬁﬂhmmymmu
a.lluhudnpﬂvemmbydwahexmo(
pmmwmo(mmnm
rates of 0.04 Gy d"' bas also been demonstrated. Prov 4
m:Ciammbmnmlyo{hecmmu
and since it plays 2 central role w cellular signal
ransducton, s actvauon could represent @ gene+al
response 10 molecular damage.

lIl. EFFECTS ON THE IMMUNE SYSTEM

154 The observauons of 2 mdiation-induced adapinve
response in mitogen-sumulated lvmpbocvies and of
changes in the immune sysiem after exposure 10 low doses
of radiavon could umply an essenual role for
immunacompetence i, the Inving orgarusm. Understandng
e mecharusms of T-cell signalling and bow they are
affected by low doses of mdiaton may herefore explain
some aspects of the adaptive response.

I55. Stweady progress s being made in wenufving the
receptors on T cells that permit specific recogniuon of the
mﬁmlc'\rmﬂy of non-self molecules and in determinmg
bow We signal from the Tcell anugen surface recepior &
vansmitied 0 the cell intenor. The funcuoning of e
unmunasurveillance sysiem of the organism, its response
o mdwuon and its possible involvement in adapune
response are conssdered in this Chaper,

s48 , N
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A. CELLS OF THE IMMUNE SYSTEM

156. T cells we lympbocytes that develop in e
thymus. They are primanly responsible for ensuring
cellular  ummunity and delsyed bypersensitrvity
response. They mediste their acquired immune
responses first by actuvation of specific T cells, then
by & phase of clonal expansion and finally by » phase
wn which some of the lymphbocytes become effector
cells.

157 There are at least three functionally distinct
classes of T cells:

(a) cytotoxic T cells, which kill virus-infected cells
and tumowr cells directy;

(b) belper T cells (Ty,), which smplily responses by
secreuing a vanety of local chemical mediators
(interieukins) that stimulate activated T ceils 1o
proliferate, help B cells 10 make antibodies, and
acuvate macropbages,

(c) suppressor T cells (Tg), which nbibit the
responses of helper T cells.

Helper and suppressor T cells are ibe principal
regulators of immune responses, and the ratio between
e two cell subsets is an important factor in ensunng
immunocompeience (v the living organism,

1. T-cell ontogeny

158. Most T celis bear an antigen receptor consisting
of & betwerodimer of tnnsmembrane a and f
polypeptide chans. Both chains are required for
antigen recognition {D3]. These polypeptide molecules
resemble antibodies in structure and interact with
antigens that are presented o T cells as proteolytic
digestuon fragments associated with Class | and Class
[l major bistocompatibility complex proteins on the
surface of satigen-presenung cells. The specific
binding of antiges bistocompatibility complexes on the
surface of a teget cell W antigen receptors on the
surface of the T cell is ofien not swong enough to
mediate a functionsl interaction between the two cells
Vanous cell-cell adbesion glycoprotens on T cells
belp to stabilize such interactions by increasing the
overall strength of cell-cell binding. The characteristics
ol (bese accessory glycoproteins are summarized in
Table 21 Among the best charactenzed are the CD4
and CDB glycoproteins, which are expressed on the
surface of belper and cviotoxic T cells, respectively

159, The T-cell receptor 1s also associated with a
group of glycoproteins, collectively referred 1o as the
CD3 complex, which is invoived in recepior assembiv
[C10}). The T-ceil receptor CD3-a/f beterodimer s
expressed on the surface of the vast majority ol
mature CD4* or CD8" cells in peripberal buman blood

lympbocytes and lympboid organs [AS, Hé, M14).
(Thbe presence or absence of accessory proteins on
T cells is designated by the superscrips + and -, cg
CD4"CDE’). A second group of glycoproteins con-
sisung of vy and & chamns is also CD3-associated and s
found mainly w the double-negative (CD4CDE)
T-cell population [B17). According to current under-
standing, CD4'CDE T cells are thought to be the
precursors of thymocytes, which differentiste into
CD4"CD8" T cells, which in tum differentiate inwo
CD4"CDE or CDE'CDS" T cells [S36). These last two
cell types become the antigen-positive mature T cells.

160. Spontncous loss and allerstion in antigen
receptor expression in mature buman CD4" T cells
obtained from bealthy domors have been described
[K11]. The T-cell receptor CD3 complex plays a
central role in anugen recognition and activation of
mature cells, so sbnormalities in the expression of this
complex should be related 10 the unresponsiveness of
T cells w0 anugen sumulus. Using Oow cytomewy,
vanant T cells with loss or alieration of T-cell receptor
CD3 expression among CD4* cells were detected and
enumerated. Vanance wus demonstraied by defects in
protein expression and pertial protein deletion. The
varant frequency in periphersl blood iacressed with
agc n normal domors and was bighly elevated
patients with ataxis ielangiectasia. Thus, alterstions w
anligea-recepior expression may be induced by the
spontaneous somatc mutation of T-cell receptor genes,
ind these alierations could be umportant factors related
(0 age-dependent, discase-associsted T-cell dysfunction
and radistion-induced T-cell demage.

161. Over the past decade, knowledge of T-cell
renewal, differenustion and maturstion in the mouse
has been remarkably sdvanced by the development
and use of specific monocionsl antibodies that Wentify
T cells at the vanous stages of differentiation. It
should b: noted that a different terminology for
wentifying glycoproteins is sometunes used .n the
mouse. Thus, CD4* equates with |.3T4*, and CD8*
equates with lyR". It is now generally agreed that a
small progenitor cell companiment exists in the thymus
that expresses neitber L3T4 nor 1y12 surface antigens
(i.e. 1t is double-negative). The progeny of these
cycling cells become the major cell population in the
thymus and express both L3T4 and ly2 antigens
(double-positive). At present, there is insufficient
evidence to determine whether the mature thymocytes,
which express either L3T4 or 1yt2, differentiate from
a subsg of double-positive cells or whether they
derive directy from the double-negatrve cells. In either
case, the majority of double-positive cells are not
selected because of inappropriate major histo-
compatibility complex reacuvity. The single-positive
funcuonal effector cells are exporied to peripberal
lympboid tissue, where, in contrast to their bebaviour
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W the Gymus, they become the predominant cell
populstions. A model for the vanous suges in T-cell
ontogeny, as defined by L3T4 4nd Iy12 antigen
expression, is schematically presented in Figure VIIL

2. Apoptosis and radiation-induced
interphase death

162. The mecbanism responsible for producing T cells
is unusual in that the vast majority of differenuating
cells are destroyed prior 1o ther complete
differentiation and release W the pesipbersl lymphbowd
tissues. This phenomenon, known as 4popiosis, occurs
wiihin the thymus and results in the death of most of
e developing thymocytes. The process is thought o
ensure that differentiating cells with potenual for
reacting against the bost are eliminaied, thereby
preventing an auto-immune response, and it essentially
involves double-positive T cells. One feature of
4poptosis 1s then an alterstion in the differentistion
rate of developing T cells in the thymus [L15].

163, Some types of lympbocytes die soon after
€xposure o radiation and before entering the mitotic
pbase of the cell cycle. The process is referred W as
interpbase cell death. To determine any similanty
between apoptolic death and radiation-induced
interpbase death, thymocytes were collected from male
CS7BI® mice berween five and six weeks old,
separaied into CD4'CD8, CD4*CD8*, CD4*CDE and
CD4'CDE" T-cell subsets and exposed (0 gamma-
radiaion (M19). They were assayed 8 bours later for
evidence of cell death by mesasuring the amount of
DNA fragmenution. The results grven in Table 22
sbow that double-positive CD4"CDB* T cells are
extemely sensiive 10 radistion. With a2 S0%
fragmenation index (FDgo) at 0.22 Gy, it would
appear that a small but significant fraction of the
double-positive T cells die as ¢ result of apoplosis
lollowing exposure 10 low doses of radiation. Since
e double-positive T celis constitute the majority of
be parenchymal c2lis in the thymus in an intermediate
stage of differentiation, elimination of & fraction of
them could conceivably alier the dynamic balance
between cells in different stages of differentiation

164. On this basis, interpbase cell death caused by
radiation may be considered similar 10, if not identical
with, apoptosis (D4, W20, W21]. The elimination of
cells damaged by radwtion ensures that the clonal
expansion of renegade T cells s prevented

165. A biocbemical mecbanism responsible for
radiation-induced interptase cell death in I+ mphocvies
bas recently been proposed (Z2] Witbin tens of
minutes afier exposing rat thymocytes 1o radiation. &

sbarp increase in mRNA polymerase [I was observed.
This was followed within 2 Bours by an increase
intracellular caicium 1on concentration and the
dppearance of newly synthesized polypeptides. [n
particular, there was sharp increase in the
pbospborylation of three protens with molecular
weights of 20, 35 and 48 kDa [Z3). Diffezent stress-
related proteins of molecular weights of 48, 70 and
90 kDa were also detected after beat sbock or afier the
dddition of glucocorticoids 10 the culture medium
(M16].

3. Signalling processes in thymoc ytes

166. Some consensus bas emerged regarding the
nature of the signalling process that couples antigen
recognition o changes in lymphocyte bebaviour. It 18
postuiaied that the actrvation of T cells requires two
signals, one through the CD3 complex, the otber from
intigen-presenting  cells.  Antigenic, allogenic,
milogenic or monocional antibody stimulation of the
T-cell anugen receptor (TCR/CD3 complex) leads 10
8 senies of biochemical processes, including the
dcuvation of phospbolipase C, with subsequent
bydrolysis of phosphaudy) nositol-4.5-dipbospbate 1o
generale  rvo second messengers, inasitol-1.4.5-
tripbospbate (1P3) and diacyiglycerol (DG) [H7?, 112,
J5, T14). These two messengers cause an increase n
intracellular calcium ion concentration (Ca®™) and the
activation of protein kinase, respectively. The two
€venls are considered essential in the expression of the
“early immediate” gene, c-fos, 10 be {ollowed later by
e expression of c-myc, gamma interferon,
interieukins | and 2 (IL-1 and IL-2) and wansfernn
receptor, whick are crucial in the activation and
proliferaion of T cells [K26). Activawed T cells
secrete interieukin-2, which results in division i those
cells expressing interieukin-2 receptors. The T celis
produce a senes of lympbokines that clonally expand
acuvated B cells and cause thewr matuntion into
antibody-syntbesizing cells [$37, W22). Signals
derived {rom the T-cell recepior could also regulate
the maturation and selecuon of immature T-cell
progenitors in tbe thymus (V5]

167. The kinases responsible for protein svnthesis
bave not yet been fully identified, but it is known that
T cells contain transcripts encoded by at least three
members of tbe src family of protein-tyrosine kinase
genes: namely ek, fyn and ves [C11, S38). The pso**
prow#in was first identified by virwe of its over
EXpression in & murine lympboma cell line. [t 1s the
product of the ick proto-oncogene, which is close .
related 1o the c-src gene, and bence s a potenial
signal transduction element (P8). Two pieces

evidence suggest the type of signalling event that ma,
be mediated by pS6** First, expression of lck mRN A
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and of pS6* & aliered by sumuli that induce
Iy-gok.-t redease (rom T cells [M15). Secondly,
pS6™" is associsted with CD4 and CD8 glycoproteins
(V6] When pS6™* is brought into proximity with the
T-cell anugen recognition unt by CD4 or CDS
glycoproteins, its acuvity may incresse w0 reflect
FECEpLOr OCCUPARCY.

168. A second membrane-associated protein tyrosine
kinase, p5S9* the product of the fym proto-oncogene,
5 also abundant in T cells (C11). Using transgenic
mice in which & lympbocyte-specific protewn-tyrosine
kinase woform, pS97™T was 20-fold overexpressed
in developing T-lineage cells, it was found that
thymocyies from these animals were bighly sensitive
w0 sumulation [C12] Furtbermore, the pienotypes
produced by overexpression of p$9"* were different
rom those produced by overexpression of pi6"*
Altbough pS9Y™ may regulate early sieps in the T-cell
receplor signalling, it cannot by isell confer a mature,
responsive phemotype upon otberwise refraciory,
immature thymocytes. Thus, CD4*CD8* thymocytes
{rom Iyk-fyn transgenic mice exbibit enbanced calcium
108 accumulation following activation, but they do not
release interieukin-2 or proceed to proliferate. Hence,
components of the signalling cascade that are essential
for sctivation are apparently unavailable or wnactive in
unmature thymocytes in these ransgenic mice.

B. RESPONSE IN THE ORGANISM

169. The cell types involved in the immune response
exhibit a brosd spectrum of radiosensitivity wilb
consequent effects in the organism [A6]. Some
populstions of lymphocytes are exceedingly
radiosensiive, while plasma cells and macrophages
are, by companson, relatively radioresistant The basis
of these differences in radiosensitivity is not well
undersiood, but the effects of radistion on the immune
systemn have boes extensively studied. Several reviews
bave bees published that provide comprebensive
background imformation (A6, A7, A8 S39 Té6|

1. Effects in animals

170, Irrsdiauon at bigh doses is known to inhibit the
immune response. A dose-iesponse relationship was
observed almost three decades ago by Kennedy et al
[K12]. They exposed mice to x rays within the dose
range 0.5-7 Gy and 10 days later injected the animals
with aniigenic sheep red blood cells. Four davs alter
injecuon of the antigen, they measured the number of
splenic plaque-forming cells. The effect of exposure 10
berween | and 3 Gy from x rays was to reduce the
number of splenic plaque-forming cells to about 30%
and 1%, respectively, compared with the numbers of

plaque-lorming cells observed ia sham-irradiated
animals. The results are illustrated in Figure [X.

171, More recently, the immediste and long-term
effects of radiaton on the immune response of
specific-pathogen-free mice were descnibed sfier
exposing mice w0 a dose of 3 or 6 Gy (rom x rays and
measuring the surviving fraction of T-cell subsets
(S39]. At bigh doses (>1 Gy), Ty and T cells were
equaily radiosensitive but there was 2 marked
difference in the radiosensitivity of T cells between
C3H, BALB/C, CS7BI/6 and B10BR strains of mice.
No long-term effect of radiation at these bigh doses on
the immune system was found in terms of accelerated
tgeing of the immune function in animals exposed as
young adults,

172 Other experiments have shown an enbancement of
the immune response following whole-body exposure o
low doses. As an exampie, rabbits were exposed 0 small
doses of x ravs (abowt 025 Gy) before or afler
immunzation with antigenic sheep red blood cells [T7,
T8 These small doses were sbie 1o sumulate the
proliferauon of plaque-formmng cells. This finding has been
confrmed in experiments in which buman and murine
T celis were exposed 1 low doses (A8, A9, D€ Ly, L16,
L17, M17, sS40, S51, T9}

173. In contrast, four different strains of pathogen-free
mice (B10/Sn, B10/SgSa, CIH/HeMsNrs and
CSTBI/6JS1¢c) were exposed 1o doses of 0.025-0.25 Gy
from x rays [K13]. Nine hours lster, they were
injected with sheep red blood cells; the number of
direct plaque-forming cells per spleen was assessed
after 4.5 days. There was no evidence of enbancement
of the plaque-forming cells in any of the strains within
the dose range used. In am extenmsion of this
experiment, CS7BI&J mice were immunized with
sheep red blood cells and exposed two days later 10
bigher doses (1.5-3.0 Gy) from x rays. Numbers of
indirect and direct plaque-forming cells per spleen
were assessed at intervals thereafier. Mice exposed to
1.5 Gy were found to bave & significant increase in the
number of indirect piaque-forming cells 11 days after
the injection of the sheep red blood cells. This was
highly correlated with an increase in the CD4"/CD8’
cell rauo during he first three days after radiation
exposure, followed by a rapid decline, as shown o
Figure X. These results suggest that the ratio of Ty, 10
Tg subsets changes in favour of belper cells shortly
after exposure, possibly contnbuting to the observed
enhanntimen( of the indirect plaque-forming cell
response.

174. Anden nd Lefkovits [A9] proposed that the
enbancing effect within the dose range 1-7 Gv could
be due to the climination of the more higtly
radiosensitive Tg cells. These investigators questioned
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however, whether the same mechanism operated when
doses below this range were used. Under these
carcumsiaaces, they postulated that Tg cells could
proliferstz. The enbancing effect on murine splenic
T cells, which is dlustrated in Figure XI, s bowever,
effective over only 2 narrow range of deses (M18].
The maximum effect occurs at sbout 0.2$ Gy.

175. To determine the fate of oroliferating T cells,
animals (rom a normal CS7BI/%6+/+ strain of mouse
were chronically exposed 1o gamma-radiation in the
range 0.005-0.04 Gy d"' during 20 days in a four-
week penod [J7]. Animals from an immunologically
depressed CSTBIASS Ipr/ipr strain were exposed under
similar conditions. A dose-related proliferation in
thymocytes and splenocytes was noted in both strains
Up o cumulauve doses of about 0.8 Gy. This is
Ulustzated i Figure XII. The mitogen-responsive
3T4" 2 and LIT41y2* T cells increased with
dosc, while the mitogen-unresponsive L3T4'lyt2" and
L3T4%Iy12* T cells decreased in both strains relative
10 sham-irradiated animals.

176. However, the magnitudes of the changes in
thymic and splenic T cells subsets were different,
according to whether or not the animals were fed on
a  calonie-restricted  diet. The immunologically
depressed mice were moce sensitive 1o these dietary
changes. [t was proposed that these experiments
support the bypotbesis that the stress of continuous
low-dose irradiation is consistent with an adaptive
mecbanism for cell renewal and maintenance of
mitogen-responsive cells.

177, Two recent reviews [L16, M19] provide the basis
of a hypothesis with which to explain a radiation-
induced T-cell response to low doses of radiation. At
the cellular level, the question as to whether or not
some subszts are more radiosensitive than others
remains uaresolved. The evidence points to the need
for tn intact thymus, in that thymectomy prevented the
adaptive respomse [J6]. Mitogen-responsive T cells
appear W be a prime target, and thewr stmulation is
associated with enbanced expression of the HSP70
gene and its related proteins. There may be selective
desiruction of mitogen-unresponsive T cells. The
interpretation 1s complicated by the evidence that the
metubolic status of irradiated amimals can influence the
response and that there is a marked difference in
radiosensitivity between the strains of animals used in
the experiments.

178. Livetal (L8 L9 L16]bhave investigated several
reactions of splenocvtes in two stramns (C57BI6 and
Kunming) of mice irradiated with x rays. The dose-
effect relationships for antigenic (plaque-forming cell)
ability, mixed lvmpbocyte reaction, mutagenic
(concanavalin A)lstmulation, anubody-dependent cell

mediated cytowxicity, natursl killer cell activity,
interleukin-2 snd interferon secretions, and the
lipopolysacchanide resction are gven in Table 23.

[nterestingly, the maximum response in most of these
resctions occurs at 0.075 Gy.

179. Some specific features of the reactions occurmnng
At maximum response are summanized in Table 24 An
analysis ~“ cell-cycle progression by measuring the
uptake of tritiated thymidine showed an increase i the
number of thymocytes enienng the S phase, with &
corresponding decrease in the number of cells in the
Gy pbase 3-7 days after exposing mice to 0.078 Gy,
The T\/Tg ratio of thymic lymphocytes was the same
for the first three days, with a lowening of the rauo
after seven days, which the authors clsim was due to
3 decrease in tbe number of CD4°CDS  celis
(compared with CD4'CD8" cells) in the thymus.

180. A paralie! examination of the pbenotypic change«
of the thymocyte subsets, with Jow Cylometry using
fluorescence-labelied monocional antibodies against
surface antigens, showed 2 significant increase in the
percentage of the double-negatve (CD4'CDS") cells in
the thymus after 0.075 Gy, implying a» enbanced
renewal of hymocytes. These resuits are also inciuded
in Table 24. At the same time, the secretion of colony-
stimulating factors by thymocytes was stimulsted. [t is
known that the colony-stumulating fsctors secreted by
the thymocyles act on macropbages 0 facilitate the
production of interfeukin-1, which, in turn, serves ss
a signal for the maturation of imunature thymic
lymphocytes. All these changes occurring in the
ymus following low doses should incresse the
supply of mature lympbocytes.

181. Livetal. [L26] proposed s mechanism to explain
their findings after the whole-body imadiation of mice
al low doses. This is summarized in Figure XIII,
which outlines tbe changes in signal transduction of
T lympbocytes. It is a process similar to that
postulated for apoptosis and inierphase death How it
might be influenced by neuroendocrine faciors 1s being
investigated. What s known is that exposure 1o
0.075 Gy causes a decrease in serum corticosterone in
the course of a few weeks accompanied by an increase
in 5-bydoxytryptamine from the bypothalamus and 2
decrease in adrenocorticotropic bormone [L27). [t is
not known bow these changes in endocrine function
following low-dose uradiation affect the <ignal
transducton process in T cells, but it is an area of
reseagch worth pursuing.

2. Effects in bumans

182. Several parameters of cellular immune function
have been assessed for 168 persons who survived (he

<327
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atomic bombimgs of Hirosbims snd Nagas.xi Sut who
now reside is the United Sutes [B1S B19, 320)
Persons exposed 0 doses between 0.01 and | Gv were
compared with persons exposed 1o less than 0.01 Cy.
Lymplocytes were isolated from the peripberal blood
of these individuals and assessed for the foliowing
parameters of cellular ummunity: (a) mitogenic
response 0 phytobsemagglutinm; (b)) mitogenic
response to sllogenic lympbocyies (mixed lympbocyte
response ), (¢) natursl-cell-medisted cytotoxicity; (d)
interferon production. In every case, the response of
the group exposed to 0.01-1 Gy was greater than that
of the group exposed to less than 0.01 Gy, although
only the difference for natursl cell-mediated
cytotoxicity was statistically signuficant (Figure XIV).
It is not possible 0 say whether the increase in
natural-cell-mediated cytotoxicity observed in these
survivors of the atomic bombings exposed to very low
doses of radiation 15 & genuine adaptive responsc that
was modulated by post-radiation environmental con-
ditions or » chance finding.

183. [n more recent studies carmied out among 1,328
survivors of the stomic bombings and now living in
Japan, there was an age-related decrease in the towl
number of T ceils (CDS*, CD4*, CD8*) [Kl14].
Although the differences were not statistically
significant, the oversll impression is that ageing of the
T-cell-related immune system is accelerated in older
persons receiving doses in excess of 1| Gy, compared
with the control group, who received doses of less
than 0.01 Gy.

184, The responsiveness of peripberal blood lympbo-
cvies io allogenic antigens in mixed lymphocyte
culture was measured in 139 survivors of the atomic
bombings. [n contrast to the findings in paragraph 182,
the study revealed a significant decrease in mixed
lympbocyte cuiture response with incressing dose of
previous redistion exposure. This decline was marked
in the survivors who were older than 15 years at the
time of the bombings. It suggests a possible relation-
ship betwees the recovery of T-cell-related function
and the thymic function that processes mature T cells
for the immune system. Thus it may be that in ihe
persons who were older at the ume of the bombings,
the thymus function had surted to involute, allowing
less recovery of T-cell function than in vounger
survivors, who bad adequate processing T-ceil activity
(A19].

185, As indica’ed in paragrapb 160, the spontap=ous
loss and alteration of antigen receplor expression in
mature CD4 cells bas been found in blood cells taken
from 127 beaithy donors who bsd not been exposed to
other than natural background radiation (K11 The
mean frequency of mutant T cells in males with

altered T-cell receptor expression was 2.5 10 equal
. i N - P

to about 1.3 10 per single T-cell receptor locus
among the CD4 cells. increasing with age.

186. The mean frequeacy of mutant T lymphocytes
was measured in 203 survivors of the aomic bomb-
ings, 78 of whom received doses greater than 1.5 Gy
and 125 of whom received doses less than 0.005 Gy
(K16]. The results were 1.39 = 0.63 10 mutants per
cell in exposed males compared with 1.20 £ 0.35 10
in unexposed males snd 0.9 £ 0.39 10* in exposed
females compared with 0.89 = (.38 10 in unexposed
females. There was no sutistical difference in mutant
frequency between the two groups, although the
‘requency was bigher in males than females. The
smoking babits of the males may bave contributed w
the higher vaives.

187. Anubody utres 1o Epstcin-Barr virus antigens
were determined in the sera of 372 atomic bomb
survivors 0 evaluate the effect of the previous
radizlion €Xposure oo IMmune competence againsi the
latent infection of the virus. The proportion of persons
with bigh utres (21:40) of IgG antibodies 1o the early
antigen was significantly clevaied i the exposed
survivors. Furthermore, the distribution of IgM titres
against the viral capsid amtiges was significantly
affected by mdistion dose, with as incressed
occurrence of titres of 1:5 and 1:10 in the exposed
survivors, aithough the dose effect was onmly
marginally suggestive when persons with rbeumastoid
factor were eliminated from the analysis. These results
suggest that reactivation of Epstein-Barr virus in the
latent stage occurs more frequently in the survivors,
even though this might not be affected by the radiation
dose. Otherwise, there was neither an incressed trend
in the prevalence of bigh .tres (>1:640) of IgG
antibodies 10 the virsl capsid antigen among the
survivors nor a correlation between the radiation
exposure and distnibutions of titres of IgA antibodies
10 the virsl capsid sstigen or antibodies to the nuclear
antigen associated with anti-Epstein-Barmr virus (Al

188, The effects on the unmune system of long-lerm
low-level radistion exposure were measured 1 two
areas in Gaungdong Province, Chins [Y8). The annual
effective dose in (be ares of low background radiation
in Enping County was about 2.0 mSv. In tbe ares of
21gh background radiation in Yangjang County, the
annual effective dose was about 5.4 mSv. The annual
equivalent Goses from external gamma-radiation (o the
red bone marrow were estimated (o be about 0.77 mSv
and 2% mSv, respectively. Twenty-five bealtby male
subjects {rom the high-background-radiation area and
27 subjects from the control (low-background-
radiation) area were divided into three age groups, and
the frequency of interleukin-2-secreting cells was
imeasured as an index of immune compelence in
peripheral blood lvmpbocytes.
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189. The results shown in Table 2¢ indicate that the
(requeacy of interieukin-2-secreung cells was signs-
ficantv grester in subjects from the bigh-background-
radiation ares an i those (rom the control (low-
background-radiation) ares. The increased production
of inerlevkin-2 in lympbocytes after low-dose
uradiation bas also been demonsurated [Z7), consistent
with the view that long-term exposure 1o low doses of
rediation may affect the immune system. However,
oer factors, particularly differences in smoking
babits, could also bave contributed 10 the differences.

190. A study of the T-cell subsets in occupationally
cxposed persons revealed no significant influence of
radiation on thew profile [T10). Daw were pooled into
fwo groups, one with individusl exposures less than
0.5 mSv and another with eXposures 1n excess of
0.5 mSv in e previous three months. The avenge
doses lor the two groups were 0.36 = 0.09 mSv and
106 = 0.77 mSv, respecuvely. Natural background
radiation was estimated to be 0.06 mSv dunng the
penod. The results sbown in Figure XV indicate no
siatistically significant difference in the percentage of
CL2*, CD4*, CD8"* and H.VK-1 (natural killer cells).
However, as indicated by the data gven in Table 26,
significant differences were shown as an effect of

Cigarette smoking.

3. Effects on tumour growth

191. The precise involvement of the immune system
in the natural course of cancer remains uncertain, It is
¥sown tbat white cells cultured i viro in the

;sence of the cytokine interleukin-2 acquire the
4pacity to kill tumour cells [S50). The pbenomenon
was termed lympbokine-sctivated killer activity. The
use of in vuro techniques to study cytokine kinetics
bas given some insight into thewr role in tumour
biology. Some cylokines (e.g. gamma-intercron) can
render tumowr cells resistant (o cell-mediated killing,
while others (e.g. transforming growth factor f) can
enkance e growth of some tumour cells. hus.
cylokines imtersc 1o generale immune responses and
modulate the outcome of effector mechanisms on
target celis.

192. Thus, the response of a cell 10 a cytokine
depends on the context in which the cyvtokine signal s
received. For example, if white cells are mixed with
tumour cells in culture, the ability of the white cells to
kill the tumour cells in the presence of cytokines can
be measured. This 1s sbown in Figure XVI. Inter-
leukin-2 can profoundly increase the cytotoxicity of
the white cells. Conversely, if either interieukin-4 or
ransforming growth factor B is added at the same
time as e interleukin-2, the cytotoxicity is signif-
canuy reduced. However, if the white cells are [irst

stimulated with interleukin-2 and then interleukin-4 or

mm(ommquamaum tbe reduction
in Cytoloxicity does not occur.

193. Low doses of radiation (0.28-1 Gy) bave been
used to augment the effect of immunization of anumals
10 reduce tumour growth [A4). The immunzation
procedure involved injectng animals with an antigen
ol non-acteve tumour cells before exposing them Lo
live tumour celis. The antigen was prepared by
weating the ascitic form of 3 methyicholanthrene.
induced fibrosarcoms (Sal cells) with mitomycin and
paraformaldebyde. These mitomycin-trested cells were
then injected subcuancously into the A/J strain of
mouse and, 10 assess mmunity, the mice were injected
subcutaneously with an amount of living Sal cells
known 10 induce subcutaneous tumours. The effect of
irradiation upon this immunization process can be
measured. Figure XVII shows tbe effect of whole-
body exposure 10 0.'S Gy from x rays on the response
of A/ mice mitomycun-treated Sal cells.
Immediately after iradiation, the mice were injected
with varying numbers of treated Sal cells, as indicated
in the Figure. Twenty-one days later, they received s
subcutaneous injection of 10* visbie Sal cells into the
left fNlank, and the size of the growing tumowr was
measured over » period of 26 days. The non-irradiated
control group (solid line) did not receive the
mitomycin-treated cells. [njection with 10° w 10°
milomycin-treated tumour cells resulted in variable
degrees of immunity in both sham-irmdisted and
irradiated groups, expressed in terms of smaller
fumour size than in the conwrol group. However, the
degree of immunity was almost always greater in the
uTadiated mice. Low-dose augmentstion was less
pronounced in recimients of thymus-derived T cells.
From these results it was suggested that exposure 1o
low doses of radiation reduces e number of Tg cells,
whick normaily suppress tumour rejection.

194. In a follow-up 1o these studies, the effect of
radiation was sbown in ae i viro system in which the
effect of iradisung donor spieen cells could be
measured (A18]. One procedure (Winn assav)
involved injecting viable Sal cells into A/J mice and
killing them two days later. The spleens were sham-
uradiated or iradiated with 0.15 Gy, and 10* spieen
cells were mixed with 10* Sal cells. This mixture was
injected subcutancously into A/J mice and tumour sze
measurec over 18 days. Figure XVIII shows the
inbibitory affect of the radiation.

195. The effects of low-dose radiation on anotber (vpe
of expenimenwal tumour, the Lewis cell carcinoma
bave been measured [L29). CSTBI/6 mice received
whole-body x-uradistion giving doses in the range
0.05-0.15 Gy at a dose rate of 0.0125 Gy min ' AJl
mice were injected intravenously with 7 10° cells of

a3
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Lews lung carcimoms 24 bours after the irradiation
and were killed 14 days later. The lungs were
removed and the tumour nodules on the lung surface
were counted. The mean number of lung tumour
nodules was 16 in e 0.05 Gy dose group, 27 in the
0.075 Gy group, 20 in the 0.1 Gy group and 27 in
0.15 Gy growp, all significanty lower than the 8S
nodules counted n  the sham-irradiated group
(p < 0.01-0.001). This supports the view that there
may be an inbibitory effect of low-dose radiation on
the pulmonary dissem inauon of Lewis lung carcinoms
o mice.

196. Mivamoto and Sakamoto [M28| demonstrated
e anu-tumour effects of low doses of radiation in
mice of the WHT/Ht strain. Mice were exposed o
250 kV x rays in the dose range 0.05-1 Gy at a dose
rate of 1.23 Gy min'' They were then injected with
squamous carcinoma cells, and the effect of the
radiation on subsequent tumour growth was ineasured.
For exampie, whole -body irradiation of 0.1 Gy to mice
beanng primary leg tumours followed 12-24 bours
later by localized tumour imadiation delayed the
growth of the tumours more tham did localized
uradistion alone. The results for various times and
amounts of local irradiation are given in Table 27. The
n varo immune responses of splenocytes from
fumour-bearing mice exposed 1o 0.1 Gy are compared
10 those from sham-irradiated tumour-bearing mice in
Figure XIX. The selective depression of Tg cells may
have been responsible for this low-dose effect

197 Immune response and tumour growth bave also
been studied in bumans. [n a study of non-Hodgkin 's
lymphoma pauents, the effect of whole- or half-body
x<rradiation on the varous T-cell subsets was
measured [T16]). Patients received 0.1-0.15 Gy per
{rction, delivered two or three times per week, until
e cumulative dose was 1.5 Gy. The changes in the
T-cell subsess are shown in Table 28 A staustically
significant imcrease in belper T cells and belper-
inducer T cells was found, with no change in the
suppressor celis or natural killer cells. The direct anu-
tumour effect was evaluated in 10 patients. Two
patients showed compleie remission, seven partial
remission and one, no change. In four patients given
baif-body uradiaticn, the tumours showed compiete or
almost complete remussion even though the primary
tumours in the tonsils or neck lymph nodes were
outside the uradiation field. Anti-tumour activity in the
other patients was obscured by chemotherapy recenved
after the uradiation. The changes in T-cell subsets and
tumour responses could be consistent with an adaptive
feedback control signal that up-regulates stem celils
with preferential proliferation of differenuating T,
cells. These studies need 1o be substanuated (©
cluminaie e possibility of spontaneous remission.

C. SUMMARY

198 Studies W characterme the role of the ammune
response 10 low doses of radistion are continuing. The
mechansms responsible {or T-cell selecuon durng normal
differenusuon n the thymus and actvabon of the
sgnalling process thet couples antges recognmion L
changes n lympbocyie behsviour are Pradually bemg
clecidated. A sequential role for pbospholpase C,
nwracellular calcium 1om and prowew kinase C, (ollowed by
ranscnption of genes such a8 c-fos, and interieukin-
producuon m the sctvation of T cells bas been proposed.
Saniar sequences of evens appesr 1 be assocuted with
ipoploss and w low-dose-radiation-mnduced interpbase
death, which causes enhanced DNA replication and
proliferauon of T cells. Whole-body imadiation of muce
results in 2 dose-relsted enhancement of the T-cell
response 0 antgenuc, allogenc and mitogenxc sumuli at
doses below about 0.1 Gy.

199. As an aliernsuve explanstion 10 radistion-mduced
nlerphiase death, experunenial studies using mace beve
MumwaMw
Toells within the dose range 0.025-0.2% Gy, with an
opumum response st 0075 Gy. This needs w0 be
nvestigaied further as & possible mechansm of the
adapuve response.

m.mwmuw-mr,/rﬂnmo(
T cells in bumans exposed to radiation remains equivocal.
Reponed changes i the tio of these cells in the blood of
aomic bomb survivars over 40 years afier exposure are
difficult 10 mierpret, the effects of the iong tume mierval
and of changes in the envwonment and cigaretie smoking
bemng confounding and mexplicable factors. A Chinese
study of the chronx exposwre of # lage population to
background levels of exwernal radiation of sbout
5.4 mGy 2" indicated that levels of interiewkin-2-secreting
cells were significanty increased i persons from this ares
compared witk persons living m an area of lower radiation
background where the ennual effecuve dose from exiemal
exposure was about 2.0 mSv; the suthors acknowledged.
bowever, at differences n geochemical and other
environmental factors provide an equally plausible
explanavon. A study of workers chronically exposed o
low doses of radietion showed no statistical difference in
the percentage of beiper or suppressor T cells or of natural
killer celis in groups with average doses of 0.36 and
1.06 mSv, bowever significant differences were found in

relation (0 cigaretie smoking.

201 A‘mk for the newroendocrine system in influencing
T-cell prolifersuon afier low doses of radation has
recentfy been proposed. The bDiood vessels i mosi
lvmpbowd ussues are mnervated with sympatbelx nerves
and the lympbowd Ussues are under the control of
bormonal factors via the bypothalamus. There s evidence
0 support the view st radebon cam actvale e
neurcendocnine sysiem and enbance the ummune response
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202 Acm:leuo.‘undnuTmusonmw
dhi-h-mnulmmmtmm
of radistion act by modulaang anugen-swnulated clonal
MMinoudm-n‘muqeﬂecton

umours in anmmals, but the evidence for 3 sumiar
eﬂmmhumummunmu‘!\m-amw
vestigaie these effects, whicu could be of clinical
significance.

IV. EXPERIMENTAL STUDIES OF RESPONSE IN MAMMALS

203. T\eeﬂac-ofndhn‘oaumuvcbeusuu
0 BUMErOW experunents. Evdaeeo(mbkmptm
mmmwquhlﬂennma
nmhupadhmachmmbv-l.ﬂndiﬁu.t
doses well below those associated with bone marrow
ﬁM.bkmeofuthve
been assessed Other experiments bave been done with
unhupaedlonon-kumndumdmamw
aCule cxposures 10 potentially lethal doses. [t should be
muhtnmyducmmmmum
mwwohwelhnmddmmmmemwve
response i cellular sysiems.

A. SHORT-TERM SURVIVAL FOLLOWING
ACUTE, HIGH-DOSE EXPOSURE

204, Exmmmcmndomnthel%au
1960s 10 uvestgate the bypothesis that stmulsting
bacmatoposetic siem cells w0 proliferate before exposing
mblmllymlducolndumw
mprove thew chances of recovering from acute bone
mnwhim:\hmlmwo(hnexms
wpvu'uyDaquwudMn)a[DZL

208. hono(&-eadyexml.mufmm
Smﬂum(BMleMduRnwm
Mutm-)mmdyupudbcdnuotm
1.2 Gy from 250 kV x rays at weekly meervals over 2
pcmdo(tmveeh[Clll.Mmysathmtd
umhmmcaﬂywwacwch
mofmuoy.nuw-mnuuum
aM&wmmuanumu
26% died sfler 28 days, compared with 41% in the control
m,mmwyumwm

206. ﬂimwwmubymw;mdy n
which adult female Swiss white mace (Walter Reed strain)
were acukely exposed 10 » condivorung dose of about
0.4 Gy from x ravs, either 10 or 1S days before deter-
muung LD 4, values (D2 The LD g nn values for the
WO uradialed groups were about 4.48 = 0.25 Gy and
494 = 0.25 Gy, respecuvely, compared with 3 %0 =+
0.21 Gy for anumals not exposed 1o e conditioning dose.
There was no evidence of splenic or thymuc bypertropty
@ arumals hat recerved the condibomning dases. in contrast
10 an carlier observation that localzed spleni iradiauon
W & dose of about 0.16 Gy caused transient bypertroptiy

(P13}

207. Age at exposure was shown to be an important
factor influencing survival. Female mice of the BDF, 1
(CSTBUSJ x DBA/Y) strain were exposed to 0.8, 2.4
or 3.2 Gy from 250 kV x rays at 90 days of age, and
LDgsy values were determined st varous ages
thereafter (SS5] The resulw, given in Table 29,
sbowed that there was no sutistically sgnificant
difference in LDy, values between controls snd those
preireated with 0.8 Gy in snimals below the age of
550 days. With bigher conditioning doses, bowever,
there was residusl damage ir the animals resulting in
lower resisance (0 & lethal dose (expressed as reduced
LDy, values).

208. As » receat example of these short-ierm survival
studies, two-month-old SPF mice of the CSTBI strain
were acutely exposed 10 s range of doses from x rays
between 0.025 and 0.1 Gy [Y9]. Two months later,
ey were acutely exposed to 7.7§ Gy, and 30-day
survival was measured. The results, given in Table 30,
sbowed a marginally significant increase in the life-
spen of animals receiving the lowest conditioning dose
4nd » definite improvement in survival st conditioning
doses of 0.05 and 0.1 Gy compared with snumals not
exposed to & conditioning dose. The improvement in
survival rete coincided with an increase in erndogenous
colony-forming units, comsistent with increased
proliferation of baematopowrtic stem cells following
e conditioning doses.

209. Ina subsequent experiment, mice were imadiated
with x rays 10 doses of 0.025-0.5 Gy at six weeks of
age and exposed two months lster to & dose of 7 Gy
from x rays [Y7]. A dose of 0.025 Gy was insufTicient
1o affect survival afier exposure 1o the high dose, but
pretreatment with 0.05-0.1 Gy produced a significantly
increased survival raie. However, the response w
pretreatment with 0.05 Gy after two months was
strin-specific. It occwurred in CS7BI but not w
BALB/c mice. Surpnsingly, an increase i survival
was not observed in animals pretrested with 0.2 Gy f
exposure (0 the challenge dose occurred up 10 |5
months after the conditioning dose; and pretrestment
with, 0.5 Gy resulted in an increase in survival if the
cballenge dose was given two weeks later but not after
two months. These findings persuaded the authors 1o
postulate different mechanisms wvolving tume-related
stimulation of baematopoiesis, although they were not
specified.
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B LONG-TERM SURVIVAL FOLLOWING
SUB-LETHAL EXPOSURE

210, Seedies weing rodents and beagle dogs have provided
some maght Mo e long-ierm effects of acute exposure
w low doses and of chironic exposure at low dose rates.
They date from the carly puoneenng work of Russ and
Scon (R2, R3}

L. Experiment with rodents

211. The effeax of chronic ersdistion of muce was
described by Lowenz et al. [L14, L19] m an cady
expermnent i which both survival and wmowr ncdence
were measured. Male and female muce of the (CSTBI x
A)F, stam, referred 0 as LAF,, were exposed from ihe
age of one monw for the durauon of life w gamma rays
from 2®Ra delivered at e rate of about | mGy for 8
bows each day. Congol mice were boused n 2 room
sdjacent W the exposure room. Almast a year afier the
start of the experiment the contol mice developed
dermautis and bad W be replaced by muce not directly
related © the wradiated muce but from crosses of e same
nbred strams.

212. The mean survivai umes of e emadiaied male mice
was signulicand y hugber than those of the control mice, but
there was no statstical difflerence between the two groups
of females, although there was a iendency for the females
w live longer than the males (Table 31). However, the
differences i life-span m the males cannot be acoepied
without reservation, since the replscement control growp
may have been subject to different eavronunental
conditions and may bave possessed genetic charsClensics
slighty dufferent from those of the ongmal group.

213. Although no single cause of death predominated,
pyclonephnus appeared 1o be 3 major contrbuting factor.
lis occurrence ® frequenty assocuted with dermauts,
parucularly among males. There was as increase in e
moxdence of lympaosarcoenas and other tumours of the
revcular deses i both male and female uradiated muce,
and MAMERSCY CAFCIDOm2 MOK'ence was also bigber in e
rradisied females (p < 0.1) The umadiated females
showed as increase i ovarian tumours (p < 0.05), and the
yrsdiated males sbowed an mcrease u lung fumours
(p < 0.05) These results were essenually confirmed in 3
M-MQMFNMTMMFW
stram were exposed 10 O Co gamma mys from the age of
100 days for the durauon of life at & dose rate of about
1 mGy ¢ [R11}.

214. Sacher and Grabn [S52), in a study of the survival
of muce expased for the duration of life, also repored an
mcrease in the life-span of arumals exposed (o ©co
gamuma rays at a dose rate of up 1o about 30 umes Wal of
the beckground radiauon Male and female mice of the
LAF, strain were exposed 10 @ wide range of doses al

differcnt dose rates. Noe-umadiated ansmsls serving as
controls were placed either in 8 comdor adjacent 10 the
mmdisvon faclity or m an sdjomirg room, [t was
subsequently discovered that the control group m the
comdor were m 3¢t exposed 0 sty radiation from e
uradiaton fcility at a2 mwe of between 16 and
49 mGy "', This compared to sbout 0.14 mGy s in the
control group i e sdjosung room. The mean survival
umes are shown in Table 32, For comparson, the resuls
for angnals eradisted 8t the rate of 40 mGy 2 are given.
There was & ststrtcally signuficant increase m e mean
survivel umes of males but not of females exposed W
between 1.6 and 49 mGy s’ compered with those
exposed © dose mates of 0.14 mGy o'

215. One umerprenstion of these studies & that any o
crease i survival for male mice receiving the higher doses
of rndiauon reflects a decreased number of deaths m early
life. A possible explanstion could be that mmmal mjury
© the hacmatopoetic svsiem causes & rebound mn stem
cell proliferstion. This regenerative byperplasia could then
create & lamper mass of tissues dovoled o the defence
mechansm, however, does not prevent the occurrence of
tumnours that appesr in lote life, which are not necessarily
the cause of death. Why this response s confined 10 males
cannot be explained

216. Upton et al. [U12, U13] studied the late eflects of
low-LET radistion m RF/Un mice Life-spas and the
madence of neoplastic diseases were sssessed. The effecs
of mean accumulsted doses up 1 sbowt 3 Gy at varymg
dose rates betwees 0.05 Gy d' and 08 Gy mn’ are
shown in Table 33. Several mieresting festures emerge
from these studies. [n males, there was little effect on life-
span (mean age 3t desth) at dose rates of 0.8 Gy mm '’
until the sccumulsted dose approscled about | Gy, there
was litge effect of dose rate i the range 0.05-0.77 Gy ¢!
st an sccumulaied dose of sbowt 1.5 Gy, and, ovenill,
gamuna rays were less effective st low dose raies than at
high dose rates a1 sccumulated doses of about 3 Gy. In
females, there was no significant change in the mean age
at desth st dose ramws of 0.067Gyd' unil the
accumulated dose reached sbout 2 Gy, reducing the dose
nke © 0.01 Gy ¢ increased the mean 2g¢ at death al
sccumulsted doses of about 3 Gy.

217. The mean age at death of anamals with neoplasms
was also nfluenced by dose rate. Thus m males, uradiaied
anmmals died ecarlier than congols #t dose raes of
08 Gy min ', even at the lowest sccumulated dose of
0.25 Gy, but there was no significant difference compared
wilh conuols st dose tates of 0.150.77Gy d"' at an
accufnuisted dose of abowt 15 Gy, with a inargna
dilerence at 3 dose rate of 0.05 Gy ¢\, In females. eariier
desth from neoplasms occurred at dose rales ol
0067 Gy d afier an accumulated dase of about © T
and thers was no difference from controls al doses

73y
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3Gy, € @ dose e was reduced 10 0.0] Gy ¢ In
s—-y.ﬁcmumunvwmmmm
u-umumanmmym-no
|mlukmuudylmolmm
Mumdeliolneumuudmmlsmw
w‘mduuammﬂnn.uwdl.mwmfu

munmunmem.:mm
doses.

218 Ulinch and Sworer [U14, UL5] also described the
mﬂmo(udh&mmlifemmwwmn
mduﬂmauMMmquaczﬂGU),l
study was made of the effects produced by ' Ca'nm
radiaton delivered #00.4 Gy mmn ™' or 0.083 Gy ¢, within
tcdmenqeﬂ.lAGyhrRFMmmo_S-AGyh
BALB/c mice. Al the lower dose rate, the life-shorening
effect in BALB/c mice could ve described as s linear or
Imear-quadmne function of dose, sithough the lowest dose
used wus 0.5 Gy. The influence of dose at s dose rate st
0.083 Gy d"' om the incidence of neoplastic disease in
female BALB/c mice s shown in Table 34. For RFM
muce, thymuc lympbomas were the predominant reticular
Ussue neoplasm, e solid umowrs being lung adenomas
o endocrme -related tumours. The incidence of tumours
was at all doses higher than i the unimadiated controls.

219 Sa0 et al [S42. S53] ex male and female
moltGanuuC‘pmnyntnu
of 0.029038 Gy ¢! Exposwes ai the .ue of
0.0NGyd"sw"fnuwehofqr.h:mmhk-
spno(&mkmnwti!:mtys,'m.mn
accumulated dose of 16.4 Gy; for male mice. the mean
life-span was 723 = 10 days, with 2 mean accumulated
dose of 18 Gy. The mean life-spans of unyradiated
femlumdmlemﬁzlldlyammzls
days, respectively. In the imadisted females, this life
shorienng was siatstically : gruficant: in the males. it was
not. [n & foliow-up study .. \bortenng at the bigher dose
fales was amocmied . he occurrence of Wymi
lvmpbomaes, which ooy .aore frequently in exposed
younger mice (OS] At we bighest dose rate, and at
mmuhﬂ“o(”(}yovaapundoflosays.
ldeﬁamqwdwmumhmm“md
nfecuous discases owing W depletion of the stem cells of
bone marrow.

220. Covelli et al. (C20] studied the effects of x ravs on
Iife-span and tumour induction as a funcuon of age at
exposure. Male and female mice of the BC3F, stamn were
acutely exposed 0 250 kV x rays, citber o weero at 17
days after coitus, at 3 months, or at 19 months of age. The
doses vaned from 0.3 w0 2.1 Gy for » wero imadation
andbuanlo7Gylt3mmhorl9monmouge.
Prenatal umadiation or eradiauon at 19 months of age did
not result in clearly measurable life sborening (Table 15)
There was, bowever, & rend suggesuve of life shonening

Mymmluuwmuhﬂnukm
Iver and mesentenc lympb nodes). Primary temours of
hlmwlm.mﬂybapmw
MMMM(MMQn
meumutepu-dwm
madence f(or sradisted and  nom-imsdiated [sontrol)
angnals.

nl.Suhudw[SSA]mmmeﬂuo(
monmnnahaknuothbﬁcﬂwm
nlmuldut.mamuudiunndnnmma
nbm.outlSmholchtdnn-dlS.J.la
i"Gy.Thuewum-I&q-atlSGy-m
mhnuwymmhw
mmmwuumm
wmcrumuuuuumm
Mbkmnmry-omndhu
lung mmous. There was an excess of mal gnant
lynpmunhcd&.?Gy.ﬂkwmni
Mmuummmwor
mm-mmumanydu
leukaemias and Hardermn giand wumours.

22 Maisin et al. [M29] measured life-span and disease
Mn&%mﬁdn’awu
scuke and fractionated doses of “Cy gmma rays
deve-m-ddmmwudaam
from 0.25 10 6 Gy at 2 dose e of 03 Gy mmn”’ m »
smgie session or in 10 sessions delivered 24 bours apart
or in 8 sesmons, delivered 3 bowrs apart. The resuits of an
acue exposure are shown m Table 37. There was no
indication of an mcrease in lifespan at these doses:
decreases n life-span were not satstically evadent until
mcdacamaley.Amuww
less effecuve m reducing survival time than an scuw
cxposwre, and life shorterung was not observed o the 8
mnommumummauz-soy
and 4 Gy, respectively.

223. The causes of desth m unamadisted mice could be
segregaled nio lale degenenuve changes i lung and
kidney (glomeruloscierosis) (~60%), leuksemus (~21%)
and caranomas (mamly liver ademocarcinoma) and
sarcomas (~16%). The modence of thymomas was iow
(=19 and no radiation-nduced excess of lympboma w as
observed unul the doses approached 24 Gy, but the
wmours did result in desth at an carlier age tan in
unuradisied anumals. The incdence of all malignancees
was less than m the unsmadiated mice after acute doses
between 0.25 Gy and | Gy, with no sgnuficant change in
the aipha parar.eier of the Cox |inesr proportional hazard

i anumals exposed at 3 months of age at doses in :xmmﬂds within this dose range. Fractionation mcreased the
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mcdepce of o malgnancies: thus thew modence was
5% and 52% ot | Gy and 2 Gy, respecuvely, for the
8-fracton prosocol and 0%, 32% and 36% at 0.25 Gy,
05 Gy and | Gy, respecuvely, for the 10-fraction
prowcol. The awbors concluded that these differences
between fracuonated and acute exposures were small and
not well enough established from » snsucal viewpownt

224, The cflects of gamma rays and fission neutrons on
the life-span of mece has been studied {or many years at
the Argonne National Laboratory @ the United Swates.
Earlier studies of how-LET mdisvon prncipally involved

gamma rays delivered cither as acule exposures or
conunuously [C19, T15). For the most part, tke acute
exposi.es were delivered over a 20-minuie penod at dose
mies rnging from 00083 w 0.094 Gy min' The
exposure regune began when the animals were 110 days
of age.

225. The results obawed on the mesn survival afler
imadiston of male muce of the B6CF, stram exposed for
2 hours each day, five days cach week bave been
reported [T15} The exposures were comtinued for either
23 or 59 weeks, the sccumuleted doses ranging from 2.1
0 24.6 Gy. The effects of these exposure conditons are
shown i Table 38. There was no mdication of an ncresse
w life-span ot any dose wn ths range. Life shorenung from
deaths due 10 sl causes dud not become significant until
the 1ol dose approached 4 Gy for 8 23-week exposure or
S Gy for & 59-week exposure. These values were not
siguficandy aliered when the analyss was resincied
moe dying from mumowrs. Above -4 Gy, the dase-
response relationship was linear and mversely dependent
on the prowacuon pencd. The life-shortening ceflicients
for the 23-week comtmuows and 5%-week contnuous
prowocols were (.16 and 0.08 days lost per 0.01 Gy,
compared witk 039 days for an acute single exposure,
thus showing a marked dose-rate effect

1 Experiments with beage dogs

226. The effecs ou life-span of extemal whole-body
exposure of beagie dogs W x Or gamma reys bas been
studied [n one study, dogs were exposed © 0.16 Gy or
O.BJGybun“)Copm rays ot 8 28 or 55 days i
wero or 2 davs after beth In additice, some dogs were
exposed 0 0.83 Gy at 70 days or 365 ovs after it The
status of these studies in 1982 & show> = Taiue oy
Through 10 vears of age, no differences in sur 7oal wer
evident m any of the exposure groups (B2 Imadweon
durrmg e feal penod was, bowever, assocuied b
abnormalies of skeletal, dental and cental nervous
system development Perinatal wradiauon resulled in
kidney dysplasia and. in arumals recerving bigber doses. in
chroruc renal dsease. The thymus gland. partcularly e
thymuc epithelium, was found 10 be bighly radwosensiuve

during (el development

e A2

227 In another study, dogs were exposed bilaterally
0 250 kV x rays, delivered in differest numbers of
{rctions and different fractionation intervals, 10 1ol
doses of 1-3 Gy. The dogs were expased between &
and |5 months of age. Some dogs were bred afier
exposure, distinguished as parous or swiliparous. The
dogs listed in each group shown i Table 40 are those
surviving at least 90 days afier the irradiation. Two
genersl summanes of the data bave been publisbed,
oae before all the animals were dead [A13], the other
emphbasizing the effects on life-span ané tumour
induction [R12}].

228. There was no mcrease in survival time, expressed as
median survival afier exposure, of asy of the wradisted
dogs compared with the unuradmied controls. Although
life shonenmng was only margmal ® snumals grven acuie
or fractionated doses wp © | Gy, & occumed in some
goups of anmnals given 2 or 4 fractionsied doses of
between (.75 and 1.5 Gy wtal dose and fractionated doses
of 3Gy. The mam cruses of desth were sumilar 1o
umadisted and uneradizted dogs. The development of non-
neoplasuc dmeases (essentally fbross) ot so carlier age 1n
imadisted animals ot the higher dose explamed, m large
part, the observed life shortesung He-wver a1t | Gy, the
madence of non-ncoplastic dises 5, mammary nanours
and non-mamunary tanows wi broadly samiar © that
observed in the unuradisted group.

229. hamm,«'mmdb‘&m
mys continuously untl death o, ® & companson
expenument, until they had received 8 predetermined total
dose (F1, F22, G13} Dose rates ranged from 0.003 to
0.054 Gy d'', and the sccumulsied doses at termmation of
exposures ranged fom 4.5 10 30 Gy. Al dose raies greater
tan 0.019 Gy d"', the responses were dase-rale-dependent
and limited primarily © damage of the haematopowrtc
sysiem (Table 40) Al Cose rates between 0.003 and
0.008 Gy ¢', myeloproliferstive diseases  ultimately
expressed as myelogenous leuksemi were e limutng
facsor for survival (K25}

C. SUMMARY

230. Obwervstions of sdaptive respomses m 1 varo
cellular stidies cannot be readily extrapolsied 10 postulaie
adaptive response o the eradisted arumal. The dufferent
exposure patierns in anamal studies (acule versus chronx
lifetime exposure) could mvolve mechansms different
from ase mvolved i the cellular adaptive response 1 &
low conditioning dose followed by a bigh chalienge dose.
The gompilexity of multcellular organsms, ncluding the
crucial role of mmunosurveillance and endocrme (acions
in mam@ining the bealthy s, must be uken nwo
account The careful management of the anmmal colones
0 avoud infectons and stress and the need 0 recognuze
stram-specificity of tumours sbould not be overiooked in

future expenments.
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231. Sumelsting the hsematopoictic system 10
proliferate by exposing the bone marrow & vivo 10
between abowt 0.025 and 0.1 Gy bas been shown to
improve the sbort-term survival (expressed as Dyao)
of mice subsequently exposed to « potentully lethal
dose of radistion. Whether a sumilar mechanism is
responsible for improving the longer term survival of
animals chronically exposed at low dose rates is
unclear. [t & plausible 10 suggest that improvement in
long-term survival could be a result of chronic
minunal injury to the bone marrow, causing a rebound
in stem cell proliferation and protection against
infections, but occurning along with this effect is an
in. "eased nsk of malignancy due tw the proliferation
of pu._.tially malignant cells.

232, Expennments i the 1950s indicated that the mean
life-span of male, but rot female, mice could be
increased if the animals were exposed daily to low-
LET radiation from a few mulligray to several bundred
milligray per year above the level of background
radiation. A feature of these observations was that the
mean increase in life-span reflected & decressed
number of deaths 1n younger irradiated animals. Why
the response was confined to males i not apparent

233. Otber experiments related life-span 0 the
incidence of neoplasuc diseases. Taken togetber, the
results of these experiments could be interpreted as
demonstrating that, compsred with the patiem
observed in unirradiated controis, there was no signi-
f' 2nt 2ffect on mean life-span following exposure to

accumulated doses up 1o & few Erey, al dose rates
berween 0.005 and 0.3 Gy d”', or on the tme of
appearance of tumours or on tumour ncxdence among
irradiated animals. Why some expenments resulied in
an increase in life-span is not easily explained. While
the observed increase in life-span could be due w0
random variability, it is possible that the effect 1s real.
If s0, it 15 important to understand the precise com-
ditions under which life-span is increased.

234. More recent experiments using mice bave con-
firmed that there 1s no swustically siguificant change
n tumour incidence in irsJisted mice compared o
unirradiated controls below about 2 Gy, depending on
the strain of mouse used. At bigher doses there s a
dose-related increase in several tumour fypes causing
death and a corresponding decrease in mean life-span.

235. The results of experiments using beagle dogs are
in general agreement with those obtained using mice.
In addition, they confirmed the increased sensitivity of
the fetus and young snimals. Observed life sbonening
8t accumulated doses greater than s few gray could be
related W the develcpment of non-neoplastic discases
a0 an carlier age than in unursdisted smumals.
[madiaied animals were susceptibie to the development
of myeloproliferative disorders, which were frequenty
expressed as myelogenous leuksemis at dose rates
above sbout 0.003 Gy d"' and sfter sccumulated doses
of a several gray. Error-prone DNA repair mechanisms
were proposed to explain the omset of myelopro-
liferative disorders.

V. EPIDEMIOLOGICAL STUDIES OF RESPONSE IN HUMANS

236. The effectivencss of a cellular adaptive response
in bumams, expressed in terms of a reduced raie of

spontaneously occwrring cancers or of a reduction in
the expected numbers of radiation-induced cancers,

would be most convincingly demonsirated if it were
e ouwome of epidemioiogical studies involving
exposure o low doses. The general results of these
studies are discussed in Annex A, "Epidemiological
studies of radiation carcinogenesis”, most of which
indicate steadily increasing cancer incidence with
increasing dose. Only those cases in which exposures
were only marginally above the natural background
level are re-examined in this Chapter. For inherent
reasons, the evidence of an increase in the spontaneous
incidence of cancer is in these cases equivocal

237. There are theoreucal reasons based solelv on the
nature of DNA damage and repayr 10 expect that cancer can
ocour at the lowest doses wihout & threshold n the

response, although this effect would perhaps not be
saustcally demonsirable. The dose-response relationstup has
been judged 0 be lincar without mreshold for all cancers
excluding levkasemis. For leuksemm, the relatonsbip that
best (s the dats » lincar-quadratic and linear at low doses,
An mcresse m ol cancer mortality bas been statsticallv
demonstrated at doses sbove -0.2 Gy of low-LET rdunon
but not at lower doses, except i special circumstances such
a cancer m childhood following i wero imadiscon and
thyrowd cancer afier acute exposure of the hyrowd w0 low
LET ndiavon during childbood.

238 Among the limitations on the confidence of low dose
epsderniological studies, by far the most consisient probiem
has been the lack of statsucal power. This bas been due
a combuaton of Gicwons, mcluding msufficent numbers m
the yradizied population, madequaie follow-up and domes
that are collectvely o small © bave any chance
providing a dase-response relationshup.

R ol AERAREE L ke o e - s amhe ol
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A INHABITANTS OF HIGH-BACKGROUND
ARFAS

239. Examples of background radistion studres m France,
Japan, Sweden, e Unned Kingdom and e Uruted Staies
are reviewed in Annex A, “Epidemsological studies of
radisuon carcinogenesis®. The conclusion from these
studies ® st there s no demomstmble assocwlon
between leuksems and other camcers and background
radiaton.

240. Updated estzmates of the cancer rsk for 3 population
of about 80,000 persons continuously exposed 0 natural
beckground radiaion at a dose mie about three Umes
higher than the world average bave recenty been reporied
(W29, W30} Ths populauion lives m two areas in
Yiangung County of Guangdong Province, China. A
companson is being made with 3 populauon of sumilar
sze and age stucture in 3 nearby conwrol ares of low
background radustion w Enping County. Details of the
doses are given w paragrepb 188 These populsucns are
stable \n that there w litle movement mio and out of the
areas. Thew age swructure i bissed lowards younger age
grovps compared with the rest of Chima. Asceruinment of
cause of death ® of & high standard, and the dose
measuremenis, based on seversl different echniques, are
o good agreement The rates of sie-specific cancer
mortality and estamates of excess rsk n the high-
beckground-radistos area, relatrve W he control area, are
gven in Table 41 [W29]. The bigh ncudences of primary
liver cancer and nasopbaryngesl cancer are peculiar W the
whole of Guangdong Province and are probably related o
jocal environmental factors, which include mfecuon with
bepatitis B virus and smoking, respectively. These two
cancer types comprise the largest number of cancers i the
two areas and are highest in the low background area. The
wials of all cancers otber than leuksemis are not stncly
com™ nbic with these cancers included.

241. While there are slight differences in e sile-specilic
cancer mamelity rates between the two populsuons, e
overall d@Miremces ® leuksemu and other cancen
combined ase not statstically signiicant, and e resulls 50
far do mot provide clear evidence of e presence of
absence of deletenious cffects due © low doses of
radiaton in the envonment. This may nol be surpasng,
considerng the difference m cumulative dose between the
two arcas, based on a 50-year exposure, of about 60 mSv.
The problem, then, is the lack of stausucal power 10 detect
an effect on nsk at such low doses.

242 Thyroid nodulanty following continuous low-dose
exposwre in China was determined in about | 000 women
aged 50-65 years Iving in the bigh-background-radalion
area and in 2 sumilar number of controls Iving m e jow-
beckground control area [W28). Cumulative doses o the
thyrosd were estamated 1© be about 0.14 Gy and 0.05 Gy,
respectvely. For muluple nodular discase, e prevalences

w the high-beckground-rdisuon ares and in the control
area were “5% and 93%, respectively. For smgie
nodules, the prevalences were 75% & the hgh
background sres and 6.6% in the coawol ares

rnuo = 1.13; 95% Ci. 0.82-155). No differences were
found in serum levels of hyvoid bormones. Women i the
high-background regron. bowever, bad significandy lower
concentrations of urinary wdme. The prevalence of mild
diffuse goure was bugher in the high-beckground-radmton
region, perhaps relsted © » low dietary make of wdine.
The suthors suggesied hat COMINUOW EXPABUre roughou!
life © a wal dose of sbowt 0.1 Gy n excess of the low
beckground level did not nfluence the rk of thyrod
nxdular discase; however, this study did not provide
satsucally significant resulss.

B. OCCUPATIONALLY EXPOSED
INDIVIDUALS

243. Swdies of the cffecs of mdiation (ollowing
occupational exposures are useful in claniflying the possible
relsonship between relatively low doses of gamms-
radistion and the risk of cancer. One relevant study was of
nuclear shipyard workers m the United Swaes [M13}
From s datsbase of almost 700,000 shipyard workess,
including abowt 108,000 nuclear workerns, tiree study
groups were sehecied, consstang of 28,542 nucicar workens
with working lifetime doses 25 mSv (many of them
received doses well in excess of §S mSv), 10,462 nuciear
workers with doses <5 mSv and 33,352 nom-nuciear
workers. The type of work carmed out by the three groups
was identical, except that the nuclear workers were
exposed additionally 10 ¥Co gamma-mdiavon. The
median age of enwry into employment for the three groups
was similar, that ©, about 34 years. The study included
exposures receved fom the beginamng of nuciear shup
overbauls i the 19608 untl the end of 1981. All groups
worked in areas where intakes of asbesios were possibie.

244. Deaths in each of the groups were classified as due
© all causes, leukaemia, lymphatic and bhaematoportc
cancers, mesotbelioms and lung cancer. The resus,
summarized in Table 42, demonstaie 3 ssocally
significant decresse in the standardzed mortality rabo for
the two groups of nuclear workers for “death from al
causes” compared with the noo-nuciess workers. Ths was
due in part W & bigber inadence I the non-nuciear
workers of desths from diseases other than cancer. which
ncluded cardiovascular disease and respuralory, genio-
urnary and digestive taa disorders. Both groups of
nuglear workers bad lower death rates from leukaemaa and
trom lympbauc and bacmaioposetx cancers an e non-
nuciear workers, but this was not saustically sgnlicant
All three groups of workers bad lower deatlh raies Lrom
lympbatic and bacmaiopoletic cancers than the general
populaton n the United Sates. This bas been relemed 10
as the bealthy worker effect Mesothelioma was the ony
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cancer that showed 3 significandy bigber incidence for
all growps. The slightly higher, but non-significant,
mcdence of luag cancer for all three groups compared
o the gemeral population of the United Suies could
bave been associated with asbesios €xposure.

245. Two festures of (this study need to be
empbasized. First, the collective lifetime doses from
occupational exposure in the two nuclear worker
groups were csumated W be 1,450 man Sv and
26 man Sv, respecuvely. The estimated collective
doses from natural background radiation in the same
penods were 1,067 man Sv  and 409 man S,
respectively. The collective dose to the non-nuclear
workers (rom background radiation was estimated o
be 1,275 man Sv. It s difficult 0 draw conclusions
sbout the incidence of diseases that might be
assocuated with  low-level occupational radiation
exposures when the doses are comparable 10, or less
than, the doses from natural background radiation.
Also, the statisucally significant decrease in
siandardzed mortality ratio for deaths from all causes
cannot be due 10 the bealthy worker e(Tect alone, since
the non-nuciesr workers and the nuclear workers were
similarly selected for employment and were afforded
the same health care thereafter.

246. A study of about 95,000 radiation workers in the
United Kingdom bas recently been reported. The
cobort recerved 2 collective lifetime dose of
3,200 man Sv, with an average individus! dose of
34 mSv [K15]. Up 1o 1988, 6,600 workers had died.
The siandardized monality ratio for all causes of death
after excluding the first 10 years following the start of
radiation work was 0.85 (p « 0.001). The standardized
morulity ratios for all malignant neoplasms in 23
orgsns or lissues and for all known, non-violent causes
other than malignant necplasms were 0.86 (p < 0.001)
and 0.84 (p < 0.001), respectively. For most oter
ussue-specific camcers, tbe stndardized mortality
ratios were below unity, but they were not saustically
significant. The omly cancer for which an elevated
standardized mortality ratio reached swatstical
significance was thyroud cancer (SMR = 303). Its
not unexpecied that one organ or lissue showed an
increased standardized morulity ratio by chance. The
excess relative risks for all cancers and for leuksemis.
excluding chronic lympbocytic leukaemia, were 0.47
(90% CI: -0.12-1.20) and 4.3 (0.4-13.6), respectively.
A confounding factor in this study was that cancers
couid bave been associated with exposure o chemical
carcinogens.

247. Since the bealthy worker effect complicates the
interprelation of standardized morwlity ratios, greater
imporuance was aitacbed by the authors to internal
analysis or to testing for the trend in risk with dose, in
which steps are wken to compensate for the factors

S ————————

that lead 0 the beslthy worker effect. Pogitrve treands
with dose were found for all malignas: neoplasms
Wkea together and for levkaemigs, excluding chroric
lympbatic leukaemis (Figure XX). The former rend
did not resch statistical significance (p « 0.10, oe-
sided test), while the latier wag satisucally significant
(p = 0.03). Because it was considered possible that
Cigaretic smoking may bave influenced the resuits,
Figure XX also shows the relative risk for the
malignant neoplasms, excluding both lung cancer snd
leukaemis. The scatter of the points showing the
average relative risk and the wide confidence intervals
on ese points provide no relisbie nformation o the
rlbndouabdnwomo.ZGy.

248. Updated internal tialyses of mortality w 33,000
workers monitored for six months or longer at the
Hanlord site in the United States provide no evidence
of & correlstion between cumulstive occupations!
external dose and morulity from leukaemia and from
other cancers [G12). The relative risks and their
coafidence wtervals are summarized in Table 43. Of
24 ussue-specific cancer Calegones evalusted, omly
cancer of the pancreas and Hodgkin's discase showed
positive correlations with dose that approached
satstical significance (one-wiled p-values of 0.03 and
0.04, respectively). These correlstions were interpreted
byMaMuMyMAsgﬂﬂan
correlation (p < 0.05) was obtained at doses above
50 mSv but not at 10 mSv. Earlier anslyss of
mortality from multiple myeloms had shown 3
significant excess risk [G14], but the extended analysis
of these dats now show that the excess relative sk
for this form of cancer is no longer swustically
significant (P1, R10}.

249, A study bas bees under way since 1980 on the
mortality of past and present employees of Atomic
Energy of Canads Lud. (G8]. The study population
consists of 13,491 persons, 9,997 males and 3,494
females, for a total of 262,403 person-yesrs at risk
until 1985. The number of female desihs (121) was
oo small for detailed analysis, but the 1,178 deaths in
the male population gave & limited basis for study.
Mortality patierns in the cobort between 1950 and
1985 were examined by compering the observed
morwlity with that expected in the general population
for three groups of workers: those with no
occupational exposure, those with up 10 sbout 50 mSv
and those with more than 50 mSv. The number of
deaths was fewer than would bave been expected on
the ba¥is of general populstion statistics for males in
he three groups. The findings were sumilar for the
groups "all cancer deaths® and “all otber causes of
death”. In the occupationally exposed males, elevated
standardized mortality ratios were seen for non-
Hodgkin's lympboma and for buccal cavity, rectum,
ﬁﬁo'ugmoad and prostate cancers. But in the
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upexposed male group, (here were clevated
sianderdized moriality ruos f{or iymphatic and
myelowd lenkaemias and for large ntesune, prostate,
brain end biliary system cancers. The number of cases
entified of all these cancers was small and the
confidence limits were wide, such that none of the
elevated suandardized mortality ratios were statistically
significant.

C. SURVIVORS OF THE
ATOMIC BOMBINGS

250. The epidemiological study of tbe survivors of the
atomic bombings in Japan bas up 10 now been the
pnmary source of data from which 1o estimate the
effects of radiaion om bumans. A dose-response
analysis of these dats for doses iess than 0.5 Sv was
recently presented [S30]. The end-points measured
were cancer mortality, cancer incidence and non-
cancer mortality. The relative rnisks with 95%
confidence intervals and the dose-response
relationships fited by the authors are illusurated in
Figure XXI.

251. For mortality from leukacmia, the relative risks
vaned smong the five dose groups (0.010-0.019,
0.020-0.049, 0.050-0.099, 0.100-0.199, 0.20-0.49 Sv),
but they did not differ statistically from the control
group, which received less than 0.010 Sv (p > 0.10).
The relative rnisks for the three dose groups less than
0.1 Sv were less than unity but still within the range
of what the authors considered (o be random vanation
about & value equal to unity. For leukaemia mortality,
2 linear-quadratic mode! fitted marginally betier than
a lincar model (p = 0.07 compared with 0.06).

252. For all cancers other than leukaemia, the relative
nsks generally increased with dose, as shown by the
dose-response curve, although tbe lowest four dose
groups bad relative risks not significandy different
from umity. The highest dose interval (0.20-0.49 Sv)
showed a statisticslly significant increase in mortality.

253. Moruality from lung cancer and incidence of
thyrowd cancer by dose group, based on data from the
Hirosbima and Nagasaki tumour registries during
1958-1987, were also analysed. A pattern similar o
that observed for morwlity from all cancers except
leukaemia was seen, that 18, the relative risk vaned
among companson groups with wide confidence limis
but did not differ statistically from unity within the
lowest dose intervals.

254, For mortality from all diseases other than cancer
s significantly elevated risk was observed at bigber
doses (estumated thresbold dose: 1.5 Sv) for vounger
survivors of the atomic bombings (age at the ume of

Jve

bombings <40 years). However, the relative risks for
the various low-dose groups (<0.5 Sv) did not differ
and were close 10 unity with the exception of one
significant point at the dose interval 0.20-0.49 Sv (RR
= 0.83). It s interesting 10 note that the decrease in
relative risk at this point corresponds (o 8 significant
increase in relative nsk for mortality from all cancers
except leukaemia.

D. PATIENTS EXAMINED OR TREATED
WITH RADIATION

255. There are sevesal exampies in clinical practice where
low doses have been used for diagnostic purposes. These
are x-ry examinations 10 detect fetal abnormalives, x-my
flvoroscopy 0 check the efficacy of aruficial pneumo-
thorax in the treatment of pulmonary tuberculosis, (¢.8.
[B2]), x-may examinauons & assess the progress of skeletal
development during weatment for scolioss and '
diagnostc iests 10 detect thyrosd sbnormalities.

256. The avclabie studies [G3, H19, MB, M22, M26,
S24) of in wero exposure are discussed m detadl in Annex
A, "Epidemiological studies of mdiation carcinogeness”.
The main conclusion & that the low-dose exposure of the
ferws m diagnostic examinations © associaled with
positive rsk of cancer mduction, but quantification of the
nsk is subject 0 much unceramty. There & nothng to
support the assumption that adaptive processes could be
operaung afler yradiation that could reduce the modence
of nduton-induced cancers.

257. The evdence for radistion-induced breast cancer s
discussed in Aanex A, “Epidemiological studies of radia-
ton carcanogenesis”’. Although exposure 10 radiation at
high doses and high dose rates is associsied with excess
breast cancer, the potential bazard from low-dose,
fractionated exposures during early breast development bas
not been thoroughly evaluated. The filure o0 detect
ncreased breast cancer in several large studies
surprising, and no sausfactory explanation is forthcomung.
However, many of the women were over 35 years of age
at exposure.

258. A retrospecuve study of 35,074 Swedsh pauents
recenving ' for suspected thyrod disorders berween
1951 and 1969 has been reported [H17, H18, H21} It s
not possible 0 be precwse about the doses deinvered W
individual tyroids because of differences in ' upuake
and varwlions in mass of the thyrods However. e
average amount of 13y acuvity adminsiered was
192 MBq, delvenng an estumated average dose ol
approxumaiely 0.5 Gy 10 the thyroid The daw are gven in
Table 44. Pauents given B for reasons otber than 2
suspected tumowr were not at increased rsk (sandardwed
noxdence ratio = 062 n = lbr Ovenll, the daa prov e
no indication that exposure © 3 for diagnosuc purposes
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w&udtymdm-hfdlcaoup
pul-ﬂmllnmbytcwmml
the observed imciase in e 59 year penod was most
likely © be dwe © » high level of medical survedlance.
leading W an increased detection of mdolent tumours.

E SUMMARY

259 The buman epsdemiological studies following
Exposures at low doses and low dose mes w0 low-LET
mmbwamtwwuwﬁnoﬂnmw
Ve response expressed as & decrease in the prevalence

of spontaneously occurring buman cancers. This & not sur-
praing o view of the low swtistical power of these
MNMWMMVM)«;
being consisient with the upper bound oa e confidency
In-o(wmrunlowdu-ohhdby
extrapolsung from bigh-dose and high-dose-rate dam: or
a5 indicatng no sddivonal rek at low doses compared
with he spontaneously ocourrng rute. Statistical limits-
mdommadaa‘w:choanhmm
anmwhm-ohumnuo’-&
epidemlogical likersture W justify either an moressed or
.wmkumou&wwmwy,
beaning in mind the satistical limitations of the dats.

CONCLUSIONS

260. Adaptive response 5 the collective term used
describe the results of experiments m which 3 small dase
dmmmmodbwamuuupu
processes  and/or  ©  stunulate  proliferation.  One
consequence of DNA repar mught be o reduce the natral
madence of cancer m its vanous forms or the likel bood
of excess camcers being caused by further radiation
exposure. A great deal of effort » being direcied into
chanscierzmg (hese processes, and m recent years results
of rescarch especially at the cellular level have become
available.

261. There is convincing evidence that the number of
radiavon-induced chromaosome abermations and muttions
that ocowr w prolifersung mamunalian cells afler an scute
dose of low-LET mdiavon un the range 1-3 Gv can be
reduced by exposng the cells 0 an acute dase of between
# few milligray and a few tens of milligray severa! bours
before the high dose. These experiments involving # low
conditoning dose and 2 high challenge dose were
desgned @ demomstnie e adapuve response as &
laborstory phemomenon. They were camied out under
clearly deflmed conditions usimg milogen-sumulated
lympbocyses, prolifersting bone marrow cells, spermato-
cyws and (bwoblasts The response bas not been
demonstrated 50 far m other cell sysiems or convincingly
mn cells under conditions of ctworuc exposure.

262 The evidence that s becommg available ndicates
that foliowng radistion-nduced damage 1o ceils, » number
of changes occur. Among hese changes are the acuvation
of sevenai classes of genes. including those coding for the
syntbess of enzymes wvoived in the control of cell
cycling, proliferation and repaw. It is not entirely clear
bow these changes mav speafically improve repair
capacity. There is some evidence 1o indicate that rediaton-
mduced enzymes, whxh remam o be solated and
chanscierzzed, are relsied W stress-response protems. There

Mbyrwmwmm“mme
response may therefore be 8 common festure of cefiular
response 0 damage.

263 A multisicp process has been propased © explain
the cellular sdaptive response. Afler acute doses of several
bundreds of milligny il cycling & proliferatng celis
may be delsyed The period of delay allows enzymes
nduced by e radimtion W repay damage before the cells
proceed through cell cycle and undergo mitosis [YS, Y6)
The adaptive response at these bigher dases may herefore
depend on whether o not the cels & cyce are
temporanily blocked. There s no direct evidence, however,
o suggest that cell cyde delay oocurs after acute doses
rngng from a few miligny © a few ens of milligny,
even though the adaptive response has been observed in
s range of doses. The (st of cells exposed © »
mdisuon dose in the resting pbase remsins W0 be
established.

264. In evaluating the effectiveness of the adapuve
response in cells exposed 0 » conditioning dose of up w0
& few tens of milligrey or 10 concentrations of toxic agents
below (hat concentrstion known © produce a loxx
reaction, it B imporant © recognze the unstable nature of
DNA in living cells during normal metabolism (H2, L11.
L21, V3, V4] It bas been estimated that the DNA
owlecule withia each nucieus undergoes several thousand
delecuble changes every hour as # result of membolsm
[B10, L12, 827, Wi2, W13, W14 W15] Despie ths
bigh rae of spontaneous molecular change, few stabie
muta accumulate in the genome. Thus, ceils have
evolved efficient processes for the comrection of mea-
bolically induced changes.

265. This inberent ability w repaw DNA needs w be
Gken into account i assessing the ability of cells w repay
e damage caused by doses of radistion m the wide range

seumlobtmsmzhuymtktypuofdamgel of a few miligrey per year w 8 few tens of milgny
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delivered i wimutes. Just bow capsble the existing
mechansae e of coping with the additional raduvon-
nduced damage % not readily obvious. But it would be
ressonable © saswmne from the evidence that damage
caused by natural beckground radiatiom, in which the
energy deposition events in 2 particular nucicus are
separsted by weeks or months [B21], should be readily
reparable by the available metabolically drven
mechansms.

266. However, emors in repawr do occwur, even during
mewbolism, suck as small base-sequence changes (pownt
mutauons ), gene deletions or reatrangements, although the
overall DNA integrity may be rewineé [F3, F4, FS| It
needs 10 be recognized, there.ore, that the effecuveness of
DNA repar m yradiated mammalun cells is not absolute,
some fraction of the cells renining stable mutauons. Thus,
the same low condiboning doses hat result i an adapuve
response are likely also w result in malignant celiular
transformations by the mechanisms dscussed in Annex E,
*Mechanisms of radistion onco-geness” in the UNSCEAR
1993 Report [Ul]. It would seem mportant o judge the
balance between the fidelsty of repaw, residual damage and
malignant trans{ormauons and whetber indeed these elTecs
mieract with each other. The Commutiee bopes that more
dst will become available in the near future to address

this pount

267. Alematve cellular mecbarusms have been proposed
w explain the adaptive response. These include the
detoxification of reactive radicals, thereby reducing the
potenual for damage, and the sctvation of membrane-
bound recepicrs sumulating cell prolifermuon.  Effors
should be made 10 characwrze the possible role of ‘hese

Processes.

268 It remawmns doubtful whether the immune sysiem
plays a siguficant role in any of the adapive processes at
low doses. In the UNSCEAR 1993 Report [Ul], the
Commitiee conciuded that the mmmune sysiem may not
play » major role m modersung buman radistion onco-
genesis, alidough immune funcuon i ceram Organs may
ensw. that some carly neoplasuc cells are eluminated
before they become estabiisbed. The data in this Annex
are not in conflict with this generalzed conclusion. Some
transient effects on the rauo of subsets of T cells and in
accelerating programmed cell death in damaged lympbo-
cvies have been idenufied. It s interesting i this respect
0 note that a dose of a few bundreds of miligray can
nfluence umour growth kinetics, expressed as a ransient
reducuon In tumowr size in expenmental arumals. The
evidence for changes in tbe buman immune svsiem (0ng
afier exposure s not convinaing

269. Ammal expeniments in the 19508 and | 960s sbowed
that chromic exposure of rodents at doses of up 10 a few
muligray per day from low-LET radiation could result in
ncreased life-span compared 1 controls exposed 0 only

beckground radistion. However, some anomales in these
experiments need © be explamed. Why was the response
confined (0 male muxe, and why was it not observed
comatendy in pathbogen-free muce?

270. More receni expeniments wilh rodents and beagle
dogs exposed al vanous ages W0 low dose rates of low-
LET madiation bave generally been unable o demonstrate
any siausucally significant dilference o Ife-span of
wradiaied and control groups after sccumuisted doses of
up 10 sbout & gray. However, tumour r Odence did not
increase until the dose was m excess f about a gray,
depending on the mouse stamn and the su  pubility of the
anumals W developing ‘pontancous i s, [n some
studies there was & non satsucal rend & ards 3 lower-
than-expecied madence of tssue-specific wumours, but in
other studies there w2s a non-statstcal trend towards &
higher-than-expecter incdence at doses of 22 Gy. A
reduction in life-span or an mcrease m tumowr maidence
after fracuonsted exposures was not of statstcal
sigrulicance untl sccumulated doses exceeded & few gy,

271. The low siatisticel power of mosi buman epademio-
logcal cancer surveys with exposures at low doscs makes
it difficult 10 reach s decsive conclusion on the existence
or sbsence of an sdaptive response. Studies of exposure o
higher-than-average levels of nstural beckground rsdsuon
have made littie contribution 3o (ar 10 estimating the nsk
of cancer from low-dose-nate, low-LET radistion. Studies
of occupsuonal exposures have recestly shown more
promise of yielding positve results, especislly after
moderste doses, but in the low-dose region the confidencr
limits are so brosd that the results are stll equivocal. The
Life Span Study of swvivors of the siomic bombings
shows no significant excess of total cancer mortality below
about 0.2 Gy. All cancers other than leukaemia are in
excess bul not statistically significsnt down 10 2 dose
range of 0.01-0.05 Gy. Leuksemia sbows a deficit at doses
less than 0.1 Gy, whch agam & not saustcally
sgnificant Al gwesent no conclusion can be drawn about
the dose response below 0.2 Gy because of stausocal
lum ita bons.

272 In concinsion, there is substantiai evidence of an
adaptive response m sclected cellular systems followng
acute exposure W0 condiboning doses of low-LET nda-
von. The precise molecular processes involved in the
adapirve response are not well undersiood at present, bul
cellular repar & likely 0 play 2 roie by machansms
sumilar to those involved in the generalized stress response
The presence of an adapuve respomse © nol readiy
evidenit from the rsults of expenments in mammalan
orglr.'mm in terms of reduced tumour mduction. [nier
pretauon of these expenments is complicated by varauons
n the susceptbiity of different ammal stans

spontancous tumour induction. The low sizistical power
of the epidemmlogy studies also prevenis a cicar salemen
on the presence of an adaptrve respomse i bumans
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exposed 1© low doses. [t is to be boped What betier
understanding of mechanisms of radistion effects
obtzined in molecular studies might provide a basis
upon which W judge the role of sdaplive response in
the organsm. [n the meanume. it would be premature
o conclude that celiular adaptive responses could con-

FLR |

vey possible beneficial effects w0 the organism that
would outweigh the detrimenial effects of exposures
1o low doses of low-LET radistion. The Committee
recommends (hat this research be continued in order w0
clanfy (be nature and imporiance of the effects of
radiation-induced adaptive response.
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Setting Standards for Radiation Protcction: A Time for Change
by H. Wade Pattarson end David P. Hickman
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Historical review
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this period, the of a “tolerance” dose was used to set protection standards.
This vicw was when, in 19277, Hermann Muller published his results on
the induction of mutations by radiation.* Shortly thereafter, end unti] the earty
IMMMWmUMthmhde
introduced into the gene “pool” by radiation exposure.
Dyhnﬂ-l%whnkwmht‘mm...bmo
limiting factor,” rediation protection standards o look st alternative
effects vach as We-span shortening and cancer. concept that cancer
induction has no threshold and that all exposure carries some risk was then
incorporated into the standards, even thwugh groupe
WMMmmm«memm' tion
effects. Thus, the official radiation on policy was based on the
assuraption of linear effects. From this innocuous but erronecus
assum ption of lineer non-threshold effects has grown the pernicious, but now
policy of standard -ectting groups. Bared on these early concepts, the
linear model must be used to fit exposure-response data over the entire dose
range, even though there is no basis for doing 8o otter than “mathematical

mmnmmumdmus‘wdmnmm
National Laborstory wnder Contract No. W-7403-Eng-48.
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W'Mmmphofﬂ&pdky(mﬁgml)andymudm
the Federal Register, despite a statement that human response to ionizing
radiation i “non-lineer” (U.S. Federal Register 56 (138) 33050-127, 1991).

Natursl phenomena

Mhabnndmcddmhtmymhmlpmmmm.uuﬂy
u&l&%hpﬁphdmopﬁnuquﬂty(ﬁﬁuwuﬂemm
m ammmqmvdmumm
expressed n the context of plant growth modeling. Anm?nﬂhln
mbnnhmmbwmbyMMleq. C E. K Mees, in
of the Photogrephic Process, detadled the non-linearity of the relation
”Hm.ﬂnwm...uu&d-uyow’hn
emulsion.” Here, & minimum amount of energy must be supplied to render &
ﬂmynhdcvdopbhﬂwnqmtofammﬁnmmgymwam
an effect is common to other processes as well

Continuing this line of reasoning, we know that all living organisms, DNA, and
mmmmmmymmmm;mxmawmtmmmwh

maintained if a system is to perpetuate itself. Scientific logic dictates that it s
nataral for such systems to develop & mechaniam to routinely perform needed
maintenance And indeed, self-mairtenance and repair are evident everywhere
in Hving It is also natural that this repeir mechanism can be
sUimulated by external forces, which are also evident everywhere. Hatr regrows,
skin is replaced, and neursl pathways regenerate - all of which are evidence of
both normal and stimulated repeir, the expected response to a normal
environment.

It has been speculated that these highly ordered systems are mandated to induce
adaptation and evolution. If this were 50, then exposure to environments] agents
balow the threshold for harm may be vital o assurc that nooded adaptation in «
corstantly changing environment continues to o0cCu..

A multitude of physical evidence demonstrates that a threshold exists, below
which highly erdered systems will show no detrimental response. For ke,
mwwummmmmw%
H20, and & fine white inorganic if a threshold did not exist Stated
differently, humaen hurve end adspted W function best and ko
be fittest over & range of environmental agents. Ultraviclet Light, tesaperature,

end our response to trace elements are a few examples. Is it then
mmmmmumummww
should be different?
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Review of experimental radiobiological observations

Twenty yearv ago, Evans’ showed the LNT model tn be radiobiologically
untenable. By extension, this wouid invalidate the conceptual basis for the
ALARA principie. Nonethel.se, the Committee on Biclogical Effects of
Radiation (BEIR) for the Neational Academy of Science and the United Nations
Sub-Commitise on the Effects of Atomic Radistion (UNSCEAR) have chosen to
use selecied date and manipulated and forced this data to fit the linear non-
threshold model

Both the ICRP and the National Committee on Radiation Protaction and
Measurement (NCRP) based thetr recommendations on the BETR and UNSCEAR
report(s), and on Japanase data that were also forced to fit the linear non-
threshold model (see Figure 2). In tumn, regulatory bodies such as the United
States Department of Energy (DOF) and Environmental Protection Agency
(EPA) fustified their use of the LNT model and ALARA principle by referencing
the ICRP, NCRP, BEIR and UNSCEAR reports.

-
Over the years many papers (see Attachments I-III) from the United

States, China, India, Japan, and England also invalidated the linear non-
threshold model. Most, Ofnotnlr:fﬁmopapas have been published after pear

review. Some showed a downward-trending resporse to radiation
while others showed o threshold. (See the references in Attachment | for
response versus exposure effects). These studies demonstrate that there is no
relation betwean the epidemologi or biological dats and the linear non-
threshold model. Published results from these studies, which demonstrate the
fallacy of the LNT theory, included data on carver incidence from both external
and internal exposurcs for both whole populations end occupstionally exposed
P(m&m&-&). These data are typical of references in Attachaner.” |-
Equally taportant are the references in Atschonent II that provide evidence
for both normal and stimulated repair of radiation damage.

Swmanary
In the substantial list of published date as well as the author’s
conclusions in the attached references and the data with the linser

noc-thresbold, we can only conclude that the nodd(u\d‘zmh:‘-mh
ALARA pefnciple) is wrong. Modeling or fitting (or any other
interpretafion) of this date need not be because direct observation of
the dats allows ons 0 conclude easily thm‘o“whmdun
of dose varsus effect. As Richard Feynman™ said, “In general we look
for « new law by the following process: First we guess it. Then we compute the
consaguences of the guess to see what would be implied if this law we gusssed
hﬁﬂhmmhmhdhmp?ﬁmw&mmw“ﬁ
expariment or experiencs, compare it directly with cbservation, to see if it
works. If it disagrees with experiment it {s wrong In that simple statament is the
kay to science. It does not make any diflerenue how beautiful your guess fs. It

a4
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doss not make any difference h w omart you are, who made the guess, or what
hhmmn—dntdmmmcxpmmmmnwron; That is all there is to it. .

Feyrunan’ continues by stating, “ Another thing I must point out is that you
cannot prove & vague theory wrong. If the guess you make is poorly expressed
Mnhm“hmmmhmmhmua
little vague — you are not sure, and you say, ‘1 think
hamn(ulldubnu\dn,u\dmchmdmd:do&hmunmwhn
and I can sort of explain how this works. . . Mywmht“horyhpod.
mnmumwwmuhm«
mh%ﬂm%uhﬂoﬂ:ﬂmyup«“‘lmﬂbmh
made to look like the expected consequerces *

Feynman's view of science is directly applicable both to the use and application
of the LNT model and ALARA principle. Moreover, on the basis of & review of
hd.hmhdhhmmthLﬂl),Mhml
evidence that heterogeneous groups of humans have tolersted chrunic radiation

of at least 0.1 rad a year without ill effect and can also tolesate scute
exposures of at least 10 rad also without any effect

Recommendation

Mm‘hitmyhmh‘n prudent once to assume that the linesr model should
mmhtmhcpﬁtotwmnbowpmybm

ulgation of standards for radiation protection maust
udlmgu:&-wﬂmnﬂumnonmupp«bdmpﬁmm

Mmm
Obvicusly » re-examination should be commissioned under the of
some entity other than thoee groups responsible for the present ) 4

seems epparent that these groups have failed to consider new developments and
new dats, and that they would face a severe conflict of interest ware they to be
involved in & new review,

Aftar this re-©amiration, it is to be hoped that the current application of the
LNT modal and the ALARA principle — ogether with it regularly ignored
mandate o balance benefit against cost— would both be sbandoned. We make
no recommandstion about methods and procedures 4 newly constitated group
should use in re-@xamining the lincar moded, because we belivve it is premature
to propose solutions. Also for this reason, we have have omitted any
discussion about which modal, if any, should replace the LNT. Instead, we
believe that good scientific principles should be employed in arriving at logically
end unequivocally stated concepts.
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Policy makérs know that the LNT model b
INCORRECT ! M

“EPA policy, supported by recommendstions of SAB/RAC,
is to assess cancer risks from ionizing radistion as a linesr
response. Tharsfore, use of the dial patater data requives
sither deriving a linear risk coefficient from significan@ly
noa-linedr exposure-response data, or abandouing EPA
policy and SAB/RAC advice in this case.”

Excerpt form: Federal Register 56 (138) 33050-127, 1991

Amic-domb date cas not demenstrate as effect
badew & threshold M

“The lowest specific absorbed dose &t which unequivocal
«ffects can be demonstrated among A-bomb survivors is
0.20 - 0.49 Gy*

From: Sd-II.WJ Shimizu, Y., mn,w
Physics,$9, 1, pp. 65-79 1990
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Canesr risk from esvironmental radistion (external
and internal) is sge-standardired Indisn popuiations

hh--a-(ruu--m

o A ' * * " "
[T W ums
P g cummadied ervirongsoria st

Reprinted with parmission from : Nasibn, K.S V., Somen, $.D.,
DR, Dol Wil SOSEE \0 Lk, Howith Pyeice. 5.3 543, 199C

Radoa cancer mortality dats disagrees with the
LNT mede M
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Radium dose response data that does ot agree with
the LNT modsl M

R, ovp retle
Reprastod with pormission from : Bvens, RD., Badium in Mas, Nealth Plysies, 27, 5, p 504, 19%

Putps L]
In general we look for & new lew by the following process. First we
gusss it. Then we compute the couseyucnoes of the guess 1© sos whit
would ba implied if this lLaw we guessed is right Then we compare the
result of the computation with nature, with experiment or experience,
compare it directly with cbservation, to see if it works. I it disagrees
with expmiment it is wrong. In that simple natement is e key 0 science.
Rt does et makse sny difference bow besutful your gusss is. & doss not
maks sy differsnce how smart yc - are, who made the goess, or what his

name is - if' it disagrees with experiment it is wrong.
Thet is oll there is o it. .."

Richard Feynman

as!

TOTAL P.2%
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Setting Standards for Radiation Protection: A Time for Change
by H. Wade Patterson and David P. Hickman

ABSTRACT
hlﬂh“ﬂ%um&&mmmmml'm
MMQMMM-'M&W'&WM
Mm“h-&bmwbdmdmm»&m
Mhﬂl"hhlﬂ,hmnbhhdhwuh—-”bm
ediation v timwer with dose, togecher with the recommendation tat exporeres be kept as low
-m‘mmnmhmdwwmu@m
M.Mummuwm-ouwmmm
.uawm,mmwwu.:&wpwh
setiing sandards for radietion protection showld be abreast of new developmenty and new dats as
Mﬂmm&dﬂMMhbﬂvm’hw,hhwhu
ARy reports in scientific. pesrrevarwed, and other publications during the last three decades
ummnmmua-maumuwmmmu
um.m,mammmmmemmnwm
mWa%ﬂ&MaMh&—mMm.

Historical review

hm”mn&:hdﬁcowyo(xnyundndw , it was thought
mummudwamwmmmuuwmm
this period, the of a “olerance” dose was used to set protection standards.
This view was when, in 1927, Hermann Mulller published his results on
uuwmdmumwmm‘mm,mmum
IMMMmmthhmhdwwm
introduced into the gene “pool” by radiation exposure
Dyhnﬂ-l%wb!wm&nt'm&dm...bmn

policy of standard groups. Based on these eerly concepts, the
linmar model must be used to fit exposure-response data over the entire dose
range, even though there is no basts for doing 80 ottier than “mathematical

mmnwﬁumdmus.mdhwmm
Naticnsl Laborstory wader Contract No. W.-7405-Prg-48.
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conveniance.” An example of this policy (sce Figure 1) was recently reiterated in
the Federal Register, despite a statement that human response to ionizing
radiation i» “non-linear” (U.S. Federa! Register 56 (138) 33050-127, 1991).

Natursl phenomena

There is abundant evidence that many natural processes are non-linear. As sarly
u:»l‘ﬁl, both the principles of an optimum quantity (neither too little nor too
m & necessary minimum quantity of were
wmumm«thMmmWMWdu
to mutsgenic effects was given by Bowen and Tolley.’ C E K Mees, in
of the Photographic Process, detafled the non-linearity of the relation
“Hm.luomm...uu&.d“tyom&’hu
emulsion.” Here, « minimum amount of energy must be supplied to render &
silver grain developable. This requirement of & mintmum energy needed to caus?
an effect is common to other processes as well

Continuing this line of reasoning, we know that all living organisms, DNA, and
even molecules are highly ordered systems; and it is ciear that this order must be
maintained if a system is to perpetuate itself. Scientific logic dictates that it is
natural for such systems o develop & mechaniam to routinely perform needed
in iving It is also natural that this repeir mechanism can be
simulated by external forces, which are also evident everywhaere. Hatr regrows,
skain is replaced, and neural pathways regenerate - all of which are evidence of
both narmal and stimulated repeir, the expected resporse to a normal
environment.

It has been speculated that these highly ordered systems are mandated to induce
sdapiation and evolution. If this were so, then exposure tv environmenta)

balow the threshold for harm may be vital o assw ¢ that ncoded adeptation in «
constantly changing environment continues to 0t

A multitude of physica! evidence demonstrates that a threshold exists, below
which highlly crdered systems will show no detrimental response. For le,
oxidation induced by the Brownian movemnant would turn our bodies into
H20, and a fine white inorganic if « threshald did not exist. Stated
differently, human have and adapted to function best and to
be fithest owar a range of environmental agents. Ultreviolet light, temperature,

and our responge o trace elements are & fow examples. ks it then
mmhtmmwndhmmmm
should be different?

il 9¢¢
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Revirw of experimental radiobiological observations

Twenty years ago, Evans’ showed the LNT model tn be radiobiologically
untenable. By extension, this wouid invalidate the conceptual basis for the
ALARA principle. Nanetheless, the Coounittee on Biclogical Effects of
Radiation (BEIR) for the National Academy of Science and the United Nations
Sub-Committme on the Effects of Atomic Kadiation (UNSCEAR) have chosen to
use selected data and manipulated and forced this data to fit the linear non-
threshold model

Both the ICRP and the National Committee on Rediztion Protection end
Messurement (NCRP) based thetr racnmimendations on the BEIR and UNSCEAR
report(s), and on Japanase data that were also forced to fit the lineer non-
threshold model (see Figure 2). In twm, regulatory bodies such as the Undbed
States Depertment of Energy (COE) and Environmental Protection Agency
(EPA) justified their use of the LNT model and ALARA principle by referencing
the ICRP, NCRP, BEIR and UNSCEAR reports.

-y
Over the years many published (see Attachments [-I1I) from the United
Shh&d\nhﬂh,(guh”p‘;d also invalidated the linear non-
threshold model. Mmﬂm-mﬂm-papa‘hnhnpuwwp‘c
review. Some showed & downward-trending response to radiation
while others showed ¢ threshold. (Ses the references io Attachment I for
respanse versus exposure effects). These studies demonstrate that there is no
relation between the epidemologi or biological dats and the Lineer non-
threshold model Published results frem these studies, which demorstrate the
ﬁhcydhmw,hdndddnhoncmi::dmmwm
and interna) exposurce for both whole populations and occupationally exposed
(ves Figures 3-5). These dats are typical of references in Attachanents I-
Bqually tmportant are the references in Attachment II that provide evidence
for both normal end stimulated repair of radiation damage.

Swmmary
hmkﬂn:‘\emmm&pumahnwﬂuh.wo
conclusions in the attached references and the data with the lineer
ALARA pelacipla s wrece Diodaling o i (e oy ot b tl
A peinciple) is wrong. Modeling or fitting (or any

ini of this date rwed not be because direct observation of
the allows one o conclude eaaily tﬁwmfddemﬂbmduc
predictor of dose versus effect. As Richard Feynman’ said, “In genaral we lock
for a rew Law by the following process: First we guess it. Then we compute the
consequences of the guess to see what would be impiied if this law we gusssed
is right. Then we compare the result of the computation with nature, with
experiment or experiencs, campare it directly with observation, to see if it
works. If it disagrees with experiment it is wrong. In that simple statement is the
key © science. It does not make eny diflerere how beautiful your guess . It

N
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doumtnabmydm-u\oehwmmywmwhomdcé:v»;ucn,orwht
his name is— if it disagrees with experiment it is wrong. That is «/ there is to it. .

qum’m&\ubyohm “Ancther thing I must point out is that you
cannot prove & vague theory wrong. If the guass you make is poorly expressed
and rather vague, and the method you use for figuring out the consequences is &
little vague — you are not sure, and you say, ‘1 think sall

because it's all due to 50 and 80, and such and such do this and that more or less,
and I can sort of explain how this works. . ., then you see that this theory is good,
because it cannot be proved wrong' Also if the process of computing the
consequences is indefirnite, then with a little skill any expertmental results can be
made to look like the expected consequerces.”

Feynman's view of science is directly a ble both to the use and application
of the LNT model and ALARA principle. Moreover, on the basis of & review of
the data presented in the references (A ttachmaents I-1T1), there i unaquivocsl
evidence that heterogenecus groups of humans have tolerated chronic radiation
exposures of at least 0.1 rad ¢ ywar without ill effect and can also tolerate acute
exposures of et least 10 rad also without any effect.

Recomumendaton

Although it may have been prudent once to assume that the linesr model should
be used, we now believe that in the spirit of true sclence it is obligatory to reject
this policy. The ulgation of standards for radiation protection must be
based observetion rather than on unsupported sssumptions and

subsequently begged aseertions.
Obvicusly & re-cxamination ehould be commissioned under the a of
some entity other than those groupe responsible for the present 3

seems apparent thet thase groups have failed to consider new developments and
new data, and that they would face a sevare conflict of interest ware they to be
involved in a new review.

Aftar this re-@amination, it is to be hoped that the current application of the
LNT model and e ALARA principle — together with its ignored
mandate ® balance banefit againet cost— would both be abandoned. We make
0o recosmandation about methods and procedures a newly constitated group
should use in re-@amining the linser model, because we believe i’ is premature
to propose solutions. Also for this reason, we have have omitted any
discussion about which modal, if any, should replace the LNT. nsteed, we
believe that good scientific principles should be employed in arriving at logically
and unegulvocally steted concepts.
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Policy makérs kuow that the LNT model is
INCORRECT ! &

“EPA policy, supported by recommendations of SAB/RAC,
is to asscss cancer risks from ionizing radistion as & linesr
response. Therefors, use of the dial paluter dats requires
oither deriving o lnear risk coefficient from sigaificandy
uon-linedr exposure-response data, or abasdoning EPA
palicy and SAB/RAC advice in this case.”

Excerpt form: Federal Register 56 (138) 33050-127, 1991

Atomic-bomb dats caw not demenstrate a8 effoct
beblew a threshold M

“The lowest specific absorbed dose at which unequivocal
effects can be demonstrated among A-bamb survivors iy
0.20 - 0.49 Gy”

From: Sd-an Shimizu, Y., Km.n,w
Physics, 39, 1, pp. 65-75 1990
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Caneer risk from eavironmental radistion (external
and bnternal) in sge-standardized Indisn populations g

Mu(:un“um

Reprioted with parmission fremn  Neowi, .5 V., Sormen, S0,
ancmentsl idiahon aed o \o logle. Feal Physion, 55, 3. p 543, 199C.

Radoa cancer mortality data disagrees with the M

a80
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Radium dose response data that does not agres with
the INT model M

.u
Repratud wi® permission from : Bveos, RD., Rasling (o Mas, Fealh Plipedes, 27, 5, p 504, 15

e |

In general we look for & new law by the following process. First we
goess it. Then we compute be conseyuences of the guess 1© sew what
would be implied if this lew we guessed is right Then we compare the
result of the computation with nature, with experiment or experience,
compare it directly with observetion, to ses if it works. I it disegrees
with exparimant it is wrong. In that simple statemsent is the key to science.
R dows oot meks sy differencs bow besutiful your guess s & Gose not
maks sny difference how smart you are, who made the guess, or what his
name is - if it dsagrees with experiment it is wrong,
Thetisell thare istoit. ..

Richard Feynman

afsli



