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ABSTRACT

Intermediate energy neutrons are unique in that a considerable fraction

of critical interactions and of dose absorbed is not associated with

iomzation but with atomic collision. It is still unknown to what extent

the qualitative difference in primary damage after atomic collision

compared to that of ionization and excitation becomes expressed at bio-

logical levels.

Chromosomal aberrations were studied in Chinese hamster fibroblasts

exposed for 5-8 hours at 22 C to intermediate energy neutrons, mean

energy 8.5 keV, or to Co-gamma rays.

RBE at the 103 aberration frequency level in S-phase were 2.2 ±0.6 for

total aberrations, 2.1 ±0.6 for chromatid breaks and 1.8 ±0.5 for ex-

changes .

For each chromatid aberration observed after recovery, about 200 bond-

breaking atomic collisions besides 3000 primary ionizations should have

occured in DNA. However, the extent to which the abarrat"on response is

du^ to atomic collisions is not clear.



]. Introduction

Ionizi '•-} rad:, tion, such as fast elertrons or protons, is generally

characterized by close proportionality between the number of ion pairs

generated and dose absorbed. In contrast, slow charged particles gene-

rated in organic matter by intermediate energy neutrons, transfer a

substantial fraction of energy through charge exchange 3nd atonic colli-

sion.

A proton may be considered slow for kinetic energies less than 25 keV

and C, ii, 0-ions for a few MeV . The range of a 25 keV particle is

much shorter than typical cell dimensions. Tr study biological effects

on nuclei of eukaryotic cells, direct exposure to slow charge particles

therefore is very difficult to accomplish. Yet, living tissues nvy be

affected, because neutrons, especially those of intermediate energies,

0.1-30 keV, induce slow charge particle recoils at considerable depths

in tissue. In the case of intermediate neutrons all but 10-i of these

particles are hydrogen ions.

Atomic co^'isicns are associated with a unique pattern of primary damage

on the p' \ co-chemical level. Thus there is not reason to expect bio-

logica1 : ,)i ession of slow-particle induced atomic collisions to be

predic / /.- from the rich information available on response to "ionizing

rad i at <••.. '

The föc ,:haf biological effects of intermediate energy neutrons and

slow r ;i c ie s are still largerly unknown, must be ascribed to diffi-

cult • associated with production of well defined fields of intermediate

energ^ neutrons at sufficient dose rates ' '

Now, K ><vever, a technique is available that allows neutron exposure at

10-20 id/h, mean energy 8.5 keV, and less than 5« dose contribution
3

from p.-'ltons . Chinese hamster cell cultures were exposed to such inter-

mediate energy neutron fields and, alternatively, to gamma rays from a

Co source. The frequencies of translocations and chromatid or isochroma-

tid breaks were analyzed after exposure at comparable dose rates. It was

thus possible to evaluate the relative biological efficiency (RBE) of

intermediate neutrons for induction of chromatid aberrations.

2. Materials and Methods

2.1 Cell cultures

The cells belonged to a diploide cell line Cl 1, a clonal derivative of

male embryonic lung cells f^om Chinese hamster, Crieetulus grineun, (Kato

1967). For routine maintenance, cultures were cultivated at 37°C in 200 ml



glass bottles (Edward P. Dolby & Co., Inc., Philadelphia, USA) or 30 ml

plastic oottles (Falcon Plastics, Oxridrd, USA) i o Eagle's essential medium
5 20with Hank's sa]t solution ' obtained from the Wallenberg laboratory,

Uppsala, Sweden. The medium was supplemented with pencil lin, 30000 IE/1

medium, streptomycin, 0.2 g/1 medium (Glaxo Laboratories Ltd., Greenford,

England), and 20 per cent calf serun (Flow Laboratories Ltd., Irvine,

Scotland). This medium will be referred to as EHC. Cultures were trypsi-

nized and split 1:8 to 1:4 into new bottles every third or fourth day.

The EHC medium (pH 7.2-7.4) was always changed the day before transfer.

Cells were subculture!, 104-10D cells/ml, at 37°C, for 16 hours before

irradiation, in semicircular pyrex glass tubes (4 cm'1, 2 ml) adapted to

the exposure conditions . The oxygen consumption was measured with a

membrane-covered Clark electrode (Institute of Zoophvsiology, University

of Uppsala) 0, 8, 23, 25 and 30 hours after plating of cells in the expo-

sure tubes, Polarizing voltage was maintained at 0.65 V. The electrode was

calibrated at 25.0 C against EHC medium air-equilibrated or bubbled with

N2 till steady-state current output was recorded (SERVOGOR RE 511, GOERTZ

ELECTRO). The same recorder output was obtained for desti1 led water bubbled

with \\y till steady-state or containing 20,. Pia-S-O», which removes free

oxygen completely.
3

Pulse chase experiments with H-TdR were performed in order to establish

that the cells were in exponential growth phase during treatment. At four

occasions (C, 20, 29, 48 h after plating), pairs of exposure tubes with

initially 10 -10b cells/cm were treated with 20 min. pulse of H-TdR

(10 ml EHC with 0.5 uCi/ml 3H-TdR, 5 Ci/mM) washed three times in balanced

salt solution (3SS) and 30 minutes in medium containing "cold" 10 M TdR.

The medium was then discarded, the cells trypsinized for 10 min., suspended

in 0.1 ml BSS plus 0.1 ml trypsin solution, counted in a haemocytometer,

centrifuged at 1000 rpm (about 200 g) for 10 min. and lysed in 1 ml 0.5%

sodium-lauryl-sulphate solution. The 1 ml suspension of lysed cells was

then mixed in polyethylene vials with 9 ml scintillation solution (Toluene-

Triton X100, 7:3) and measured in a liquid scintillator system (Mark II,

Nuclear Chicago). The number of counts due to tritium decay in relation

to the number of lysed cells, gave the relative incorporation per cell of

TdR in nuclear DNA.

2.2 Mitotic delay

In order to study mitotic delay by autoradiography, one day old cell

cultures of the Chinese hamster were exposed to H-TdR (1 uCi/ml, 18.5 Ci/mf')

for 10 minutes at 37 C. To avoid "after-labelling" a 10 r.inuteo chase with



10 '' .1 "cold" TdR was performed in EHC followed by two washes with EHC.

Duri»*? $ hnur<; controls and culture? exposed to Co gamma rays (35 rad/h)

were kept at 22 C and thus at the same temperature as cultures used for

the chromosomal study. This procedure was followed by recovery at 37 C

fcr various periods. In the last hour before trypsinization, the cells

were exposed to 5-10 'A culchicine. The preparation of conventional
2&Feulgen stained cells is described elsewhere '. The slides were coated

with Kodak AR10 stripping film and exposed for 5 days at 4°C in the dark.
on

The emulsion was then developed and fixed . Slides were scored for labelled

and unlabelled metaphases for determination of the labelling index.

2.3 Irradiation and post-treatment

Neutron irradiation was performed at a van de Graaff accelerator (Neutron

physics laboratory, AB' ATOMENERGI, Studsvik) at 5-20 rad/h for 5-8 hours

att 22 ±1°C. Cultures sham-irradiated at the same position as used for

neutron irradiation,but with energies of the acce^rated protons kept

just below the (p,n) threshold,and unexposed controls were kept at the

same cemperature.

For gamma irradiation a 7 Ci Co telegamma source was utilized. Cell

cultures were exposed at 10-45 rad/h and 22 ±1°C during 5-8 hours to the

gamma radiation in the glass tubes used for neutron irradiation or in

30 ml plastic bottles.

After exposure, the cells were washed twice in BSS, giving fresh EHC medium

and stored for 3 to 11 hours at 37°C, including 1 hour treatment with 5•10~ M

colchicine. Subsequently, conventional semi-permanent squash preparations
no

stained with acetic orcein were made (ef. Sturelid)

In order to ascertain uniform neutron exposure , a rather limited number of

cells were irradiated at the same time. The maximum number of metaphases

was always scored, however, in case less than 100 metaphases were available

in the preparation.

Evaluation of coded slides was performed independently by both authors and

our results were pooled. The difference obtained between pooled and indivi-

dual data was sufficiently small to be adequately explained by stochastic

effects.

2.4 Oosimet-y

Ethylene gas ionization chambers simulating the cell exposure tubes, and

small cylinders of teflon (d-1 mm, h-4 mm) containing LiF (Isotopes, CONRAD)



were user'.. The technique for production of the neutron field through modera-
7 7

tion of seutron from the 'Li(p,n)'Be reaction with protons 18 keV above the

threshold (1880 keV) and the dosimetry have been described in detail else-

where . ileutrons scattered in target backing and cooling system increased

the dose rate of the ideal neutron field with 31'. The gamma to intermediate

neutron tissue kerma ratio (K,/K ) was less than 0.05. Due to the low

energy of the incident protons no contribution of fast neutrons (> 100 keV)

was kinetically possible. Neutron capture in nitrogen did not contribute

more than 3 of the total dose.

l>

3. Results

The oxygen concentration decreased with tiue in the exposure tubes sealed

with rubber stoppers after aeration, but was never below 60,' of the initial

value, according to measurement. The pH was 7.2 ±0.3 during treatment depen-

ding en cell metabolism and leakage of carbon dioxide. Cells were plated at

sufficiently low concentration to remain in exponential growth phase all
3

through the treatment, as established by pulse chase experiments with H-TdR.

Chromatid aberrations were analyzed in metaphases after 3 or 11 hours post-

irradiation recovery at 37 C in fresh EHC medium following exposure to neu-

tT-ns (Table I) and Co-nanima rays(Table 2). In order to keep the period

of exposure within 5-8 hours, the dose rate was varied (Table 1 and 2).

Standard deviations were calculated assuming Poisson-distributed chromosomal

aberrations.

In this hamster cell strain at 37°C, the average duration of the different

phases of the mi tot i c cycle was Gl 6.0 h, S 9.5 h, G2 1.5 h and M 40 min. .

By uutoradiography we havo investigated the influence of 3 hours treatment

at 22 C on S and G2 (cf. Fig. 1) either in unexposed cells, or in cells

treated by gamma irradiation (239 rad at 36 rad/h).

With significant cell progress at 22°C, labelled cells would enter into

metaphase earlier,after the return to 37°C, than would be expected from

the duration of G2 at normal temperature. Our observations of population

growth indicate, that at 22°C practically no proliferation takes place,

a g r e e m e n t w i t h f i n d i n g s o n o t h e r C h i n e s e c e l l l i n e s8,9 The dashed

line in Fig. 1 illu'trates the labelling index vs. time after pulse labelling

for cells kept at 37 C all through treatment . This response is very similar

to that of unexposed cells kept for 8 hours at 22°C, before return to 37°C,

(cf. Fig. 1 ) , for which the measured duration of G2 and S were 1.6 and 9.8

respectively. Consequently the low temperature treatment did not sifnifi-

cantly delay cells to enter into metaphase after the return to 37 C.



Iii the dose interval below about 220 rad, supralinear dose effect response

was resolved only for exchanges of oaaima-irradiated cells scored after 11

hours recovery (Table 1 and 2). The relation Y = a x11 of exchanges Y, as

a function of dose, x, was fitted to the experimental data in a log-log

plot with a = 3.98-10 , and n - 1.21. For all other aberrations least

square linear regression was attempted. Becuase the number of analyzed

metaphases differed considerably between doses, the statistical treatment

involved weighing of frequencies in relation to sample size, Coefficients

a, k and standard deviation SD of the linear relation between the effect

(Y) and dose (x): Y = a +(k ± SD) • x, have been calculated for neutron

and gamma exposure. Table 3 contains regression coefficients k and k

with the respective standard deviation SD.

Metaphases scored after 3 hours recovery normally correspond to cplls

being in late S and G2 at the time of treatment,and to early S, when scored

after 11 hours recovery. However, cells are delayed by irradiation. After

100 rad of X-rays G2- and late S-stage Chinese hamster cells enter mitosis

between 30 and 80 minutes later than untreated cells ' ' ' . VJe obtained

at the protracted low temperature exposure a corresponding delay of 33 min.

(cf. Fig. 1).

Furthermore, most of the metaphases obtained after 11 hours recovery (cf.

Fig. 1) were in S-phase durinr, irradiation, although at different stages

defending on radiation quality and actual dose level. The linear relation-

ships in Fig. 3 between single chromatid aberrations and dose obtained with

gamma rays, as well as with 8.5 keV reutrons, indicate, however, that there

is no significant difference in radiation response with respect to chromoso-

mal aberrations over this S-phase interval. In the case of Co gamma ray

exposure, unexposea and maximum exposed cells scored after 11 hours recovery

corresponded to stages about 100 minutes apart in the S-phase.

RBE in Table 4 has been derived from data gained after 11 hours recovery

(Table 3 and Fig. 1-3). Experimental uncertainty in measurements o f neutron

dose were always less than 15., as indicated in Fig. 1-3. Gamma ray dosi-

metry with thermolunn'nescence technique resulted in 6,, relative error.

4. Discussion

Sublethal damage in mammalian cells is only slightly dependent on tempera-

ture within the interval 23-27 C ' , quite in contrast to the very marked

effects of temperature on cell progression . It is also evident from the

autoradiographic examination of laballed S- and G2-phase cells (cf. Fig. 1)

that cell progression was insignificant during the present protracted expo-

sures at 22°C.



Exchanges and isochrcenatid delations are expected to increase more closely

to the second than to the first power of the dose for radiation of low

linear transfer iLt~) such as Co gamma rays . Only slight supra linearity

was observed for th«> yield of chromatid exchanges as a function of Co

gamma ray dose *,Fig. 4 ) , thus possibly reflecting the combined effects of

protracted exposure with maintained repair capacity at 22 C.

Tc keep the exposure periods within 5-8 hoars the dose rate was varied in

proportion to the dose absorbed (Table 1 and 2). As regression analysis

showed the frequency of chromatid aberrations (Fig. 3) to increase linearly

with dose, as ^ould be expected under conditions of constant exposure rate ,

the influence of varying dose rate should be insignificant.

The linear dose response of chromatid aberrations with gamma rays or neutrons

in the cells entering into metaphases 11 hours after irradiation imply that

the radiation sensitivity is constant for these cells from slightly diffe-

rent stages of the S-phase. It is thus possible to calculate a RBE from the

aberration data at 11 hours recovery, in spite of the dose-dependent mitotic

delay. The studies of mitotic delay and chromosomal aberrations in Chinese

hamster cells by Skarsgaard (cf. Elkind and Jhitniore) using X-rays and

charged particles of different LET, indicate that RBE for these two effects

shculd be similar. Our gamma exposure data on chromosomal aberrations extend

to two times higher doses than the aberration data for neutrons. Therefore,

about the same maximum mitotic delay should be expected for the doses due

tc neutrons and gamma rays, in regard of the higher efficiency of the

neutrons.

Intermediate energy neutrons generate high-LET radiations in tissue. The

present neutron field corresponds to a track average LET of ?4 and a dose
CO

average LET of 30 keV/u. Because the short track of keV protons is dis-

torted ar.d atomic collisions are frequent, interpretation in terms of LET

appears, in fact, questionable. This is particularly true since at a physico-

chemical level atomic collision damage is peculiar, and as the extent to

which the difference in primary damage due to atomic and electronic action
becomes expressed on biological levels is still unknown. Local energy density

2

or event density would seemingly be more adequate. However, the linear re-

sponse to intermediate energy neutrons demonstrated here is in accord with

a model implying single-track induction in analogy with the situation at

hinh LET.

Primary ionization in living matter is believed to be responsible for

critical damage associated with an average energy absorbtion of about

23



The ratio of bond-breaking atomic collisions to primary ionizations in

DNA exposed to the "3.5" keV neutron field is 0.063 and the fraction of

close absorbed in atomic collisions is 8%.

The range of recoiling particles generated by intermediate energy neutrons

is always shorter than the maximum range of a 30 keV proton, i.e. 0.4 um.

In view of a theory of Neary for aberration yield as a function of particle
i Q in

range , supported by experimental observations , a low efficiency for

aberration induction would in fact be expected.
Of significance for our understanding of inactivation and other damage due

11 12to "keV" particles are also experiments by Jung and Zimmer ' , in which

viral DNA and enzyme in the dry state can be shown to be much more resistant
2

to electronic interactions with 2-4 keV protons as compared to fast protons ,
29and experiments by Sutcliffe and Watt , studying inactivation of dry enzymes

with 0.2-10 keV protons. Be it the same for systems with repair, a matter

not yet settled, atomic collisions would be more important in exposure to

intermediate energy neutrons than would be apparent in view of their little

contribution to dose and relatively low frequency.

Consequently, it still remains unresolved to what extent the comparatively

high RBE obtained for intermediate energy neutrons reflects a high efficiency

of the relatively low number of critical events attributed to atomic colli-

sions or the response to high LET short range particles. Because the mean

range of the charged particles considered here exceeds the diameter of the

DNA-helix by about a factor 50, both strands can be affected by the same

particle. The relation between double-strand and single-strand damage may

therefore be comparable to that typical for other ionizing radiation, par-
?? PR ~\c\

ticularly such of high-LET"'"' .

It is still inconclusive whether single-strand breaks (as considered by
°7Strauss et al.) or double-strand breaks are prerequisites for damage to

14 21be amplified into visible alterations of the uninemic chromosome ' .

Despite this, the fact that about 200 bond-breaking collisions besides

3000 primary ionizations occur, on the average, in the chromosomal DNA

for each aberration observed microscopically after recovery, indicates that

also most of the primary atomic collision damage is repairable.
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Figure

Fig. 1 Relative number of 'lab. .led snetaphase chromosomes of Chinese

hamster fibroblasts v time after 10 minutes treatment with
3H-TdR. Control at 22°C (-O-); cells exposed to 63Co ganma

radiation at 22°C, 290 rad in 8 hours {-•-',; control at 37°C

( — ) according to Sturelid (1971).

Fig. 2 Frequency of total number of chromatid aberrations in Chinese

hamster fibrobTasts vs. dose of intermediate energy neutrons

and JCo gamma radiation. The curve is fitted by eye ir the

interval above 200 rad, which is not covered by regression

analysis.

Fig. 3 Chromatid break frequency in Chinese hamster fibroblasts vs.

dose of intermediate energy neutrons and Co gamma radiation.

Fig. C Chromatid exchange frequency in Chinese hamster fiDroblasts

vs. dose of intermediate energy neutrons and Co gamma radia-

tion.



Table 1

Type and frequencies oT chromosomal aberrations induced by intermediate energy neutrons (mean energy 8.5 keV)
in cultures of Chinese hamster fibrcblasts.

Neutron
Dose
(rad)

42

74

109

112

150

Sham
treated

Control

42

74

150

Sham
treated

Control

exposure
Dose rate
(rad/h)

5

10

15

15

20

-

-

5

10

20

-

Recovery
(h)

11

11

11

11

11

11

11

3

3

3

3

3

Number of
Metaphases
analysed

49

198

320

95

69

88

369

50

65

65

83

65

Chroma t i d
breaks

4.0±3

8.6±2

11.5±2

16.8±4

15.9±5

3.4+2

1.9±0.7

4.0±3

18.5±5

20.0±6

1.2±1.2

3.1±2

Chromatid
exchanges

2.0±2

5.0±2

5.6±0.9

5.3±2

8.7±4

0

0.3

2.0±2

3.1+2

1.5±1.5

0

0

Total**
aberrations

6.0±4

16.2±3

20.0+3

25.3±5

27.5±6

4.5±2

2.2±0.8

6.0±4

24.7±3

21.5+6

1.2±1.2

4.6±3

*) Including chromatid- and isochromatid breaks and chromatid exchanges.



Table 2
60,Types and frequencies of chromosomal aberrations induced by Co-gamma radiation in cultures of Chinese hamster

fibroblasts.

Gamma-ray exposure Aberrations per 100 cells

Dose
(rad)

82

113

140

204

238

257

302

Control

189

207

Control

Doserate
(rad/h)

10

20

20

40

45

40

40
—

25

25
•

Recovery
(h)

11
11
11
11

11

11

11

11

3

3

3

Number of
metaphases
analyzed

109

189

208

200

245

193

203

302

200

200

200

Chromati d
breaks

1.8+1
7.9±2
7.7+2

10.5±2
11.8±2
14.5+3
19.7±3
1.7+0.7

23.0+3
28.0±4
2.0+1

Chromatid
exchanges

0.9±0.9
3.2±1
3.4±1
4.5±2
6.9±2
8.8±2
8.9±2

0

9.0±2
7.0±2

0±0

Total*'
Aberrations

4.6+2
12.7+3
13.0±3
21.5+3
21.2+3
34.2i4
36.9+4
1.7±0.7

35.0+4
38.5±4
2.0+1

*) Including chromatid- and isochromatia breaks and chromatid exchanges,



Table 3

Regression coefficients, k, and standard deviation, SD. for assumed linear

dose-effect response, y = a + (k ± SD) • x, of chromatid aberrations to

intermediate energy neutrons and Co gamma in Chinese-hamste.* fibroblasts

with 11 hours post irradiation recovery (cf. Figs. 2-4).

Exposure Total aberrations Chromatid breaks Exchanges

In term.
neutron

6 0Co-

gamma

kn

SD

k
Y

SD

1.75-10

0.08*10

-3

-3

0.81-10

0.16-10

-3'

-3'

1.19-10'3

0.16-10"3

0.56-10"3

O.O79-1O"3

0.55-10-3

0.055-10-3

*) Calculated for doses below 200 rad.



Table 4

60,RBE of intermediate energy neutrons and Co gamma for chromatid

aberrations in Chinese hamster fibroblasts at 11 hours pcst- irra-

diation recovery.

Aberration

All aberrations

Chromatid breaks

Exchanges

Aberration frequency
(*)

0-15

30

0-20

5

10

RBE

2.2±0.6

1.7±0.2

2.1±0.5

2.0±0.5

1.7±0.3
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interval above 200 rad, which is not covered by regression
analysis.
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Fig. 3 Chrcmatid break frequency in Chinese hamster fibrobiasts vs.
60,dose of intermediate energy neutrons and Co gamma radiation
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Fig. 4 Chromatic! exchange frequency in Chinese hamster fibroblasts

vs. dose of intermediate energy neutrons and 60Co gamma radia-
tion.


