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INTRODUCTION

1. Tbc scientific community has been aware for 2. The biological expression of adaptive and
many years of the possibility that low doses of stimulatory responses in seeds and plants (e.g. [C14,

radiation may result in changes in cells and organisms, H9, HIO, R6, R7, S43]) has also been described. Tbc ;

which reucet an ability to adapt to the effects of extensive literature up to 1976 supporting radiation- '

radiation, in lower organisms, for example, enhanced associated adaptive effects was reviewed by Luckey |

proliferation in the presence of radiatio , at doses of a [LI). A more recent publication by the same author j

few microgray per day to a few milligray per day has summarizes the literature between 1976 and 1991, j
been observed in expenments involving cultures of involving about one thousand reports judged by him to i

prokaryotes and cukaryotic cells [Cl, C2, C3, C4, C5, demonstrate beneficial responses in animals and in |

C6. II,12, L4, P2, P3, Till. buman populations [L2]. |
l

1

|
|

!
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J
3. It bas been suggested in recent years that the mechamsms, held at Kyoto in 1992 [S2); and one on low-
oonventional estimates of stochastic effects following level exposures to radiation and related agens, held at

exposure to low doses of ionizing radiation may have been Changchun, China, in 1993 [18D have provided an opportu- ]
overstated beonuse no allowance was made for tbc nity for scientists working m the field oflow-dose cKeds to j,

possibility that small doses of radiation may condition cells present their experimental findings and debate the possibic

so as to induce prozsses that reduce either the natural mediannms involved in radianon-induced adapave response.

incidence of cancer in its various forms or the likelihood
of exass cancers being caused by further radiation

8. %:,s Annex, based mainly on recently published
,,p data, has been compiled by the Comminee with a view to

,

identifying the cellular mechanisms that may be involved
4. An important observation from mammalian oeH m the adaptive response at low dames It should be
studus in support of these presses is that mitagen- e nsidered as a mntinudon of te dh=== m rads
stimulated human blood lymphocytes exposed in vitro

R5Ponse contamed m &c WN M3 %appear to sufer less damage than would be expeded [Ul }. One problem in identifying mmmon niedi====is of
following amie exposure to a few gray of low-IET

R5Ponse b est &em are dMerenas h te doesradiation if they are first exposed to a dose of a few sens
and dose rates used in cellular studies and those used in in

of muligray. 'Ihis response to low-dose exposure, which vivo studies flaboratory animals. A further compliation
remains cEcdive for several hours, is referred to as an

is that there are few studies available in which doses of a
adapuve response. few milligray per year above the natural background

n&adon level have ken used. W doses were Mned m
5. Adaptive responses have been observed in other &c WSCEAR 1993 Report [Ul], Annex F,"Inouence of
mammalian cell types, such as bone marrow cells and dose and dose rate on stodastic effects of radiation", with
fibroblasts, but not consistently in spermatocytes or at all &c values depending a &c Wel of m, vesugadon. At a
in embryo ocus exposed in the pre implantation stage. micr dosimetric level a low dose is defined as about
Qianges in the exmposition of the culture medium can 0002 Gy. b a simHar mntext, &c Intema w
alter tbc adaptive response. in a wider context, it is known Conunission on Raddagical Pmtcean [W casM

,

.

that daages simBar to those observed in radiation-induced &at low doses and low dose ntes unpiy sith m |
adaptive response can oaur as a result of metabolic which it is very unlikely that more than one event of j
distusbances and aher damage resulting from exposure to '"*'EY deposition will occur in the critical parts of a cell
a variety of physical and chemical agents. The con- within &c time during which repair mechanisms in abe ocll
seque== of these ceuular changes are referred to Pente. Fa manunah aus in ahuse, a W hcan
collectively in the literature as stress response or response is deSned as less than about 0.02 Gy, For the indudion of
, ,,, human tumours, a low done is defined as less than about

R2 Gy, %e same csheria can k @ b h Annex,
6. Evidence of adaptive response has also been

al n at m d 4 k
described in studies using laboratory animals, in which the

exPemnenW data on cKects m aus and anM h Mansnals were exposed either to single amte doses from a n doses in excess of about 0.5 Gy.
few tens of minigray to a few gray, or accumulated doses

of up to a few gray over a lifetime. Reported mani-
festations of this form of adaptive respoonc described in 9. Manifestations of adaptive responses in animals and

,

manunals sher exposuse to low doses of radiation include in human populations are brie 0y addicased in this Annex.!

an accelerated growth rate in abe young, an increase in Evidence for the expiession of an adaptive response in

reproductive ability, an extended life-span, stimulatory human populations exposed to low doses of radiation
effecs on the immune system and a lower-than-expected above the natural badground level has not unti now been

=culemar of spontaneous tumours. A satisfactory dearly demonseated nor has it been refused. The
explanation of mechamsms that might be responsible for possibility est exposure to low doses of radiation may
such egens, which have not been consistently obsesved in aNect the level of competena of immunosurvealance

diferent invesagstions, is not obvious. It may involve a mechanisms in carcinogenesis is diari==ed Details of Ibc

DNA repair m*Ama==i similar to that proposed for the nierkan=nis of arnan of radiation in inducing cancess and
d=a==edallular adaptive seaponse, ... plying its sninednte senous hereditary effeos in humans ase not

availabehty if cellular damage randomly occurs during the Dene aspeds of the deleterious cNeds of radiation can be

ma=nal's lifetime. Involvesnent of tbe immunosurveillance found in the UNSCEAR 1993 Report (Ul], Anmer E,

system has also been proposed. "Medianisms of radiation oncogenesis". Amme" G.
* Hereditary cNects of radiation", and in this Report in

7. Four tv=8rmences (one on radiation harmesis, held at Annex A, 'Epidenuologice! studies of radiation carcino-
* --

n=adaad, Cabfonum, in 1985 [S1); one on low-dose radiation genesis". Dene Annexes should be read in - ,
and the samune system, held at Frankfurt in 1987 [S21]; with this Annex to adies e a i=taaned view of &c overaH
one on low-donc urad=e==i and biologual defeme effects oflow doses of radiation.

- _ _ _ . .-
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I. ADAirflVE PROCESSES IN MAMMALIAN CEl.LS

fonn which cannot be acciporated. Later expenments in
10. Efforts have been made over the past decade to
characterne the adaptive response induced by rnutagens in

which the tntiated thymidine was pulse-labelled whGe the ,

mammalian alls. A response has been demonstrated in
rils were in the 5 phase markedly reduced this vanability,

mitagen-stimulated, buman blood T lymphocytes. Other
and the vptake of intiated thyrnidine was maximized. '

i

ocll types investigated for evidence of a response include A similar response was shown to be induced by15.
proliferating lymphoblasts, bone snarrow cells, spermato- exposing phytohaemaggiutinin stimulated lymphoc)1cs in
cytes, pre-implantation embryos and fibroblasts. the S phase to a low dose from x rays (referred to

11. Cells respond to radiation-induced injury by the up-
vanously in the literature as the condidoning, inducing,

regulation of proteins involved in cell signalling and by
pnming or adaptmg dose), followed by exposure of the

2 P ase to a high dose from x rays (miledalls in the G hthe increased expression of genes involved in cell pro-
the challenge dose). His response was subsequendy j

liferation [A1, S3) and in the synthesis of DNA repair
conhrmed by some investigniors [B6, B11, K4, L25, M30,

j

enzymes [L1, L5, M3, W2j. Qualitatively similar O3, S13, S14, W4, W5), although not consistently by
responses have been described as a result of cellular others who were using similar culture protocols [B7, H8, !l
disturbance caused by temporary oxygen depnvation (B5,

!
L7, M4, S9, S10) and glucxx,e starvation [H1, S11].

M21, SIS, S16]. De lymphocyte cells from different|

donors show vanable sensitivity, as is shown in Table 2.

|
12. De mechanisms involved in the adaptive response

It was postulated that tbc conditioning dose of16.
to low doses of radiation have been linked to a more radiation activated genes and that this was quickly
general phenomenon in which the cells are able to followed by tbc synthesis of enzyrnes responsible for
respond to damage from a vanety of physical and

DNA repair. If these enzyrnes were available in adequate
chemical agents. These agents include overheating (S8J. concentrations at the time the cells were exposed to a

| UV-radiation [B3), tran amounts of mutagenic chemicals
challenge dose, tbc extent of tbc repair of DNA damage

[B4, VI), local anaesthetics that alter membrane structure was irnproved, so that fewer chromatid abenstions were
[L6) and heavy metals known to act as cellular poisons observed than in cells receiving the challenge dose only.
[C7}. It was presumed that the repair enzyines were not

immediately available to cells receiving the challenge dose

EWECI'S IN HUMAN LYMPHOCYITS
only and that,in these circumstances, snuch of the damage
was irreparable by the time a sudicient quantity of |A.

enzymes became available. His hypothesis was supported
1. Chruinosome aberrations

by tbc obe,ervation that the adaptive response could be
blocked by the protein synthesis inhibitor cycloheximide

13. It was reported in 1984 [O2] that when phyto-
(Table 3)and by 3-aminobenzamide(Table 4),an inhibitor

haemagglutinin-stimulated human lymphocytes were

grown in a culture medium containing tritiated thymidine
of poly (ADP-ribose) polymerase, which is known to be
induced during the repair of DNA strand breaks [A16).

and were exposed in the G P ase of the cell cycle toh
2

1.5 Gy from x rays, the yield of chromatid abenations was Other characteristics of the in vitro lymphocyte17.
signi5cantly less than the sum of yields of the aberrations

adaptive response have been reported:
induced by tntiated thymidine and x rays separately the adaptive response to x rays requires a dose of at(a)(Table 1) De response was observed to occur at a least 0.005 Gy delivered at a rate of more than
conantration of tritiated thymidine low enough to give an
estimated one beta disintegration in each cell vole..:e

0.2 Gy min 1 [S14). De mplicatior, of this ("mding
is that a certain number of DNA lesions, perhaps of

between exposure to the tritium and the x rays. De a specific type, need to occur within a fixed time in
reduction in the expected number of aberrations was not order to initiate the signal for expression of the
considered to be attributable to a radiation-induced delay adaptive response. In fact, there is a window of
in cell cycle progression at this low concentration. Nor
was it considered to be due to the selective killing of a

dosc, 0.005 to 0.2 Gy, below which and above

radiosensitive population of lymphocytes that had
which the phenomenon was not observed. Such a

narrow wmdow has also been observed in
moorporated tritiated thymidine (W3|. expenments with radiomimetic compounds such as

bleomycin, which,like x rays, induces double-strand
When the tntiated thymidine was present in the14. breaks;

blood cultures throughout the entire culture period, the the induction of the repair mechanism takes placr
results were quite variable. His was shown, however, to (b)

between 4 and 6 hours alter exposure to the
be attributable to the fact that, in blood, the amount of conditioning dose and remains effective for three
tritiated thymidine incorporated into cells is highly

cell cycles [S13);
dependent on the catabolism of thymidine to a degraded

. -. . ._. - _ . ._
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(c) wben the cells were exposed to two conditiorung re0cct the average of a mtxture of cells having di!Terent
doses delivered within a few hours o, each other, radimensmides, and any shifts in the mixture ratios will
the reduction in the amount of chromadd damage intluence the aberution yields. A double-labelling
was found to be similar to that observed after a technique (Brd-U replicadon banding), which permits
single dose. The second dose thus provided no idenufication of the cell cycle position occupied by each
additional protection against the damage caused by scored metapbsse at the time of the mnditioning and
the first conditioning dose within this time (Table 5); challenge doses, has recently been described and may help

to solve this problem [A10). Using this technique,it was
(d) it has recently been shown that a single dose of

shown that a condiboning dose of 0.01 Gy from x rays
0.005 Gy from "Co gamma rays did not create

delivered at a rate of 0.05 Gy min'I, foDowed 6 hours
condidons for the adaptrve response, but two dmes, later by a challenge dose of 1.5 Gy at a rate of
cadi of 0.005 Gy given in the same cell cycle, did 0.0044 Gy min'I, resulted in a transient decrease in the
do so [B22) De effect of the two conditioning d W hh M 6 W W w a 9
doses was optimum when they were given at 36

hours, after challenge. Furthermore, when the mborts at 3,
bours and 42 hours and the challenge dose of 1 Gy

6 and 9 hours after the challenge dose were combined,
or 1.5 Gy was given at 48 hours after mitogen

there was no evidence of an adaptive response. His
stimulation. It is implied from this study that tbc

preliminary experiment serves t demonstrate the complex
acute dose to induce maximum activity of the repair

nature f the kine 0cs of cells in stimulated lymphocyte
enzytne system is about 0.01 Gy.

cultures and the possibility that an adaptive response may
occur only in a narrow window of cell cycle when cells

18. De question why lymphocytes from some are particularly radiosensitive.
individuals do not respond remains unresolved. In fact, the

lymphocytes in some cultures exposed to 0.02 Gy from 20. The experunents described above refer to the
x rays reacted synergistically to subsequent mutagenic application of the conditioning dose in the S phase and a
treaunent [03[ He alls in this experiment were fixed 2- challenge dose from x rays in the G phase of the cell2
4 hours after tbc challenge dose, in contrast to those in cycle. Studies in which phytohaemagglutinin-stimulated
other experiments, where fixation times were confined t lympbocytes were exposed to the conditioning dose at
6 hours or more after tbc challenge dme. He other stages of the all cycle have been reported, but
unpredictable nature of tbc response has been confirmed different laboratories have had different results, which has
using differences in micronuclei frequency as an end-point yet to be explained. An adaptive response was reported
[P4]. Changes in tbc bydrogen ion concentration of the when the G or Gg phase cells were exposed to ao
culture medium can affect the yield of induced chromatid conditioning dose and challenged in tbc late S or early G2
aberrations (Table 6). Ris finding was confirmed when it phase [C8, K4, K5] and when cells were exposed to a
was shown that adjusting the hydrogen ion concentration conditioning dose in the G phase and challenged in the

3
of the culture medium to pH 6.4 just before the challenge G phase [S17, W7]. No response was reported by other3
dose enhanced the effectiveness of the response [03). It laboratories if the conditioning dose was given in the Go
was also shown that the response could be induced in or the G phase and the challenge dose in the G phasei g

cultured lymphocytes from donors who had not previously [K4, S13]. Dese results are presented in Table 7.
displayed the adaptive response, by adding compounds to
the culture medium that could affect the metabolism of tbc 21. An adaptive response, indicated by a redu d
phytobsernagglutinin. stimulated lympbocytes (e.g. frequency of chromosome aberrations, has also been
interleukin.2, which stimulates proliferation). It is demonstrated with the mnditioning dose given in vrvo.
conceivable that the repair systems induced may react Preliminary results of the cytogenetic monitoring of
differently according to the culture conditions, a situation cb Idren living in a region of Ukraine contaminated after
that should not be overlooked when considering tbc the Chemobyl accident indicate that the chromosome
consequences of the mnditioning dose. Tbus, the aberration yield in lymphocytes to a challenge dcse in
composition of the culture medium may be crucial. virro is less than that in control lymphocytes from a

challenge dose alone [P10}. This has to be confimied by
19. It has been pointed out that measurements of the further studies, but there is supportmg evidence from in
frequencies of aberrations induced in asynchronous cell vivo studies in the rabbit [1.B}. The response of lympho-
populations are likely to be misleading if expressed as a cytes to both conditioning and challenge doses in vitro had
simple average from a single fixation time [S23) The been demonstrated earlier [O). In the in vim study, four
reason for this lies in the intercellular variability of the adult male rabbits were exposed to gamma-rr.diation at a
all-cycle transition times. It is known that the intrinsic dose rate of about 6 mGy b'1 for 9 hours each day for 36
cellular radiosensitivity varies as the cells pass through the days, giving a daily dose of 0.05 Gy. Blood samples were
cell cycle, and the time of application of the conditioning taken before the in vim irradiations and further samples
or challerge doses of radiation may therefore be crucial. were collected at intervals of 6,15,18,24,30 and 36
in these circumstances, the aktration score will always days, the cumulative doses being 0.3, 0.75, 0.9, 1.2, 1.5



tatmnercwvm
190 - - -

, ,

,

and 1.8 Gy, respecuvely. Six cultures were established tens of muligray before Le challenge dose of 3 Gy and

from each blood sample. Two were analysed for baseline observmg if sny reduction in proliferating T alls with

chromosome aberranons; two were expmed to a challenge stable aberration necurrect

dose of 1.5 Gy from x rays at a dose rate of 0.44 Gy
min'1, and phytohaemagglutinin was added to them
immediately thereafter. The remaining two cultures were 3. Cell survival and rnutation fmluency

incubated with the addition of phytobaemagglutinin at the
start of aalture and exposed to a challenge dose of 1.5 Gy 26. Cell survival and chromosome aberration yield have

from x rays 48 hours later. De results from the analysis been measured in phytohaemagglutinin-stimulated

of blood lymphocytes from indkidual rabbits showed the lymphocytes expmed to 0.05 Gy from x rays followed by

same trend and are presented as average values in Table 8. acute exposure to 2 or 4 Gy, both exposures being in the
G phase [S17]. In studies on six donors, the yields ofDey show that an adapdve response can be induced in 3

lymphocytes exposed to 0.05 Gy d~l in vivo when the chromosome exchanges and deletions were found to te

challenge dose lo the phytobaemagglutinin-stimulated ccils 'ess than in cells reaiving the challtnge dose only.

2 P ase of the Lymphocytes from only two of the six donors testedhis given in vitro in either the Go or tbc G
cell cyde. His could imply that chronic irradiation of showed an adaptive response expressed as enhanced cell ,

'

circulating blood lymphocytes induces the synthesis of survival with a challenge dose of 2 Gy and none after a

proteins in sufficient amounts to maintain a continuous challenge dose of 4 Gy. A chromosome adaptive response,

and efIcctive reservoir of repair enzymes. therefore, does not necessarily comcide with a cell survival

adaptive response. Reductions in the number of crils with ,

several aberrations (multiply aberrant cells) can be the |
f

2. Ckme-forming ability and genornic stability result of a cytogenetic adapuve response, but if the pro-
portion of non-aberrant cells is not increased, then a

22, To study the effects of radiation on clone-forming survival adapuve response will not be seen.

ability and karyotypic abnormalities in human peripheral
-

blood lymphocytes, cells were expmed to 3 Gy from 27. In a subsequent study, a lower challenge dose was

x rays in vitro and either individual T-cell clones or long- used. Lymphocytes from the six donors were exposed to

term T-cell cultures were established [H16[ ne karyo. 0.05 Gy from x rays, followed by i Gy in the G phaseg

types were analysed in G-banded chromosome prepara. [S44[ Under these exposure conditions, most of the
J

tions after proliferation for 9-34 days in virro. aberrant cells would be expected to contain only one
chromosome aberration after the challenge dose. Cell

23. T-cell clonal karyotype abnormalities were found in survival adaptive responses were seen in four of the six |
I

24 of 37 (65%) indiated clones and in 2 of 43 (5et)
donors, but the decrease in the numbers of singly aberrant

control clones. Balanced reciprocal translocations and cells was not in itself suflicient to account for the increase |

deletions were the predominating types of clonal abem. in cell survival. It was propmed, therefore, that some
increase in cell survival could have been due to repair of

tions. Complex aberrations and unstable karyotypes were

found in about half of the irradiated clones. Some of tbc
lesions in cells that were at the level of the gene locus,

T-cell clones demonstrated sequential change from normal which would not be recognized by the cytological

to aberrant karyotype. Other clones seemed to develop techniques used to identify aberrations.

multiple, beterogeneous chromosomal aberrations during
28. Cell survival has been measured concurrently with

growth in ritro.
the yield of mutations using 6-thioguanine (TG) selection

24. T cells irradiated with x rays and grown in long- to detect clones mutated at the X linked hypoxanthine

term culture displayed karyotype abnonnalities in 604 phosphoribmyl transferase (hprr) locus [S18]. Tritiated

80% of the cells, and the types of aberrations were similar thymidme was added during the Go phase, followed by

to those found in the individual irradiated T-cell clones. exposure to 1.5 or 3.0 Gy from x rays in the G phase.3

An increasing number of cells with the same abnormal Cell survival was not alTected (Table 9), but tritiated

karyotype was observed when the cultivation time was thymidine at concentrations of 3.7 and 37 kBq ml'3 in the

extended, indicating preferential clonal prohferation. culture medium produced a sig..ificznt decrease in the
number of mutations induced after the challenge dose

25. Dese results demonstrate that a surprisingly bigh from x rays compared with cells receiving the c""mge

proportion of T cells with stable and often complex dose only.

irradiation-induced chromosome aterrations are able to
29. In support of this observation, the mutationproliferate and form expanding cell clones in nrro.

Furthermore, they indicate that x irradiation induces latent frequency was reduced by 70%, while cell survival was

chromosome damage and genomic instability in human not affected, when lympboblastoid cells were exposed to

T ly.npbocytes. What would be interesting would be to 0.02 Gv from x rays, followed by a dose of 4 Gy in the
G phase [R8J. His decreased mutation frequency wasrepeat this study by giving a conditioning dose of a few 3
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considered to be the result of an induced repair system, function of the accumulated dose, regardless of the
which was shown to be absent from mutant cells deGeient radiauen sourc- and the modahties of treatrnent, a linear
in the /prr locus. Lymphocytes exposed in the G phase relationship was found, indicating that the mutagenicg

to a conditioning dose of 0.01 Gy from x rays. followed effects of protracted exposure to intiated water and acute
by a challenge dose of 3 Gy from x rays in the G phase, exposure to x rays were additive, as can be seen from the2

| also showed a reduced mutation frequency compamd with lower plot of Figure I.
'

cells exposed to the challenge dose ordy (Table 10).
4. Interaction with chemienk

30. Reduced mutation frequency was demonstrated with
human HI 60 cells exposed to a conditionmg dose of 34. A recent review of experiments involving the

80
| 0.01 Gy from Co gamma rays at a dose rate of actrvation of bacecrial oxidative stress genes provides a

4) 0.078 Gy min and then expo 6ed 18 hours later to a useful background for understanding adaptive medansms
challenge dose of 2 Gy [Z6j. After irradiation, the cr!!s in eukaryotic cells [DS). One of the mechanisms involved

j were cultwed for seven days in a non-selective RPMI- in DNA repair after exposure to low-LET radiation is
'

1640 medium to allow phenotypic expression of /prr' thought to be similar to that operating aber exposme to
mutants. The frequency of Aprr mutations resulting from trace amounts of oxidizing radicals. In cxmfirenation of this

4L the dose of 2 Gy was 26.910 . Treatment with the hypothesis, cxposing lymphocytes to low ooncentrations of
conditioning dose reduced the mutation frequency to hydrogen peroxide, followed by a dose of 1.5 Gy from

410.7 10 . x rays, was found to induce the adaptive response
(Tah!c 11). Conditioning with a chemical and challenge-

31. Mutant colonies exposed to the challenge dose with radiation is termed cross.adapution.
'

showed gene deletions and rearrangements in 15 out of 32
colonies (46%) His compared to 12 out of 46 colonics 35. Other studies (see also paingraph 74) have
(26%) first exposed to a conditioning dose. Since gene substantiated this Gnding, in which the adaptive response
deletions and rearrangements are associated with wis shown to occur in donors whose lymphocytes were
unrepaired or error. prone DNA double-strand breaks, it treated with 25-75 M of hydrogen peroxide 24 hours
could be concluded from this experiment that a DNA before a challenge dose of 1.5 Gy from x rays [C13).
double-strand fidelity repair mechanism had been induced. However, when the cells were repeatedly' exposed to

bydrogen peroxide at intervals of 24,30 and 36 hours, the*

32. In contrast, the human lymphoblastoid cell line TK6, adaptive response was not observed. De authors did not
which is beterozygous for tbc thymidine kinase gene give any explanation for this lack of response to repeated
(TK"), has been used in studies of mutation induction at doses [W3]. |
two independent genetic loci. Or,e of these is the /prr I

locus; the other is the autosomal thymidine kinase (TK) 36. A reduction in micronuclei frequency has been |
locus. De selecove agents 64hioguanine (TG) and demonstrated in lymphocytes conditioned with hydrogen
triouorothymidine (ITT) were used to measure mutation peroxide [D6]. Lymphocytes were exposed to a 30-minute
at the hper and 7K loci, respectively. Cell survival and pulse of hydrogen peroxide (25-250 M) 24 hours aber
mutation rate were measured after protracted exposure to formatica. M the cultures and to a challenge done of |

| tritiated water, followed by exposure to x rays at the rate 1.5 Gy or 3 Gy from x rays 48 hours later,
; of 0.8 Gy min 4 [T1). The results of this experiment are

| illustrated in Figure 1. 37. An adaptive response can be induced in the praeace
' of trace amounts of blcomycin, which is known to

33. De cells were grown in a medium containing produce double strand breaks during the G and M phases240.74 MBq ml of tritiated weier, the tritium irradiating the of the cell cycle [V2, W8]. Hus, when lymphocytes
4alls at a donc rate of abott 0.05 Gy d . During the cultured in the presena of low concentrations of

4overall period of incubetion in the presence of tritiated blcomycin(0.01-0.1 g ml )for48hourswere dallenged
4water, the doning efficiency, determined after 10,20 and with a high concentration (1.5 g ml ) of bloomycin or

30 days of exposwe, remained almost consinnt, and it was with 1.5 Gy from x rays, lower than expected frequencus
comparable to that found for unirradiated cells. After the of dromatid and isochromatid breaks were found. His
challenge done of up to 1.5 Gy from x rays, the survival cross-adaptation was not observed if cells were evpa-i to
curves for TK6 cells, pretressed or not with tritiated water methylating agents. In fact, radiation and methyl methane
for different lengths of time, were also similar, as shown sulphonate act synergistially in the same way as a

| in the upper plot of Figure I. Dese results showed that combination of methylating agents '4 (Table 12).
with a low-dose-rate, protracted conditioning exposure Conditioning with interferon p0 IF ml ) has been
from incasbetion in tritiated water, no adaptive effect on described [M30]. These ew....as lend support to the
cell survival was detectable. Furthermore, treatment with view that cross-adaptation may operate in lymphocytes to
tritiated water had no significant effect on the induction ot - ' educe the damage caused by some, but not all, DNA-
mutations. When the mutation frequency was plotted as a damaging agents.

|
- . . . -- . -
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to the observauon tnat a .statistictly signifiant decreased
5. Repair of specific DNA lesions number of sister chromatid exchanges was found in the

lympbocytes of workers who had been ocrupationally
A study to identify the molecular lesons associatedexposed to low doses of radiation and whose blood38.

with conditionmg doses of several mutagens has recentlylymphocytes were presumed to be in the Go phase while
been reported (S19]. The end-points measured in thethey were chronically irradiated [M
lymphocytes from two donors included chromatid and
chromosome aberrations and sister chromatid er. changes.

6. Surninary
To measure chromatid aberrations, the cells were39.

exposed to 0.05 Gy from x rays 24 hours after phyto- An adaptive response tolow IIT radiation exposure43.
bacmagglutinin stimulation (i.e. in the G3 phase) and has been demonstrated in mitogen-stimulated human
challenged with 2 Gy from x rays at 48 hours (i.e. in latelymphocytes when they are acutely exposed to a con-
S/cany G P ase). To measure chromosome aberrations,ditioning dose within the range 0.005-0.2 Gy prior to ah

2
the cells were exposed to 0.05 Gy from x rays 12 hours challenge dose of a few gray. The response has been
sher phytobaemagglutinin stimulation and challenged withexpressed as a reduction in the yield in chromatid or
2 Gy fmm x rays at 18 hours (i c both exposures in thechromosome lesions, typically to ) bout one half the yield

3 phase). Cells imm one donor showed an adaptrveexpected. De adaptive respome has been demonstratedG
response when challenged in the late S or early G P ase,when both the conditioning and challenge doses are

h
2

in contrast to cells from the other donor, which showed
applied at late stages (S,G2 P ases) of the cell cycle.h

the adaptive response when challenged in the G phase.However, there is disagreement as to whether or not the3

adaptive response occurs if the conditionmg dose is
nree drugs were used to induce sister chromatid applied in the resting or early stages (Gyg) of the cell40.

exchanges: etoposide (VP16),1,3-bis (2-chloroethyl)1-cycle. This important point needs to be clarified, since it
(BCNU) and cis-diamminedichloro- has implications for the circumstances in which cells arenitrosourea

platinum (II) (cis-platin). Esoposide, a topoisomerase 11chronically irradiated in vivo.
inhibitor, prevents the citation and rescaling of DNA
strand breaks, as opposed to the base modificahons caused De cellular response is transient, lasting for about44.
by cis-platin and inter-strand cross-links by BCNU. Dethree cell cycles in culture. Since radiation-induced double-
repair of DNA damage at specific sites from these drugsstrand breaks are repaired, this could imply the produdion !
is the result of the symhesis of enzymes involved in of specific repair enzymes in addition to those involved in
excision and post-replication repair or the synthesis of the process of repair of damage in cells occurring during

,

l

damage-recognition proteins (esterases) that prevent cross-normal metabolism.
linkmg.

Dere appears to be individual donor variation, with45.
Cells were expo 6ed to 0.05 Gy fmm x rays at 40 no evidence of an adaptive response in the lymphocytes of41.

hours after phytohnemagglutinin stimulation and exposedsome blood samples tested even though the culture
io Jrugs (0.5 M VP16,10 M BCNU or 0.67 M eis- procedures are identical to those producing a response,
platin) 6 hours later for 2 hours. At 48 hours, the drugsWhy this is so is not known. Several explanations have
were washed out and the cultures treated for 4 hours withbeen proposed. One possibility is that the adaptive
30 M bromodeoxyuridine (BrdUrd). Dis technique response requires the maintenance of a narrow range of
ensured that only the cohort of cells that spent sullicient pH and the presence of specific growth-stimulating factors
time in the S phase during the BrdUrd labelling would be in the culture medium. Another possibility is that the
scored Small but statistically significant reductions in adaptive response occurs at a precise fune in the cell
sister chromatid exchanges, consistent with an adaptive cycle, so that cells outside this phase do not respond. A

were observed (Table 13). Both donors third possibility is that in vivo factors such as theresponse,
responded similarly, showing reductions most often fornutritional status or the inununommpetena of the living
VP16-induced sister chromatid exchanges. Although

organism may inDuence the cellular response.
significant reductens were also observed for chromatid
deletions, analysis of the data showed that they occurred ;

independemly of those for sister ctm natid exchanges. B. EFFEClli IN MOUSE CELIS
Dese results are consistent with the ucw that damage to

specific sites in DNA is repairabic following a 1. Splenic lyrnphocytes
conditioning dose of x rays.

46. De results of different studies with mouse
42. No adaptive response us obtained when cells from lympbccytes have been contradictory,in one experiment,
10 donors were exposed to mitomycin C, with and without mics of the C57Bl/6 strain reaived a whole-body dose of
a prior conditioning dose of 0.01 Ov from x rays in the0.05 Gy frcem garnma rays, at the rate of 1.25 mGy min'!
Go phase [MS).His may be relevam and in contradiction
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on four consecutwe days [W9]. Groups of mice were 2. Ilone mamow celh

lulled at intervals up to 26 days thereafter. Lymphocytes
isolated from the spleens of sham irradiated and irradiated 50. Male Kunming mice were exposed to a whole-body

mia were exposed in virro to UV-radiation to induce conditioning dose of 0.1 Gy finm x rays, followed 2.5-3

unscheduled DNA synthesis or to mitomycin-C to induce hours later by a challenge dose of 0.75 Gy fmm x rays

sister chromatid exchanges. The results showed a higher [C8, L10]. Tbc combined exposure to the conditioning and

rate of unscheduled DNA synthesis and lower sister thallenge doses resulted in a smaller number of chromatid

chromatid exchange fircquencies in the irradiated mice than aberrations in bone marrow cells than in cells from

in the sham irradiated controls. Irradiation in viso with low animals receiving the challenge dose only. Dese results

doses of gamma rays was consistent with an increase in are given in Table 14. De whole-body exposure of female

the rate of DNA repair, which is eIIcetive for C57Bl/6 mice to a conditioning dose of 0.002-0.5 Gy

approximately 12 days. ne results support those published from x rays, followed by a challenge dose of 0.65 Gy

by Tuschi et al. [T2, T3] and Liu et al. [L9J, who within 3 hours, also resulted in an adaptive response at all

demonstrated that it is possible to indua the adaptive conditioning doses (Table 14). A similar adaptive response

response in viso. was observed when the animals were exposed to thcae low

conditioning doses and then to a high done of
mit mycin C (0.5-50 mg kg'1) instead of the challenge

47. However, the adaptive response was not observed
d se fr m x rays [Y2j.

when lymphocytes obtained from the spleens of female
mice of the Heiligenberger stnin were exposed in virro,

51. In a sequel to this experiment, mice were exposed
either to 0.05 Gy from x rays at 24 hours or 32 hours

to a range of whole-body doses from "Co gamma-
after phytohnemagglutinin-stimulation, followed by a Iradiation at a rate of 0.09 Gy min and irradiated 3 hours
challenge dose of 2 Gy at 40 hours; or to 0.1 Gy at 32

later with a challenge dose of 1.5 Gy from x rays [J2).hours or 42 hours with the challenge dose at 48 hours
Signi& ant!y lower chromosome aberration frequencies

[W5, W23]. A reduction in the number of chromosome were bsened m bone marrow cells after conditioning
aberrations as a result of exposure to conditioning doses

d ses f 0.05, 0.10 and 0.20 Gy, but not 0.50 Gy,
was seen in the lymphocytes from only 1 of 14 mice

C mPared with animals receiving the challenge dose only.
tested. Because of the high variability of the radiation.

De protracted whole-body exposure of male mice to "Co
induced break frequencies in the lymphocytes of the

gamma-radiation at the rate of 0.014, 0.025, 0.06 ordifferent donors, the authors concluded that this one 40.23 Gy d , followed by a challenge dose of 0.9 Gy fmm
positive result was due to chance and was not a genuine

x rays within 3 hours after protracted exposure had ==d,
adaptive response. also resulted in adaptive responses [Y2}.

48. To determine if this lack of an adaptive response 52. Using a different end-point, male white SHK mice
137was unique to the Heiligenberger strain, spicen wer: given whole-body exposures to Cs gamma-

4lymphocytes were collected from C57Bl/6 female mice in radiation at the rate of 1.3 mGy h over penods up to 80
which, as discussed above, adaptive response to UV- days and then exposed to a challenge dose of 1 Gy from
,adiation-induced, unscheduled DNA synthesis and x ,,., Mihin a few hours after the protracted exposurej

nutomycin-C induced sister chromatid exchanges had been ceased [G21. The frequency of micronuclei in poly-
observed [W5]. A done of 0.1 Gy from x rays was given chromatic erythrocytes in chronically irradiated mice
after 32 hours, followed by a challenge dose of 1.5 Gy exposed to the challenge dose was about one third of that
after 48 hours of culture. Initial results indicated the observed in mia receiving the challenge dose only. It was
presence of an adaptive response in some ed he C57Bl/6 also shown that chronic exposure before the challenget

mice. However, subsequent analysis of the aberration dose resulted in a marked decrease in single-strand tweaks
smres of parallel lymphocyte cultures revealed a high and an increase in DNA polymerase acsivity in splenic and
intra-individual variability. De authors concluded that the liver cells, mnsistent with the availability of a reservoir of
results were a reocction of this variability rather than of repair enzymes during chronic irradiation.
any induced adaptive response [W27].

53. In another experiment,9-12-week-old male mice of

49. Experiments have been reponed in which colony- the Swiss albino strain were exposed in vise to # oC

fomung units (CFU-S) cells were exposed to low doses of gamma rays [F23]. De cx nditioning doses of either 0.025
4

radiation in the range 0.03-0.05 Gy [S20, S32). The or 0.05 Gy were given 4.: a dose rate of 1.67 Gy min .

adaptive response was observed from 4 hours until 28 De challenge dose of i Gy was given at 2,7.5,13,18.5

days after each challenge dose and was more pronounced or 24 hours after the mnditioning dann At a time interval

after high-dose-rate exposure. %c response could be of 2 hours,both conditioning doses reduced the I,+wy

potentiated by injecting the mice with 50g of of micronuclei in polychromatic erythrocytes and of

polynudeotade Poly I-Poly C two days before the chromosome aberrations in the bone marrow cells. After

challenge dose, exposure to 0.025 Gy, the adaptive response remained for
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24 hours. After exposure to 0.05 Gy, however, the rays, followed by o dose of 3 Gy from garnma rays J
I

18-24 hours later, resulted in a decreased frequency of
adaptive response was not present when the challenge
dose was given 13 or more bours later. induction of mutations at the Apri locus (Z5|. When

cells were exposed to bleomycin (5-10 pg mr ) for 12

54. Dese experiments indicate that the adaptive bours instead of 3 Gy from gamma rays, a similar

response can be induced in bone marrow cells m some
reduction in mutagenic respc,ase was observed. Since

strains of mice after acute or chronic exposure to low LET bleomycm acts to produce double-strand breaks,it was

radiation in me, provided that the challenge dose is given presumed that the reduction in the frequency of
within a few bours after tbc exposure to low doses has radiation induced mutations was also attnbutable to

craaed. De results mntrast, however, with those of the repair of doubic strand breaks.

Jambnen-Kram and Williams [J1}, who were unable to
5. Pre implantation ernbryos

elicit an adaptive response in the bone marrow cells from
their strain of mice irradiated in vim. However, in the
latter experiments, the challenge dose was given 24 hours

59. Mouse embryos of the Heiligenberger strain were

aller the conditioning dose, a time span possibly too long exposed to a conditioning dose of 0.05 Gy from x rays

for the DNA repair enzymes to remain effective in rapidly at times corresponding to the late G /M phase of the2

four-cell stage or the G /S phase of the eight-cell stage
3dividing bone marrow cells,

embryos [M6, W5). A challenge dose of 1.5 Gy from
x rays was applied 6 hours later, and cells were3. Spermatocytes
arrested in metaphase immediately thereafter. He

55. Male Kunming mice were exposed to a whole-
interval of 6 bours between the conditioning and

body do c of 0.01 Gy from x rays, followed 2.5 3 challenge doses was chosen because it was found to

hours later with a challenge dose of 0.75 Gy from be the appropriate time for tbc expression of the

x rays [C8). Tbc number of chromatid aberrations in
adaptive response in both human lymphocytes and in
cultured Chinese bamster fibroblast cells (15|. Tbcthe spermatocytes of conditioned mice was less than results of these experiments are summarized in

in tbc spermatocytes of mice receiving the challenge Table 15. He yields of chromosomal break
dose only (Table 14).

frequencies and the percentages of aberrant cells give

56. In another experiment involving the whole-body
no indication of an adaptive response compared with

irradiation of male Kunming mice, the adaptive cells receiving the challenge dose only.

response was shown by reduced chromosome damage It has been reported that rat mammary gland 3

and dominant lethal mutations [C17]. A conditioning 60.

dose of 0.05 0.2 Gy resulted in a statistically cells irradiated in vivo may have a higher repair
|

rignificant reduction (p < 0.01) of chromatid and capacity than cells irradiated in vitro, a phenomenon

isochromatid breaks in spermatocytes and in reciprocal
called in situ repair (G4]. To examine the possible

translocations in spermatogonia, compared with cells
influence of in situ repair on the adaptive response in

from animals receiving only the 1.5-2 Gy challenge embryos, the conditioning dose was applied in vivo
and the embryos were left in situ until shortly before

dose. the challenge dose [W5). One group of embryos given

57. Cross-adaptation has been shown using x rays a conditioning dose of 0.05 Gy was irradiated in vivo

and low concentrations of mitomycin C, hydrogen with 2 Gy from x rays at 50 boes after conception
and isolated 4 bc urs later. Another group was isolated

peroxide and cyclophosphamide as tbc conditioning at 48 hours after conception and irradiated with 2 Gy
dose [M27). Male Kunming mice were exposed to a from x rays in vitro at 50 hours after conception.conditioning dose of 0.05 Gy f:om x rays; 3 hours
later,0.1-0.5 mg mi'l o mitomycin C or 0.1-1 M of Colchicine was added at 55 hours and the metaphases

hydrogen peroxide was injected intraperitoneally or
of the embryos in the 8-16-cell stage were harvested

directly into the testis. Twenty four hours later, the
at 62 hours after conception. The results of the in situ

mice were exposed to a challenge dose of 1.5 Gy from repair experiments, given in Table 15, indicate that in

x rays. Tbc frequency of aberrations in primary situ repair was not associated with an adaptive

spermatocytes was markedly reduced with the use of response. Hey suggest that the mouse embryos are

mitomycin C or bydrogen peroxide. In contrast, either in situ repair-deficient or that the optimal
4 acted conditions for the induction of an adaptive response

cyclophosphamide in tbe range 0.05-0.5 mg ml
synergistically with the conditioning dose of x rays. bave not been achieved.

4. Morninary earcinorna cells 61. Wojcik et al. [W5] pointed out that for an
adaptive response to occur in pre implantation mouse

58. Exposing cultured mouse mammary carcinoma embryos, they must be able to perform DNA repair.

(SR-1) cells to a dose of 0.01 Gy from Co gamma
Unscheduled DNA synthesis does occur in bothU



. .

ANNEX B: ADAPTWE RLSPONSE.S TO RADIADON IN CE115 AND ORGANISMS 105

pronuclei of the one-cell embryo as well as m cells of aposure, but tbc authors pointed out the the different )
the later developmental stages. Until the late two cell conditions of exposure need to be erammed before tbc
stage, bcwever, tbc.c is no gene expression in tbc absence of an idaptive response can be conclusively .

embryo, and all proteins required are synthesized stated.

constitutively from mRNA inherited from tbc oocyte
)j[J3]. At the late two-cell stage, the embryonic genes

are switched on and much of the maternally inherited C. EFFECIS IN FIBROIIIASTS '

mRNA is destroyed. There is, however, evidence that FROM VARIOUS SPECIES
despite the transcriptionally active genome, some
genes inducible in somatic cells do not respond 1. Ilutnan ernbryonic and skin fibrubl.ats
inductively to the changing environment in embryos of
the preblastocyst stages. It is not clear whether (a) IJfe-span and mutation frequency
induced expression of repair genes in the embryo is
necessarily required for an adaptive response to 66 De effect on the life-span of human embryo

Uradiation. However, the negative outcome of the above fibroblast cells of chronic exposure to Co gamnw
experiment could be due to a general inability of the radiation delivered at a dose rate of about 0.001 Gy b'l for
preblastocyst embryo to adapt to changes in its 10 hours per day has been investigated [S25]. %e average
environment. life-span, which was measured by tbc number of mean

population doublings, was 1.21.6 times longer in
62. To investigate tbe points further, pre implantation irradiated than in unirradiated cells. The number of
cmbryos were exposed to a conditioning dose of 0.03- chromosomes in the unirradiated crits remained constant>

0.1 Gy, with a challenge dose 6-24 hours later [M6). throughout their life-spar.. Conversely, the irradiated cells
Table 16 gives the results of an experiment in which showed numerical abnormalities with incteasing time.
two-cell embryos were exposed to 0.05 Gy in the early Dese results indicated that the life-span of chronically
G phase and to 2 Gy when the embryos were in the irradiated cells at low dose rates was prolonged, but that2

2 P ase of the same cycle. None of the end. the cells showed chromosomal changes consistent withlate G h,

points measured indicates a statistically significant abnormal phenotypes.
effect as a result of the conditioning dose.

67. In another study [W10, W11] to determine the effect
63. It is recognized that up to the early two-cell on the growth ability of human embryo fibroblast cells in
stage, the absence of an adaptive response in early virro, the expression of abnormal phenotypes was
embryonic development could depend on specific traits measured after fractionated low-dose gamma-radiation.
of this system. Starting with the blastocyst, however, Cells were assayed for cell survival by their colony-
there is no reason why genes coding repair enzymes forming ability, for mutation at the hprr locus and for
should not respond to signals calling for additional transformation by foci formation. After a dose of about
enzyme synthesis. A similar experiment to the nne 2 Gy bad been accumulated, the mean population doubling
described for the embryo in the two-cell stage was time was 1.3-1.6 tunes that of the controls. Although
therefore carried out using blastocysts in which the transformed foci were not observed until the cells had
embryonic genome was active. No statistically accumulated about 1 Gy, the numbers of alls with
significant difference was seen between the effects abnormal phenotypes increased thereafter with increasing
with and without the conditioning dose [M6), dose. No cells, however, showed unlimited life-span in

VirrO.

64. It may be concluded that an adaptive response
cannot be induced in pre-implantation embryos, at 68. De mechanism responsible for the increased growth
least with regard to the end-points measured, or that potential of embryonic fibroblasts after fractionated low-
the conditions are entirely different from those dose gamma-radiation in vitro remams obscure. Although
determined in other systems, in particular in buman the data suggest that some damage is repaired during these

lymphocytes. exposures, it cannot be assumed that all of the damage
resulting in the transformation of cells is repaired The

65, The sesponse of fetal tissue has also been prolonged life-span may allow additional time for the
examined. Pregnant Sprague-Dawley-derived tats were expression of an otherwise unexpressed lesien, perhaps
exposed to 0.02 Gy from "Cs gamma-radiation at a associated with the development of additinJ taryotypic3

rate of 0.4 Gy min 1 at various times on day 15 of changes and ancuploidy. This process might be very rare
gestation, prior to receiving a challenge dose of among buman diploid fibroblasts grown in vino [K6,1G]
0.5 Gy. Fetuses were examined 6 hours and 24 hours and might be specifically related to the immortalization of
after the challenge dose for changes in the developing human cells. He mechanism leading to the prolongation

cerebral conex [H20]. There was no evidence of a of their life-span remains to be shown, but calcium ion
cellular adaptive response undt these conditions of may act as a signal transductr during cell cycling [110).
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(b) Ccsil survivci and clone-forming obility

dose of 1 Gy, but exposure to high LET radiation did not.N

His * pendency on the type of radiation might reacct the j
]

j 69. De human skin fibroblast cell line (AG1522) has
quality and quantity of chromat.omal lesions that trigger ,

been used to determine the effects of low-dose gamma- the adaptive response. He adaptive response did not fully"

radiation, followed by a challenge dose of x rays [A2), develop until 4 hours after the challenge dose and was not ,

Cell survival, mlony growth rate and micronudei
observed if the time interval between the conditioning dose

formation were measured to assess evidence of adaptsve
and the chall:nge dose us extended to 6 hours. De

esponse. Protracted exposure of plateau-phase cells to
adaptive response can be attributed to the induction of a ;

gamma rays, delivered at a dose rate of 0.003 Gy min
mechanism that repairs DNA damage. |d

over a period of 24 hours, reduced the effects of a
challenge dose of 4.25 Gy from x rays given immediately

(b) Cross-adaptation

after the chronic exposure. Figure 11 shows that up to a

twofold improvement in cell survival and a twofold
73. Chinese hamster V79 cells exposed to conditioning

reducten in micronuclei formation were observed, doses (0.010.05 Gy) from gamma-radiation showed noss-
1

compared with the results obtahed when mils were adaptadon to challerge do6es of UV-B-radiation (97.5-
4

exposed to the diallenge dose only.1 unhermore, aller 7
195 J m') and mitomycin C (25-50 g snl ) but not to/

4

days, the ssze of colonies from cells surviving the ethyl methane sulphonate (EMS) (100 pg ml ) or cis-

combined exposures was about four times as great as the platin (I g mi ), as evidenced by a reduction in thed

size of colonics from cells given a challenge dose only,
number of sister chromatid exchanges. His could imply

that the adapuve response observed aller radiation could

70. De stimulation of clonagenicity at doses below be coupled to the repair network that copes with chromatin

0.4 Gy from gamma rays has been observed in cultures of
lesions induced by mitomycin C and UV B [I7). The

human skin Dbroblasts (strain GM 2185). De results, results observed after exposure to cis-platin were contrary

illustrated in Figure 111, are compauble with the bypothesis
to these observed when human lymphocytes were exposed

that cells that do not fonn clones in the absence of to thi, agent.
i

radiation are stimulated to do so by low doses of radiation;
74. He effects of small amounts of hydmgen peroxide |

that is, additional colony forming cells are recruited from
formerly non-clonogenic cells. This enhanced on the itilling and muta6on of Chinese hamster V79 cells

clonogenicity was not observed in fibroblasts (A T strain by different agents is supportive of an adaptive response

GM 2531) in which DNA repair was deficient, although
from damage due to oxidative free radicals [G11, S22]. It

the numbers of non-clonogenic cells are similar to those
has been shown that low, non-toxic concentrations (e.g.

obscaved in the normal fibroblast strriin. It can be implied 0.9 g mi ) of hydrogen peroxide render V79 cells mored

from these results that enhanced clonogenicity is resistant to subsequent killing by hydrogen peroxide (3-

dependent on DNA repair competence, but other 15 g m!'I), gamma rays (1-6 Gy)and N-methyl N' nitro-
4

mechanisms could be involved |G5).
N-nitrosoguanidine (0.5-2.0 pg mi ). However, such
pretraatment with hydrogen peroxide increased the
mutation yield by N-methyl-N'-nitro N nitrosoguanidine or

2. Chinese harnster cells gamma rays, suggesting error proneness of the induced
repair activity, Cycloheximide or benzamide prevented the
induchon of repair, and they also suppressed the increase(a) Micrunuclei forination fmluency
in mutation yield.

71. Proliferating Chinese hamster cells, cloned from the
V79-B310H cell line, were exposed to beta- or gamma-

75. The treatment of Chiaese hamster V79 cells or H,

radiation from tritiated thymidine or tntiated water, rat hepatoma cells with low cencentrations of hydrogen

followed by exposure to 1 Gy from Co gamma rays [15, peroxide (15 M) also resulted in an adaptive response,S

17,111). An adaptive response, expressed as a reduction in expressed as increased survival when the cells were

miaonuclei frequency, was observed. He adaptive exposed to high dcses of hydrogen peroxide (0.1-1.5 mM)

response was inhibited by 3-aminobenzamide (3AB) and
or to a challenge dose from gamma-radiation (up to 8 Gy)

was not observed after one cell division following the [L20]. His adaptive response was observed in both

cxmditioning dose. De optimal range of the conditioning exp3nentially growing cells and plateau-phase cells, but

dose was estimated to be between "" and 0.1 Gy on t'. . vas a reduced hprr mutation frequency,

the basis of the amount of tritium incorporated into DNA.
When tritiated thymidine was administered at lower or

3. Mouse embryo cells
higher mncentrations, a reduction in micronuclei induction

was not observed.
76. C3H10T% plateau-phase mouse embryo cells were
conditioned with doses of 0.1,0.65 or 1.5 Gy from "Co

72 Acute exposure to 0.01 or 0.05 Gy from gamma- 4
radiation also induced an adaptive response to a challenge gamma rays at a rate of 0.0025 Gy min . nree and a
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half hours later they were exposed to a dose of 4 Gy from
then remove histones from the DNA, thereby allowing
access to other proteins, e.g. DNA helicase A and

gamma rays. The conditionmg dase did not affect clono-
topoisomerase 1. to encourage DNA excision repair.

geruc survival, but it led to a reduction in' micronucleus
Inhibitors of poly (ADP nbase) polymerase suppress the

frequency in binucleate cells and to a twofold reducuon in
transformation ficquency per viable cell when cells were adapuve response in mammalian cells,

subsequently exposed to 4 Gy from gamma rays.The data 80. Further evaluation [B9), however, has shown that
suggest that a conditioning dose of low LET radiauon differences in the nucleoid sedimentation rate might also
induces an adaptrve response in C3H10TH cells, resulting be explained by changes in the amount of RNA and
in enhanced DNA double strand break repair when the

Proicins, which atrect the sedimentation velocity of the
nits are exposed to the challenge dose. This enhanced nuclecids. To test this hypothesis, keratinocytes were
repair appears to be error-free, since the cells are less exposed to 0.005 M of N-methyl-N'-nitro.N-
susceptible to radiation-induced neoplastic transformation nitrosoguanidine for 1 hour, followed by a challenge dose

[A17]. of 5 M of N-methyl-N'-nitro-N-nitrosoguanidine 6 hours
later. De results can be interpreted as reDectag fewer

4. Dedved hurman epithelial cellline DNA breaks in tbc pretreated cells than in cells exposed
to the challenge dose only. The presena of 2 mM of

77. Adaptive response has been described in experiments 3-aminobenzamide blocked this response. Repair in the

involving Hela cells [C21]. De cells were exposed to a presence of low doses of N-methyl-N'-nitro N-
conditioning dose of 0.03 Gy, followed by a challenge nitrosoguanidine is consistent with an adaptive response of

dose of 2 or 3 Gy. A decrease in the number of induced the cells to the mutagen. However, a synergistic rather

micronuclei occuned within 4 hours of the conditioning than an adaptive response was observed in human
dose and lasted for three cell cycles, if the conditioning lymt:bocytes pretreated with N-methyl-N'-nito-N-
dose was increased to 0.4 Gy, the adaptive response rutrosoguanidine. followed by a challenge treatment with

disappeared and the cells subsequently showed increased methyl methane sulphonate [W4).

radiosensitivity. 81. Studies with hydrogen peroxide (0.1 M
nycin

ny dose,100 # chaHenge dose)ac nd
conditioning dose,100 ng ml challengeD. ADAITIVE RESPONSE (0.1 ng ml'

<

TO CHEMICAL MUTAGENS dose) are also consistent with the view that exposure to a j

f these mutagens results either in an overall'* **
78. An adaptive response in human keratinocpes

f* * *** '
"h* """ '#'N'''"*"d " *"*"8** |"

exposed to low doses of the mutagen N-methyl-N'-nitro- * *" * **E* * P"
N-nitroseguanidine has been described [K8]. Growir.g and mmplementary CVWence d an ad8@c ItPak
confluent human keratinocytes (Ha cat cell line) were P"'*'''
exposed to different concentrations of N-methyl-N'-nitro.
N-nitroseguanidine for one hour, and the number of

|
single-strand DNA breaks was determined by measuring 7* g y

rucleoid sedimentation through neutral sucrose gradients.
Strand breaks cause the supercoiled DNA structure of the 82- The adaptive response has been demonssated in

proliferating cultured lymphocytes and fibsoblasts. Ina reduction in thenucleoids to relax, leading to
sedimentation rate. When the growing cells were treated addition to a reduction in chromosome aberrations, the

with low doses of N-methyl-N'-nitro-N-nitrosoguanidine, response has been measured as a sedudion in the expected

the nudecids were found to sediment faster than in cells
number of sister chromatid exchanges, of induced

in the confluent phase. Similar shifts have been reported micronuclei and of specific locus mutations. An increased

following mitagen activation of human lyinphocytes [J4] survival rate and an increased proliferative capacity have

and mouse spleme lymphocytes {G6]. This effect was been shown to be associated with increased mutation and
attributed to the sejouung of DNA sing)c-strand breaks transfonnation frequency in some experiments.

present in mauuent cells. Bone marrow cells and spermatocytes from mice83.

79. De ADP-rbosylation system of chromatin responds exposed he vim to low doses (0.010.2 Gy) from x rays a
few hours before challenge doses (0.75-2 Gy) to abe cells

to radiation h damage by promssing ADP ribose
showed reductions in abe number of chromosome aberra-sesidues through a complex series of synthetic and
tions compared to cells exposed to the challenge dosecatabolic -*== De key counponent of this multi-
alone. No adaptive response was observed in pre-implanta-

enzyme system is poly (ADP-rhose) polymersse, a zinc- tion mouse embryo alls, even though these embryosuc
coassining protem Ibst specifically binds to single- and alls were tested at a stage of development in which they
double stranded DNA becaks. Binding activates different

were considered to be apable of synthesizirs their own
catalytic =wsis thatlead to the synabesis of polymess
covalendy bound to the polymerase [N3]. Deze polymers

DNA repair enzymes.

- - - .



'

'UNSCEAR 1994 REPORT
^~ ~ - ~ - _

198 e .

.

84. There is evidence of cross-adaptation between some
damage caused directly by the ioruzing events or indirealy

toxic chemical agents and low-LET radiation. While it is by induced hydroxyl radicalsk the relation between ran-'

dom radiation' induced DNA damage and specific chemi-
reasonabic to assume that some common repair pathways

exst depending on the category of damage (for example,
cally induced DNA damage needs to be further resolved.

II. MECIIANISMS OF ADAirf1VE RESPONSE

85. Studies of cultures of lymphocytes, bone marrow
act at several check-points, switching cell cyde

cells, melanoma cells and fibroblasts have provided insight progression on and off principally by internamg with

into some aspeas of the mechanisms involved in the cydins. Activation of the kinase-cyclin complexes requires
dephosphorylation of tyrosine phosphaic, and possibly of

adaptive response. These indude:
threonine phosphate, on the kinase r ejecule.

(a) the effects of radiation on the up-regulation of genes
,

and their inauence on cell cycle kinetics; to the G phase is thmght to89. Passage from the Go g

(b) the identification of activated genes and thcir be triggered by low cell population density, cell size, the
enzyme products specifically involved in radiation. Presence of mitogens and the activation of proto-
induced DNA repair; mcogenes. Progression in the G phase seems to be

(c) the relationship between radiabon-induced repair regulated by kinases similar to, but not identical with, cdc2
genes and those activated by other mutagens; kinase encoded by the p34 gene [F20) Cyclin D1d2

(d) the ability of cells to remove toxic radicals; acrumulates during tbc Gg phase and associates with
(c) the activation of membrane receptors and the release many cellular proteins, induding cdk2, cdk4 and cdk5

of gmwth factors; kinases [M24, X1].
(f) the effects of radiation on the proliferative response

to mitagens. 90. Tbc G to S phase transition appears to involve the

Other mechanisms may be involved, such as enhanced complexing of cydin E with cdk2 kinase and of cyclin D

immunosurveillance, which is discussed in Chapter Ill. with cdk4 kinase. The cdc2-cydin E complex may be

particularly important for the transition from the G to theg

S phase in buman cells [K20).
A. CELL CYCII CONTROL

91. A gene encoding a cydin-like protein has recently
86. Research into the mechanisms involved in cell been isolated from rat fibroblasts [T12]. It is referred to as
cyding is advancing rapidly (M23, N1, N2, N5, S28) The cyclin G. Cyclin G mRNA is induced within 3 hours of
division of a cell into a pair of genetically identical growth stimulation, that is, during the transition from the
progeny depends on the precise timing of a sequence of G to the S phase, and its level remains elevated with no
events. To divide successfully, the cell must have j

apparent cell cFS riependency, indicating its dose
u.giated DNA replication and repaired any DNA association with growth stimuli but not with the cell cycle.
damage to the extent that allows the formation of 'The kinase-cyclin G complex remains inactive until
chmmosomes and their correct segregation. depbosphorylation of the kinase occurs. |

87. Control of cril cyding is influenad by feedback 9. A cde2 kinase-cydin A complex regulates S phase
1

mechansms that can detect failure to complete the above prgressim( , W Essential accessory grows factors
processes and arrest progress at various stages in the cycledunn8 the S phase include platelet-derived growth factor

(e.g. progression from the G to the S phase and from the (PDGF) and insulin-like growth factor (IGF-1).g

G to the M phase) Much of the basic knowledge of the
2 P ase, proteins that2 hmechanisms has been derived from studies with yeast cells 93. On passing through the G

and sea urchin eggs. Elucidating the mechanisms in regulate the spindle assembly, chromosome condensation

mammalian cells is proving more complex than doing so and nudear envelope breakdown are synthesized. If the

in primitive cells. It is clear that the understanding is as spindle assembly is not completed, then the cell is arrested

yet incomplete,but there is sufIicient infonnation to allow in the M phase. A cdc2 kinase-cydin B complex controls

speculating on the principles involved,
the transition from the G to the M phase (G9, P11].

2

Cydins A and B are rapidly degraded at the end of94.
1. Protein synthesis mitosis. The proocss induces the synthesis of enzymes that

88. The key components in mammalian cell cyde cunjugate ubiquitin to the cydins and thereby targets them

control are two classes of protein, the kinases and the for degradation by proteolytic enzymes. Degrading the

cyclins, which are synthesized in a well-conserved
cydins negates the activity of the kmase-cydin complexes,

sequence. Cell-division-cycle (cdc) kinases are believed to
and the cells proceed to interphase.

I

i
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%. De effect of radiauon on the levels of cyclin present 99. Proto-oncogenes, onginally isolated as functaonal
at different stages of the cell cycle has been studied. In genes supportmg the proliferation of tumour cells, enmde

normal cell cycling of unirradiated cells, the levels of protems that are involved in normal cellular proliferation.

cydin B protein increase rapidly in the G and M phases Some of these proto-oncogenes are therefore conarned with ;2

and decrease at the end of mitosis. If the cells are all cycling. Rey are involved in signal transdudion from

irradiated in the G: phase, cyclin B mRNA is readily the cell surface to the nucleus, thereby integrating growth
,

,

detectabic, although et slightly lower levels than in the signals so as to increase the biosynthesis of DNA. Dese

! unirradiated controls. However, cyclin B protein is encoproteins include growth factors (e.g. c-sh encoding

markedly deacased in amount, as can be seen in platelet growth factor), membrane binding receptors (e.g. c-

Figure IV, and this is associated with a delay in the fms encoding macrophage-colony stimulating factor '

2 P ase, which is associated with renptor), signal mediators by subsequent phosphorylcompletion of the G h

diminshed levels of activated kinase-cydin complex. His reaction (e.g. c-raf encoding protest, whidi ma be
finding has been confirmed in expentnents with Chinese phosphorylated during signal transduction), ;. ., I

hamster cells [L13]. activators (e4 c jun and c-far encoding AP-1 :s_..,, ,nal

activator protein) and replication-related poteins (e.g. c myc

2. Tumour suppreaor genes encoding nuclear proicin). Some oncoproteins possess DNA- ;

binding activity alter phosphorylation.
'

%. As the role of rumour suppressor genes was
discussed in the UNSCEAR 1993 Report [Ull Annex E, 100. As examples, tbc transition from the G to the Gio

only the points relevant to their role in cell cycling are phase has been associated with the increased expression of
'
7

refened to in this Annex. Current evidence indicates that c-fos, c-jim and e-mye and ECR 1 poto c %cnes that
the Rb tumour suppressa gene protein play s multiple roles become acuvated within minutes of a growth stimulus. All

in the control of the cell cycle, not only in regulating the of the producs are direcdy bound with DNA to acuvate
response to early mitogenic signals to the cell but also in transenption of the many genes necessary for entry into the ;

mediating the transitional phases of the cycle itself. De growth cyde. The c-fos gene transiendy expresses pnor to
fundamental mechanism by which this is achieved is the differentiation in a wide variety of premature blood mils. >

repression of cell growth and division by the Rb binding After differentiation, several types of cell funber expess ;

of regulatory nuclear proteins, such as E2F and Myr, different oncogenes, such as src [G7], c-sir [P5] and e fms ;

which drive proliferatrve responses. Mutational loss or [S29). depending on the type of cell. Progression from the ,

G to the S phase is thought to involve the up-regulation of Iinactivation of the Rb gene in an appropnate target cell g

may therefore be viewed as a principal means of relaxmg the ras family genes.

these controls. )

97. De phosphoprotem product of the p53 tumour B. GENE ACITVATION s

'

I suppressor gene is also suspected of playing a role in cell

! cycle regulation [L22). It is thought to function as an 101. De disruption of DNA structure is a consequena of !

inhibitor of cell replication by delaying entry mio the S exposure to many physical, chemical and biological toxins.

phase of the cell cycle through inl]uencing the assembly To a lesser degree, as desenbed earlier, it is also a con-

of the late Gi protein complexes that initiate DNA sequenn of the changes that can take place during normal

i replication. The inhibition of DNA synthesis is therefore metabolism. It is not surprsing, therefore, that cells have .

an actsve physiological process, and loss of the p53 gene evolved a complex system of defence against ciramstances

results in loss of this control. thai might irreversibly damage them. A major role is played

by the activanon of genes and gene products that initiate

98. Another possible mechanism of action is that p53 DNA repair pooesses.

potein, by virtue of its DNA binding properties, may act
as a transcriptional factor influencing critical gene 102. Evidence for the saivation of genes associated with

! expension controlling a cydin-dependent potein kinase growth control and DNA repair came initially from studies

inhibitor (CKI). This is a p21 protein that can bind to and in prokaryotes. These studies provided an insight into the

inhibit a wide variety of cyclin-dependent kinases [N5]. A mechanisms operating in eukaryotic cells. For example,

simple hypothesis for cell cycle progression has been genotoxic stress in the bacterium Escherichia coli induces

| poposed: cydin-dependent potein kinases build up at the responses in which regulator genes (reguions) participate.

G phase and the G /M transition owing to the presence Deze include the lexA/recA-mediated SOS response [L3,
I 3 2

of cyclin-dependent protein kinase inhibitors. Surplus MI, P9, R1, S4, W2, W24), the adaptive response to

cydins then trigger the inactivation of cyclin. dependent alkylating agents [B1, K1, K2, K3, M2,01, S4, SS, S6],

potein kinase inhbitors, and the cell proceeds through the the anyR-mediated hydrogen peroxide response, the sarRS-
,

! cyde. Inducible DNA damage may also cause the build-up mediated superoxide response, and the activation of heat

of cydin-dependent protein kinase inhibitors, which may shock potem (HSP) genes [DI, DS, F18, G1, S7, W8,

be reversible or irreversible. W24. Z4).

__ _ _ . - - ~ . - . _ - _ _ _ _ . _
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Smcc celb with wild type tw1) p53 genes exhibited
103. He r:sponse of mammalian cells to mutagens,

2 P ases aftertransient arrest :n both the G and the G h
mcludmg radiation,is complex, but it is known that many i

of the genes mvolved in nonnal cell cycitng are actrvated. gamma trradiauon, while cells with absent or mutant p53
genes anested only in the G phase, it was concluded thatThese include genes responsible for growtn stimulation, 2

growth control and ditTerentiation [R9|. Genes associated wt p53 genes played a role in G phase arrest.i

with growth control and actrvated by radiation exposure
were discussed in a recent review article [F19|. Similar

108. This otr,crvadon was further supported by

types of genes are actrvated by some alkylating agents and expenments showing that the transfection of wt p53 genes
mto mahgnant cells lacking endogenous p53 genes

bydrogen peroxide.
phase arrest after gamma-partially restored the Gg

irradiation and that overexpression of a transfected mutant
1. Cell pwth arrest

p53 gene in tumour cells with wild-type endogenous p53

104. An immediate reac*. ion in prohferatmg cells exposed genes abrogated the G phase anest after irradiation [K22j.3

to a mutagen is delayed progression through cell daision,
and a number of genes have been identified that mhibit 109. Because the tumour cell lines used for tbc

l

cell cycle kinetics, among them the growth arrest and transfection expenments had multiple genetic

DNA-damage inducible (DDI) genes [L3}. Delayed abnonnalities, the experunents were repeated in irradiated

progression through cell division is accomparued by an
nonnat murme embryonic fibroblasts in which the p53 ,

|

mcrease in the rate of transcnption of genes that encode genes had been disrupted by bomologous recombination

for the production of enzymes to repair the DNA damage [K23}. Under these conditions, the loss of both p53 alleles

caused by the mutagen [Wl]. The different types of repatr
m otherwise nonnal fibroblasts led to the loss of G phasei

enzymes produced in response to dillerent types of arrest.
|

genotoxic stress are probably interrelated in the sense that
they are the products of similar reguions [S3] 110. Further studies showed that irradiated cells from

patients su!fering from ataxia telangiectasia were unable to

105. Cell cycle delay is a prunary response to DNA induce the gadd45 gene. Finally it was shown that wild-

damage that represents acuve processes mediated by type but not mutant p53 gene products bind strongly to a

certain genes, such as those involved in the expression of
conserved element in the gadd45 gene it was concluded

the cyclins, p53 tumour suppressor gene, ras oncogenes,
that in normal mammalian cells, p53 and gadd45 genes

and the gadi (growth arrest and DNAdamage), gm participate in a signal transduction pathway that controls
cell cycle anest in the G phase following DNA damage(growtherrest-1pecifick spr (small groline nch), MyD i

(myeloid differenuadon) and cfBP growth arrest genes
and that this check-point pathway is defective in ataxia-

of telangiectasia padents.[F19). Genotoxic stress has the punling effect
conditioning genes associated with both growth stunulatory

and inhibitory responses, but the main effect is mhibitort
111. The etfcct of radiation on the expression of two

Many transcnption factors and genes activated soon atter
DNA damage-tnduced genes, designated gadd45 and

exposure to radiauon are associated with both responses gaddl53, has been examined in cidtured human

Many of the genes involved in signal transduction have lymphoblasts [P6]. These genes had previously been

been implicated in botn the initiation and progression
shown to be strongly induced by UV-radiation and

stages of carcinogenesis, and the same genes are often alkylating agents in human and bamster cells. It was found

induced by tumour promoters and DNA-damagmg agents
that the gadd45 gene, but not the gadd153 gene, was also

strongly induced by x rays. De level of gadd45 mRNA
[CIS, D5].

irneased rapidly after x-ray exposure at doses as low as

106. A summary of the DNA damage induced (DDD 2 Gy (Figure V). After 20 Gy, gadd45 induction, as

genes found by various investigators to be induced within measured by increased amounts of mRNA, was similar to

a few bours of exposure is given in Table 17. He that produced by the most effecuve dose of the alkylating

cornplex multi-gene reaction after irradiatien makes it agent methyl methane sulphonate. No induction was seen

difficult to characterize the molecular mechanisms of any after treatmentwith 12-0-tetra-decanoylphorbol 13-acetate,

particular group of genes. However, most of the DDI a known activator of protein kinase C. Therefore, gadd45

genes listed in Table 17 are probably involved represents an x-ray-responsive gene whose induction is not

immediately after DNA damage. mediated by p otein kinase C. However, induction was
blocked by the protein kinase inhibitor H7, so that

107. Experunents with cultured normal bone marrow induction is likely to be mediated by some other kinase.

progenitor cells and wt. myeloblastic (ML-1) leukaemic
cells have shown that tL levels of p53 tumour suppressor 2. Radiation-induced gene expression

gene protein transiently increase while the rate of DNA
synthesis decreases after DNA damage, apparently 112. He effects on gene expression oflow doses oflow-

occurrmg via a post transmptional mechanism [K21]. and high-LET radiations have been studied in cultures of



i
1e ,

1-

ANNEX B ADAFIWE RLSPONSES TO RADtATION IN CL115 AND ORGANISMS 201

Synan bamster embryo (SHE) cells [W161. Dese Gbro- H4-bistone, c-jun, c-mye, Rb and p53 protems have also

blasts are normal diploid cells that can be traruformed into been reported [W18]. Synan banuter embryo cells were

neoplastic cells by radiation. Genes coding virus-like 30 irradiated at vanous doses and dose rates. After incubation

S clements,c-for and p-protein kinase C bave been shown of the cell cultures for i bour following radiation j

to be actrvated by exposure to x rays (0.75 Gy) or gamrna exposure, the induction of transcripts for c-jun and H4 )
rays (0.9 Gy) but not by exposure to Gssion neutrons. histone was shown to occur following gamma ray |
Further studies [W17] have revealed that the induction of exposure (Table 19) but not following neutron exposure. l

c fos mRNA occurred within 3 hours of exposure, and a ne expression of p53 protein was unalTected by either )
protem-binding site has been iden60cd that mediates gamma-ray or neutron exposure. He increase in the '

transcriptional response of the c far gene to scrum factors relative amounts of Rb mRNA was marginal, and the

[TS). expression of c mg mRNA was repressed following
exposure to gamma rays and was unagected following

,,

113. Of particular interest was the response to radiadon erxisure to neutrons.

of members of the protein kinase C (PKC) gene family,
which has been shown to play an important role in tumour 116. These experiments provide support for the 1

promotion and in the regulation of cell growth. The results bypothesis that radiation induces ditTerent cellular
of these experiments showed that exposure to gamma rays responses to radianon-induced damage, be it DNA
can induce increased expression of PKC mRNA within darnage, oxidative damage, protein denaturation or some

I bour of radiation exposure (Table 18). However, PKC other intracellular event. Recent experiments implicating

inhibitors prevented the expression of PKC in Chinese oxidatwe damage as the inducing agent for e-fo.5, cjun, c-

hamster V79 cells [Ill]. Da,e effects were evident, with my and other genes induced following DNA damage
increased accumuladon of PKC rnRNA at bigber doses. would suggest that garnma-ray induedon of these genes (
1.cvels of expression of PKC mRNA were increased may involse oxida'ive damage as the modulating agent. |

|

sixfold over unirradiated controls after exposure to
0.75 Gy from x rays (Figure VI). 117. He actrvation of oncogenes, including c raf, canye,

v.src, Ki ras, c H-ras, v-H ras, N-ras, v-k-ras and v-fmr

114. He induction of PKC mRNA occurred at a tune genes, has been correlated with increased clonogenic |

iwhen total cellular transcnption was reduced following survival over tbc dose range 1-6 Gy [M25, S45). The
irradiation. Tbc activadon of PKC directly stunulates adaptive response appeared to be a speciGe consequence

transenption of proto oncogenes c for and c-jun, which are of the ras gene mutadon rather than transformation, since

typical early ima :diate genes. Cellular levels of c fos and revertant cells that contained functional ras genes retained

c jun mRNA also increase transiently atter irradiation [19, their cionogenic survival properties.

S48], and it has been reported that these oncogenes are

induced via the achv Uon of PKC after irradiation [H12). I18. He elTect of oncogene expression on the sensitivity

These results suggest that supplementation of PKC after to gamma-radiation of the haematopoicdc (32DCl3) cell

actrvabon of tbc PKC gene is necessary for prolonged line has been measured [F21]. It was shown that these
expression of fos /jun genes, smcc depledon of PKC and bactnatopoietic progerutor cells transfected with the
dowreregulation of fos /jun mRNA occur after their oncogenes v-erb-B, v.abi or v-src also showed increased

activation. On the other band, several cytokine genes such clonogenic survival when exposed at dose rates of
d

as intedeukin (IL-1 ) and tumour necrosis factor (TNF-u) 0.05 Gy min over the dose range 1-10 Gy. Exposure of

are found to be continuously expressed by irradiation NIH3T3 Gbroblast cells transfected with the oncogenes

(Table 17). [1 1 is known as a radioprotector because the v-abl, v-fms or H ras also showed increased clonogenic

survival rate after a sublethal dose of radiation is increased survival.

by the administration of IIel$ [N6) Since there is a
potential AP 1 (transcriptional activated protein, complex 119. In a more recent experiment, rat embryo cells from

of fos and jun pmtein) binding site at the 5'-upstream the Fischer stram of rats and derived transfectants
region of these genes, it is considered that the genes are containing the Ha ras oncogenes were irradiated with

continuously stimulated by regulators containing the *Co gamma rays at dose rates between 0.018 and
4

products of the cady immediate genes as a later response 0.72 Gy min 106]. He oncogene-containing cells
against radiation damage at a whole-body level [W25]. exhibited bigber survival levels at all doses compared with

However, transient expression of the llelp gene is also the non-transfected cells,

observed together with transient expression of fos /jun cady

immediate genes within i bour of irradiation [19). His 120. In contrast, the measurement of colony-forming

suggests tbc activation of early protective mechanisms as ability tollowing exposure to gamma-radiation was made

a response to whole-body irradiation. on transformed human embryo retinoblast crit lines
containing mutant ras genes [G10). No correlation was.

115. De cEccts of neutrons and gamma rays on the found between transformation with activated ras,

expression of genes encoding the nucleus-associated adenovirus or SV40 genes and increased radiadon-
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reststana. Nor was there any correlauon between 123. In addition to charaden7ing x-ray induced protetns,
clonogeme survnal and the level of expression of ras 21, the levels of x ray inducible genes have been measured in

but two of the three rar transformants that were least CDNA clones isolated by differential hybridization. Some

sensitive to gamma radiation were from cell lines of these genes were maeased to over 20 umes the
expressmg the Mghest levels of ras 21 polypeptide, which background levels by as little as 0.05-0.2 Gy; four have
plays a prvotal role in signal transducbon and possibly been idenufied as T-dipborase, tissue type plasmmogen
DNA repair. Notwithstanding the negauve findings in actuator [B13, B14, H3], thyrmdine kinase and tbc proto-
some laboratones, it is generally accrpted that radianon- oncogene e-fps /fes.

inducrd onwgene actwauon can induce increased cell

survwal in some circumstances [W25). 124. He first phase of potentially lethal damage repair
ocnirs very quickly (2-20 minutes), presumably to

121. A human XRCC1 (x ray repair cross increase the chances of survwal of irradiated cells. It is
mmplementing) gene has teen isolated that atfects tbc associated with a rapid rescaling of single- and, at a later

sensitivity of cells to radiation [C16 T13). The Chinese stage, double stranded DNA lesions that are either created

hamster ovary cril mutant, EM9, exhibits extraordinanly imtially by x rays or produced as a result of the repair of
high sister chromand exchanges and is unable to vanous types of base damage. He secund slower phase of

effectuely repair DNA breaks caused by radiation and potendally lethal damage repair proneds over a penod of
certain alkylating agents. Introduction of the buman a few bours following irradiation, during which attempts
ARCC1 gene corrects the EM9 DNA-repair defect and is are made to repair the remaining double-stranded DNA
the first human gene to be cloned that has an established breaks. His second phase of repair closely corresponds to

role in DNA strand-break repair. He gene is 33 kb in the restructunng of gross cbremosomal damage and can
length and enmdes a 2.2 kb transenpt and a corresponding be partially bhicked in some human n!!s by inhibiting
putatrve protem containing 633 ammo acids. Constructs in protem synthesis [Y3]. De rapid repair of potentially
wbich the open reading frame of the ARCCI gene were letbal damage may be due to tbc immediate availability of

transenhed from the SV40 promoter, or the genomic consutuuvely synthesized repair enzymes such as DNA

promoter natrve to XRCCI gene, were compared with ligases, topoisomerases or polymerases [B15]. In contrast,

regard to their ability to currect tbc sister chromatid it is proposed that the slow phase of potentially lethal
exchange defect in the EM9 mutant. These transtectants damage repair requires the induction on demand of
displayed significantly fewer sister chromatid exchanges specific genes and gene products. These slow-phase,
than other transfectants. He results suggest that potentially lethal damage repair responses may be funber

overexpression of the muugene from the SV40 promoter enhanced if tbc genes are stunulated with low dcrcs of

may increase the repair capacity of EM9 mutant cells radiation before a high challenge dose is given.

relatne to that of wdd-tipe cells. )
125. In a further expenment, con 0uence-arrested human j
normal (GM2936B and GM2907A) and neoplastic '

3. Induced pn>tein pnaducts and DNA tvpair (Ul-Mel, Hep-2 and HTB-152) cells were tested for i
evidence of adaptrve survrval recovery responses [B26,

fa) Human melanoma cells M9] Cells were exposed to 0.05 Gy each day for four
days at a rate of 1.13 Gy min'l and then challenged with

122. Induced gene products synthesized in response to a dose of x rays giving a 209c cell survival. Only Hep-2

low doses of radiation in human melanoma (UI.Mel and UI-Mel cells pretreated with 0.05 Gy showed an |

strain) cells and in a variety of other buman normal unprosement in survival after 4.5 Gy, compared with
and cancer-prone cells have been identified using two- untreated alls. Two genes, .UPS (human growth
dimensional gel electrophoresis [B12). UI Mel cells hormone-related) and a gene transcript related to XlP12

were chosen since they have a high capacity for (human angiogenin-related), showed increased expression ,

potentially lethal damage repair. Eight proteins were over time in these cells. Levels of cyclin A and, to a lesser |
induced by radiation, and two proteins were repressed, extent, cyclin B increased in the pretreated cells only after

They were not found after beat shock treatment or the high challenge dose and were not expressed durmg

exposure to UV-radiation or certain alkylating agents. exposure to the conditioning dose or in cells receiving
The expression of one protein termed XIP269 (to only the challenge dose. A slight increase in glutathione S

indicate an x,,rayinduced p_rotein of approximately transferase mRNA was noted after the primary dose, but

269 kDa) at a dose of 0.05 Gy correlated very well p53 suppressor gene and 10 A7P genes were not actrvated.

with potentially lethal damage repair capacity. This
protein was found to be down-regulated by exposure 126. Under the condiuons of this expenment, UI Mel
to caffeine or cycloheximide under conditions in cells did not progress into the S phase as measured by the

which both potentially lethal damage repair and uptake of tritiated thymidine into DNA. He induction of
subsequent adaptwe responses, expressed as cell cycim A under these mnditions may thus indicate an
survival, were prevented [H3]. involvement of cyclin A in specifically stimulating DNA
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repair. Based upon these preliminary data, a model has and that the bindmg site does not require a conformation
been proposed in which an adaptive response to low doses dictated by internal disulfides; and it is unlikely that the
of radiation may be achieved in mammalian cells [M9). 14-18 kDa band protein is a subunit of the larger 34 kDa l

frutially cells are assumed to be in the G phase or at band protein. Further studies should confirm this. Io

| some point in the G phase. Upon repeated exposure toi
low do6cs of radiation, for example 0.05 Gy, cells 130. The existence of a specific DNA-binding protein in

'

progress to and pause at or near the G: phase or the the nuclei of human lymphoblast cells exposed to
beginnmg of the S phase of the cell cycle. Gene transenpts radiation, which was not detected in nuclear extracts fmm,

that build up slowly in response to conditioning doses then unperturbed cells, has been reported [S33[ The etTects of,

produce proteins (e.g. cyclin A) that regulate or control the this bmding protein were shown to be dose-dependent and
transenpts that appear following a challenge dose. At that transient, reaching a maximum I bour after irradiation and
point, cells are poised to stimulate various DNA repair disappearing from the nuclei by 9' hours. The protein was.

; systems that are not inducible in the initial resting state. induced in cells by a mechanism not requiring de novo
protein synthesis, and the response was specific for )

127. In another experiment, buman melanoma (G361 radiation and radiomimetic agents; neither UV-radiation l

; strain) cells were exposed to gamma radiation [O4|. nor heat shock invoked a response. The DNA-binding
Eleven induced proteins were extracted from cells with protein was present in the cytoplasm of unisradiated cells,
molecular weights between 43 and 98 kDa. while in P39 apparently being translocated to the nucleus only after

,

strain cells, 21 induad pmteins were extracted after radiation exposure. Analysis demonstrated that the nuclear
'

exposing the cells to 3 Gy. 7beir molecular weights and cytoplasmic proteins were approximately the same
ranged fium 32 to 98 kDa, and four of these, with size, that is,43 LDa.
molecular weights of 57, 58, 77 and 88 kDa, were
considered to be specific DNA repair enzymes. These 131. Similar experunents with irradiated lymphocytes<

proteins are of a lower molecular weight than those from humans, mice and rabbits have been reported [L28j.-

isolated and characterized by Boothman et al. [B12]. Human lymphocytes in vitro and mice in vim were
irradiated with 200 kV x rays at a rate of

0.0125 Gy mm' . Rabbits were exposed in vim to coco
(b) Human lymphocytes

gamma-radiation at a dose rate of 0.0056 Gy b' for 9

128. Using two-dimensional gel electrophoresis. a specific bours, resulting in an accumulated dose of 0.05 Gy.

group of proteins was detected from human lymphocytes Extracts of cells or separated cytosolic and nuclear

|
exposed to a conditioning dose of 0.01 Gy from x rays fractions were subjected to two-dimensional

j [W6, W8]. Cellular extracts from uturradiated ly mphocytes electrophoresis. Four protein spots not present in the

and from other all types were separated by electro. unirradiated cells appeared in the extracts of human
,

: phoresis and then exposed to a mixture of P labelled lymphocytes 4 hours after in vitro exposure to 0.05 Gy,E

nick-translated and non-radioactive plasmid pCH110 on with molecular weights of 25,167,168 and 174 kDa.

nitrocellulose membrancs. Several bands that bind to the Nine spots were detected in the cytosolic extract from
i

nick. translated DNA were detected, the protem binding mouse lymphocytes 4 hours after in vivo exposure to

occurring as early as 1 hour after triadiation and reaching 0.075 Gy with molecular weights of 51,69-70,145 and
; its maximum by 6 hours. His binding was diminished by 160-179 kDa, and four spots were found in the nuclear
,

a prior proteinase K treatment of the extracts, indicating extract with molecular weights of 70, 90, 230 and

_
that the bands are related to protems present in the 247 kDa. Five spots were detected in the extract from

extracts. The crilular extracts contained three proteins (of rabbit lymphocytes with molecular weights of 105,135,!

,
molecular weights 105 kDa,35 kDa and 14-18 kDa) that 138,145 and 174 kDa. When compared to the proicin

reproducibly bound to the labelled DNA. The bindmg of spots identiGed after exposure of cells to mitomycin C and'

the DNA probe to the 30-35 kDa and 14-18 kDa bands beat (41*C), it was found that the proteins induced by

was twice as great as that found in unirradiated cells, and these treatments showed many aspects in common,

the 35 kDa band regularly separated into two bands. although there were some differences in their
,

electrophoretic mobility.
129. The 30 35 kDa band proteins have been substantially

purified by aflinity chromatography. If enough of the 132. Crude extracts of splenic lymphocytes from
proteins can be obtained, it should be possible to see if irradiated and sham-irradiated mice were subjected to get

their introduction into cells will lead to a reduction in the Gltration with sephadex G-100 and aliquota tested for
yield of chromosomal aberrations induced by a dose of biological acu, ty. Both stimulatory and suppressive
1.5 Gy from x rays, even though the cells are not pre- effects were noted when separate fracions were added tot

; exposed to the conditioning dose of 0.01 Gy. An normal splenocytes exposed to concanavalin A, the
alternative approach could be to introduce engineered stimulatory effect of one protein fraction being more
ges es into oclls and look for the adapbvc response. It is marked in tbc cluted fraction from the irradiated mice,

likely that the binding proteins are single-chain molecules These various proteins were found to have molecular



n -

. .

'

protems was grven spcial attention. in view of the finding
wegbts below 100 kDa. When tbc fraction with that these protems are present m moncrytes whose
sumulatory etieds was added in 10 ng amounts to anuoudant acuvides have been elevated [C9, P7]. A
lymphocyte cultures, it was found that the addinon 42similar response has been otwerved in mitogen-sumulated
bours after phytobaemaggluunm sumulabon reduced the 13 mphocytes [F7, H4). Male C57Bl/6 mice, six weeks of
frequency of chromatid and isochromaud br:aks producedage, were exposcJ to a dose rate of 0.N Gy d

4 from

by a dose of 1.5 Gy from x rays to a magnitude sunilar tox rays on five consecuuve days each week for four weeks
that otserved when a condinoning dose of 0.05 Gy from

[M19|. Bree days after the last exposure, their spleens
x rays was given 42 hours aller phytobaemagglutuun were assessed for the consututwe and mitogen.stunulated
sumulabon. les els of beat shock protem (HSP) 70 mRNA and protem.

Glyceraldehyde 3-phosphate dehydrogenase (GAPD), a
*

4. Stress rnponse proteins bousekeeping gene, was used as a reference Tbc results
indicate that low doses augment the consututive levels of

133. Dere are several examples of genotoxic stresses HSP70 mRNA and HSP70 protein (Table 20). Rus, tbc
in0uencing the expression of proto-oncogenes and their magnitude of the proliferauve response of splenocytes to
products. Temporary hypoxia or glucose deprivadon, forT nll mitogen sumulauon can be directly relate:I to the

example, induces the expression of several proteins. De consutuuve and mitogen stunulated levels of HSP70
increased expression of intracellular proteins tenned mRNA and protein. Dese results are consistent with the
' oxygen regulated proteins' in Chinese bamster ovary crilssiew that splenocytes need to accumulate some minimal

c

has been desenbed [W19|. These proteins are different constitutive level of HSP70 protein before they ain
from tbc beat shock proteins, but two with molecular undergo an augmented proliferatwe response to mitogenic
weights of 80 kDa and 100 kDa appear to be idendcal to stunulanon and that T cells adapt to low doses by
two proteins that are induced by glucose deficiency (S31|.auenentug their HSP70 gene expression.

134. Haemoxygenase is a protem associated with ow 13A It was shown subsequendy that the chronic
datrve stress. Incnased levels of this 33 LDa protem irradiation of mice increases the expression of HSP70
transenpt have been observed in buman skin fibroblasts genes m tissues |Mll).nc mice were irradiated at a dose
and can be induced by treatment with W A radiation, rate of 0.03 Gy d . and the levels of HSP70 genes were4

hydrogen peroxide and sodium arserute [K9[. beat sback analysed. Increased but transient expression of HSP70 in
[S8] and temporary hypoxia. lung, spleen and intesunal cells was observed,

commenctng on day 5 of irradia6on. In an extension of
135. Changes in expression of protein kmase C can this expenment, the effect of dose rate was examined.He
follow exposure to physical or chemical agents. Protem data indicated that chronic irradiation within the range
kinase C is often up-regulated in proliferate.c cells 0.03-0.06 Gy d can actuate the transenption of HSP704

compared with quiescent cells in these ctrcumstances. genes and their respective protem products. In this respect,
Moreover, the intracellular distribution of proiem kinase C the results were consistent with those of Nogami et al.
in cells is also affected [A3]. Consistent with this, low

[N4), who observed tbc mduction of HSP70 protein in
doses of W A radiation have been shown to increase restmg splenic T cells aller chronic irradiation at a dose
protein kinase C actwny m eultured mammalian libroblasts 4 with

,

rate of 0.N Gy d ,but n t at rates above 0.1 Gy dl

and also to inhibit EGF-bindmg [M10[ a total dow not exceeding 0.2 Gy. However, increases in

HSP70 protem were not seen in Chinese bamster ovary
136. While some degree of bomology between the eticcts cells [A14] unless the dose was in the region of 400 Gy
of vanous stresses has been reported, there are cicar
ditierenas. The expression of the c-fos and c jun genes, [S46].

both involved in the regulatory mechanisms of cell 139. In support of a common mechanism, the efTects of"

progression, are increased by beat shock [B16] and ural and actwated cellular oncogenes on the sensitivity of
radiation [W16}. However, hypoxia followed by re- Syrian bamster (Osaka Kanazawa) cells exposed to

'

oxygenation has been sbwn to elevate only c-fos mRN A.gamma-radiabon, W-radiation and beat shock have
Radiation causes up-regulatmn of tbc gadd45 gene, wbile recently been desenbed [S41). Greater tolerance to
both W-radiation and alkylating agents up-regulate gamma radia6on was conferred by the introduction of
mRNA for gadd45 and gadd153. Up-regulation of the v.mos and c cor genes, which encode for serine / threonine

-polymerase gene is an exampie of chemical agents thatkinase. Cells transfected with v-mos and c.cor genes were
cause DNA damage alTecting transenption, whereas

also more to.crant to W-radiauon and beat shock. Of the
x-radiauon and W, both potent agents for DNA damage, actwated ras genes, the N-ras gene developed a cell
have no effect (F6]. phenotype resistant to W-radiation and gamma-radiation.

he Ha. ras gene produced a cell type resistant to W-
137. He possibility that low dcwes of radiation induce an radiation and beat shock, while introduction of the Ki ras
adaptrve incTease in the antioxidant defence mechamsm gene did not affect sensitivity. He v-crb B gene was
has also been considered [N2). De expression of stress
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|
i

found to be involved in the development of resistance to the relative activity of thymidine kmase was measured in
beat shock. Transfection with neo, c-my and v-fgr genes bone marrow cells after one or two exposures, each of

'

bad little or no effect on survival. He karyotypes of the 0.01 Gy. A dose of 0.01 Gy produced a redudion in
onginal cell type and the oncogene-containing cells were enzyme acuvity that reached a minimum about 4 hours

compared, and no alterations were seen in the cells after the irradiation, with full recovery after 6 8 hours. If

canying the foreign genes. These results suggest that a second exposure to 0.01 Gy was given within 30
activation of serine /threonme kinase may be involved in minutes of the first exposure, the decrease in enzyme

| common processes occurnng after gamma-radiation, UV- activity was accelerated, as was the rate of recovery. If a
I radiation and beat shock treatment, and that each oncogene second exposure to 0.01 Gy was given 4 hours after the

may have a different effect on the development of a first, there was no change in enzyme saivity, and a
resistant phenotype. However, CDNA clones for a vancty second exposure 12 hours after the first resulted in a

of DNA-damage-inducible (DDI) transcripts have been reduction of enzyme activity similar to that observed after

i isolated that may represent more specific responses to a single dose of 0.01 Gy [F8].

| DNA damag: [F17).
144. These reductions in thymidine kinase activity closely

!
125

| followed the decreased rate of uptake of 1Udr into bone

C. OTHER MECHANISMS marrow DNA, and there was a simultaneous increase in

the radical scavenger glutathione. Dese responses were
1. Radical detoxification absent in cells exposed to a strong magnetic field, which

transiently alters lipid membrane structure. A deGeiency of
|

140. In addition to cell cycle arrest and induced genes vitamin E, w bich is known to be a radical scavenger, also

and gene products to imtiate DNA repair, an alternative prevented the response.

mechanism has been proposed to explain the adaptr,e
1251Udr incor-response [F8, F9, F10, Fil, F12, F13, F14, FIS. F16 145. He etfect of low-dose radiation on

H12, Zll. lt relates to the ability of cells to remove toxic poration bas also been measured in mouse intestines.
,

radials. Radicals are known to be generated in small spicen and thymus [M20]. Young female BALB/c mice |
amounts and detoxified during normal metabolism. De were irradiated within the range 0.05-0.23 Gy with x rays

|
pronss of detoxification involves the mobilization of at a dose rate of 0.05-0.2 Gy min ~1, followed at various

125
' enzymes, such as catalase, peroxidase, superoxide times thereafter by an injection of 1Udr.The incorpora-

1251Udr was decreased for several bours af1er adismutase, from the cytosol [S34]. Membrane-bound tion of
vitamin E is thought to scavenge the radicals as they are single exposure to x-radiation in a dose-dependent manner

formed; the latter are then detoxified by the cytosohe in spleen and thymus. At 4 hours after irradiation, for
enzymes.The purpose of this radical detoxification system example, the decrease relative to controls was 79% in
is to maintain the s"uctural and functional integn'v of the spleen and 86% in thymus. If the first irradiation was i

'

cell by preventmg damage to cellular constituents such as followed 4 hours later by a second irradiation (0.05 Gy or

membrane-bound DNA [S35]. 0.1 Gy, for example) the second irradiation did not
enhance the inhibitory effect of the first exposure, thus

| 141. Evidence in support of this hypothesis is based on confirming the observations of Feinendegen et al. [F8}.

tbc results of a senes of experiments in which male Wistar

rats were exposed to x rays within the dose range 0.05 146. To put these studies mto perspective, it has been

0.5 Gy, Ixvels of superoxide dismutase were found to be calculated that a radiation dose sufIicient to create an

increased in spleen, thymus and bone marrow 4 hours average of one ionizing track per cell would produce

later, while lipid peroxides were deceased [Y4). enough radicals to delay the rate of DNA synthesis in
metabolically active cells [F9]. His time delay was

142. It ha been reportM that the concentration of scrum sufGeient to ensure the availability of radical scavengers to

thymidine Unaw meresses after acute exposure to cope with radicals produced by a second dose of radiation

radiation [H5) nis was associated with a decTease in the a few hours later.

concentration of the enzyme in bone marrow ce!!s and a
delay in the incorporation of the radioacuve thymidine 147. Other calculatians reveal that 0.01 Gy of low-

analogue, 5-iodo-2-deoxyuridine (1251Udr), into DNA in LET radiation could produce about 6 nM of oxidative

these cells. %e function of thymidine kinase is to prepare radicals in each cell [K10]. This concentration should

j extracellular thymidine for its incorporation into DNA. be compared with the cellular steady-state concentra.

| Measuring changes in thymidine kinase activity has proved tion of radicals from normal metabolic processes

to be a convenient probe for studying changes in radical involving oxygen, which is about I nM , Derefore, it

detoxification. has to be assumed that a small transient increase in
radical concentration above that normally present in

143. In one procedure of this kind, female (NMRI stratn) the cell is able to cause a measurable activation of
IU

,

mice reaived whole-body Cs gamma-irradiation, and nonnal detoxification mechanisms.

<



UNSCEAR 1944 REPORT . .

206

2. Activation of rnembrane receptors 151. This study was followed by a study of mouse
splenocytes m which mterleukin-1 (Il-1) producuon was

148. De actrvity of adenylate cyclase increases markedly measured [14). He bioavailability of intractllular IL 1 of
ra isolated membranes from rat bepatocytes atter acute splenocytes stunulated with LPS was enhancrd following~
exposure to between 1 and 2 Gy from gamma rays [K17[ wbole-tody irradiadon with 0.025 Gy from x rays.
This was confirmed by experiments with isolated plasma Furtbe more, if splenocytes from an unirradiated mouse
membrancs from rat lung ussue, in which the inneased were exposed to Con A, the addition of a small amount of
adenylate cyclase actroty, induced by a low concentration serum from an irradiated mouse augmented the pro-
(0.02 mM) of isoproterenol, was further increased if the liferadve cifect of the Con A. His could imply the
membrancs were irradiated with gamrna radiation at the presence of gmwth-enhancing substances (c.g. cytokine ) in
rate of 0.36 mGy d'l [Kl8, R4[ When mitogen-snmulated the irradiated scrum.
buman lymphocytes [K19) and Raji cells denved from
buman lymphoma ce;1s [R5] were grown in the presence
of serum gmwth factors, increased cellular proliferation D, SUMMARY
was observed if the cells were irradiated at dose rates of
0.36 mGy d'I.The conclusion from these studies was that 152. Studies to charactenze gene expression in relation to

low doses of radia6on acuvated membrane-bound the radiation-induced adaptive response are conunuing, and

enzytnes. specific genes and their protein products induced after
acute exposure to doses of radiation in the range of a few
tens of milligray to a few gray have been identified. It has

3. Stimulated pruliferation of splenocytes
been shown that groups of genes coding for transenption

149. Tbc effect of radiation on the m utro proliferation factors, nuclear proteins, oncogenes, viruses, membrane

of thymocytes and splenocytes was measured m rats receptors, functional protetns and enzymes can be

previously irradiated in uvo [13[ De anunals received a activated dunng the few bours after acute exposure to

whole-body dose of x radiauon in the range 0.012 Gy. radiation. Recent expertments have implicated oxidizing

Cells isolated from the spleen and thymus were then radicals as one activatmg mechanism.

cvldvated in the presence of vanous nutogens, and cell

proliferauon was evaluated by the rate at which tntiated 153. While there is a general consensus that the adaptive

thymidine was incorporated into DNA. response can be considered as a consequence of damage
to the DNA molecule, other mechanisms have been

150. H e results showed that the proliferation of proposed. A recent review of the mechanisms ofinduction

splenocytes induced by concanavalm A (Con A) was of transcription factors by damaging environmental agents

enhanced by the use of x rays within the dme range 0.01- provides useful insight into these other mechanisms [HIil

0.1 Gy, whereas that of thymocytes was not affected, as As an example, reactive oxygen intermediates and free

can be seen in Figure VII. Inadiation with 0.05 Gy also radicals may directly influence regulatory proteins,such as

enhancrd tbc proliferauve rate of splenocytes sumulated the transcuption factors, which in tum may condition the

by phytobacmaggluunm (PHA) or lipopolysacchande cellular adaptive response by inducing the expression of

(LPS), although their responses were less than that genes. He presence of stress-induced proteins at dose ,

produced by Con A. His enhancement in the mitogen- rates of 0.04 Gy d bas also been demonstrated. Protein I4

mduced proliferation of splenocytes was observed only kinase C is a common factor in many of these responses,

within a few bours after irradiation, suggesting that low- and since it plays a central role in cellular signal

dose,wbole-body irradiauon can induce an adapting effect transduction, its actrvauon could represent a general

in splenocytes. response to molecular damage.

111. EFFECTS ON Tile IMMUNE SYTFEM

154. He observauons of a radiation-induced adaptive 155. Steady progress is being made in identifying the

response in mitogen-stunulated lymphocytes and of receptors on T cells that pennit specific recognition of the I

changes in the immune system atter exposure to low doses infinite vancty of non-self molecules and in determining j

of radiation could imply an essenual role for bow the signal from the T-cell antigen surfact receptor is

immunocompetence in the living organism. Understanding transmitted to the cell interior. De functioning of the

the mechanisms of T-cell signalling and how they are inununosurveillance system of the organism,its response

affected by low doses of radiadon may therefore explain to radiadon and its possible involvement in adapdve

some aspects of the adapuve response. response are considered in this Chapter.

l
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A. CELLS OF Tile IMMUNE SYSTEM lymphocytes and lymphoid organs [AS, H6, M14[
(De presence or absence of accessory proteins on

156. T cells are lymphocytes that develop in the T cells is designated by the superscripts + and , e.g.

thymus. They are primarily responsible for ensuring CD4'CDS-). A second group of glycoproteins con-

cellular immunity and delayed hypersensitivity sisting of y and 6 chains is also CD3 associated and is

response. They mediate their acquired immune found mainly in the double-negative (CD4'CD8')
responses first by activation of specific T cells, then T cell population [B17[ According to current under-
by a phase of clonal expansion and finally by a phase standing, CD4'CD8~ T cells are thought to be the
in which some of the lymphocytes become effector precursors of t'aymocytes, which differentiate into
cells. CD4*CDS* T cells, which in turn differentiate into

CD4*CD8' or CD4'CD8' T cells [S35[ These last two
157. Dere are at least three functionally distinct cell types become the antigen-positive mature T cells,

classes of T cells:
160. Spontaneous loss and alteration in antigen

(a) cytotoxic T cells, which kill virus infected cells receptor expression in mature human CD4 T cells
and tumour cells directly;

#*I"'d I** h**D #" '' '"' D'*" **# *
(b) belper T ccHs (Tn), which amplifv responses by * #*" receptor CD3 complex plays a' '

secreting a variety of local chemical mediators
''"I''I "I' * ' " ".E'" "# E" " ' " '' '" "

(interleukins) that stimulate activated T cells to mature ceHs, s a mormalities n the expression of this
proliferate, help B cells to make antibodies, and e mplex should be related to the unresponsiveness of
activate macrophages; #'"" *""E'"'"*"'"'' "E * ## ** *

(c) suppressor T cells (Ts), which inhibit the variant T cells with loss or alteration of T-cell receptor
responses of helper T ccHs. CD3 expression among CD4* cells were detected and

are the prmeipal enumerated. Variance was demonstrated by defects inHelper and suppressor T cells
regulators ofimmune responses, and the rano between protein expression and partial protein deletion. De
the two cell subsets is an important factor in ensuring variant frequency in peripheral blood increased with
immunocompetence in the living organism. age in normal donors and was highly elevated in

patients with ataxia telangiectasia.Thus, alterations in
antigen receptor expression may be induced by the j

1. T ceH ontouenv spontaneous somatic mutation of T-cell receptor genes,
and these alterations could be important factors related

158. Most T cells bear an antigen receptor consisung to age dependent, disease associated T-cell dysfunction
of a heterodimer of transmembrane a and p and radiation induced T-cell damage.

polypeptide chains. Both chains are required for
antigen recognition [D3[ These polypeptide molecules 161. Over the past decade, knowledge of T cell
resemble antibodies in structure and interact with renewal, differentiation and maturation in the mouse

antigens that are presented to T cells as proteolytic has been remarkably advanced by the development

digestion fragments associated with Class I and Class and use of specific monoclonal antibodies that identify

11 major bistocompatibility complex protems on the T cells at the various stages of differentiation. It
surface of antigen-presenting cells. The specific should be noted that a different terminology for

binding of antigen histocompatibility complexes on the identifying glycoproteins is sometimes used in the
surface of a target cell to antigen receptors on the mouse. Thus, CD4+ equates with L3T4*, and CD8'
surface of the T ce!! is often not strong enough to equates with lyt 2+. It is now generally agreed thrt a

mediate a functionalinteraction between the two cells. small progenitor cell compartment exists in the thymus
Various cell-cell adhesion glycoprotems on T cells that expresses neither L3T4 nor lyt 2 surface antigens

help to stabilize such interactions by increasing the (i.e. it is double negative). De progeny of these
overall strength of cell cell binding. De characteristics cycling cells become the major cell population in the

of these accessory glycoproteins are summarized in thymus and express both L3T4 and lyt 2 antigens
Table 21. Among the best characterized are the CD4 (double-positive). At present, there is insufficient
and CD8 glycoproteins, which are expressed on the evidence to detern ine whether the mature thymocytes, i

surface of helper and cytotoxic T cells, respectively. which express either L3T4 or lyt 2, differentiate from j
a subset of double-positive cells or whether they !

159. He T-cell receptor is also associated with a derive directly from the double-negative cells. In cither

group of glycoproteins, collectively referred to as ibe case, the majority of double positive cells are not
CD3 complex,which is involved in receptor assembly selected because of inappropriate major histo-

[C10[ Tbc T-cell receptor CD3-u/ beterodimer is compatibility complex reactivity. De single positive
expressed on the surface of the vast majority of functional effector cells are exported to peripheral ]
mature CD4' or CD8' cells in peripheral human blood lymphoid tissue, where, in contrast to their behaviour
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shtrp increase m mRNA polymerase II was observed.
in the thymus, they become the predommant cell This was followed within 2 hours by an increase in
populations. A model for the various stages in T-cell intracellular calcium ion concentration and the ;

ontogeny, as denned by L3T4 and lyt 2 antigen appearance of newly synthesized polypeptides. In |

expression, is schematically presented in Figure Vill, particular, there was a sharp increase in the |
!

phosphorylation of three protems with molecular
|

2. Apoptosis and radiation induced weights of 20,35 and 48 kDa [Z3). Different stress-
related proteins of molecular weights of 48, 70 andInterphase death
90 kDa were also detected after beat shock or after the
addition of glucocorticoids to the culture medium

162. Tbc mechanism responsible for producing T cells
|M 16].is unusual in that the vast majority of differentiating

cells are destroyed prior to their complete
differentiation and retcase to the peripheral lymphoid 3. Signalling processes in thymocnes
titsues. This phenomenon, known as apoptosis, occurs
within tbc thymus and results in the death of rnost of 166. Some consensus has emerged regarding the
the developing thymocytes. The process is thought to nature of the signalling process that couples antigen
ensure that differentiating cells with potential for recognition to changes in lymphocyte behaviour. It is
reacting against (bc host are eliminated, thereby postulated that the activation of T cells requires two
preventing an auto-immune response, and it essentially signals, one through the CD3 complex, the other from
involves double positive T cells. One feature of antigentresentmg cells. Antigenic, allagenic,

apoptosis is then an alteration in the differentiation mitogenic or monoclonal antibody stimulation of the
rate of developing T cells in the thymus (L15|. T-cell antigen receptor (TCR'CD3 complex) leads to

of bi chemical processes, including thea senes
after f phospholipase C, with subsequent163. Some types of lymphocytes die soon a a n

exposure to radiation and before entering the rmtoric bydrolysis of phosphatidyl inositol-4,5-diphosphate to
inositol-1,4,5-

phase of the cell cycle. The process is referred to as generate tw see nd messengers,

interphase cell death. To determine any similarity tri hosphate (IP3) and diacylglycerol (DG) [H7,112,
P

between apoptotic death and radiation. induced ''' !w messengers cause an inacase m'

"* *" c ncentration (Ca**) and tbeinterphase death,thymocytes were collected from male " ' ' ' ' ' " " ' C'
C57Bl/6 mice between five and six weeks old, activati n of pr tein km.ase, respectively. The two
separated into CD4'CD8', CD4*CD8*, CD4* CD8' and events are c nsidered essential m the expression of tbe

Y '*** dI''*" E'"'' ''l '','
D' I II ** d I *''' DYCD4'CD8* T cell subsets and exposed to gamma- ' ' ' 'I

radiation [M19). They were assayed 8 hours later for expresd n f omye gamma intederon,We
evidence of cell death by measuring the amount of interleukins 1 and 2.(IL-1 and IL 2) and transferrm
DNA fragmentation. The results given in Table 22 receptor, which are crucial m the activation and

j

pr cratmn f T ccHs [C6). Activated T ceusshow that double-positive CD4*CDS* T cells are

extremely sensitive to radiation. With a 50/1 secrete interleukin-2,which results in division m, those

fragmentation index (FD o) at 0.22 Gv, it would cell 5 expressing interleukin-2 receptors. The T cells3

appear that a small but significant fraction of the Produce a series of lymphokines that clonally expand
doublepositive T cells die as a result of apoptosis activated B cells and cause their maturation into j

following exposure to low doses of radiation. Since antibody synthesizing cells [S37, W22]. Signals j

the double-positive T cells constitute the majontv of derived from the T-cell receptor could also regulate~

matmation and selection of immature T cellthe parenchymal cells in the thymus in an intennediate me
stage of differentiation, elimination of a fraction e,f pr genit rs m the thymus [V5).

.

them could conceivably alter the dynamic balance .

between cells in different stages of differentiat on. 167. The k.mases responsible for protein synthests
.

have not yet been fully identified, but it is known that

164. On this basis, interphase cell death caused by T cells contain transcripts encoded by at least three
members of the src family of protein-tyrosine kinase i

radiation may be considered similar to,if not identical '

with, apoptosis |D4, W20, W21). The climiaation of genes: namely Ick,fyn and yes [Cil, S38]. The p56"
protein was first identified by virtue of its over-cells damaged by radiation ensures that the clonal

expansion of renegade T cells is prevented. expression in a murine lymphoma cell line. It is the
product of the lek proto-oncogene, which is closely
related to the c-src gene, and bence is a potential ;

165. A biochemical mechanism responsible for I

radiation-induced interphase cell death in lymphocytes
signal transduction element [P8). Two pieces of

bas recently been proposed [Z2|. Within !cus of
evidence suggest the type of signalling event that may
be mediated by p56", First, expression of Ick mRNA

minutes after exposing rat thymocytes to radiation, a
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kkand of p56 is altered by stimuli that induce plaque formmg cells observed in sham-irradiated

lymgbokine release from T cells [M15]. Secondly, ammals. The results are illustrated in Figure IX.
kp56 is associated with CD4 and CD8 glycoproteins

kk[V6). When p56 is brought into proximity with the 171. More recently, the immediate and long-term
T-cell antigen recognition unit by CD4 or CD8 effects of radiation on the immune response of
glycoproteins, its activity may increase to reflect specific-pathogen-free mice were described after
receptor occupancy, exposing mice to a dose of 3 or 6 Gy from x rays and

measuring the surviving fraction of T-cell subsets
168. A second membrane. associated protein tyrosine [S39]. At high doses (>l Gy), Tg and T cells weres

6kinase, p59 ", tbc product of the hw proto-oncogene, equally radiosensitive but there was a marked
is also abundant in T cells [C11]. Using transgenic difference in the radiosensitivity of T cells between
mice in which a lymphocyte specific protein tyrosine C3H, BALB/C, C57Bl/6 and B10BR strains of mice.
kinase isoform, p59 Y"M, was 20 fold overexpressed No long term effect of radiation at these high doses on |

in developing T-lineage cells, it was found that the immune system was found in terms of accelerated
thymocytes from these animals were highly sensitive ageing of the immune function in animals exposed as
to stimulation [Cl2]. Furthermore, the phenotypes young adults.

4produced by overexpression of p59 " were dilTerent
from those produced by overexpression of p56% 172. Other experiments have shown an enhancement of

4Although p59 " may regulate early steps in the T cell tbc immune response following whole-body exposure to

receptor signalling,it cannot by itself confer a mature, low doses. As an example, rabbits were exposed to small |
responsive phenotype upon otherwise refractory, doses of x rays (about 0.25 Gy) before or after
immature thymocytes. Thus CD4*CD8' thymocytes uiuuumzation with antigenic sheep red blood cells [T7,

from lyk hn transgenie mice exhibit enhanced calcium TS|. These small doses were able to stimulate the
ion accumulation following activation, but they do not proliferation of plaque-forming cells. Dis finding has been

release interleukin-2 or proceed to proliferate. Hence, confinned in expenments in which human and murine

components of the signalling cascade that are essential T cells were exposed to low doses [A8, A9, D8, L9, Ll6,

for activation are apparently unavailable or inactive in L17, M17, S40, S51, W|.

immature thymocytes in these transgenic mice.
173. In contrast, four different strains of pathogen free
mice (B10/Sn, B10/SgSn, C3H/HeMsNrs and

H. RESPONSE IN Tile ORGANISM C57Bl/6JSic)were exposed to doses of 0.025-0.25 Gy
from x rays [K13]. Nine bours later, they were

169. De cell types involved m the immune response injected with sheep red blood cells; the number of
exhibit a broad spectrum of radiosensitivity with direct plaque forming cells per spleen was assessed

consequent effects in the organism [A6]. Some after 4.5 days.There was no evidence of enhancement

populations of lymphocy tes are exceedingly of the plaque-forming cells in any of the strains within

radiosensitive, while plasma cells and macrophages the dose range used. In an extension of this
are, by comparison, relatively radioresistant. The basis experiment, C57Bl/6J mice were immunized with
of these differences in radiosensitivity is not well sheep red blood cells and exposed two days later to
understood, but the effects of radiation on the immune bigber doses (1.5-3.0 Gy) from x rays. Numbers of

system bave been extensively studied. Several reviews indirect and direct plaque-forming cells per spleen

have been published that provide comprehensive were assessed at intervals thereafter. Mice exposed to

background information [A6, A7, A8, S39, T6]. 1.5 Gy were found to have a significant increase in the
number of indirect plaque-forming cells 11 days after
the injection of the sheep red blood cells. This was

1. Effects in animals highly correlated with an increase in the CD4*/CD8'
cell ratio during the first three days after radiation

170. Irradiation at high doses is known to inhibit the exposure, followed by a rapid decline, as shown in

immune response. A dose-response relationship was Figure X. These results suggest that the ratio of Tu to

observed almost three deccdes ago by Kennedy et al. Ts subsets changes in favour of helper cells shortly

|K12]. They exposed mice to x rays within the dose after exposure, possibly contributing to the observed

range 0.5-7 Gy and 10 days later injected the animals enhancement of tbc indirect plaque-forming cell

with antigenic sheep red blood cells. Four days after response.

injection of tbc antigen, they measured tbc number of
splenic plaque-forming cells. The effect of exposure to 174. Anderson and Lefkovits [A9) proposed that the

between 1 and 3 Gy from x rays was to reduce the enhancing effect within the dose range 1-7 Gy could

number of splenic plaque forming cells to about 30% be due to the elimination of tbc more highly
and 1%, respectively, compared with the numbers of radiosensitive Tscells. These investigators questioned,
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bowever, whether the same mecbanism operated when
mediated cytotoxicity, natural killer cell acuvity,

doses below this range were used. Under these
mterleukin 2 and interferon secretions, and the

circumstances, they postulated that Ts cells c uld lipopolysaccharide reaction are given in Table 23.

proliferate. The enhancing effect on murine splenic
Interestingly, the maximum response in most of these
reactions occurs at 0.075 Gy.

T cells, which is illustrated in Figure XI, is bowever,
effective over only a nanow range of doses (M18|.
Tbc maximum effect occurs at about 0.25 Gy. 179. Some specinc features of the reactions occuning

at maximum response are summarized in Table 24. An

175. To determine the fate of proliferating T cells, analysis of cell cycle progression by measuring the

animals from a normal C57Bl/6J+/+ strain of mouse
uptake of tntiated thymidine showed an increase in the

were chronically exposed to gamma-radiation in tbc number of thymocytes entering the S phase, with a

range 0.005-0.04 Gy d during 20 days in a four- corresponding decrease in the number of cells in the4

week period [J7]. Animals from an immunologically Go phase 3-7 days after exposittg mice to 0.075 Gy.

depressed C57Bl/63 Ipr /lpr strain were exposed under De Tn/Ts ratio of thymic lymphocytes was the same

similar conditions. A dose-related proliferation in for the first three days, with a lowering of the ratio

thymocytes and splenocytes was noted in both strains
after seven days, which the authors claim was due to
a decrease in the number of CD4*CD8' cellsup to cumulative doses of about 0.8 Gy. This is

illustrated in Figure Xil. The mitogen-responsi"e (compared with CD4'CD8* ce!!s) in the thymus.

L3T4* lyt 2' and L3T4' lyt 2' T cells increased with
dose, while the mitogen-unresponsive L3T4' lyt 2' and 180. A parallel exammation of the phenotypic changes

L3T4* lyt 2+ T cells decreased in both strains relatise
of the thymocyte subsets, with Ocw cytometry using
Quorescence labelled monoclonal antibodies against

to sham irradiated animals.
surface antigens, showed a signincant increase in the

176. However, the magnitudes of the changes in percentage or tbe double-negative (CD4'CD8') cells in

thymic and splenic T cells subsets were different,
the thymus after 0.075 Gy, implying an enhanced

according to whether or not the animals were fed on
renewal of thymocytes.These results are also included

a calorie-restricted diet. He immunologically in Table 24. At the same time, the secretion of colany- j

istimulating factors by thymocytes was stimulated. It is
depressed mice were more sensitive to these dictary known that the colony stirnulating factors secreted by |
changes. It was proposed that these experiments
support the hypothesis that the stress of continuous

the thymocytes act on macrophages to facilitate tbc |
'

low-dose inadiation is consistent with an adaptive production of interleukin-1, which, in turn, serves as
signal for the maturation of immature thymic

mechanism for cell renewal and maintenance of a

lymphocytes. All these changes occuning in the
mitogen responsive cells, thymus following low doses should increase the

177. Two recent reviews [Ll6, M19] provide the basis supply of mature lymphocytes.
;

of a hypothesis with which to explain a radiation-
181. Liu et al. (L26| proposed a mechanism to explain I

induced T-cell response to low doses of radiation. At
tbc cellular level, the question as to whether or not their findings after the whole-body irradiation of mice

at low doses. This is summarized in Figure Xill,
some subsets are more radiosensitive than others wbich outlines the changes in signal transduction of
remains unresolved. The evidence points to the need
for an intact thymus,in that thymettomy prevented the T ly mphocytes. It is a process similar to that

adaptive response [J6). Mitogen-responsive T cells postulated for apoptosts and interphase ficath. How it

appear to be a prime target, and their stimulation is
might be muuenced by neuroendocrine factors is being

associated with enhanced expression of the HSP70 mvestigated. What is known is that exposure to

gene and its related proteins. There may be selective
0.075 Gy causes a decrease m serum corticosterone in

destruction of mitogen unresponsive T cells. Tbc the course of a few weeks accompanied by an increase

interpretation is complicated by the evidence that the
in 5.bydoxytryptamine from the hypothalamus and a

metabolic status of inadiated animals can innuence the
decrease in adrenocorticotropic bormone [L27]. It is
not known bow these changes in endocrine function

response and that there is a marked difference in
radiosensitivity between the strains of animals used in

following low-dose inadiation affect the signal
transduction process in T cells, but it is an area of

the experiments. research worth pursuing.

178. Liu et al. [L8, L9, Ll6| bave investigated several
reactions of splenocytes in two strains (C57Bl.6 and

2. Effects in humans
Kunming) of mice irradiated with x rays. The dose-
effect relationships for antigenic (plaque-formmg cell)
ability, mixed lymphocyte reaction, mutagenic 182. Several parameters of cellular immune function

bave been assessed for 168 persons who survived the
(concanavalin A)-stimulation, antibody-dependentcell-
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atomic bombings of Hiroshim. and Nagasaki but who to about 1.310" per smgle T-cell receptor locus
now reside in the United States [B18, B19, B20]. among the CD4 cells, increasing with age.

Persons exposed to doses between 0.01 and 1 Gy were

compared with persons exposed to less than 0.01 Gy. 186. The mean frequency of mutant T lymphocytes
Lymphocytes were isolated from the peripheral blood was measured in 203 survivors of tbc atomic bomb-
of these indiviluals and assessed for the following ings,78 of wbom received doses greater than 1.5 Gy

parameters of cellular immunity: (a) mitogenic av '25 of whom received doses less than 0.005 Gy |

response to phytobacmagglutinin; (b) mitogenic 7be results were 1.39 : 0.6310" mutants per

response to altogenic lymphocytes (mixed lymphocyte .a exposed males compared with 1.20 0.35 10"-

response); (c) natural-cell mediated cytotoxicity; (d) in unexposed males and 0.99 : 0.39 10" in exposed

interferon production. In every case, the response of females compared witb 0.89 : 0.3810" in unexposed l

the group exposed to 0.01-1 Gy was greater than that females. There was no statistical difference in mutant
of the group exposed to less than 0.01 Gy, although freq,ency between the two groups, although the
only the difference for natural cell mediated frequenty was bigber in males than females. The
cytotoxicity was statistically significant (Figure XIV). smoking habits of the males may have contributed to i

It is not possible to say whether the increase in the bigber values. I

natural-cell-mediated cytotoxicity observed in these
survivors of the atomic bombings exposed to very low 187. Antibody titres to Epstein Barr virus antigens
doses of radiation is a genu;ac adaptive response that were determined in the sera of 372 atomic bomb
was modulated by post radiation environmental con- survivors to evaluate tbc effect of the previous
ditions or a chance findmg. radiation exposure on immune competence against the

latent infection of the virus. The proportion of persons
183. In more recent studies carried out among 1,328 with high titres (al:40) of igg antibodies to the early
survivors of the atomic bombings and now living in antigen was significantly elevated in the exposed
Japan, there was an age-related decrease m the total survivors. Furthermore, the distribution of igm titres

number of T cells (CDS*, CD4*, CD8*) [K14]. agamst the viral capsid antigen was signiGcantly
Ahbough tbc differences were not statistically affected by radiation dose, with an increased
signiGcant, the overall impression is that ageing of the occurrence of titres of 1:5 and 1:10 in the exposed

T-cell related immune system is accelerated in older survivors, although the dose effect was only
persons receiving doses in excess of I Gy, compared marginally suggestive when persons with rheumatoid

with the control group, who received doses of less factor were eliminated from tbc analysis. These results

than 0.01 Gy. suggest that reactivation of Epstein-Barr virus in the
latent stage occurs more frequently in the survivors,

184. De responsiveness of peripheral blood lympbo- even though this might not be affected by the radiation

cytes to altogenic antigens in mixed lymphocyte dose. Otherwise, there was neither an increased trend

culture was measured in 139 survivors of the atomic in the prevalence of high titres (>1:640) of igg
bombings. In contrast to the findings in paragraph 182, antibodies to the viral capsid antigen among tbc

tbc study revealed a signincant decrease in mixed survivors nor a correlation between the radiation
lymphocyte culture response with increasmg dose of exposure and distributions of titres of iga antibodies

previous radiation exposure. This decline was marked to the viral capsid antigen or antibodies to the nuclear
in the survivors who were older than 15 years at the antigen associated with anti-Epstein Barr virus [A11]. ,

I

time of tbc bombings. It suggests a poss,ble relation-
ship between the recovery of T-cell-related function 188. Tbc effects on the immune system of long term

and the thymic function that processes mature T cells low level radiation exposure were measured in two

for the immune system. Thus it may be that in the areas in Gaungdong Province, China [Y8]. The annual

persons who were older at the time of the bombings, effective dose in the area oflow background radiation

tbc thymus function bad started to involute, allowmg in Enping County was about 2.0 mSv. In the area of

less recovery of T cell function than in younger high background radiation in Yangjiang County, the

survivors, who bad adequate processing T-cell activity annual effective dose was about 5.4 m5v. The annual

jA19]. equivalent doses from external gamma-radiation to the
red bone marrow were estimated to be about 0.77 mSv

185. As indicated in paragraph 160, the spontaneous and 2.1 mSv. respectively. Twenty-Gve healthy male

loss and alteration of antigen receptor expression in subjects from the high background-radiation area and

mature CD4 cells has been found in blood cells taken 27 subjects from the control (low-background-
fror- 127 bealthy donors who bad not been exposed to radiation) area were divided into three age groups, and

other than natural background radiation [Kil). De the frequency of interleukin-2-secreting cells was
mean frequency of mutant T cells in males with measured as an index of immune competence in

altered T-cell receptor expression was 2.510", equal peripheral blood lymphocytes.
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189. The results shown m Table 25 indicate that the stimulated with interleukin-2 and then interleukm 4 or

frequency of interleukin 2-secreimg cells wss signi- transformmg growth factor D is added, the reduction

ficantly greater in subjects from the high-background- m cytotoxicity does not occur.

radiation area than in those from the cor..rol (low-
background radiation) area. The increased production 19.T. Low doses of radiation (0.251 Gy) have been

of interleukin 2 in lymphocytes alter low-dose used to augment the effect of immuni7ation of animals

irradiation has also been demonstrated |Z7], consistent to reduce tamour growth [A4|. The immunization

with the view that long term exposure to low doses of procedure mvolved injecting animals with an antigen

radiation may affect tbc immune system. However, of non active tumour cells before exposing them to

smoking live tumour cells. The antigen was prepared byother factors, particularly differences in

babits, could also have contributed to the differences. treatmg the ascitic form of a methylebolantbrene-
mduced fibrosarcoma (Sal cells) with mitomycin and

190. A study of the T-cell subsets in occupationally parafonnaldehyde.These mitomycin-treated eells were

exposed persons revealed no significant in0uence of then injected subcutaneously into the NJ strain of

radiation on their profile [TIO]. Data were pooled into mouse and, to assess immunity, the mice were injected !

two groups, one with individual exposures less than subcutaneously with an amount of living Sal cells |
0.5 mSv and another with exposures in excess of known to mduce subcutaneous tumours. The effect of

0.5 mSv in the previous three months. The average irradiation upon this imrnuni7ation process can be

doses for the two groups were 0.3620.09 mSv and measured. Figure XVil shows the effect of whole- |

1.06 0.77 mSv, respectively. Natural backgrouna body exposure to 0.15 Gy from x rays on (be response l
'

radiation was estimated to be 0.06 mSv during the of A 'J mice to mitomyem treated Sal cells.

period. The results shown in Figure XV indicate no immediately atter irradiation, the mice were injected

statistically significant difference m tbc percentage of with varymg numbers of treated Sai cells, as indicated

CD2*, CD4', CD8* and HNK 1 (natural killer cells). m the Figure. Twenty one days later, they received a
4

However, as indicated by the data given in Table 26. subcutaneous injection of 10 viable Sai cells into the

significant differences were shown as an effect of lett flank, and the size of the growing tumour was
measured over a period of 26 days. The non irradistedcigarette smoking.
control group (solid line) did not receive the

3 5
mitomycm-treated cells. Injection with 10 to 10

3. Effects on tumour growth mitomycm. treated tumour cells resulted in vatable
degrees of immunity in both sham irradiated and

191. Tbc precise involvement of the immune system irradiated groups, expressed in terms of smaller

in the natural course of cancer remains uncertam. It is
tumour site than in tbc control group. However, the

known that white cells cultured m utro in the degree of immunity was almost always greater in the

presence of the cytokine interleukin 2 acquire the irradiated mice. Low-dose augmentation was less

capacity to kill tumour cells [S50]. The phenomenon pronounced in recipients of thymus-derised T cells.

was termed lymphokme-activated killer activity. The From these results it was suggested that exposure to

use of m ritro techniques to study cytokine kinetics low doses of radiation reduces the number of T cells,3

has given some insight into their role in tumour wbich normally suppress rumour rejection.
|

biology. Some cytokines (e.g. gamma interferon) can
render tumour cells resistant to cell mediated killing, 194. In a tollow-up to these studies, the effect of |

while others (e g. transforming growth facts N can radiation was shown in an in vitro system in wbich the

enhance the growth of some tumour cells. . bu: effect of irradiating donor spleen cells could be

cytokines interact to generate immune responses and measured [ A18]. One procedure (Winn assay)

modulate the outcome of effector mechanisms on involved injectmg viable Sal cells into NJ mice and
killing them two days later. Tbc spleens were sham-

target cells. 4irradiated or irradiated witii 0.15 Gy, and 10 spleen
4

192. Thus, the response of a cell to a cytokine cells were mixed with 10 Sal cells.This mixture was

depends on the context m which the cytokine signal is injected subcutaneously into A/J mice and tumour stic

received. For example, if white cells are mixed with measured over 18 days. Figure XVIII shows the

tumour cells in culture, the ability of tbc white cells to mbibitory affect of the radiation.

kill tbc tumour cells m the presence of cytokines can
be measured. This is shown in Figure XVI. Inter- 195. The ef fects oflow-dose radiation on another type

leukin 2 can profoundly increase tbc cytotoxicity of of experimental tumour, the Lewis cell carcinoma,

tbc white cells. Conversely, if either interleukin-4 or have been measured [L29). C57Bl/6 mice received
transforming growth factor p is added at the same whole body x irradiation giving doses in tbc range

time as the interleukin-2, the cytotoxicity is signifi- 0.05 0.15 Gy at a dose rate of 0.0125 Gy min'3. All
5

cantly reduced. However, if the white cells are first mice were injected intravenously with 710 cegg, gg
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12wis lung carcinoma 24 hours after the irradiation C. SUN 1 MARY

and were killed 14 days later. The lungs were
198. Studies to charactenze the role of the immuneremoved and the tumour nodules on the lung surface

were counted. He mean number of lung tumour response to low doses of radiation are contmuing. Tbc

nodu!cs was 16 in the 0.05 Gy dose group,27 in the mechanisms responsible for T-cell selection durmg norma!

durerenuation in the thymus and acuvauon of the {0.075 Gy group, 20 in the 0.1 Gy group and 27 in
I

0.15 Gy group, all signiGcantly lower than the 85 signalling process that couples antigen recognition to
changes in lymphocyte behaviour are gradually beingnodules counted in the sham irradiated group
elucidated. A sequential role for phospholipase C,

(p < 0.01-0.001). This supports the view that there
may be an inhibitory ef fect of low-dose radiation on intracellular calcium ion and protein kinase C, followed by

the pulmonary dissemination of Lewis lung carcinoma transcnption of genes such as cfos, and interleukin-2
Production in the activation of T cells has been proposed. |in mice.
Similar sequences of events appear to be associated with i
apoptosis and in low-dose-radiation-induced interphase

196 Miyamoto and Sakamoto [M28) demonstrated death, which causes enhanad DNA replication and
the anti-tumour effects of low doses of radiation in proliferation of T cells. Whole-body irradiation of mice
mice of the WHT/H strain. Mice were exposed t results in a dose-related enhancement of the T-cell i

250 kV x rays in the dose range 0.051 Gy at a dose n sponse to antigenic, allogenic and mitagenic stimuli at )
1rate of 1.23 Gy min . They were then injected with doses below about 0.1 Ov.

squamous carcinoma cells, and the effect of the
'

radiation on subsequent tumour growth was rneasured. 199. As an alternative explanation to radiation-induced

For example, wholobody irradiation of 0.1 Gy to mice mterphase death, experimental studies using mice have

beanng primary leg tumours followed 12 24 hours shown selective depression of radiosensitive suppressor

later by localized tumour irradiation delayed the T cells withm the dose range 0.025-0.25 Gy, with an
more than did localized optimum response at 0.075 Gy. His needs to begrowth of the tumours

irradiation alone. The results for various times and u vratigated further as a possible mechanism of the )
amounts oflocal irradiation are given in Table 27. The aaptive response. )
in vitro immune responses of splenocytes from
tumour-bearing mice exposed to 0.1 Gy are compared 200. The evidence for changes in the T /Tii ratio ofS

to those from sham. irradiated tumour-bearing mice in T cells in bumans exposed to radiation remains equivocal.

Figure XIX.Tbc selective depression of T cells may Reported changes in the ratio of these cells in tbc blood of
s

have been responsible for this low dose ef fect. atomic bomb survivors over 40 years after exposure are 1
difDctit to interpret, the effects of the long time interval
and of changes in the environment and cigarette smoking

197. Immune response and tumour growth have als being confou.. ding and inexplicable factors. A Chinese
been studied in humans. In a study of non-Hodgkin's study of the chronic exposure of a large population to
lymphoma patients, the effect of whole or half.buiy background levels of external radiation of about
x irradiation on the various T cell subsets was 5.4 mGy a'l indicated that ievels of interleukin-2-secreting
measured [T16). Patients received 0.10.15 Gy per cells were significantly increased in persons from this area
fraction, delivered two or three times per week, until compared with persons living in an area of lower radiation
the cumulative dose was 1.5 Gy. The changes m the background where the annual effective dose from extemal
T-cell subsets are shown in Table 28. A statistically exposure was about 2.0 mSv; the authors acknowledged,
significant increase in helper T cells and helper- however, that differences in geochemical and other
inducer T cells was found, with no change in the environmental factors provide an equally plausible
suppressor cells or natural killer cells. The direct anti- explanation. A study of workers chronically exposed to
tumour effect was evaluated in 10 patients. Tw low Sses of radiation showed no statistical difference in
patients showed compicte remission, seven partial the pei. :ntage of helper or suppressor T cells or of natural
remission and one, no change. In tour patients given killer cells m groups with average doses of 0.36 and
half. body irradiation, the tumours showed complete or 1.06 mSv. bowever significant differences were found in
almost complete remission even though the primary relation to cigarette smoking.
tumours in the tonsils or neck lymph nodes were
outside the irradiation field. Anti. tumour activity in the 201. A role for tbc neuroendocrine system in in0uencing

other patients was obscured by chemotherapy received T-cell proliferation after low doses of radiation has
after the irradiation. The changes in T-cell subsets and recently been proposed. He blood vessels in most
tumour responses could be consistent with an adaptive lympboid tissues are innervated with sympathetic nerves,

feedback control signal that up-regulates stem cells, and tbc lymphoid tissues are under the control of
with preferential proliferation of differentiating Tn bonnonal factors via the hypotbalamus. nere is evidence

cells. These studies need to be substaeted to to support the view that radiation can activate the
climinste tbc possibility of spontaneous remission. neuroendocrine system and enhance the immune response.
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202. A cytotoxic effect of irradiated T cells on tumour tumours in animals, but the evidence for a similar

cells has been demonstrated. It is postulated that low doses effect on human turaours is sparse. There is a need to

of radiation act by modulating andgen-stimulated clonal mvestigate these effects, which could be of clinical

growth. Dere is evidence of a down-regulanng effect on significance.

IV. EXPERIMENTAL STUDIES OF RESPONSE IN MAMMALS

203. De effects of radiation in animals have been studied 207. Age at exposure was shown to be an important

in numerous experiments. Evidence of possible adap6ve factor influencing survival. Female mice of the BDF /Ji

responses have sometimes emerged in lifetime studies of (C57Bl/6J x DBA/2J) strain were exposed to 0.8,2.4

animals exposed to acute or chronic low-IIT radiation at or 3.2 Gy from 250 kV x rays at 90 days of age, and
LD o30 values were determined at various agesdous well below those associated with bone marrow 3

failure. Life-span and incidence of neop!astic diseases have thereafter [S55]. The results, given in Table 29,
been assessed. Other experiments have been done with showed that there was no statistically significant

animals exposed to non-lethal conditioning doses prior to difference in LD values between controls and those3o

acute exposures to potentially lethal doses. It should be pretreated with 0.8 Gy in animals below the age of

noted that in many of these studies the conditionmg doses 550 days. With bigber conditioning doses, however,

were well above the range of doses producing the adaptn e there was residual damage in tbc animals resulting in

response in cellular systems. Iow er resistance to a lethal dose (expressed as reduced

LD valueg3o

A- SHORT. TERM SURVIVAI, FOI.IDWING 208. As a recent example of these short-term survival

ACUFE, HIGH DOSE EXPOSURE studies, two month-old SPF mice of the C57BI strain
were acutely exposed to a range of doses from x rays

204. Experiments were carried out m the 1950s and between 0.025 and 0.1 Gy [Y9]. Two months later,

1960s to investigate the hypothesis that stunulatmg they were acutely exposed to 7.75 Gy, and 30-day

bacmatopoietic stem cells to proliferate before exposing survival was measured. The results, given in Table 30,

animals to a potentially lethal dose of radiation could showed a marginally significant increase in the life-

improve their chances of recovering from acute bone span of animals receiving the lowest conditioning dost

marrow failure. A historical review of these experiments and a deGnite improvement in survival at conditioning

was given by Dacquisto and Major [D2). doses of 0.05 and 0.1 Gy compared with animals not
exposed to a conditioning dose. He improvement in

205. In one of these early experiments, adult female survival rate coincided with an increase in endogenous

Swiss white mice (Bethesda Naval Medical Research colony forming units, consistent with increased
Institute strain) were acutely exposed to a dose of about proliferation of baematopoietic stem cells following

1.2 Gy from 250 kV x rays at weekly intervals over a the conditioning doses.

penod of three weeks [C18). Thirty days after the third
exposure, the mice were acutely exposed to a challenge 209. In a subsequent experiment, mice were irradiated

dose of about 5.6 Gy, which was known to be the dose with x rays to doses of 0.025-0.5 Gy at six weeks of

approximatmg the IE o39. Of the animals in this group. age and exposed two months later to a dose of 7 Gy
3

26% died after 28 days, compared with 41ct in the control from x rays [Y7]. A dose of 0.025 Gy was insufficient

group, which received only tbc challenge dose. to affect survival after exposure to the high dose, but
pretreatment witb 0.05-0.1 Gy produced a significantly

206. His observation was confirmed by another study in increased survival rate. However, the resposse to

which adult female Swiss white mice (Walter Reed strain) pretreatment with 0.05 Gy after two months was
were acutely exposed to a conditioning dose of about strain-specific. It occurred in C57BI but not in
0.4 Gy from x rays, either 10 or 15 days before deter- BALBic mice. Surprisingly, an increase ia survival

values [D2). Tbc LD o30 values for tbc
was not observed in animals pretread uth 0.2 Gy ifmining LD50So 3

two irradiated groups were about 4.48 2 0.25 Gy and exposure to the challenge dose occurred up to 1.5

4.94 : 0.25 Gy, respectively, compared with 3.90 e months after the conditioning dose; and pretreatment

0.21 Gy for animals not exposed to the conditioning dose. with 0.5 Gy resulted in an increase in survival if the

There was no evidence of splenic or thymic hypertrophy challenge dose was given two weeks later but not after

| in animals that recrived the conditioning doses, in contrast two months. Dese findings persuaded the authors to,

to an earlier observation that localized splenic irradiation postulate different mechanisms involving time-related

to a dose of about 0.16 Gy caused transient bypertrophy stimulation of bacmatopoiesis, although they were not

[P13].
specified.
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!

IL IDNG TERM SURVIVAL FOLLOWING different dose rates. Non-irradiated animals serving as )

SUB-IITHAL EXPOSURE controls were placed either in a corndor adjacent to the |

irradiation facdity or in an adjoining room. It was |

210. Studies using rodents and beagle dogs have provided subsequendy discovered that the control group in the i

some insight into the long term effects of acute exposure corndor were in fact exposed to stray radiation from the

to low doses and of chronic exposure at low dose rates. inadiation facility at a rate of between 1.6 and
d 4

They date from the early pioneering work of Russ and 4.9 mGy a .This compared to about 0.14 mGy a in the

| Scott |R2, R3). control group in the adjoining room. %c mean survival
times are shown in Table 32. For comparson, the results

d
1. Experirnents with redents for animals irradiated at the rate of 40 mGy a are given.

Here was a statistically signifiant increase in the mean

211. De effect of chroruc inadiation of mice was survival times of males but not of females exposed to
4

deambed by lerenz et al. [Ltd, L19] in an early between 1.6 and 4.9 mGy a compared with those
4

experuneet in which both survival and tumour incidence exposed to dose rates of 0.14 mGy a .

were measured. Male and female mice of tbc (C57BI x
A)F: strain, refened to as LAF , were exposed from the 215. One interpretation of these studies is that any in-

3
crease in survival for male micr receiving the higher doses

age of,one month for the duradon of life to gamma rays
! from Ra delivered at tbc rate of about I mGy for 8 of radiation redects a decreased number of deaths in early! d

hours cach day. Control mice were housed in a room life. A po6sible explanation could be that minimal injury

adjacent to the expo 6ure room. Almost a year atter the to the bacmatopoietic system causes a rebound in stem

start of the expenment, the control mice developed cell proliferation. Ris reg:nerative hyperplasia could then

f
~ dermatitis and had to be replaced by mice not direcdy create a larger mass of tissues devoted to tbc defence

,

related to the irradiated mice but from crosses of the same agamst intercunent and potentially lethal infection. His
j mechanism, however, does not prevent the occurrence of

inbred strains.
| tumours that appear in late life, which are not necessarily

| 212. De mean survival times of the irradiated male mice the cause of death. Why this response is confined to males

was sigmficandy bigber than those of tbc control mice, but cannot be explained.'

there was no statistical difference between the two groups

of females, although there was a tendency for the females 216. Upton et al. [U12, U13] studied the laic effects of !

to live longer than tbc males (Table 31). However, the low-LET radiation in RF/Un mice. Life-span and tbc |
I

diferences in life-span in the males cannot be accepted incidence of neoplastic diseases were ==al De effects

! without reservation, since the replacement control group of mean accumulated doses up to about 3 Gy at varyingj

4 d
.may have been subject to different environmental dose rates between 0.05 Gy d and 0.8 Gy min are

conditions and may have possessed genetic charactenstics shown in Table 33. Several interesting features emerge

slighdy different from those of the onginal group.
from t' ese studies. In males, there was litdc effect on life.

4
span (mean age at death) at dose rates of 0.8 Gy min

213. Although no single cause of death predominated, until the accumulated dose approached about 1 Gy; there ,

4 '

pyclonephntis appeared to be a major contributing factor,
was little effect of dose rate in the range 0.05-0.77 Gy d

Its occurrence is frequendy associated with dermatitis, at an acrumulated dose of about 1.5 Gy; and, overall,
|

'

| particularly among males. Dere was an increase in the gamma rays were less effective at low dose rates than at

meidence of lympbosarcomas and other tumours of tbc high dose rates at accumulated doses of about 3 Gy. In

reticular tissues in both male and female irradiated mice, females, there was no significant change in the mean age

| and mammary carcinoma incidence was also higher in the
at death at dose rates of 0.067 Gy d until the I4,

inadiated females (p < 0.1). Tbc irradiated females accumulated dose reached about 2 Gy; reducmg the dose |

|

l showed an increase in ovarian tumours (p < 0.05), and tbc rate to 0.01 Gy d'3 increased the mean age at death at

irradiated males showed an increase in lung tumours accumulated doses of about 3 Gy.

(p < 0.05) nese results were essentially conGrmed in a
217. He mean age at death of animals with neoplasms

sandy in which guinea gigs of the Tumble Brook Farmswas also inDuenced by dose rate. nus in males, irradiatedstrain were exposed to Co gamma rays from the age of

[ 100 days for the duration of life at a dose rate of about anunals died earlier than controls at dose rates of ,

i
1mGyd4 [R11]. 0.8 Gy min , even at the lowest accumulated dose of4

0.25 Gy, but there was no significant difference compared

f
214. Sacher and Grahn [S52),in a study of the survival

with controls at dose rates of 0.15-0.77 Gy d-l at ani

of mice exposed for the duration of life, also reported an
accumulated dose of about 1.5 Gy with a marginal

i

inacase in the life. span of arumals exposed to "Co difference at a dose rate of 0.05 Gy d . In females, earlier

genuns rays at a donc rate of up to about 30 times that of
death from neoplasms occurred at dose rates of

the backgrouid radiation. Male and female mice of the 0.067 Gy d after an accumulated dose of about 2 Gy,4

IAF strain were exposed to a wide range of doses at and there was no difference from controls at doses of
3

- .- ._ - _ _ . - ,- -- .. -, ,
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in of about 2 Gy, elbeit tbc con 6dence limits were ex- |
3 Gy, if the dose rate was reduced to 0.01 Gy d'l
suminary, these results support the view that at low dose

tremely wide.There was a non-sigmGcant trend suggestmg

rates and awumulated doses of a few gray there is no
an incTease m life-span in animals exposed st 19 months |

'

|i

cpparent life shortening or early appearance of neoplastic
of age at a dose of 2 Gy. Life shonening was associated

with an increased incidence of reticulum all sarcoma (adiseases causing death of the irradiated animals compared
,

with unirradiated controls. There is, as well, no support for non-thymic malignant lymphoma that inGitrates the splee n,
j

J

liver and mesenteric lymph nodes). Primary tumours of
an apparent inacase in life span or decrease in tumour the lung and liver, matly benign adenomas, and

'

incidence due to the radiation exposures at the lowest
submtaneous Gbrosarcomas were also found. However, no

difference could be detected in the patterns of total tumour |doses.

-idence for irradiated and non irradiated (control) |
218. Ullnch and Storer [U14, U15] also described the 1

ials.induence of radiation on life-span and tumour induc6on in

mim of the RFM and BALB/c strains. S{7cifically, a
1 Cs amma- 221. Sasaki and Kasuga [S54i compared the effeas of

study was made of the effects produced byradiationdelivered at0.4 Gy min or0.083 Gy d~pd ,within Cs gamma rays on female mice of the B6C3F strain!37
1

the dose range 0.14 Gy for RFM mice and 0.5-4 Gy for
exposed under speciGc-pathogen free conditions until
natural death. Mice were irradiated at 17 days in utero, or

BALB/c mice. At tbc lower dose rate, the life-shortening

effect in BALB/c mice could be described as a linear or
at birth, or at 15 weeks of age with doses of 1.9,3.8 or

linear-quadratic function of dose, although the lowest dme
5.7 Gy. Here was a decrease in life-span at 1.9 Gy in all

j

!

used was 0 5 Gy. The influence of dose at a dose rate at
groups, but no statistically significant increase in total

|

0.083 Gy d on the incidence of neoplasue disease in
tumour incidence between irradiated and control groups4

female BALB/c mice is shown in Table 34. For RFM
was ob,crved (Table 36). Mice in the fetal period were

mice, thymic lymphomas were the predominant reticular
fand to be susceptible to pituitary tumours and liver and
lun<. tumours. There was an excess of malignant

tissue neoplasm, the solid turnours being lung adenomas
lymphomas at a dme of 5.7 Gy, and the total time until |

or endocrme-related tumours. The incidenn of rumours incidence was less than with controls. De exposure of |

was at all doses bigber than in the unirradiated controls.
young adults was associated with the induction of myeloid |
leukaemias and Harderian gland rumours. |

219. Sato et al. [S42, S53] exysed male and female l

mice of the C57Bl/6J strain to Cs gamma rays at rates
of 0.029-0.38 Gy d Exposures at the rate of 222. Maism et al. [M29] measured life-span and disease ;

4
|

0.029 Gy d started at four weeks of age. De mean life-
incidence in the C57Bl>Cnb strain of mouse exposed to4 137 |

span of female mice was 628 10 days, with a mean
acute and fractionated doses of Cs gamma rays.
Twelve-week-old mice were exposed to doses ranging f

accumulated dose of 16.4 Gy; for male mice, the mean
from 0.25 to 6 Gy at a dose rate of 0.3 Gy min in a

4 1

life span was 723 10 days, with a mean accumulated
single session or in 10 sessions delivered 24 hours apart,dose of 18 Gy. De mean life-spans of unirradiated or in 8 sessions, delivered 3 hours apart. De results of an

females and males were 693 : !! days and 725 15

days, respectrvely. In tbc irradiated females, this life
acute exposure are show in Table 37 here was no
indication of an mcrease in life-span at these doses, |

shortening was statistically signiGcant; in the males, it was
decreases in life-span were not statistically evident until i

not. In a follow-up study, life shortening at the bigber dose

rates was associated with the occurrence of thymic
the dme approached 1 Gy. A fractionated exposure was |

l

less ellective in reducmg survrval time than an acute
lymphomas, which ocrurred more frequently in exposed

exposure, and life shortening was not observed in the 8
younger mice (O5]. At the highest dose rate, and at and 10 fraction protocols until the dose approached 2-3 Gy
accumulated doses of 39 Gy over a period of 105 days,
hfe shortening was also associated with baemorrbage and

and 4 Gy, respectively.

infectious diseases owing to depletion of the stem cells of
223. De causes of death in ururradiated mice could be
segregated into late degenerauve changes in lung andbone manow.

220. Covelli et al. [C20] studied the effects of x rays on
kidney (glomerulosclerosis) (-607c), leuksemias (-21%)
and carcinomas (mainly liver adenocercinoma) and

life-span and tumour induction as a function of age at sarcomas (-16%). The incidence of thymomas was low
exposure. Male and female mice of the BC3F stramwere

(~I Fe), and no radiation-induced excess of lymphoma was
i

acutely exposed to 250 kV x rays, either in utero at 17 observed untd the doses approached 2-4 Gy, but tbc
days after coitus, at 3 months, or at 19 months of age. De tumours did result in death at an earlier age than in
doses varied from 0.3 to 2.1 Gy for in utero irradiation

unirradiated animals. The incidence of all malignancies
and from 0.5 to 7 Gy at 3 months or 19 months of age.

was less than in the unitradiated mice after acute dosesPrenatal irradia6on or irradiation at 19 months of age did
between 0.25 Gy and 1 Gy,with no significant change in

not result in clearly measurable life shortening (Table 35).
There was, however, a trend suggestsve of life shortening

the alpha parameter of the Cox linear proportional baurd
models within this dose range. Fractionation increased the

in animals exposed at 3 months of age at doses in excess
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incidence of all malignancie thus their incidence was 227. In another study, dogs were exposed bilaterally

45% and 527c at 1 Gy and 2 Gy, respectively, for the to 250 kV x rays, delivered in different numbers of

8-fraction protocol and 407c. 327c and 36% at 0.25 Gy, fractions and different fractionation intervals, to total

0.5 Gy and 1 Gy, respectively, for the 10-fraction doses of 13 Gy. The dogs were exposed between 8

protocol. De authors concluded that these differences and 15 months of age. Some dogs were bred after

between fnctionated and acute exposures were small and exposure, distinguished as parous or nultiparous. The j
not well enough established from a statis6 cal viewpoint. dogs listed in each group shown in Table 40 are those i

surviving at least 90 days after the irradiation. Two

224. The effects of gamma rays and fission neutrons on general summaries of the data have been published,

the life-span of mice has been studied for many years at
one before all tbc animals were dead [A13), the oder

the Argonne National Laboratory in tbc United States. emphasizing the effects on life-span and tumour

Earlier studies of low-LET radiation principally involved induction [R12].

"Co gamma rays delivered citber as acute exposures or 2 o. There was no increase in survival time, expressed as
condnuously [C19, T15|. For tbc most part, the acute median survival after exposure, of any of the irradiated
exposures were delivered over a 20-minute penod at dose dogs compared with the urtirradiated mntrols. Although ;
rates ranging from 0.0083 to 0.094 Gy min'l De '

life shortening was only marginal in animals given acute
exposure regime began when the animals were i10 days or fractionated doses up to 1 Gy, it occurred in some j
of age. groups of animals given 2 or 4 fractionated doses of

between 0.75 and 1.5 Gy total dose and fractionated doses
225. He results obtained on the mean survival after f 3 Gy. The main causes of death were similar in
irradiation of male mice of the B6CF stram exposed fori irradiated and unirradiated dogs.Re development of non-
22 hours each day, five days each week have been

neoplastic diseases (essentially fibrosis) at an carlier age in
reported [T15). The exposures were continued for citber rradiated animals at the bigber dose explained, in large
23 or 59 weeks, the accumulated doses ranging from 2.!

part, the obsersed life shortening. However at 1 Gy, the
to 24.6 Gy. He effects of these expmure conditions are mcidence of non-neoplastic diseases, mammary tumours
shown in Table 38.Here was no indication of an increase and non mammary tumours was broadly similar to that j
in life-span at any dose in this range. Life shorterung from bserved in the unirradiated group. j
deaths due to all causes did not become significant until

the total dose approached 4 Gy for a 23-week exposure or 229. In a third study, dogs were exposed to "Co gamma
5 Gy for a 59-week exposure. Rese values were not "I* ' "" ## #' " * #""E*"
significantly altered when the analysis was restncted to

' Y ""# ' " " #Y '### * * * " " *

mice dying from tumours. Above ~4 Gy, the dose- dose [F1, F22, G13). Dose rates ranged from 0.003 to
response relationship was linear and inversely dependent 0.054 Gv d , and tbc accumulated doses at termination ofd

on tbc protraction penod.Tbc hfe-sborterung coefficients exposures ranged from 45 to 30 Gy. At dose rates greater
for the 23-week continuous and 59-week continuous thano.019 Gy d ,the responseswere dose-rate-dependent4

protocols were 0.16 and 0.08 days lost per 0.01 Gy, and linuted pnmartly to damage of the haematopoietic
compared with 0.39 days for an acute single exposure, system (Table 40). At dose rates between 0.003 and
thus showmg a marked dose rate effect. 0.008 Gy d , myeloproliferative diseases ultimately4

expressed as myelogenous leukaemia were the limiting

.
factor for survival [K25).

2. Experiments with heagle dogs

226. De effects on life-span of r xternal whole-body C. SUMMARY
exposure of beagle dogs to x or gamma rays has been
studied. In one study, dogs were exposed to 0.16 Gy or

230. Observations of adaptive responses in in virro

0.83 Gy from "Co gamma rays at 8,28 or 55 days in
allular studies cannot be readily extrapolated to postulate

utero or 2 days after birth. In addition, some dogs were adaptive response in the irradiated animal. He different

exposed 10 0.83 Gy at 70 days or 365 days after birth. The
exposure patterns in animal studies (acute versus chronic

status of these studies in 1982 is shown in Table 39.
lifetime exposure) could involve mechanisms different
from those involved in the cellular adaptive response to a

Hrough 10 years of age, no differences in survrval were
evident in any of tbc exposure groups [B23]. Irradiation low conditioning dose followed by a high challenge dose.

during the fetal period was, however, associated with The complexity of multicellular organisms, including the

abnormalities of skeletal, den'.at and central nervous aucial role of immunosurveillance and endocrine factors

system development. Perinatal irradiation resulted in
in maintaining the healthy state, must be taken into
account. He careful management of the animal colonics

kidney dysplasia and,in animals receiving bigber doses,in
chronic renal disease. Ac thymus gland, particularly the

to avoid infections and stress and the need to recognize

thymic epithelium, was found to be highly radiosensitive strain-specificity of tumours should not be overlooked in

during fetal development. future expenments.
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231. Stimulating the haematopoietic system to |
accumulated doses up to a few gray, at dose rates

dbetween 0.005 and 0.3 Gy d , or on the time of
proliferate by exposing the bone marrow in two to
between about 0.025 and 0.1 Gy has been shown to ! appearance of tumours or on tumour incidence among

improve the short term survival (expressed as LD of3o) firradiated animals. Why some expenments resulted in
3

an mcrease in life-span is not easily explained. Wbde
of rnice subsequently exposed to a potentially lethal j the observed increase in life span could be due to
dose of radiation. Whether a sirnilar rnechanism is random vanability, it is possible that the effect is real.
responsible for improving the longer term survival of
animals chronically exposed at low dose rates is if so, it is important to understand the precise con-

ditions under which life-span is increased.
unclear. It is plausible to suggest that improvement in
long-term survival could be a result of chronic 234. More recent experiments using mice have con-
minimal injury to the bone marrow, causing a rebound Grmed that there is no statistically significant change
in stem cell proliferation and protection against in tumour incidence in iradiated mice compared to
infections, but occurring along with this effect is an

unirradiated controls below about 2 Gy, depending on
increased risk of malignancy due to the proliferation

the strain of mouse used. At bigber doses there is a
of potentially malignant cells. dose related increase in several tumour types causing

death and a corresponding decrease in mean life-span.
232. Experiments in the 1950s indicated that the mean
life span of male, but not female, mice could be
increased if the animals were exposed daily to low-

235. He results of experiments using beagle dogs are

LET radiation from a few milligray to several bundred in general agreement with those obuined using mice.

milligray per year above the level of background
in addition, they confirmed the increased sensitivity of

radiation. A feature of these observations was that the
the fetus and young animals. Observed life shortening

mean increase in life-span reflected a decreased
at accumulated doses greater than a few gray could be

number of deaths in younger irradiated animals. Why
related to the development of non-ncoplastic diseases
at an earlier age than in unirradiated a nimals.

the response was confined to males is not apparent. Irradiated animals were susceptible to the development

233. Other experiments related life span to the of myeloproliferative disorders,wbich were frequently

incidence of neoplastic diseases. Taken together, the expressed as myelogenous leukaemia at dose rates
above about 0.003 Gy d'l and after accumulated doses

results of these experiments could be interpreted as
of a several gray. Error prone DNA repair mechanisms

demonstrating tha t, compared with the pattern
were proposed to explain the onset of myelopro-observed in unirradiated controls, there was no signi-
liferative disorders.ficant effect on mean life-span following exposure to

EPIDEMIOLOGICAL STUDIES OF RESPONSE IN IIUMANSV.

236. He effectiveness of a cellular adaptive response
response, although this ellect would perhap not be

in humans, expressed in terms of a reduced rate of
staustically demonstrable.ne dme responsc relationship has

spontaneously occurring cancers or of a reduction in
been judged to be linear without threshold for all ancers

the expected numbers of radiation induced cancers,
exduding leukaemia. For leukaemia, the relationship that
best fits the data is linear quadratic and linear at low doses.

would be most convincingly dernonstrated if it wcre
An increase in total cancer mortality has been statistically

the outcome of epidemiological studies involving
demonstrated at dmes above 42 Gy oflow-LET radiation

exposure to low doses. De general results of these but not at lower dmes, exapt in special circumstances such
studies are discussed in Annex A, * Epidemiological

as cancer in diildhood foilowing un arcro irradiation and
studies of radiation carcinogenesis", most of which
indicate steadily increasing cancer incidence with thymid cancer after acute exposure of the thyroid to low-

LET radiation during diildhood.
increasing dose. Only those cases in which exposures
were only marginally above the natural background

238. Among tbc limitations on the confidence oflow-dmelevel are re-examined in this Chapter. For inherent
reasons, the evidence of an increase in the spontaneous epdemiologial studies, by far the most consistent problem

meidence of cancer is in these cases equivocal.
bas been the lack of statistical power. His has been due to
a combination of factors, including insufficient numbers in

237. There are theorcucal reasons based solely on the the irradiated population, inadequate follow-up and doses
that are collectively too small to have any chance of

nature of DNA damage and repair to exped that cancer an

ocuir at the lowest dmes wnhout a threshold in the
providinc a dme-response relationship.

i
1

I
J
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A. INHABITANTS OF llIGil HACKGROUND tn the high-background radiation area and in the control

AIEAS area were 9.5% and 9.3G. respectively. For smgle
nodules, the prevalences were 7.5% in the high-

239. Examples of background radiation studies in France, background area and 6.6% in the control area (prevalence

Japan, Sweden, the United Kingdom and the Uruted States rado = 1.13; 95% CI: 0.821.55). No diRerences were 4

are reviewed in Annex A, " Epidemiological studies of found in scrum levels of thyroid hormones. Women in the f
radiation carcinogenesis". The conclusion from these high-background region, however, had signiGcandy lower j

studies is that there is no demonstrable association conantrations of urinary iodine. De prevalence of mild (
between leukaemia and other cancers and background diEuse goitre was higher in the high-background-radiation ,

I

radiation. region, perhaps related to a low dietary intake ofiodine.
The authors suggested that continuous exposure throughout

240. Updated estimates of the cancer risk for a populadon life to a total dose of about 0.1 Gy in excess of the low

of about 80,000 persons continuously exposed to natural background level did not inDuence the risk of thyroid

background radiation at a dose rate about three times nodular disease; however, this study did not provide

higher than the world average have recently been reported statistically significant results.

[W29, W30). This population lives in two areas in
Yiangjiang County of Guangdong Province, China. A
comparison is being made with a populadon of similar IL OCCUPATIONAllX EXPOSED
size and age structure in a nearby control area of low INDIVIDUAIS

background radiation in Enping County. Details of the
doses are given in paragraph 188. These populations are 243. Studies of the effects of radiation following

stable in that there is little rnovement into and out of the occupational exposures are useful in clarifying the possible

areas. Reir age structure is biased towards younger age relationship between relatively low doses of garruna-

groups compared with the rest of China. Ascertamment of radiation and the risk of cancer. One relevant study was of

cause of death is of a high standard, and the dche nuclear shipyard workers in the United States [M13].

measurements, based on several digerent techniques. are From a database of almost 700,000 shipyard workers,

in good agreement. The rates of site. specific cancer induding about 108,000 nuclear workers, three study

mortality and estunates of excess nsk m the high- groups were selected, consisting of 28,542 nuclear workers

background radiation area, relative to the control area, are with working lifetime doses 25 mSv (many of them

given in Table 41 [W29].The high incidences of pnmary received doses well in excess of 5 mSv),10,462 nuclear

liver cancer and nasopharyngeal cancer are peculiar to the workers with doses <5 mSv and 33,352 non-nuclear

whole of Guangdong Province and are probably related to workers, ne type of work carried out by the three groups

loca'. environmental factors, which include infection with was identical, except that the nudear workers were

bepatitis B virus and srnoking, respearvely. Rese two exposed additionally to *Co gamma-radiation. Tbc

cancer types comprise the largest number of cancers in the median age of entry into employment for the three groups

two areas and are highest in the low background area. De was similar, that is, about 34 years. De study included

totals of all cancers other than leukaemia are not strictly exposures received from the beginning of nuclear ship

comparable with these cancers included. overhauls in the 1960s until the end of 1981. All groups
worked in areas where intakes of asbestos were possible.

241. While there are slight differences in the site speciGc

cancer mortality rater between the two populations, the 244. Deaths in each of the groups were classified as due

overall differences in leukaemia and other cancers to all causes, leukaemia, lymphatic and haematopoietic

combined are not statistically signiGcant, and the results so cancers, mesothelioma and lung cancer. De results,

far do not provide clear evidence of tbc presence or summarized in Table 42, demonstrate a statistically

absence of deleterious cEccts due to low doses of significant decrease in tbc standardized mortality ratio for

radiation in the environment. His may not be surprising, the two groups of nuclear workers for ' death from all

considering the difference in cumulative dose between the causes" compared with the non-nudcar workers. His was

two areas, based on a 50 year exposure, of about 60 mSv. due in part to a higher incidence in the non-nuclear

ne problem, then, is the lack of statistical power to detect workers of deaths from diseases other than cancer, which

an effect on risk at such low doses. included cardiovascular disease and respiratory, genito-

urmary and digestive tract disorders. Both groups of

242. Dyroid nodulanty following continuous low-dose nuclear workers had lower death rates from leukaemia and

exposure in China was determined in about 1,000 women from lymphatic and haematopoietic cancers than the non-

aged 50-65 years living in the high-background-radiation nuclear workers, but this was not statistically significant.

area and in a similar number of controls living in the low- All three groups of workers had lower death rates from

background control area [W28). Cumuladve doses to the lymphatic and haematopoietic cancers than the general

thyroid were estimated to be about 0.14 Gy and 0.05 Gy, population in the United States. This has been referred to

respectively. For muluple nodular disease, the prevalences as the healthy worker effect. Mesothelioma was the only
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that lead to the healthy worker effect. Positive trends
cancer that showed a su;nificantly higher incidence for with dose were found for all malignant neoplasms
all groups. De slightly bigber, but non.significant, taken togelber and for leukaemias, excluding chronic
incidence oflung cancer for all three groups compared

lymphatic leukaemia (Figure XX). ne former trend
to tbc general population of the United States could did not reach statistical significance (p = 0.10, one-
have been associated with a bestos exposure. sided test), wbile the latter was statistically signincant

(p = 0.03). Because it was considered possible that245. Two features of this study need to be
emphasized. First, the collective lifetime doses from

cigarette smoking may have influenced the results,

occupational exposure in the two nuclear worker
Figure XX also shows the relative risk for the

groups were estimated to be 1,450 man Sv and
malignant neoplasms, excluding both lung cancer and j
leukaemia. The scatter of the points showmg the j

26 man Sv. respectively. The estimated collective
average relathe nsk and the wide confidence intervals !doses from natural background radiation in the same

periods were 1,067 man Sv and 409 man Sv.
on these points provide no reliable inforrnation on the
risks at doses below about 0.2 Gy.

respectively. Tbc collective dose to the non nuclear
workers from background radiation was estimated to

248. Updated internal analyses of mortality in 33,000
be 1,275 man Sv. It is dif0 cult to draw conclusions workers monitored for six months or longer at the jabout the incidence of diseases that might be

Hanford site in the United States provide no evidence
associated with low-level occupational radiation of a correlation between cumulative occupational
exposures when the doses are comparable to, or less external dose and mortality from leukaemia and from
than, tbc doses from natural background radiation.

other cancers (G12]. The relative risks and theirAlso, tbc statistic:lly significant decrease in
> confidence intervals are summarized in Table 43. Ofstandardized mortality ratio for deaths from all causes

24 tissue 3peciDe cancer categories evaluated, only
cannot be due to the healthy worker effect alone, since

cancer of the pancreas and Hodgkin's disease showed
tbc non nuclear workers and the nuclear workers were
similarly selected for employment and were afforded

positive correlations with dose that approached
statistical significance (one tailed p-values of 0.03 and'

the same health care thereafter,
0.04, respectively). These correlations were interpreted

246. A study of about 95,000 radiation workers in the by the authors as probably spurious. A significant

United Kingdom has recently been reported. The
correlation (p < 0.05) was obtained at doses above

cohort received a collective lifetime dose of
50 mSv but not at 10 mSv. Earlier analysis of

3,200 man Sv, with an average individual dose of mortality from multiple myeloma bad shown a

34 mSv [K15}. Up to 1988,6,600 workers bad died. signi0 cant excess risk [G14], but the extended analysis
of these data now show that the excess relative riskThe stardardized mortality ratio for all causes of death for this form of cancer is no longer statistically j

after excluding the first 10 years following the start of 1

radiation work was 0.85 (p < 0.001). The standardved significant [P1, R10|.

mortality ratios for all malignant neoplasms in 23
249. A study has been under way since 1980 on the )

'

organs or tissues and for all known, non-violent causes mortality of past and present employees of Atomic
fother than malignant neoplasms w ere 0.86 (p < 0.001)

Energy of Canada Ltd. [G8]. The study populationand 0.84 (p < 0.001), respectively. For most other consists of 13,491 persons, 9,997 males and 3,494
l

tissue-specine cancers, the standardized mortality
ratios were below unity, but they were not statistically

fernales, for a total of 262,403 person-years at risk

until 1985. The number of female deaths (121) wassignincant. The only cancer for which an elevated too small for detailed analysis, but the 1,178 deaths instandardized mortality ratio reached statistical
significance was thyroid cancer (SMR = 3.03). It is

the male population gave a limited basis for study.

not unexpected that one organ or tissue showed an
Mortality patterns in the cohort between 1950 and

increased standardized mortality ratio by chance. The
1985 were examined by comparing the observed

excess relative risks for all cancers and for leukaemia, mortality with that expected in the general population

excluding chronic lymphocytic leukaemia, were 0.47
for three groups of workers: those with no

(90% CI: -0.121.20) and 4.3 (0.413.6), respectively.
occupational exposure, those with up to about 50 mSv

and those with more than 50 mSv. The number ofA confounding factor in this study was that cancers deaths was fewer than would have been expected on
could have been associated with exposure to chemical

the basis of general population statistics for males in
carcinogens. the three i roups. The Sndings were similar for tbc

247. Since tbc bealtby worker effect complicates the groups "all cancer deatbs" and "all other causes of
death", In the occupationally exposed males, elevated |

interpretation of standardized r.witaiPy ratios, greater standardized mortality ratios were seen for non- |
importance was attached by the authors to internal

Hodgkin's lymphoma and for buccal cavity, rectum, |
analysis or to testing for the trend in risk with dose, in '

which steps are taken to compensate for the factors
rectosigmoid and prostate ca ncers. But in the

I
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'unexposed male group, there were elevated bornbings <40 years). However, the relative risks for
standardized mortality ratios for lymphatic and the various lov/-dose groups (<0.5 Sv) did not differ
myeloid leukaemias and for large intestine, prostate, and were close to unity with the exception of one

,

brain and biliary system cancers. The number of cases significant point at the dose interval 0.20-0.49 Sv (RR I

identined of all these cancers was small and the = 0.83). It is interesting to note that the decrease in
confidence limits were wide, such that none of the relative risk at this point corresponds to a significant ;

elevated standardized mortality ratios were statistically increase in relative risk for mortality from all cancers 1

signincant. except leukaemia. )

I
C. SURVIVORS OF THE D. PATIENTS EXAMINED OR TREATED |

ATOMIC HOMilINGS WITH RADIATION

250. He epidemiological study of the survivors of the 255. There are several examples in clinical pranice where
atomic bombings in Japan bas up to now been the low oacc have been used for diagnostic purposes. These
primary source of data from which to estimate the are x-ray examinations to detect fetal abnormalities, x-ray
effects of radiation on humans. A dose. response Quoroscopy to check the efDeacy of artiGeial pneumo-
analysis of these data for doses less than 0.5 Sv was thorax in the treatment of pulmonary tuberculosis, (e.g.

'

recently presented [S30j. The end-pomts measured [B2|), x-ray examinatmns to assess the prcgress of skeletal
I331 lwere cancer mortality, cancer incidence and non. development during treatment for scoliosis and

cancer mortality. The relative risks with 95 9 diagnostic tests to detect thyroid abnormalities. |

con 0dence intervals and the dose. response I
.

relationships Otted by the authors are illustrated in 256. The avadable studies [G3, H19, M8, M22 M26,
Figure XXI. S24| of in mero exposure are discussed in detail in Annex

A, " Epidemiological studies of radiation carcinogenesis",
251. For mortality from leukaemia, tbc relative risks The main conclusion is that the low-dose exposure of the
varied among the Ove dose groups (0.010-0.019, fetus in diagnostic examinations is associated with a
0.020-0.049, 0.050-0.099, 0.100-0.199, 0.20-0.49 Sv ), positive risk of cancer induction, but quantincz* "fv
but they did not differ statistically from the control risk is subject to much uncertainty. Here is n.xm'
group, which received less than 0.010 Sv (p > 0.10). support the assumption that adaptive processes mold be
De relative risks for the Ibrec dose groups less than operating after irradiation that cou!d reduce tbc innJence
0.1 Sv were less than unity but still within the range of radiation-u duced cancers.
of what the authors considered to be random variation
about a value equal to unity. For leukaemia mortality, 257, ne evidence for radiation-induced breast cancer is

a linear-quadratic model Oned marginally bet:et than discussed in Annex A. " Epidemiological studies of radia-
a lineer model (p = 0.07 compared with 0.06). tion carcinogenesis". Although exposure to radiation at

high doses and high dose rates is associated with excess
252. For all cancers ether than leukaemia, tbc relatise breast cancer, the potential hazard from low-dose,
risks generally increased with dose, as shown by the fractiona ted exposures during early breast development bas

dose-response curve, although the lowest four dose not been thoroughly evaluated. De failure to detect
groups had relative risks not sigmficantly different increased breast cancer in several large studies is
from unity. The bigbest dose interval (0.20-0.49 Sv) surpnsmg, and no satisfactory explanauon is forthcoming.

showed a statistically significant increase in mortality. However, many of the women were over 35 years of age
at exposure.

253. Mortality from lung cancer and incidence of
thyroid cancer by dose group, based on data from the 258. A retrospective study of 35,074 Swedish patients

I3IHiroshima and Nagasaki tumour registries during receiving l for suspected thyroid disorders between
1958-1987, were also analysed. A pattern similar to 1951 and 1%9 has been reported [H17, H18, H211 It is
that observed for mortality from all cancers except not possible to be precise about the doses delivered to

13Ileukaemia was seen, that is, the relative risk varied individual thyroids because of differences in l uptake

among comparison groups with wide confidence limits and variations in mass of the thyroids. However, the
I3Ibut did not differ statistically from unity within the average amount of l activity administered was

lowest dose intervals. 1.92 MBq, delivenng an estimated average dose of
approxunately 0.5 Gy to the thyroid.De data are given in

I3I254. For mortality from all diseases other than cancer, Table 44. Patients given l for reasons other than a
a signi0cantly clevated risk was observed at bigber suspected tumour were not at increased risk (standardized

doses (estimated threshold dose: 1.5 Sv) for younger incidence ratio = 0.62; n = 16|3I. Overall, the data provide
survivors of the atomic bombings (age at the time of no indication that exposure to l for diagnostic purposes
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inacased the incidena of thyroid cancer in the follow-up of spntaneously cIcurring human cancers. his is not sur- ,

period aller 10 years. it was concluded by the authors that
prising in view of the low statistical power of these
studies. The results have been interpreted variously as

the observed increase in the 5-9 year period was most

likely to be due to a high level of medical surveillance,
being mnsistent with the upper bound on the confulence
limits of total cancer risk at low doses obtained by

leading to an incxcased detection of indolent tumours.
extrapolating from high-dose and high-dose-rate data; or
as indicating no additional risk at low doses compared
with the spontaneously occurring rate. Statstical limita-E. SUMMARY
tions do not permit a decisive choice at the present time.

259. H e bu-nan epidemiological studies following
Caudon is necessary when using isolated examples in the

exposures at low doses and low dose rates to low-LET
cpidemiological literature to justify either an increased or
a decreased risk at doses of a few hundt.'l milligray,

radiation do not at present provide evidence of an adapt-
bearing in mind the statistical limitations of the data.

rve response expressed as a decrease in the prevalence

CONCLUSIONS

induced by radiation and other toxic agents. He adaptive
260. Adaptive response is the collective term used to

response may therefore be a comrnon feature of cellulardescnbe the results of experiments in which a small dose
of radiation can condition ce!!s so as to induce repair response to damage.

processes and/or to stunulate proliferation. One 263. A multi-step process bas been proposed to explain
consequence of DNA repair might be to reduce the natural the cellular adaptive response. Afler acute doses of several
incidence of cancer in its various forms or the likelihoodbundreds of milligray, cell cycling in proliferating cells
of excess cancers being caused by further radiation
exposure. A great deal of effort is being directed into

may be delayed. Tbc period of delay allows enzymes

characterizing these processes, and in recent years results
induced by the radiation to repair damage before the cells

of research especially at the cellular level have become
proceed through cell cycle and undergo mitosis [YS, Y6[
He adaptive response at these bigber doses may therefore

available. depend on whether or not the cells in cycle are

261. Dere is convincing evidence that the number of temporanly blocked.There is no direct evidence, however,

radiation-induced chromosome aberrations and mutations
to suggest that cell cycle delay occurs after acute doses ;

|
ranging from a few milligray to a few tens of milligray,

that occur in proliferating mammalian cells after an acute
even though tbc adaptive response has been observed in

I

dose of low-LET radiation in the range 1-3 Gy can be
this range of doses. The fate of cells exposed to a

reduced by exposing the cells to an acute dose of between dose in the resting phase remains to beradiationa few milligray and a few tens of milligray several hours
established.before the high dose.Dese experirnents involving a low

conditioning dose and a high challenge dose were 264. In evaluating the effectiveness of the adaptive
designed to demonstrate the adaptive response as a response in cells exposed to a conditioning dose of up to

>

laboratory phenomenon. They were camed out under a few tens of milligray or to concentrations of toxic agents
clearly defined cx nditions using mitagen stimulated

'

below that concentration known to produce a toxic
lymphocytes, proliferating bone marrow cells, spermato- reaction. it is important to recognize the unstable nature of
cytes and fibroblasts. De response has not been
demonstrated so far in other cell systems or convincingly

DNA in living cells during normal metabolism (H2, Lil,
L21, V3, V4). It has been estimated that the DNA

in cells under conditions of chronic exposure. molecule within each nucleus undergoes several thousand

262. %c evidence that is becoming available indicates '
detectable changes every bour as a result of metabolism

j

that following radiation-induced damage lo cclls, a number
[ BIO, L12, S27, W12, W13 W14, W15). Despite this

of changes occur. Among these changes are the activation
high rate of spontaneous molecular change, few stable
mutations accumulate in the gemime. Rus, cells have

of several classes of genes, including those coding for the evolved efficient processes for the correction of meta-
synthesis of enzymes involved in the control of cell
cycling, proliferation and repair. It is not entirely clear

bolically induced changes.

how these changes may specifically improve repair 265. His inherent ability to repair DNA needs to be
capacity. There is some evidence to indicate tbat radiation-taken into account in assessing the ability of cells to repair
induced enzymes, which remain to be isolated and

the darnage caused by doses of radiation in the wide range
characterized, are related to stress-response proteins. There of a few rnilligray per year to a few tens of milligray
seems to be some similarity in the types of damage

__ _ _ _ _ _ _
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delivered in minutes. Just bow capable the existing background radiation. However, some anomalies in these

mechanisms are of copmg with the additional radia6cn- experunents need to be explamed. Why was the response

indund damage is not readdy obvious. But it would be confined to male micr, and why was it not observed

reasonable to assume from the evidence that damage consistendy in pathogendee mice?

caused by natural background radiation, in which the
energy deposition events in a particular nucleus are 270. More recent experunents with rodents and beagle

separated by weeks or months [B21j. should be readdy dogs exposed at various ages to low dose rates of low-

reparable by the available metabolically dnven LET radiation have generally been unable to demonstrate

mechanisms. any statistically signiGcant differena in life-span of
irradiated and control groups aller accumulated doses of

266. However, errors in repair do occur, even during up to about a gray. However, tumour incidence did not

metabolism, such as small base-sequence changes (point increase untd the dme was in excess of about a gray,

mutations), gene deletions or rearrangements, although the depending on the mouse stram and the suscepubility of the

overall DNA integrity may be retained [F3, F4, F5]. It anunals to developing spontaneous tumours. In some

needs to be recognized, therefore, that the effectrveness of studies there was a non-statistical trend towards a lower-

DNA repair in irradiated mammalian cells is not absolute, than-expected incidence of tissue specific tumours, but in

some fraction of the cells retaining stable mutations. nus, other studies there was a non-statistical trend towards a

the same low conditionmg doses that result tn an adaptrve bigber than-expected incidence at dmes of ar2 Gy. A

response are likely also to result in malignant cellular reduction in life-span or an increase in tumour incidence

transformauons by the mechannms discussed in Annex E, after fractionated exposures was not of statistical

" Mechanisms of radiation onco-genesis" in the UNSCEAR sigmlicance untd accumulated doses exceeded a few gray.

|
1993 Report [Ul]. It would seem unportant to judge the

|
balance between the tidelity of repair, residual damage and 271. He low statistical power of most human epidemio-

malignant transformations and w betber indeed these effects logical cancer surveys with exposures at low doses makes|

interact with each other. The Comnunce hopes that more it ditlicult to reach a dectsrve conclusion on the existence

data wal become avadable in the near future to address
or absence of an adaptrve response. Studies of exposure to

higher-than as crage lesels of natural background radiationthis point.
have made httle contribution so far to estimating the risk

267. Altemauve cellular mechamsms have been proposed of cancer from low dose rate, low-LET radiation. Studies

to explain the adapute response. These include the of occupational exposures have recently shown more

detoxification of readsve radicals. thereby reducing the promise of yielding positrve results, especially after

|
potential for damage, and the actrvauon of membrane-

moderate dmes, but in the low-dose region the con 6denn

,

bound receptors sumulatmg cell proliferation. Efforts limits are so broad that the results are still equivocal.ne

|
should be made to charactenze the possible role of these Life Span Study of surv vors of the atomic bombings

shows no sigmficant excess of total cancer mortality below
| pronsses.

about 0.2 Gy. All cancers other than leukaemia are in
I excess but not statisucally significant down to a dose26& lt remains doubtful whether the immune system |

plays a signiGeant role in any of tbc adapuse processes at range of 0.010.05 Gy.1.rukaemia shows a deficit at doses

low doses. In the UNSCEAR IW3 Report [Ulj. the less than 0.1 Gy. which agam is not statisucally |

Committee concluded that the munune sptem may not sienificant. At present no conclusion can be drawn about j

|the dose response below 0.2 Gy because of statistical ,

play a major role in moderatmg buman radialmn onco-
limitations.genesis, although immune function in certam organs may

ensure that some early neoplastic cells are eliminated
before they become established. The data m this Annex

272. In conclusion, there is substantial evidence of an

are not in con 0ict with this generalized conclusion. Some adaptive response in selected cellular systems following

transient effects on the ratio of subsets of T cells and in
acute expmure to conditioning dmes of low LET radia.

accelerating programmed cell death in damaged lympho- tion. The precise molecular processes involved in the

cytes have been idenufied. It is interesting m this respect adaptive response are not well understood at present, but

to note that a dose of a few bundreds of muligray can cellular repair is likely to play a role by mechanisms

in0uence tumour grow 1h kinetis, expressed as a transient
similar to those mvolved in the generalized stress response.

reduction in tumour size in experimental animals. He The presence of an adaptive response is not readDy,

'

evident from tbc results of experiments in mammalian
evidence for changes m the human immune system long

organisms in temis of reduced tumour induction. Inter-
after exposure is not convinemg.

pretation of these experiments is complicated by variations
'

269. Animal expenments in the 1950s and 1960s showed
in the susceptibuity of dill'erent animal strains to

that chronic exposure of rodents at doses of up to a few spontaneous tumour induction. He low statistical power

milligray per day from low-LET radtation could result in
of the epidemioloev studies also prevents a clear statement

increased life-span compared to controls exposed to only
on the presence of an adaptive response in humans
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vett possible beneficial effects to the organism that . .

exposed to low doses. It is to be hoped that better I would outweigh the detrimental effects of exposures
understanding of mechanisms of radiation effects

to low doses of low-LET radiation. The Committee

4

{
obtained in molecular studies might provide a basis

recommends that this research be continued in order to
upon which to judge the role of adaptive response in clarify the nature and importance of the effects of

'

the organism. In the meantime, it would be premature radiation induced adaptive response.;
to conclude that cellular adaptive respos.scs could con-

|
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Table !
Adaptive response in human lymphocytes conditioned with trillated thymidine

[O2]

Chrommame anormunu sn 100 eeli.e

Condasemag oremmeu Chaileege oremmes Deletu m *
orsaks Eschanges

-

) 0 0
Nme icostrd)

innated thynene (370 Bq afh 3 0 2

8 o 0 5
innsted thynene (3700 Dq ar )

1.5 Gy (a rays) 12 1
36

9 3 23 (38)
Tnnaied thyndsoe (370 Bq af') 15 Gy (a raysi

13 * (41)
Tnuated thyness (3700 Bq nW ) 1.5 Gy (a rays) 10 33

Especsed nienber in parentheses-*
* p < 0 01

Table 2
Adaptive response in human lymphocytes conditioned with x rays

(WSJ

Chromanome anarmunu sn 100 criLs (for donors I,2, D

Condassonag sremment Challenge treamens Toent *
Breaks Eschangss Deterums

I

Nee iconed) 1, J.1 a 0, 0 Q 0, 0 1.1. I l

7,1, 1 0, 0,1 0, 0, 0 7.1. 3
10.1 Gy (s rays)

15 Gy (a rays) 24a 34 41 27,5,8 3,1, 2 30Q 54,61 |
i

0.01 Gy (a rays) 15 Gy (a rays) 181. 18, 23 18, 7, 7 3, 0, 0 223 *. 32 . 37 * |
8

l
1

Ezchaages med delenas counted as two breaks. |
*
* p < 0 05.

J
Table 3
Adaptive response in human lymphocytes inhibited by cycloheximide

[Yl]

Chromenad delesunu an 200 calls

Condenoning sremment Challenge arrament Fennie danerMale donor

0
2

Nee (control) 1

I |4
0.01 Gy (s rays) 00
10 pg af' of cydahamande 0

2
0 01 Gy (a rays) and cydahemede

947415 Gy (a rays)

59 * |39 *
0.1 Gy (a rays) 15 Gy (a rays) 78

75
0.1 Gy (a rays) and cyclohemunde 1.5 Gy (s rays)

p < 0.001,*
* p < 0.01.

- - - - - _ - - _ - _ _ _



. - _ _ . - _ . . . . . - - . - . . _ - - - . . - - . _ _ - . - _ - . . . . . . - _ - . . . - - - - . . - .

UNSCEAR 19W REPORT
22 6

. s
.

Tatde 4
Inhibiuon of adaptJve response in human lymphocytes by 3 aminobenramide

[S12]

Chromasone aberraums an 200 ceils *

Condarimasag creanamu Challenge treament
Breaks mukaa 3 amunoben.:amae BreaLe muk 3--- - ~"e

4 4
Nans scated)

4 6
0005 Gy (a rayos

6 6
0.01 Gy (a rays)

1.5 Gy (a rays) 81 79

0.005 Gy (s rays) 1.5 Gy (a rays) 45 *(81) 69 (81)

0.01 Gy (a rays) 1.5 Gy (a rays) 48 * (83) 73 (8 1)

Espened ownbar in parentheses.*
6 p c 0.005.

Table 5
Adaptive response in human lymphocytes following successive conditioning treatments

[F2]

Toad breaks sn 400 cafit *
Condsesonsag treanmew Chdiense arranaeu

3
Nea (conird)

6
0.01 Gy (a rays) 7
0.01 Gy (a rays) after 4 h

9
0 01 Gy + 0 01 Gy (a rays) after 4 h

1 Gy (a rays) !!7

0 01 Gy (s rays) 1 Gy is raysi 66 *(120)

0.01 Gy (a rays) after 4 h ! Gy is raysi 72 *(121)

0 01 Gy + 0 01 Gy ts rays) after 4 h ! Gy is rays > ?5 *(127)

Espened nurntwr in parentheses*

* p < 0 003.

- - - - - _
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Table 6
Innuence of extracellular pil on adaptive response in human lymphocytes ,

[B8] |

4

Chromtut deletsons for challenge due at 50 hoses

; Condusomag areament Chalenta treatment
pH at Isme of vent vnt pH at twee of aratment pH se twee of treatmeis

?274 7 S 7.2 6765

Nane (controll 10 10 13

0.02 Gy (a rays) 8 9 12

0 3 Gy 4 rays) 372 518 1219
__

0.02 Gy (s rays) 0.3 Gy (a rays) 400 593 * 1155

Chromatsd deless nr for challenge due at 78 kmes

pH as imme of treatment pH at twee of usatment pH so tsme of Weetment

72-82 68-60 6468
.

Nee (coeuce) 14 9 11 j

7 11 15 )0 02 Gy (s rays)
|

0.3 Gy ia raysi 732 642 1137

0 02 Gy (a rays) 0 3 Gy ia raysi 606 572 * 983 '
,

* Synerganc respanne.
* p < 0.5.
' p 4 0.001.

Table 7
Innuence of cell cycle phase on adapute response in human lymphocytes

[K4] I

Condeseannag errammer Chdiente creatment Chron uome aberrasans an 100 cetLr * |

4
0 03 Gy (a rays) se G, phase

6
0.03 Gy (a rays)in G phasei

30 03 Gy (s rays)in 5 phase

6
Tnnated water

3 Gy (a rays) m G phase 88
i

15 Gy (a rays)in G: phase 22

h 1112 Gy (s rays)in G 2 P ase

0 03 Gy (s rays)in G phase 3 Gy is rays)in G phase 107 (92)
o

0 03 Gy (s rays)in G phase 3 Gy ts rays)in G phase 96 (%)i

0 03 Gy (a rays)in G, phase 1.5 Gy (a rays)in G2 Phase 14 * (26)3

0.03 Gy (s rays)in G phaas 1.5 Gy (s rays)in G phase 3) * (28)
3

0 03 Gy (a rays)in S phaas 1.5 Gy (a rays)in 0 phase 12 * (24)
3

h 20 * (28)15 Gy (a rays)in G2 P aseTnassed weis,

* Especsad ownbar in parenthenes
6 pe001
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Table 8
Adaptive response in rabbit lymphocyte:s conditioned in vivo and challenged in vitro

[L8]
i

-

*"~
Comissomag tresment Challenge treamem

' ' " " ' ' " " * Challente dase an Go phme Challenge dase an G phme
|
!

| Nme (control) 15 Gv 128:32 173 1.3

0.30 Gy (pnuna rays) 1.5 Gy (a raysi 7 8 t 2 2 * (14 li 118 19*(186) ii

!

0.75 Gy (pmma rayst 1.5 Gy (a rayni 6 3 : 19 * (14 Ji 13 3 10 *(13 g)

(L90 Gy (pmma rays) 1.5 Gy (: raysi 75 17*(15.0) 11.8235*(195)

| 1.20 Gy (pmma rays) 1.5 Gy (s eays 80: 1 2 * 116.5) 135249*(21.0)

I 1.50 Gy (pmma rays) 1.5 Gy (s rays) 105241'i165) 17.8 50(21.0)

1.80 Gy (pensa rays) 1.5 Gy (a rays: 23.5 3 3(215)

Indudas all types cs chromosome seerrenons,400 cells scored espected number c( abeersucas in parenthcaes.*

* p = 0.01.
' p < 0.05.

Table 9
|

Relative survival and mutation frequency in human lymphocytes conditioned with tritiated thymidine

[S18j

C:' - nsag treament Challenge uremment Reimns ,memal of clone formt cetLe Mustsee frepancy (10*)

1 00 1220.5
None (conirol)

Tnuated thymiens (37 Bq ml ') 0 86 0 M 2.3207
4 099:0 0 32209Tnuated thyms&ne (370 Bq as )
d 100201 1220.5Tnuated thyuusac (3700 Bq mi )

Tnosted thynudine(37000 Bq mi'') 100 0.1 33 05

1.5 Gy s a rays) 0 k0 2 0 05 15.2210

Tnusted thynuene (3700 Bq ma'1) 15 Gy ia raysi 0 82 0 on 39209*

Tnusted thynu&nas37000 Bq mr ) 15 Gy ,a raysi 0 84 : 0 06 63218*a

3 0 Gy is saysi 0522003 197 : 18

Tnuated thyuu&ne (37 Bq mi ) 3.0 Gy 6 a raysi 0 64 0 06 14426:4

Tnnated thynu&ar (370 Bq mr') 3 0 Gy 6a raysi 0 M 0 06 21.5 2 7g

Tnnated thyuu&ne (3700 Bq mr ) 3 0 Gy (a voyse 055 006 7.223.7*8

innaied thynuenet37000 Bq mr') 3 0 Gy 4a eayse 05? U 05 9.51.7*
i

* signincani enerence.

Table 10

|
Mutation Im;uency in human lymphocytes conditioned with x rays

:
1 [K5] 1

I

Condasamng treament Challenge treament Clomar effscsency (M Maatson frepeney (10*)

24 4 7.9 16203
f Nee (control)

24 0 12 0 4.522.3
0.01 Gy (s rays)

3 0 Gy (a raysi 210 84 *45 80

184266 5.2228*
0 01 Gy (a rays) 3 0 Gy ta rayst

Sigru6 cant diRecence. p < 0 5*

_ . _ - - _ - . . . . ~ _ . -- -- - -. __ - - _ _ . . . _ _. . . - - .
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j Table 11
3 Adaptive response in human lymphocytes coriditioned with hydrogen peroside

[W8)4

1

Cedasson,ng tremmen Chdiente treament .<berrarsons a 100 eelir

05
None tcuntrol)

10
( lfydrogen peromde to l uMi

0
Hydrogen peromde (l uMi

05
Hydrogen peromde (10 uMi

1.0
Hydrogen peromde 425 uM)

a5
Hydrogen peromde (50 uM)

a

34.0
.I

15 Gy (a rayal.

Hydrogen peromde (0 t eM) 15 Gy ta raysi 21.5 *
20 4 *

| Hydrogen peromde (l uM) 1.5 Gy i raysi

Hydrogen peromde (10 pM') 15 Gy (s'raysl 21.5 *
J

Hydrogen paonde (25 uM) 1.5 Gy is raysi 20.5 *

i Hydrogen peromde (50 uM) 15 Gy (a raysi 25 0 *

i i
* p 4 00L
e p < 0 0001. |

o

' p 4 0 05. I,

1 l

,

Table 12 1
s r

Synerytstic responw in human lymphocytes condilloned with x rays or methylated chemicals;

[W4]1

.

Aberrasens a 200 cetLs
|

Condassonnng treament Challente treatment

3 |
None (control) i

i 3
0 01 Gy (s rayst

Methyl methane sulphmate (0 42 mM) 114

) 0 01 Gy (s rays) Methyl rnethane sJphanate (0 42 mM) 169 *

2
Methyl methane sulphanate t0 018 mM) 97Meihyl methane awphcriste 10 42 mM)

i
Methyl aushane sWphanate (0 018 mM) Methyl methane ssphorsate to 42 mM) 133 *

4 1
N eethyt N euo-Notrosoguamene t600 ng mi )

Methyl me hane sulphanate tu 4 . M) 97

N-methytNetrc Netrosoguamene (600 og rrd'1) Methyl methane sephansie (0 42 mM) 147 *1

Synerpsoc response, p < 0 01*

* Synsepsoe response, p < 0.001.
,

.

j Table 13
Adaptive response in human lymphocytes exposed to drvgs

j [S19)

,

Chroniarad exchangee (%)

Condamansag sremnamat Challenge stemmen
Danar A Demar A

3.58206 4.220.2
Name (omioni)

3.720.3 4a.nn
0.05 Gy (a rays)

I VP.16 (etoposide) 11.1 1.3 13.0 * A7

0.05 Gy (r. rays) VP.16 (esapaside) 98s1.2 10.7208

BCNU (1.3 bs ( 2<hlmoethyl)-1 etrowen) 87 04 10.1 0.4

0 05 Gy (a rsys) BCNU (1.3bs (2<hlaroethyl) 1 etrowen) 8020.5 9.0212

cis Pt (cis4annead.chiaropisonuen!!) 12.8 1.2 14J * L3

0.05 Gy (s rays) as Pt (aademacdachicroplannurrw!!) 11.9 s 1.1 13J 21.4
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Table 14
Maptive response in amouse bone amarnw cells and spermatocytes

Chronessanne aberturmane (%)

C . smesssesnr CAdlmte srominamur
sa vrvo same asarea enfle Spanmawrwes

Male Kunmins mouse ICs]

Conerd 0.75 Gy (a rays) 3e 5 12 6

401 Gy (a rays) 0.75 Gy (s rays) 19 3 * 84*

Female C5416 mouse W2]

Nme (emud) NOCe a5

N0nq(confrv0 a65 Gy (n rep) til

a002 Gy (a mys) ' a65 Gy (a rays) 2s
n005 Gy (a mys) a65 Gy (a reys) :a
noto Gy (a rays) a65 Gy (a ran) 3.5

0.f150 Gy (s reys) 0 65 Gy (a rays) 9J

* p e 0 01

Table 15
Investigation of response in pre-implantation mouse embryos
[W5]

"'" # " " * " '
Condawanng treatnacer Challenge

''" " Breaks Eschanges Reevangensents Total (%)

Nme (cmird) 94 0 0 94 69

0 05 Gy (a rays) m was 70 0 0 70 64
1.5 Gy ( rays, an was 39 7 0 0 39 7 22.8

0 05 Gy (a revs) m wao 1.5 Gy (a raysi en were 27 1 5 05 37 8 26.4

Nme (conud) 73 0 06 79 64

0 05 Gy (a rays) m ww 10 2 0 13 11.5 76
15 Gy (a ra s an waro 24 3 68 17 39 6 27.0

0 05 Gy |s raysl m um 1.5 Gy (s raysi en euro 25.2 62 2. 7 40.3 28 0

Repair in sa.

Nme (cocud) 12 2 0 0 12.2 49

0 05 Gy ( esys) m ww 2 Gy ( raysi m ww 50.7 32.3 10.7 126 0 52.3

Nec (catrd) 94 0 0 94 6.9

0 05 Gy (a rays) m wao 2 Gy (a raysi m euro 58 2
|

20 0 16 4 114 6 56 4

Table 16
Investigation of response in two-cell mouse embryos

[M6]

Resolu a 144 hours afne concepunan * * Resulu at 192 koers afler concernon * *

Condasonnot Challenge
ressnaem * ream ent * Cells Itacched TrophoMast inner Tee-cell lavers

per Wassomu assegro.wh cell naass (endaderm and
ewrvo (%) (%) (%) ecsadani) (%)

Nee (control) M 77 92 88 48

0.05 Gy (s rays) 87 81 84 71 36

2 Gy (a raysi 40 2c 31 22 6

0 05 Gy (a raysi 2 Gy (a rays) 44 ted) 29 (21) 31 (28) 18 (18) 7 (6)

*
2 P ase, challerige treatment gnen in the late G2 Phase.Condihamag treatment given in the early G h

* Results for 144 hows after conception and 192 hows after conception were obtained in independent esperimental senes.
' Espected results in parentheses
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Table 17
Some DNA-demage-leduced genes identafled in mammalian cells

[F19]

va-- '~
, , e,enrs - , , , , ,

Dnamon she expwe &erses cegg gej {Gene
f**'' Aper pk respase for negarrve respu'se

?, h
Coding transenpteen fortee j

h
0 75 0 9 Gy Synan bamster Sill fitw.ddau sell I.nc |W 16|c-fas a nys

20Gy mRNA 3 Iluman 111.-60 {548['"" 20Gy mRNA 05 Moise MycitnJ tell |19| g' "I*
20 Gy mRNA Iluman Ep. thelium cell lines [1112|, ,, p

i

3 100 pg mi mRNA 2a Onnese hamster Clio KB [1115|
04mM mRNA 3 Ouncee hamster Clio El [11 5| <

da 0 25 mM mRNA 0 75 Ilumen Ilcla 3s [l>1|
0 25 mM ^^"t y llumen licia 35 1t57[ h

2

0c-pan 2 3 20 Gy mRNA I6 Ilumen 10.no [s48] 6

" "I" Jo Gy mRNA 34 Iluman (M 47 [s4N[ 7""U
20 Gy mRNA l4 Ilumen AGl522 gs43] <W

b' "I' 20 Gy mRNA so 5 Iluman Epithettum tell lines |1112|'""
2 Gy mRNA I Syrian hemstes SilE fitwoNast tell line [W26| [O'*** "?'

O 25 mM mRNA 0 75 Ilumen Ilcl# 3s |I 7]II OjunB J 2 20 Gy mRN,. 34 Itanian ID. 60 [s48|
JueD 8 "I'

O 25 mM mRNA 0 75 Ilum i tiela 3s [In?| -

EGRI II 0
20 Gy mRNA Iluman Epithelium rett lines (1112] h2 2

NFcB gene I nF8 20(iy mRNA 3e lluman KG 1 [1Q4] O
O*'"'"' "I'

20 Gy Act"ty 054 Ilumen KG I |1Q4) [Gamma nys
01mM Aaway 05-1 llaman Burkant 1 |s47[ Z

11 4 (7' 3
ra

Codens oveleer Proene

4 Gy Prosan i Iluman C< don caron.ena [K22| ; P,G**"* "I'p33 yne 4 Gy G errest llumen Cdun caroniana |K221 'or
G*'"** ''Y' 2 Gy Prosaa i Hwnen I.ymph.wyte cett hne {K2tj oGamma rays y

O
Othee excesenes

-

0 7 Gy Aa"ty 3 24 M use (Transfestant) Ntil? 4 f 3 |124| $
MoMuSV4.11 ' "I' l-10 Gy Survival Mouse Nlll/3 r3 gulo} G
N,K and II<ee " "I'

g,,,, ,,y, 15 Gy Suruvil Ilumen Rcia Nasta [c10[
N Koes Swvival Mo*me 321M 3, Nill /3r3 [GIO}
o% R v-na, v-atd, v eve Gemme nys

1-40 Gy Surwwal Rat Entryo oclls [Glol
Gemens un11:43s

Coding cyteiene er ....eer

0021Gy mRNA 3 Synne hamsta SilE filvoNast cell line [W26}
NeuenmsIL-1p yee 20 Gy mRNA 05 Mouse Myelad all |19[ o

8 5 Gy mRNA 24 48 Moise Spleen |19| M8 "I'
O**'"' "I' 20 Gy mRNA 3 Human Illa 0 denvative 11114|

1hT<x gene * "I' 5 Gy mRNA 3 Iluman Saecuma cell line jllt t|

z rays

- - - _ _ _ _ _ _ _ - _ _ _ . ___ _ _ _ -- -



T6ble 17, continved Q

Desernen rune
fadarsar atents *Gene D'8eth8a # crpowe 4serses Celt gef

pears)
For pesen e respanw for megerne respenw

3 Gy Acanty >96 Nean Sarcoma cell line [1113]

20 Gy mRNA 3 lbnen IRA 0 devanwe [Hl4]1hT o gene a rays

Gemma rays
20 Gy mRNA l3 N ean Monocyte [549]

Gemma rays
20 Gy mRNA I4 Nman HL40,11937 [S49]

Gamma rays

Codens enryme er thactsanal prearm

0075 Gy mRNA 0 3-12 Synan hamster SilE [Wl7|
012 Gy mRNA 1-3 Synen hamsta SilE [Wl?[Pren bnese C gene a rays

Gsmma rays
0 06 4 48 Gy mRNA l3 Synan hamster SilE [Wl7]

Neutrons
20 Gy Achway 1 40 Human 10 40 derisai.we [Illej

C4unaw function Gamma rays
04mM mRNA 4 0.neae hamster Clio [F25]

p symon, gene lip,
3 Gy mRNA 24-48 Rae 114 [123}

O hylguanme Gamma says
3 Gy Piurein es gai 314 gg23g

Transferaw gene Gamma rays
3 Gy mRNA 24 Ret 114 [r24] g

02mM mRNA 24 Rat H4 [r24) -2a rays

3 Gy mRNA 27 72 Rat 114 [113) $
3 Gy Actanty 48 gas gge ggz gN'methylademne Gamma rays

WGlycosylaw gen, Gamma rays
021Gy mRNA e1 Syrian hamster SilE htNast ull hne p

Orn decartmnylene gene Neutrum
01Gy mRNA 34 Human SbalibetNut cell hne [A15| e

Mlleme osygenase gene a rays
OImM mRNA 26 Ilumen Sbn f.br(Nast cell hne [A15]

01mM mRNA 4n llumen I.yrnph(Nast | A]5| glifz
!!,0,

2 Gy Aointy 24 Onnene hagetes CllO-aiay* cell hne [K24| g
Metalluihetwune ll A gene Gamma rays

04mM Achwty 24 Onnese hamster Clio a ray * rell bne [K24} x
dMNlr

MM3 Aointy 24 Ounese hamste 010 a say* cell ime [K24[

2 Gy Achwty 2-15 Iluman Fite< Nut [193|
. a rays

i Gy mRNA 4 Wean Melawa pl3|tissue pluemnogen acaw

3 Gy Amplificatum I Mouse # b*er, gut [P]2|s rays 6

Virus hke 3(6 DNA Gamma rays
0 5 Gy Deceau * 1 Mouse # Uver, gut [P12[

Neutres
1-5 Gy Suruval Human RetimNasts [GIO|

Virus hke 4(b DNA Gamma rays
_

lindeRned

2 Gy mRNA 24 Ilumen 1 ymph<Nast tell Ime [P6|
g%t45 mrays

O I eng mi mRNA 2 -a llaman t ymph(Hut cell hne [P6[
MMS

01 mg ml mRNA 2 10 Ilumen thatmd celt hnen [Fl6]8

MMS
0 I mg ml ' mRNA 2 -4 Nean I.ymph= Nut cell Ime [P6| |

MMS E **Yspod 153 01 mg mi mRNA 2-10 lluman Ihanact cell heen [F16|
MWS 0imgml' mRNA 2-10 Nman thsunct cdl hnea [F16|
MMSgadd34 01 mg mi mRNA 2-10 Ilumen Insunct all lines [Fl61
MMSgadd33 O I mg mi mRNA 2-10 Nanan thstand cdl hnes [F'16]
MMSgadd7 9 Gy mRNA I -4 R at Thymocyte [o7j

RP-2, RP g Gamma rsys

Alkylaung agents: MMS a methylmethane sulfmate; MNil = methytratrosoures t
*

Amphficaban d gene enpy nurnber !*
Decrease d gene cgy ownber- .

*

# (BAllik n C57BI)F muume
9

e
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Table 18
Accumulation of u Interferon mRNA and prutein IJnase C following gamma ray exposure of Syrian hamster |

embryo fibroblasts

[W16)

!
Retarsw amont *Dae*

I houn * 3 hows *
(Gvl

a. interferon mRNA

0 02 10 1.0 |

0 12 10 1.5

0 25 t0 3.9

6.903
1.0 1.5 3. 7

10 09 3.8

pyreseen Idname C

0 02 10 1.0

0 12 17 1.9

0.25 2.1 14
14

0.50

10 2.9 34 ;

10 35 43 |

Gamma rays adrmnistered at a dase raie d 0.14 Gy min'3*

Amount of agnierferon mRNA in untreated ceus was set at 10 All caber salues are twressed relause to that. Standard deviation (cr all values was s0.1.*
Locubsuon time (dloeng completion of the raJiauon esposure*

Table 19 )
Relative expression of transcripts encoding nuclear proteins following gamma-ray exposure *

[W18]

bReinssa amount of RNA for traucepu
Dave Daserae

E A6 H4.harane 933 e******
IGyp tGr mue l e *I*

0 0 10(0041 0 t 0 01) 10(004) 1.0 (0.11) 1.0 (0.03) |

0.06 001 16 (0 04) d 09(008) 1.4 (0.08) 1.1 (0.09) HND

0.25 12(007)' 1.3 (0 03) 14(003) 1.3 (0.09) HND

0.50 1810.12)' 1.7 (0.03) ' L.7 o,.uB) ' 1.3 (0.06) IDdD

a75 1.7 (0 17) ' 1.3 (0.08) 10(0m)* 1.4 (0.02) HND

0.25 0.14 1.5 (0 11) * 0.9 (0 09) 14(002) 1.1 (0.02) 10dD

0% 0 8(0.21) 0.7 (O.11) 1.6 (0.04) * 1.3 (0.07) HND

J.75 1.1 (0.12) 1.3 (0 06) 1.1 (0.05) 1.3 (0.02) HND

1 00 4 7 (0.03) * 1.7 (0.19) ' l.4 (0.01) 0.9 (0.11) 19dD

Cyding catis were irvaesied with "Co pmma rays at the donas or done rates inecated I h pnar to RNA harvest.*

6 Standard devisema are no parentheses.
HND . Hybn&ashans n<s detected'

$4ysticandy efferent from contrd. p < 005.d

Table 20
Relative constitutive levels of mRNAs and proteins in splenocytes of mice conditioned with x rays

[M19]

Radariw Jews of contamient

Camram mear irresased eses *Canerais

0.38 a72
HSr70 (hant shodt prosas) adLNA

1 98 1 01
GAPD (gycurnidahyds4 Mate dehyeogamme) adLNA

0.24 0.54
HSr70 (hant shock prosas)
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Table 21s

Accessory glycoproteins on the surface of T cells in the blood,
'

[A12]
i

i

b
"

Iv nenn * Alurnauw name Esprene.1 on Paatam fwierwna

Q2 Til 50 All T ceils Prancass adhemoe between T celle and their tary

Thy 1 in nuce cells by tanding to LJA.3 on target ceils'

i Q3 T3 y chain _ 25. 6 chain. 20 A:| T ceus Helps transduce agnal when anogen MHC compies

J Thy 1 in mice : chain. 20,4 chain.16 hads to T cell receptas
.

f CD4 T4 in hurnans Pranoies adhesion to anogen-presenung cells and BM r T crus
J L3T4in = = cella probsbay by tanding to claan D h01C
'

manecules

! G8 TB in humans 60 (hornoe mer) Cytaiok.: T cells Prornotes adhesion to wrus4nfected target cella.

Lyt 2. Lyt 3 in nuce 70 (heterodimer) prc4mbly by bindsog to dass ! MHC maiecula

LJA 1 - a chasa.190; || chain. 95 Mass mhite blant cells Pranoies cell < ell and cell ensins adhamm

Q stands fa duster of Merenusuon as each d the Q proiens mas aeginally defined as T cell 'differenusuon anugen' recognized by muluple mmocimal*

anuboees Their adsmuficanon depended on large cale collabeauve stud.e in wtuch hundreds of such anobodes. generaied in many lahorniones were
capared and found to casist of relausely few youps tar 'clwers*l, each recogniang a s ngle cell surface protein

Table 22
Gamma ray-induced DNA fragmentation of thymic T cells

[M19]

Avmoryre.r FD, * (Cv) 95% CI

G4 CD8- 1 98 186410
G4*CD8' 0 22 0214 23
CD4'CD8- 2 06 1812.31

CD4'CD8' . 6 00 (W deernunedh

Gamma radisuon dme to induce 50% fragmentauon*

Table 23
Dose effect relationship for immune functions in mouse splenocytes after x trradiation *

[L16]

Pnycen*nge of control an dose

Imnewsologer paamene
0 023 Gv 0 OS Gv 0 073 Gv 010 Gv 0 25 Gy

PFC resecon 109 6 1434 173 8 ' 61.3 84 1

Mir reaccon 108 8 133 3 ' 1212 124 8 110.7

Rescean to Con A 191 1 254 8 5297' 104 9 44 6

NK acuwty * 111 8 109 0 118 8 ' 115 4 120.1

ADCC acuwty 109 0 127 6 131.7 ' 150 3 ' 111.7

115 reecem 129 4 171 9 169 5 65 9 54.5
d

UW accueuan 103 8 110 8 130 3 130 9 87.3
d

IL2 secreum 166 0

The inuoundopc parameters were emanned on spianocytes of truce after mmoie-budy erradianon empressed as a percentage of contrais.*

The peak sumulaum was (and at 0.3 Gy. where the relative nlue was 145 0% d conted6

p e 0 5 coopered to shaan-trraesied control*

d p e 0 01 cornpared to sham 4rra&ated control.

.
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Table 24
Response of mouse splenic and thymic lymphocytes to whole body s irnsdiation of 0.075 Gy<

[L16 L18|
'

|

4

Tsme due tradsneson Cell cwle progressson

(davsp Pacentage m Percentage Patewage
Goand G; pnmes sn 5 pnase m Grand M oks,es

I

Sham <mircs 660406)* ;08103i 33(03)
3 82.1 (0 7) * 147 07:' 3.1 (0.3)
4 81.9 (0 7) * 14 8 < 0 8 i ' 3.4 (0.2)

" 7 82.2(0 5)* 144606)* 34(03)

Twee n{te vredsanon Ratsa of TgCD4*) so Ts4CDo*) caus

(davas numan (namabe of sampies' 126 Spleen (nsenber dsanviss: Q1

Shamcontrol 199(014)* 1.14 (0.04)
3 2.85 (0 14)
4 341(020) 1.17 (0 09)
7 1 44 (O.13) ' 117(005)

1 ___

Tune < tar tradsanon Parenrage thange m skvamocvre subscu

:

f
idovsp CDJ'CDa* CD4 *CDS * CD4*CDS' CD4'CD8 *

7
Sham a muai 2.09 (0 06) * 80 89(l 43: | 12 65(0 98) 4 37(0.45)

; 3 3 56 iO 295 * 80 25 i1 20) | 1. 84 (l 22) 4.37 (0.611
'

4 350(015)* so 68 133i 12.14(0 94) 368(033)
d

$ 7 3161016)* 83 64 ii w 9.36 i0.73J 3 84 (0.25)
1

'
:
1

* i

]
Mesa value, standard erscr m parentheses

* p 4 0 001
'

| p 4 0 01.
d

j p < 0 05

e

!

Table 25
| Comparison between frequency of Interleuldn 2 secreting cells from human lymphocytes in inhabitants of a high.

backamund radiation ares and a contml(low background radiation) area in Chins4

; [Y8]

Inhabananns of hngh. background.ratsatson are inhabuanu of % background radsatson aren

Waagramar County, Camgelong Proware, China) (Enpang Cosmtr, Chane)

Age group (Canaal pcpason) P value

Nammber annissed fre p es(%I knabar analvsnut frepenney t%)

e 20 years 9 20 t t 2 0 66 9 17.022069 20.05

20 50 years 9 19892058 9 17.17 2 0.79 <0.05

> 50 years 7 20.71 2 (132 9 15.78 2 0.52 <0.01

TM 25 20.202032 27 166320.53 <0.01

i

l
!
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Table 26
Analysis of the effect of cigarette smoking on the percentage of lymphocytic subsets in occupationally esposed
Pans
[TIO]

Kwnber of CD2* CD4* CDa* IlvK 1* Raw
pesons * 1%5 t%) t%) (%9 CD4'CD8

Nm.emmers i:0 776 57 399 81 27 : 95 17725.1 1.7
Seders 39 73267 391*86 303-69 18 4 : 53 14

p-value (Wilcosa e-pie teso 0 63 0 45 0 03 0.59 0 05

* Date were paaled fa all persons tested in each estegwy

Table 27
Influence of a whole body pre irradiation of 0.1 Gy on the growth of primary murine squamous carcinoma
subjected to localized irra ? nil >n

[M28]

Gromeh delav compaed so consols idavst
Dane oflocal eradwaan

IGul C5 mm twnow 9-10 mm nanaw *

6 0 4

10 18 5

15 6-7
35 30

* Tumour sine at eme of arraesuon

Table 28
Change la the percentage of functional subsets of peripheral blood lymphocytes in non Hodgkin's lymphoma
patient 8 before and after low dose whole body or half-body irradiation
[fl6j

.%huar oflymphorvues Befcre vradwwn t% SF) Afue tradsarsan t% SE)

Suppressor4aduca T (CD*314*) 89243 7.55.7
Helper T(CD4*314) 27.I : 7.7 33 7?i*
Hesper4educer T (CD4*4B4*) 23.7268 28.7 7.2 *
Suppressor T (CD8*CDit*) 97 66 9.3 e 4 9
Cytcsame T (CD8'C)!!) 210 85 :1.4269
Aceve halparanducer T (CD4*HIA-DR*) 41 16 6822.5*

i Aceve swenscreytcsome T (CD8*HIA DR *) 83256 10.8 7.4

NK acenty (*)(CD16*1eu71 59224 5422.5
NK acenty (+) (CD16*teu?') 1432 94 140 76

| NK puty (+) (CD161eu1*) II.0 : 9 2 3)0280

Normaheed reno Tats 10 1.422086*

* p < 0 05.
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!

4 Table 29
LD,3 for nuce pictreated with non lethal doses of 250 kV s rays

a (s551

Treaunent troup

0 8 Gv t/M R) * 2.4 Gv L300 R) * 3.2 Gy (300 R) *
Age unt No araunent teoneout

1
se.rtueg *

Idi haber LDpm zM A smmr LDy n : M A& LD ,m i SE Nwnbar LDwn : SE

ofnwe IG yp of nwe LGvl of nwe tGsp of nuce Cri

120 90 6 10 : 0.12 W) 6312004 *) 59020.13 89 5672010
40 66520.16 40 6602013*

150 40 64720.!!
240 40 6.8020.14 40 6742017 40 66020.06 40 640 20.10

430 40 67220.13
550 40 6.582027 40 65):019 40 6082022 40 51820.34

| 48 56920.19 48 91820.30
670
730 40 65520.15

45 43320.24
48 4962034

: 760
49 48620.26

820 50 5962015
! 50 416:021

930

%0 57 453:023

The esce were pre-tresied at age 90 days.*
s

* Convened to 51 unns 100 R n 0 8 Gy.
j

i
:

.

1

Table 30
Short term survival and acquirvd resistance in mice conditioned *lth low-dose x frradlation*

: [Y9]

i Nunmeer Comistsomeg Challenge 30-dev sarmal Colony-fornweg weau

1
Group of nwe treatment * weasement *

Sarao 80Statishcal Awage par
4Gy) IGy)

sagen/1cance naamue : SE cancelA
,

Comed 70 0 7 75 (a rsyer 14.3
2

1 60 0.025 (a rays) 7.75 (a rays) 16.7 p = 0.1

2 60 0.05 (a rays) 7.75 's tsys) 42 4 p a 0.001

! 3 60 0.10 (a rays) 7.75 (a rays) 40 0 p a 0.01

1.48 : 0.39
Cared 40 0 7 0(s ra>st

1.9820.50 1.3'

1 40 0 025 (a ravs) 7 0 (s rays >
146 2 0.53 1.7

2 39 0 05 (a rayst 7 0 (s says
151 0.50 1.7

! 3 39 0.10 (a rsys) 7 0 (a rays)

Gwo si two c( age.*

* Gwe at fow morahs d age.
]

!
<

,

Table 31 zzsRa source at a dose rate of about 1 mGy
Mean survival time of LAF mice exposed to gamma rays from a'

-

) ,
each day for the duration of life

(L19)
a

Irradsanat D4ference between y Vdant

eradaaret and conted eenrannt tramConroe
es6 . ansroh

#wn6er Wenn surwwal sanne Nunabar Afesa sww.el knee groups (days)
'

,
of naice t SE tdasst of nasce

: SE tdays)

) 110 Male 683.52143 111 Mais '83.1 e 14 0 99 6 0 01f

116 Femals 8019 2 16.I 120 female 820 3 s 17.6 17 6 Nei sipuficant
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Table 32
Survival of LAF mice after lifetime irradiationi-

[S$2]

1

i FenealeWale jhuhar
!

] Dase rue of mee
tmGy a'h m seeepia Mean sesreesel unee Sandard deseanun Mean ss.evesal tonee Sandard devsana

1

s H idavsp Idavsl t M IdavJ) Idevsb
)

4

4 14 90 464 2 23 222 662 2 17 164

j 149 90 528 s 22 213 630 220 193
3

i 40 120 501 16 178 548 2 11 123

)

|'

<

:

)
Table 33
Life-span and neoplasms in RF mice exposed to x and gamma rays

-:
[U13] \

'

3
1

Mean Anrage dose Dessa knber %rmsas %neber Mean age Mae neth neoplasms
*

artweesdaad date rate pf expatwo of nute arraisswn of mae at desk

i
(Gy d'l (Gvl (Javst exposed t*bl necropssed Idavsp Incsdence Mean age ,

y
at deash |at necropsv

1 M (%I 1 M (davst
|'

|
Males

f
-

!

623 612 578 5222 6062 8t

d 0

j 0 25 1150* 201 100 198 %5 64 s 3 %8 13

0.50 t t 50 ' 189 100 18 3 550 6524 %2215

0.75 !!50 * 188 100 186 548 7123 571 2 15 |

),

1 00 t150 * 197 100 194 494 6324 5142 14j |

i 1 50 1150 * 427 100 4t7 484 75 s 2 445 s 8
|9

5 1.4a 0 052 30 98 97 96 606 6735 6512 20 '

| 1 53 0.15 to 178 100 175 581 6824 5942 13

4 1 55 0 77 2 80 100 79 590 7525 6112 17

3 00 1150* 241 100 238 408 8123 415 2 11

3 29 0 05 63 118 99 118 610 7624 638 2 16'

3 03 0 14 22 119 100 116 573 7234 40* 16 1
; '

i 3 08 0 22 14 '9 100 76 538 7225 552 19

3 05 0 31 to 1I? 100 109 610 72 s 4 629 2 20

3 15 0 79 4 '9 400 '9 5% 6325 568 s 23,

Females4

554 537 58 6 6622 6082 8|

I O

i 0 25 0 067 95 100 94 603 7025 597 13

0.50 0 067 95 h4 95 599 77 4 612 2 15

1 00 0 067 95 100 95 551 86 x 4 549 15

1.04 0052 20 99 100 95 5'8 7524 592 s 14

1.01 0 15 7 1to 100 !!? 599 7424 605 t 8;

94 100 92 520 87 4 525 2 20

i 1 00 0.067

2.40 0 005 516 99 48 98 576 79 4 587 e 17

3 00 0 067 - 92 100 92 470 8923 473 18

3 06 0 010 300 ;25 93 124 611 8234 6252 14
y

3 06 0 011 300 89 92 67 595 7924 609 2 14.

1 3 13 0 051 6| 125 94 122 549 7914 Id* * "
,

3 10 0 15 21 110 100 107 %4 8623 571214

3 13 0 21 15 99 100 97 504 8424 534 2 18

3 05 0 31 10 99 100 97 58 7 8024 597 2 16

5 3 06 1 02 3 99 100 97 575 80 2 4 582 2 17
.

8

X rays all other youps evased to pmi-: rays*
.

!
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Table 34
Innuence of dose on induction of neoplastic diseases in female llA1.ll'c mice exposed to gamma rays

[U14)

Tvpr of twaoser Dare * 4Gs 6 .4gr.airssted oneadence t% s .5El

-

Ovarian turneur 0 64 14

05 99 1.8 !

10 21.92 16

10 42.5 18

0 76200
Marnmary edenocaronarna

05 00:09

1.0 13.221.2

10 13.9 * 1 3

12.82120tmg a4esouranoma
05 14,5218

1.0 16.5 11
20 214226

Ikse rate d 0083 Gy d'8*

Table 35
Surv8,61 of male BC3F mice after exposure to x rays

(C0|

Mean long narm sarwel
Done ,. , = .5D (d)(Cyj

Mwe erred.mied an erem

00 34 * 852 2 247

0.3 4a * 798 e 180

09 61 * 824 1 212i

'

1.5 46 * 897 * 173

11 45 * 832 167

Mme irradieeed at 3 a.mthe af ese

827 * 188
0 203

8282 182440.5 797 2 238
10 48

i 767 2 225
| 10 50

7312 176
i

30 50
792 2 166

! 40 48
7012 210

5.0 72
718 2 175

60 95
682 2 222

70 249
!
i

Mwe errednesed at 19 maonths of mee
|

99 170g
' 0 865 t 170

0.5 48
665 = 141 j

10 48
893s 160 l

10 48
859 2 125

30 50
834 * 134

4.0 50
| 841 2 167

'

50 662 183.

60 95
759 2 184 j;

1427.0
.

i
Nisober of mues et weemos*

.

|
l
.

. _ _ . _ _ _
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Table 36
Life span and development of neoplasms in irradiated mice

;

| [S54]
|

|

1 Sageaninfe Das knebar Mean I& span Mwe nearmg neopiannu Mann nasaker of neopissnu pe ,

of nanene 4 Gyp of news M (devst t%) namar s M
,

Gmund 0 198 669 8 90 4 1092004

| Fetus 2.9 93 831 14 * 91 4 1.30 s 0 08 *

|
38 81 741 18 ' 66 0 1.182000

$7 65 584 s 21 * 70 8 * 0.95 s 0 08

Necmate 1.9 85 ?84217* 90 6 1.382000'

38 81 642 2 16* 96 3 149s008*

5.7 91 453 2 16 * 91.2 1.212007

Adult 19 81 789 2 17 * 95 1 1.44 s 0 OR ' '

38 80 72) 2 19 * 91.3 1.562010*

57 83 586 19 * 91 6 1.28 s 0 09
|
|

p 4 005*

Table 37 337Cs pomma rudiation
Ufe-span and dissene incidena ener a single expreure of three-monthseld C57BI mkw to

[M29|

Dane Msel Dvneenma All lesheenesas Ceresnonaa and seconen All nenhannecans

(Gy) L k 8 Pan Ldfe 8 Pan Lde spm Incidence Lfe span Incidence Lfe-span

s SE * sM* 3M* (%) : SE ' (%) 2 $Ey j,, g , g

, g,
gdevsp idovs> tdans,

Ganat 473 606 s 29 1 27 40 s 204 2093 6:4 t 65 16.3 676 s 78 33 le 648 53

05 242 578 2 38 1 65 500 s 304 16 18 581 9 14 04 636 : 113 28 51 598 2 14

05 239 558 s 38 1 26 805s 303 15 48 58 s 100 8 79 626 s 143 03 01 599 s 84

1 246 540 s 36 0 15 04 546 9.8 8 94 5952 134 21.95 566 2 80

0 217 53 2 38 2.3 174 s 95 1382 'll : 10 14.29 584 s 109 26 27 $43 2 76

4 143 478 s 43 13 9 190 : c6 26 a7 3'52 7; 16 08 594 2 129 39 16 444 2 67

6 188 4002 32 30.32 253 2 36 44 68 305 s 37 14.36 538 t 108 55.32 352 2 39

Tcnat scarecsed for competmg rins*

t

- -

- _. .
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i

1 Table 38
| Survival of male B6CF mice after acute,23 week and 59-week exposures to gamma radiation *

g

(C19. T15]
|

4

wenn senai 1 hE edavsb
Toual done esente nase rate

-

- IGvp tGv weet l De sn from ad causes Deank fem eencesI

I. Lagle arvie espunure

663 : 10j 0 |834 2 1209 '
j

8271 16' 14 '

807*15 '

I 2,1
727 4317 '

i
|

comanuuus empeure for 23 weeha

!
0 0 657 15 893 2 15 ,

11 0 00 830 = 13 871 s 15 17

42 0 18 8062 22 842 2 21 |j

96 0 42 6752 23 U2:24 i
'

19 2 0 83 579 32 622 2 35
|

coni.n.ou. e,s.ee r.,39 week. |

0 0 8032 16 W2H

33 0 0g 766 15 8 3 s 15

10 7 0 18 719 16 750 2 16

24 6 0 42 616 2 21 656 3 20

8 %ce were 107114 days old at the beennmg d arradiauon

|

|
I

i

Table 39 ;
Survival of beagle dogs exposed to whole-body gamma-irradiation I

[B23)

ase at - wso
Ated @ ** Me M Numher m greaq Pe-eentage dead e

A'E 1982 Mean Range

Comoals (all a8ss) 0 360 66 12 6 9.9-15.0

8 im usaro) 0 16 120 41 11 5 106136

0 83 120 S1 11 4 10.4-13 4

28 (m mare) 0.16 120 67 11 8 103 13.9

0 83 120 50 11.7 10.7 13.6

55 (m i.ao# 0 16 120 63 12.2 11 3-14.1

0 $3 120 68 12 1 113 14.2

2 (pue-parnsni 0 16 120 67 12.2 10.2 13.8

0 83 120 60 11.9 11214.2

to (pas-parnan# 0 83 120 65 12.2 113 142

0 83 20 73 12.5 113 15.0
365 (pase-pansup

Tonal 16a0 63

I
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Table 40 1

Survival and disease incidence in beagle dogs exposed to x. and gamma irradiation
[T4)

|

I
I Acute sad fractmaa.ed whole. body erradiakon

Nwnha E.xpaswe Mada incsdence t%)af dogs pars espaswe
Dase Frecusau Inserval henseen swmal Oevs> Non.neoplausse Monumey Non naanwney(Cy) partsons (davss daeases --s ammears

57 N eescantrdan 11 6 44 21 35

22 0.25 4 3 !! 0
25 0.25 4 14 10.0

| 3) a25 4 7 11.3
21 RSO 2 3 10.6 46 23 31
21 0.50 2 14 98
20 RSO 2 7 10.7
23 1 00 1 10 8

22 0.75 4 3 10.3
23 0.75 4 14 93
3 0.75 4 7 90
25 1.50 2 3 92 54 17 29
21 1.50 2 14 85
23 1.50 2 7 87 ,

11 3 G) 1 10 4

Canunuuus samme.orradisaien

Nwnhar Data race Nwaaher Mees swmal syrarss Cause of densk t% ancadence an pennehesest
of dogs af dogs

(Cy l') dead Mvelopreisfr-arowOf dead dogs OfImng dogs kyssceenua Anaenana g

46 Nas 12 84 10 0 0 (On 0 (0) 0 (0)92 0 003 33 82 97 0 (0) 0 (0) 0 (0)46 0.008 3 80 10 0 0 (0) 0 (0) 1(4)46 0 019 42 73 89 0 (0) 1 (2) 7 (17)24 0 038 24 52 040) 2 (8) 11 (46)
16 0 075 16 19 0 (0) 7 (44) 7 (44)13 0 013 13 08 1(54) 4(31) 2 (12)16 0 026 16 0 15 16 t100) 0 (0) 0 (0)
& 0038 8 0 10 8i100n 0 (0) 0 (0)4 0.054 4 0 07

| 441001 O to) 0 (0)

|
'
i

|
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Table 41
Cancer mortality rates and estimates of excess relathe nsk of cancer for a high-background radiation area arad
a control (low baclytround rudiationi area in China

[W29)

Noamaer of cance cases an 60.000 pesons * A ge smtou,ned mwralarv rarer 410' PYh * Escess relaan
ruk

.Sao of cancer Age range

tal Hsgh-background L.owbackground Hagn-euchground Lowbackgrosamt (90% Cl)
d l d

erar q$ 4 anse a ) * aest 42 atss a p ' gent * arar

Lauksenas 049 31 32 30 34 4 08 ( 4 40.0.39)

Nm leuksenus 10 79 412 464 4 06 ( 0.16.0.05)

Nm leuksenus 0-39 40 29 0 44( 4 03.1.17)

|
Nanopharyaz 10 79 94 108 98 10 5 407(426.018)

I Oenophapaa 3049 12 16 14 1.5 4 16 ( 4 56.0.56)

! Stomach 20-79 52 47 56 45 0.21 (( 4 13.0.68)

laver 20 79 113 138 12.5 13 9 413 (430.0 FT)'

Intesune 30 79 16 23 1.7 13 4 24 ( 4 56.0.29)

12ang 20 79 25 35 2.7 33 421(449.021)

Brcass 30 79 7 13 0.75 0.59 4 37(.0.710.34)

,
Cerus uteri 40 79 13 5 14 1a 2.12(0.37.6 96)

I lione 4 3 0 52 1 45

Others 0 69 95 99 0.03(019031)

* 1eent penod assumed is 10 years Ice sohd tumours and 2 years fa leukaerma
Adjusted wHh the combined populanon of bain high and low +acapaund raiahan areas*

' 1 008.769perse-years were observed in higheackpaund radaahon area
995.070 persm years were observed in the control tio* tackpound s area'

|
l

i
!

|

l

Table 42
Standartilzed mortality ratins for selected causes of death among shipyarti workers in the United States

[M13]

Sandard metalav rase 495% Cl)
,

1 Caane of densk
a5 stSw <J ntSv Non-nascinar rde wereas

f

( All causes 0.76 to 73.0.79) 08110.76.0 86) 1 00(0 97,1.03)!

leukaerms 091(056.139) 0 42 (01Lt.07) 0.97 (0 65.139)
!

( Lymphaue and haen.opoieuc cancers 082(061.108) 0 53 (0.21.0 91) 1.10 (0.88.1.37)

Menothshama 511(303.808) " '2.48,11.33) 2.41(1 16.4 43)

Lung cancer 1 F? (0 94.1.21) 111(090,135) 6.15 (1.02.1.29)

!
Table 43
Relative rbk of mortality for workers who were employed for at least six months at the Hanford nuclear|

|

l materials production plant in the United States

[G12]

u.r,- ,o6 em en e

Essarnaf dase

W All cances All deseases except emmear * Lombaenman ' Maakarle arvedenan

09 1.00 1 00 1.0 1.0

10-49 104(09.l.2) 089(08.1.0) 08(04-16) 0 4 (O.Lt.3)

50-99 1.01 (0 8.1.3) 085(0.7.10) 0.3 (0 03-1.6) 4.2 (0.7.19)

300 199 1.17 (0 9.1.5) 0 83 (0.1.1.0) 1.5(0.4-48) 5.9 (0.5,41)

a200 093(07.1.3) 096(08.1.2) 03(0.021.3) 21 (2.1.270)

The veiaas e nak is the rauo of the nak for the indiated dme cate8tey retenve to that for the lowess does category (CL9 mSv).*

Masaly danshs from cordaavascular dmeam geruto-unnary eacuses and escanas of the respratory traca.*

Endueng chramse lymphnee leuksenus.*
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! Table 44
333: locidena of thyroki cancer after administradon of 1 in medical diagnostic examinadons

{ [H18]
e

r ilowupaAcam,

i h
1 ssaved S-9 years 10-14 peers 1519 . wars m20 yees
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THEODORE ROCKWELL has been directly involved in nuclear power for more

than half a century. After completing work on his master's degree in chemical engineering at

Princeton he worked in an elite Process improvement Task Force at the war-time atomic

bomb project at Oak Ridge, Tennessee. After the war he transferred to the Oak Ridge Na-

tional Laboratory and became Head of the Radiation Shield Engineering Group. In 1949

then-Captain H.G.Rickover hired him to work in the Naval Nuclear Propulsion Program,

where he became Director of the Nuclear Technology Divisions that handled the unique

problems posed by reactor coolants, both pressurized, high temperature water and liquid

metallic sodium. In late 1954 he was made Technical Director, responsible to Admiral Rick-

over for helping to develop criteria, procedures and facilities for safe operation of nuclear

powered naval vessels and the world's first commercial central station nuclear power plant.

In this capacity he went out on initial sea trials of each new ship. In 1960 he was awarded an

honorary ScD degree for his contributions toward the development of atomic power. In 1964

he left with two colleagues to set up the respected engineering firm MPR Associates, Inc. He

is now an engineer in private practice.

He was given Distinguished Service Medals by the Navy and the US Atomic Energy Com-
|

mission, an " Award for Exemplary Achievement in Public Administration," by the William A.

Jump Foundation, and the first " Lifetime Contribution Award, henceforth known as the

Rockwell Award," by the American Nuclear Society. He has several patents, including one

listed in "a selection of[27) landmark US atomic energy patents from all the patents issued to

date." He was the only non-medical member of the Advisory Group on the National Artificial l

Heart Program (1966) and a member of the Advisory Council, Princeton University

Department of Chemical Engineering (1966-72). From 1965 to 1968, he was a Research
i

Associate with the Johns Hopkins School of Advanced Intemational Studies (in connection

with nuclear proliferation research). He was Chairman of the Atomic Industrial Forum's

Reactor Safety Task Force (1966-72) and Consultant to the Joint Congressional Committee on

Atomic Energy (1967). He was co-founder of the Princeton Engineer in 1941.

He was editor of The Reactor Shielding Design Manual published separately by GPO,

McGraw-Hill and Van Nostrand (1956), and author of The Rickover Effect: How One Man

Made a Difference Naval Institute Press and John Wiley (1992 & 1995). He is currently

working on i r to the People, a book on nuclear energy for the lay public.
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