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SUMMARY

HeLa MR cells were exposed to radiation emitted
from a man-made spontaneously fissioning
isotope, californium-252. The neutron (n) to
gamma-ray ratio in the radiation dose was
measured to be 2.0. The extrapolation number
(n-value) of the dose-survival curve was 1.3,
and the exponential slope (Dg) was 200 cGy.
A dose-dependent increase in mutation to
6-TGT was observed. The relative biological
effectiveness (RBE) for cell killing of the
neutrons from *2Cf, calculated relative to high
dose rate X rays, was 2.6 at 50% survival. The
RBE for mutation induction was 2.7 at a
mutation frequency of 5 x 1073 per surviving cell.

INTRODUCTION

The neutron doses to the A-bomb survivors
are being substantially modified in the process
of reassessment of atomic bomb radiation
dosimetry in Hiroshima and Nagasaki.l It is
very important and of interest to assess the
biological effects of neutrons and to obtain
basic biological data resulting from mixed
radiation of ¥ rays and neutrons. The availability
of a californium-252 (*2Cf) source? has made
such an assessment possible. The mean energy
of the fissionlike neutron spectrum of 22Cf
is 2.3MeV which is in the energy range of
A-bomb neutrons. Approximate energy of
prompt fission neutrons from the A-bomb
was 0-20 MeV.® In this paper we describe the
lethal and mutagenic effects of 2*2Cf radiation
on HeLa MR cells. High dose rate X rays
(110 cGy/min) were wused as the reference
radiation to calculate the RBE.

E- I O

A% californium-252 OB WIZ L > TH L 3
B # % Hela MR #UREIZ B L 2. Mostgdito o,
YEIZHT 3T (n) o#IB1E2.0TH -1, -
EFRBROINEEE (nfi) 131.3C, 8 E
(Do) 1£ 200 eGy TdH - 7. 6-TGT ~DHZEMAERHK
WHERICRGFELTERE LA SHRBEXHI0HT 2
BICE P F oM ETE I B S E W msh Rk
(RBE) 1F, S0%EHFHIZEHEVWT2.6TH 7. M
ZEFESEICH 13 RBE &, 1EfEMIRY 2 0 o2k
TRFESXID 1ZEVWT2.7TH -7,

# B
R5 - BWCORBRMSRRO RELEE0@fz

FOT, EFE~OFHEFBRAEFIEEEhS25
S0 F oL EMBELFET s, RU
yéE T L DR GHS E OB SN
TS eI LHERICERETHY, F-RKkH 2
LZATHB. ANT 4=y A-252(252CE) B2
RHHATE L2128 -T, 2O %M ATHE
Zhok. CEOBTRPET AR F VDT
T ANF— L 2.3MeV ThHH, ZHIFEBPEFD
ITANLF—WEONIZH S, KL 5 O— K55
PHEFOEELZOIA LT —1E0~20MeV Th o
7.3 AHETIE, Hela MR M@z &1 3 252Cf M4t
MOBOUNERURBRERDR 120 TS, @i
K3 (110 eGy/) D XA RBEE & LTHY,
RBE # 3R 7.

“RERF Consultant and Research Institute for Nuclear Medicine and Biology, Hiroshima University

AR ORI B O A Sl oA % SR B S B 2 B0 2 i

Approved 778 8 June 1987

Printed FORI November 1987



RERF TR 8-87

MATERIALS AND METHODS

Cells and Culture Medium. HeLa MR cells
[HeLa S3(Mer—)]* cultured in aMEM (GIBCO,
New York) supplemented with 10% fetal calf
serum were used. MR cells were suspended
in the culture medium during neutron
irradiations for nearly seven hours. Throughout
this period few cells became attached to the glass
wall. After irradiation, the cells were simply
resuspended by shaking gently. MR cells have a
high colony forming ability in liquid growth
medium and soft agar medium.

Irradiations. Actively growing cells were harvested
with 0.25% trypsin and 0.01% EDTA solution
and suspended in growth medium. Cells, 5X
10° (1 ml), were put into a test tube (pyrex glass,
inner diameter 15 mm, length 125 mm). Test
tubes were transported to the Research Institute
for Nuclear Medicine and Biology of Hiroshima
University about 1km from our laboratory.
Each test tube was set up in one of eight
aluminum tubes (inner diameter 18 mm, length
120 mm, 1 mm thick) standing on 8 cm from the
center of continuously rotating table. Neutron
irradiations were carried outat room temperature
using a stainless encapsulated *52Cf source
(length of 17 mm, diameter of 9.5 mm, Type
X-35, Amersham International plc, England)
loaded into the central axis of radiation. The
dose rate, as determined using Three-Terminal
Ionization Chamber (Types IC-17 and IC-17G,
Far-West Technology, Inc., USA) and Fricke-
dosimeter, was 1.50-1.53 ¢cGy/min. The ratio
of neutrons to 7y rays in dose was 2.0. X rays

(8 mA, 220kVp, 0.3Cu plus 0.5 Al filter,
110 ¢cGy/min) were used as the reference
radiation.

Percent Survival. Immediately after irradiation,
an appropriate number of cells was seeded on
each of six plastic dishes (Corning Co., New York,
Product #25010) per dose and incubated in
95% air and 5% CO, at 37°C for nine days.
Colonies were then fixed and stained with
Giemsa. Colonies consisting of 50 or more
cells were counted, and percent survival was
determined.

Induction of 6-TG' Mutants. Cells were kept
in growth with subculturing every two days in
the period after irradiation until they were given
a 6-TG(6-thioguanine: Wako Pure Chemicals,
Tokyo) challenge. For each dose, 1x 108 cells
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were seeded in each of six flasks (Corning Co.,
Product #25100) and 100 cells in each of six
dishes. Growth medium was added to the
dishes and cell survival was assayed. A 0.2% agar
medium (40 ml) containing 10ug/ml of 6-TG
was added to the flasks and incubated at 37°C
for 3-4 weeks. After incubation, the visible
6-TG resistant (6-TGY) colonies in each flask
were scored. The number of mutant colonies
was corrected for the decrease in survival of cells
incubated for various periods following irradi-
ation; and the mutation frequencies were
expressed as the number of 6-TGT colonies
per 108 surviving cells.

RBEn. If the assumption is made that the y-ray
component and the neutron component act
independently, the relative biological effectiveness
of neutrons (RBEq) can be calculated as follows:

RBEn

Here, f represents fraction of dose due to n and .

RESULTS

Dose-survival responses of HeLa MR cells after
exposure to 22Cf radiation and X rays are shown
in Figure 1. After X irradiation the survival
curve has an n-value of 3.6 and an exponential
slope (Do) of 195 cGy. After 252 jrradiation,
n-value of 1.3 and Do of 200 ¢cGy were obtained.
At 50% survival, RBE(n+y) was 2.05 and RBEq,
2.6. At 10% survival, RBE(n+y) was 1.34 and
RBEp, 1.5.

It is well known that the number of mutations
expressed is markedly affected by the length of
time that cells are cultured after radiation
exposure. The optimal expression time (defined
as the time required after irradiation prior to
challenge for the maximum number of mutant
colonies to be detected) was determined for
200 and 400 cGy of X rays (Figure 2).

Mutation frequency increased with time up to
the 7th day and remained stable until the 11th
day after irradiation. Cell survival became
100% from the seventh day after exposure
to 200cGy and from the eighth day after
exposure to 400 cGy. From these findings, the
frequency of mutant colonies was determined
on the ninth day following irradiation in all
experiments.

RERF TR 8-87

729, 64075 A3 (Corning #t, HEES
25100) 12#& 1 X106 #iffa%s, 6 DT 4 v ¥y 2 it
100MBfa Z#FM L 2=, 774 v ¥ 2T TR BE 30 A
WML, EFEEERkDA. 77 A 2104, 10 gg/ml
6-TG % & {0.2% FEREEH (40 ml) 2L T, 37°C
T3-4E T 5. HRER, &7 7 A ahIciig
Eh36-TGIEHME (6-TGT) Tu=—%¥z 5. 2R
R0 AR, ORFMEREL 2o
EHEROBLTHMIEL, 1 X108 £HFMAYED 0
6-TGY TU-—HTRAERFLEL /.

RBE,: O At 0 yif & it AT LT
W 5 LT 5% 518, BT 0 &M Em R
It (RBE,) AR THHE SN 3.

_RBE(niy) — fy

fn

ZZC, f PR v LAt B & AR T,

s R

ES2Cf MR U X 4588543 ) HeLa MR Mo fit -
ERERARLIZART. XT3 EFRBHETR
n 3.6, EAIAER (D) 195¢Gy TH 3D I
xt U, 252CE B 82T nfil.3, Dofil 200 ¢Gy T
Hof. S0%EFHIZE VT RBE(444) 13 2.05,
RBE, [32.6Th 5% 10%EFE T RBE 4k
1.34, RBE, #1.5T% - %.

BEAT R oM R dE g R O B & A, KRB ah 33
TR¥EIZKECERTIZZEFE{HMENATV S,
200Gy B UF 400 ¢Gy @ X &5 08 4 % o0 i 2 3R 0% 1)
(tb 2L oRBRER 0= -t T 2000,
gt th» SBRGORERM E L CREENS) #3k
Hi(H2).

RATRLII MM REHETHEECERL, 11A
BE CLECELNT VA, M E T IE 200 <Gy
A7 HE A5, 400 cGy A% S HHE» 5100%
iZhof. ThoDERL»S, ROTNTOHERKIC
Ik, MEHRIBBOREAER IO = — OHIELkE
[ B



RERF TR 8-87

Percent Survival

100

50

10

Il 1 1 1

200 400 600 800
Dose (cGy)

Figure 1. Dose-survival of HeLa MR cells against doses
of 252¢f radiation (e) and X rays (o). Bars indicate
standard deviations of the mean for three independent
experiments. Plating efficiencies of nonirradiated cells
were 95% or higher.  Dose rates were 1.50-1.53
cGy/min for 252Cf radiation and 110 eGy/min for
X rays.

F1 fliA oIt *2Cr Rt (e) RUX#M(O) ot
% ¢ HeLa MR #ll fl2 @ gt ht -4 fE 42, Mgl = W ~ D
RO o b B 5 A o8 . RS0 20 = —
M HRIS%L) LT H - BAE L, 520 it
1.50~1.53 ¢Gy/ % T, X#H 110 cGy/ 5 T dh - 7z.

60 T T T

6-TG' Colonies/10% Survivors

Time after X Irradiation (day)

Figure 2. The effect of the mutation expression time on the mutation frequency of HeLa
MR cells following irradiation with 200 cGy (a) or 400 cGy (m) of X rays. Curves fitted by

4 2

eye to data.
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The mutation frequencies per 10° surviving HeLa
MR cells as a function of radiation dose are
shown in Figure 3. Because the lethal effect is
large with irradiation in the high dose range,
mutation frequencies were investigated in a dose
range of 400 cGy or less for X ray and 200 cGy
or less for 22Cf radiation. At these maximum
doses, the percent survival was approximately
45 % or higher.

Spontaneous mutation frequencies were 0.7-5.1

x1076. Mutation frequencies following X
irradiation showed a significant nonlinear
increase with increase of dose. Mutation

frequencies following irradiation with 22Cf
radiation, however, increased linearly with dose.
Mutation frequencies were low in the shoulder
part of the X-ray-survival response curve. A clear
increase of mutation frequency was observed in
the low dose range which corresponded to the
almost negligible shoulder of the 2**Cf-radiation-
survival response curve. Each radiation had an
inverse correlation between percent survival
and mutation frequency. RBE(,H.Y) was 2.1 and
RBEy, 2.7, at a mutation frequency of 5 x107°%
per survivor.

Figure 4 shows a comparison of mutation
frequencies (from Figure 3) per percent survival
(from Figure 1). The amount of genetic damage
(mutation) per lethal damage was indistinguish-
able for both types of radiation.

DISCUSSION

The RBE values of radiation emitted from
*52Cf gources reported to date vary widely
depending on endpoints.®  Broadly classified,
the RBE for the following endpoints have
been accurately quantified.

1) Tissue-weight-reducing effect. Sensitivity to
neutrons differs greatly according to the exposed
tissue of the experimental animal. For example,
neutrons were highly effective on mouse testis,
with the RBE being as high as 3.4-5.1,° but
their RBE was no more than 1.0 on the mouse
spleen.” The RBE was 1.7 on mouse thymus.8

2) Lethal effect on cells under hypoxic conditions
in vitro. The RBE for cell killing under hypoxic
conditions is very high. Todd et al® have reported
the RBE to be 7.0 at 10% survival of human
kidney T1 cells. Other reports give an RBE of
4.1-5.0 at 10% survival of HeLa cells.’®™!2
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Figure 3. Induction of 6-TG resistant mutants following irradiation with 252Cf radiation (e)
or X rays (o). Spontaneous mutation frequencies were 0.7-5.1 x 1 0~5. Bars indicate standard

deviations of the mean for three independent experiments.
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3) Lethal effect on cells under oxic conditions in
vitro. The oxygen enhancement ratio for cell
killing by neutrons is smaller than that for low
LET radiation.'®*'! Results of various investi-
gations have indicated the RBE in oxic systems
was 4.3 or less. 0712

This is the first report of mutagenicity of low-
dose-rate *2Cf radiation, compared with that of
high-dose-rate X rays. Lowering of dose rate of
¥ rays has resulted in a reduction of lethal
effect.!? Mutagenic effect of a given v doses
was also reduced with chronic exposure,
compared to acute irradiation.'*'® The simplest
explanation of reduction in the lethal and
mutagenic effects might be that a fraction of
radiation damage was repaired by the error-free
processes during a prolonged period of low-
dose-rate irradiation. The reduction in effective-
ness was almost similar for both cell killing and
mutation induction. Thacker and Stretch!®
found the linear relations between surviving
fraction and induced mutant frequency at the
low and high dose rates were almost completely
same.

In the present paper, the RBE of **2Cf radiations
to X rays was compared for lethal and genetic
damage to cells irradiated under oxic conditions.
Since the dose rates of both radiations were
extremely different, the relation between percent
survival and mutation frequency was compared.
RBE, at 50% survival was 2.6. RBE, was
2.5-2.8 at a mutation frequency of 4.6-5.2 X 10"
equivalent to 40%-50% survival for the two
types of radiation. For example, RBE, was
2.7 at the mutation frequency 5x10°°. The
lethal damage and the genetic damage from the
two types of radiation were almost completely
proportional (Figure 4). Nakamura et al'®
reported that fast neutrons generated from
cyclotron induced more damage that led to
6-TGT mutations than did <y rays. In their
irradiation protocols, mouse L5178Y cells were
exposed to high-dose-rate (20 rad/min) neutrons
which include a contaminanting 7y ray of only
8% of the total dose. The different results may
be due to the differences in the irradiation
protocels, quality of neutrons, and kind of
cells used.

A number of reports published recently are
clarifying the structural changes occurring in
the HPRT gene of 6-TG' (HPRT-deficient)
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mutant cells after treatment with physical or
chemical mutagens. Numerous partial and
complete deletions have been observed in X ray-
induced mutant HPRT genes.!’”'®  Similarly
many large genetic changes were induced by
ionizing particles (o rays)."3 We have not made
any structural analysis of the HPRT genes of
mutants induced by 252Cf radiation and X rays.
However, the same amount of genetic damage
per lethal damage for the two types of radiation
may suggest that both induce similar type of
mutations.

HPRT #@{Z T OGS E PRSI EN DD H 5.
X $piA 522 5 HPRT M{ZF 1213 £ < 0 4 K4R
TR S 5 0 AR CEEERL T AR (adt)
LMEFRIE L CHRT A e ld, PICE A
BUXEERRIAE RO HPRT (R W& BRI
BLTwaw., UL, WRMROBIEAB YD
OBMIZRMAE LW & D5, WHESSEIFHED
RORRERFZFREL VI L HFREENS.
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