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ABSTRACT

Induction of chromatid aberrations in S-phase Chinese hamster fibro-
blasts has been studied for irradiation by Co gamma rays and neutrons
of average energy 8.5, 45, 83, 200 and 500 keV. At 10% aberration level
the relative biological efficiency varied between 2.2 ±0.6 (at 8.5 keV)
and a maximum of 47 ±9 (at 200 keV).

The neutron generated recoils have short range in comparison to chromo-
somal dimensions. The strong variation with neutron energy is therefore
not necessarily reflecting variations in the average linear energy trans-
fer. Good agreement between experimental and predicted response was ob-
tained when effects ascribed to range were considered.

A critical volume within which primary lesions should occur in order
to make chromosomal aberrations probable was derived. The corresponding
site radius was estimated to be 1-3 urn.



1. Introduction

The dose in tissue-like matter due to 5-500 keV neutrons is delivered

at 30-90 keV/pm. Yet, dcse-effect relationships typical for biological

response to othr-r radiation of similarly high linear energy transfer
12

(LET) may not be applicable. In interpretation of eftects due to kilo-

voltage neutrons, the short range of the recoil particles and the possible

contribution from atomic collisions ' has to be considered.

More than 90% of the number of recoils and more than 95% of the dissipated

energy are due to neutron-hydrogen collisions, with exception of a narrow
interval around 435 keV where oxygen recoils are as frequent ac proton

2
recoils .

Only sufficiently energetic proton recoils will exert the maximum LET,

attained at 70 keV1 . Below this energy the proton stopping power decreases

with particle velocity . For the heavier ions generated in neutron colli-

sions the stopping power is approximately proportional to particle velocity

in the whole energy interval considered. Still, their LET^ remains high

and their range is short in comparison to cellular and even chromsomal

dimensions. In addition, atomic collisions occur most frequently for slow

particles, causing chemical bonds to become disrupted without involving

the usual electronic processes such as ionization or excitation. Due to

atomic collisions, the slow particle track will be very distorted, thereby

confining the primary energy absorbtion to sites of less extension than

directly apparent from the total path-length.

According to a model for the induction of chromosomal aberrations by charge
18

particles , a particle range shorter than the dimensions of critical sub-

cellular structures should decrease aberration efficiency.

We have investigated this effect for the particles generated by 8.5 to 500

keV neutrons by studying the relative biological efficiency (RBE) of neu-

trons and Co gamma rays for induction of chromatid aberrations in Chinese

hamster fibroblasts by irradiation at low dose-rate.

The variation of RBE with neutron energy was much larger than the rather

small variation in LET would indicate. The situation is, however, possible

to explain when the relatively short track-length are considered together

with LET 1 8' 1 9.

2. Materials and methods

2.1 Cell culture

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

embryonic lung cells from Chinese hamster, Cviaetulus gviseus L. . For



routine maintenance» cultures were cultivated in 30 ml plastic bottles

(Falcon Plastics, Oxnard, USA) in Eagle's essential medium with Hank's
20solution obtained from the Wallenberg laboratory, Uppsala, Sweden. The

medium was supplemented with penicillin, 300.000 IE/1 medium, strepto-

mycin, 0.2 g/1 medium (Glaxo laboratories, Greenford, England) and 20 per

cent calf serum (Wallenberg laboratory, Uppsala, Sweden).

2.2 Irradiation and posttreatment

Cell cultures were subcultured at 10 -105 cells/»"l, 37°C, 24 hours prior

to irradiation in semicircular pyrex glass tubes adapted to the exposure

conditions (Fig. 1). Oxygen consumption and growth kinetics has been

described previously . Cell cultures plated in the glass tubes were mounted

on a circular plexiglass support, thickness 0.4 cm and diameter 12 cm, at

10 cm distance from, and coaxial with the Li-target (cf. Fig. 1). The expo-

sure positions were situated at 22 ±1.5° in the forward proton beam direc-

tion. Both exposed and unexposed cell cultures were kept at 22°C during

irradiation and left to recover for 11 hours at 37°C.

Neutrons were produced by the Li(p,n) Be reaction at a Van de Graaff

accelerator (Neutron Physics Laboratory, Studsvik, Sweden). Proton energies

were selected to yield mean neutron energies in the interval 40-500 keV at

22° direction from the Li-target (cf. Table 1).

Neutron dosimetry was accomplished with a neutron dose rate mater (Type
2202, Studsvik, Sweden), which is practically insensitive to photon radia-
tion up to 200 R/h . The dose meter was positioned 3 m from the target in
22° direction so as to occupy the same angular interval as the exposed cell
cultures, 22 ±1.5°. The integrated pulse output from the counter was con-
verted into absorbed dose by the known relation between detector sensiti-

ve
vity and neutron energy .

The dose of gamma radiation was measured by thermoluminiscence dosimetry

as described elsewhere using LiF containing teflon discs, thickness 0.4 mm

and diameter 10 mm, attached closed to the position of the cells but behind

the plexiglass so as to establish build up of secondary electrons.

Acetic-orcein stained cell preparations were made by conventional squash-

technique . Cells arrested in mitosis by 1 hour colchicine treatment after

10 hours recovery from 0 to 300 rad of Co gamrra radiation were found to

be in S-phase to more than 90% according to autoradiographic measurements .

To attain the required neutron energy resolution, a limited number of

cells could be exposed simultaneously. The total number of available meta-

phases were always scored, except when the preparations contained more than

200 metaphases.



Independent analyses of unknown, coded preparations were made by both

authors. The individual results were not significantly different from

the pooled data reported.

2.3 Presentation of data

Linear relationships between chromatid aberrations and dose have been

obtained in a previous study of the aberrations response in hamster fibro-

blasts to protracted irradiation with intermediate energy neutrons of mean

energy 8.5 keV, and average LE1ro of 30 keV/pm . As LET^ is higher for

45-500 keV than for 8.5 keV (cf. Table 3), least square linear regression

analyses were attempted for aberration yield also at these higher energies.

The statistical treatment involved weighting of frequencies according to

sample size (cf. Table 1).

3. Results

3.1 Experimental

The yield of total aberrations, chromatid breaks and chromatid exchanges

as a function of neutron dose is listed to Table 1. Standard deviations

were calculated assuming Poisson-distributed chromatid aberrations.

Photon dose was less than 5% of the neutron dose an all occasions accor-

din to the TLD measurements.

3.2 Theoretical

Me have from previous energy-range data calculated a mean range and track-

average LET (Table 3) of recoils stopped in tissue-like matter (see also

25, 9). The combined stopping power of atomic collisions and electronic

interactions is rather constant for protons below 500 keV.and thus track-

and dose-average LET will not differ much.
OP

According to the model employed, the chromosome aberration yield, Y, should

be dependent on the track-length of the neutron-generated recoil particle,
18 19

when this is smaller than the site radius, h, • i.e. that critical dis-

tance within which primary lesions have to occur to make chromosomal aber-

rations probable.
The one-track yield Y-j will be proportional to lff/h)I, when the average

range R (cf. Table 3) is less than h. The two-track yield Y2, will be

relatively low for the average linear energy transfer E (cf. Table 3) in

the interval 30-90 keV/ym, provided the quotient tf/h i> not too small.

The parameter h=(TM)/Ylt gives a relative measure of the site radius,

and has been calculated for the five different neutron fields employed

(cf. Table 3). In case Y1 is much higher than Y2, and H smaller than h, a

constant value on h is expected^



A priori and ä posteriori t-tests (cf. 23) showed that only Iv, corre-

sponding to 500 keV neutrons, deviated singificantly more than probable

from the other values. The assumption that Iv belonged to the same popula-

tion as h,-h, could thus be rejected with respecively 97% (P < 0.03) and

•M% (P < 0.06) confidence.

4. Discussion

Chromatid aberrations scored in cells with 11 hours post-irradiation

recovery have been exposed at different times in the S-phase, depending

on the actual dose level and radiation quality. The mitotic delay for

Co gamma radiation was found to be 33 min per 100 rad . The linear rela-

tionships between single chromatid aberrations and dose with gamma rays,

as well as between total aberrations and dose with 8.5-500 keV neutrons,

indicate, however, that there is no significant difference in radiation

efficiency with respect to chromosomal aberrations over the corresponding

intervals in the S-phase.

In the present protracted exposures the aberrations consist mainly of single

chromatid breaks at doses below about 200 rad due to irradiation with Co

gamma rays. Thus, also the yield of total aberrations responds essentially

linear to dose below 10-15% aberration frequency .

RBE for total aberrations should consequently remain constant below 10%

aberration frequency, and there be equal to the quotient k /k between

the regression coefficients relating aberration yields, Y = a + k-X, to

dose, X, in neutron and gamma exposure (cf. Table 2).

Exposure at 22°C of Chinese hamster cells normally kept at 37°C inhibit

cell progression ' , but only slightly affect recovery from sublethal
13 4damage ' . Thus, under the present experimental exposure conditions, the

RBE should be relatively high (cf. Fig. 1) provided repair of chromosomal

damage depends on temperature similarly as that of sublethal damage. The

RBE around 40 obtained above 100 keV agrees quantitatively with other

values reported for aberration induction during Gl in Chinese hamster cells

The relative efficiency for chromosomal aberrations as well as for other

critical cellular lesions generally increases progressively with LET in

the interval up to 100 keV/wm . Neutrons of 200 keV associated with a LET

of 34 keV/pm (cf. Table 3) that according to Dousset et al. is the maxi-

mum attainable average LET, should thus be most effective. This corroborates

with our finding?, (cf. Table 2). In spite hereof, the 20 times higher effi-

ciency obtained with L=84 in comparison to L=30 keV/pm may hardly be attri-

butable to differences in LET.

16



The response observed here should rather reflect effects due to relatively

short range for the neutron-generated recoils. This would be in accord with
18

the model by Neary relating the probability for induction of primary

lesions within confined sites to the resulting yield of chromosomal aberra-

tions.

18
The site radius derived by Neary is proportional to the parameter h in

Table 3. Despite one order of magnitude variation in the average range,

this parameter remains fairly constant from 8.5 to 200 keV. The value

obtained for h at 500 keV, however, was found to be higher than at the

other energies at the 5% significance level. Such increases in parameter

h is predicted to occur, when the average range exceeds the site radius.

Our results therefore indicate a site radius within 1.1-3.1 um, the limits

being equal to the ranges calculated for respectively 200 and 500 kaV

neutrons. The aberration yield, Y, divided by the average LET, L, should

be proportional to the average range, R, as long as the latter does not

exceed the site radius. For ranges R larger than the site radius, however,

the quotient Y/L should attain a constant value. As illustrated in Fig. 3

relating Y/L to R, the site radius therefore seems to be close to 1 um.

Kellerer and Rossi , utilizing various published data on RBE of neutrons,

estimate the site diameters to lie generally within 1-3 um. Notably, for
8 22the chromosome aberration response, in human leukocytes ' a site diameter

of 1.4-1.3 um has been derived, in close agreement to our estimate based on

Chinese hamster cells.

The RBE-dose relation illustrated in Fig. 2 is quantitatively similar to

that found for growth reduction in Vicia faba roots with neutrons above

about 50 keV (Hall, referred by Kellerer and Rossi ) and for chromosomal

aberrations in Nigella damascena with 53 to 500 keV neutrons . However,

in a narrow interval around 435 KeV up to about 50% of all recoils may
2

be high-LET, short-range oxygen ions, due to resonant scattering . Effects

of this important component of slow particles with respect to range, LET,

and contributions to primary damage from atomic collision action, have

not been considered in drawing the line connecting RBE at 200 and 500 keV.

In cells irradiated with 8.5 keV neutrons, the ratio between bond-breaking

atomic collisions and primary ionizations of ca. 60 eV is 0.063 . For 50

to 500 keV neutrons this ratio decreases from 0.01 to 0.005. As the aberra-

tion efficiency obtained for the 8.5 keV neutron field is not significantly

higher than predicted considering LET and track-length (cf. Fig. 2),

atomic collision is not expected to be extremely efficient compared to

primary ionization in generating chromosomal aberrations.
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Table 1

Types and frequencies of chromatid aberrations produced by 45 to 500 keV neutrons in Chinese hamster fibroblasts.

Neutron
mean energy
(keV)

45
45

45

33

83
83

200

200
200

500

500

control

Dose
(rad)

39

32

20

45

33

12

16
11
5

21
16

-

Dose rate
(rad/h)

6
6

6

7

7

7

6
6
6

10
10

-

Number of
analyzed
metaphases

97
83

203

113

143
71

27

82
40

179
27

205

Aberrations per 100

Total aberrations*)

23.7 * 5

20.5 ± 5

14.8 * 3

41.6 * 6

28.7 * 5

22.5 * 6

59.3 * 15

43.9 * 7

25.0 * 8

55.3 * 6

40.7 * 12

2.4 t 1

cells

Chromatid

10.3 t

13.3 t

7.9 *

23.9 t

14.0 *

14.1 t

25.9 *

20.7 t

12.5 ±

25.7 t

7.4 t

1.5 t

breaks

3
4

2

5

3
5

10
5
6

4
5

0.9

Chromatid exchanges

6.2 t 3

4.8 t 2

2.5 t 1

7.1 t 3

6.3 * 2

4.2 t 2

18.5 * 8

13.4 t 4

2.5 * 3

15.6 * 3

14.8 * 7

0.5 t 0.5

m) Including chromatid- and isoohromatid braaks and chromatid •xchangts,



Table 2

Linear regression coefficients k̂  for total aberration yield
60,

as a function of dose x^; and

,05- for 8.5 to 500 keV neutrons and Co gamma-rays in exposure of Chinese hamster fibroblasts.

Neutron
mean energy
(keV)

Linear regression
coefficient k<
(TO"3 rad) (M/k6)

1

2

3

4

5

8.5

45

83

200

500

60,

1,

5.

8.

38

26

.8

.7

.6

0.81

i

i

*

t

t

o.r>
0.3

1.2

1.9

0.3

0.16

2.2 * 0.6

7.1 * 2

11 * 4

47 * 9

32 * 6

1.0

•) (Bergwn and Sturelid)'



Table 3

Mean LET (L) and mean range (R) of proton recoils; and interaction distance (h)'for 8.5 to 500 keV neutrons.

1

1

2

3

4

5

Neutron
mean
energy
(keV)

8.5

45

83

200

500

Proton recoil
mean range in
tissue, R;
(urn)

0.15

0.59

0.71

1.1

3.1

Proton recoil
mean LET , L<
(keV/ym)60

30**)

38

58

84

80

Relative interaction
distance
h1

0.7 ± 0.2

1.1 ± 0.3

1.4 * 0.5

0.8 * 0.2

2.8 t 0.5

*) hOCR . L/Y, where Y = R B E < m (cf. lable 2)

••) including energy loss in atomic collisions (Bergman and Sturelid)'



Figure captions

Fig. 1

Schematic illustration of neutron exposure conditions,

Cells were irradiated in semicircular glass tubes at the exposure

positions with inner radius R=3,25 cm and width dR=O,5 cm, at 10 cm

distance from the target, a=23.5° and da=3°.

Fig. 2

Relative biological efficiency vs. neutron energy for total chroma-

tid aberrations in S-phase Chinese hamster fihroblasts at 1Q%

aberration level.

Fig. 3

Aberration yield, Y, divided by the average LET, L, as a function

of neutron energy.



Li-target

Proton beam
direction

10 cm

Exposure
positions

dR

Figure 1. Schematic illustration of neutron exposure conditions.

Cells were irradiated in semicircular glass tubes at the
exposure positions with inner radius R=3.25 cm and width
dR=0.5 cm, at 10 cm distance from the target, a=23,5° and
da=3°.
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Figure 2. Relative biological efficiency vs. neutron energy for
total chromatid aberrations in S-phase Chinese hamster
fibroblasts at 10% aberration level.
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Figure 3. Aberration yield, V, divided by the average LET, L, as
a function of neutron energy.


