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Absence of a dose-rate effect in the transformation of C3H 
10T1/2 cells by a-particles 

L . H I E B E R , G . P O N S E L , H . R O O S , S. F E N N , E . F R O M K E , 
and A . M . K E L L E R E R 

Institut für Medizinische Strahlenkunde, Universität Würzburg , 
D 8700 W ü r z b u r g , F R Germany 

( S e c o n d v e r s t o n r e c e i v e d 2 4 J u l y 1 9 8 7 ; a c c e p t e d 1 4 A u g u s t 1 9 8 7 ) 

The findings of H i l l et a l . (1984) on the greatly enhanced transformation 
frequencies at very low dose rates of fission neutrons induced us to perform an 
analogous study with a-particles at comparable dose rates. Transformation 
frequencies were determined with y-rays at high dose rate (0-5 Gy/min) , and with 
a-particles at high (0-2 Gy/min) and at low dose rates (0-83-2-5 mGy/min) in the 
C 3 H 10T1/2 cell System. 

a-particles were substantially more effective than y-rays, both for cell 
inactivation and for neoplastic transformation at high and low dose rates. The 
relative biological effectiveness (RBE) for cell inactivation and for neoplastic 
transformation was of similar magnitude, and ranged from about 3 at an a-
particle dose of 2 G y to values of the order of 10 at 0-25 G y . In contrast to the 
experiments of H i l l et a l . (1984) with fission neutrons, no increased transform­
ation frequencies were observed when the a-particle dose was protracted over 
several hours. 

1. Introduction 
Exper iments on oncogenic t ransformat ion have been per formed i n a variety of 

cel l Systems and w i t h different i o n i z i n g radiations. 
Extensive Information has been obta ined for sparsely i o n i z i n g radiations, such as 

y- and x-rays, e.g. by Borek and H a l l (1973), T e r z a g h i and L i t t l e (1976), M i l l e r et a l . 
(1979), H a n et a l . (1980), M i l l e r and H a l l (1978), and others; for densely i o n i z i n g 
radiat ion data are more l i m i t e d . F o r a-part icles results have been g iven by Rober t son 
et a l . (1983) for B a l b / c 3 T 3 cells, and by L l o y d et a l (1979) and H a l l and H e i (1985) 
for C 3 H 1 0 T 1 / 2 cells . Y a n g et a l . (1985) have reported data for heavy ions of 
intermediate to h i g h L E T . T h e r e have also been a number of studies w i t h neutrons 
(Borek et a l . 1978, Barendsen and Ga i se r 1985). O f par t icular importance are the 
results of H i l l , E l k i n d and co-workers, w h o found that smal l doses of fission neutrons 
have greatly increased t ransformation efficiency when they are appl ied at l ow dose 
rates ( H i l l et a l . 1984) or fractionated over several hours ( H i l l et a l . 1985). The 
Potential implications of these results and the tentative nature of attempted 
explanations led us to perform similar experiments w i t h other densely i o n i z i n g 
radiations, and a-part icles seemed to be a suitable moda l i ty that w o u l d pe rmi t h igh ly 
controlled experimental condi t ions . 

2. Materials and methods 
2.1. C e l l c u l t u r e a n d i r r a d i a t i o n p r o c e d u r e s 

T h e studies were pe r formed with the C 3 H 1 0 T 1 / 2 mouse-embryo fibroblasts 
System developed by R e z n i k o f f et a l . (1973). O u r cells were f rom the ce l l stock of Hall 
and M i l l e r transfered in 1981 to the G S F , M ü n c h e n , and k i n d l y subcu l tu red for us 
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by D r R . T r o t t . T h e cells were mainta ined i n Eagle 's basal m e d i u m supplemented 
w i t h 10 per cent heat-inactivated fetal bovine serum ( B i o c h r o m , Be r l i n ) , 50 u / m l 
p e n i c i l l i n , and 50jug/ml s t rep tomycin ( B R L , K a r l s r u h e ) . C e l l s o f passage 12 were 
cu l tu red i n 75 c m 2 flasks (Falcon) and incubated i n a h u m i d i f i e d gas atmosphere (95 
per cent air, 5 per cent C 0 2 ) at 3 7 ° C . T h e p la t ing efficiency of con t ro l cultures was 
between 20 and 30 per cent. T w e n t y - f o u r hours before the exposures the cells were 
plated i n 25 c m 2 flasks for y- i r rad ia t ion , or i n special dishes cons is t ing of a glass r ing 
of 5 c m diameter and a fo i l bo t tom of 2 p i m thickness (Hos t aphan , K a l l e C h e m i e 
Wiesbaden) for a- irradiat ion. I n order to avoid settlement at the edge of the dishes 
where they may not be reached b y the a-particles, cells were plated only i n the centre 
area (3-8 c m diameter) w i t h a smal l amount of m e d i u m (0-5 m l ) . T h r e e hours later, 
w h e n the cells were attached, 4-5 m l of cul ture m e d i u m were added. T h e beginning 
of the i r radia t ion , bo th for the low dose-rate and h igh dose-rate experiments, was 
24 ± 2 h after p la t ing . 

D ü r i n g the t ime of i r radia t ion the cells were in exponent ia l g rowth . T h i s was 
verified by (a) g rowth curves, (b) flow-cytometry measurement o f the D N A content, 
and (c) the de terminat ion of cells i n S-phase by l abe l l ing w i t h [ 3 H ] t h y m i d i n e 
( 3 7 k B q / m l , 20 min ) . 

T h e g rowth curves were exponent ia l f rom about 10 to 12 h after pla t ing, up to at 
least 48 h . T h e d o u b l i n g t ime was about 18 h . 

B y f low-cytometry measurement of the D N A content the ce l l cycle d i s t r ibu t ion 
was determined at different t imes after p la t ing . A t 8 h , 64 per cent o f the cells were i n 
G l -, 18 per cent in S- and 18 per cent in G 2 + M - p h a s e ; subsequent ly the fradction 
of G l -phase cells decreased and the fraction of S-phase cells increased. A t least f rom 
20 to 40 h , there was a constant ce l l -cycle d i s t r ibu t ion of 41 per cent G l -, 38 per cent 
S- and 21 per cent G 2 4 - M - c e l l s . 

T h e label l ing index increased f rom about 30 per cent at 4 h to 45 per cent at 15 h 
after p la t ing; afterwards it remained constant at roughly 40 per cent, up to at least 
40 h . T h e g rowth characteristics were equal i n the flasks and the special dishes. A t the 
beg inn ing of the exposures the cel l density was about 1 0 4 / c m 2 . 

G a m m a - r a y exposures were f rom a cobalt-60 uni t at a dose rate of 0-5 G y / m i n . F o r 
the a-particle exposures the cells were irradiated f rom an amer ic ium-241 source (a 
disc of 85 m m diameter w i t h 0-37 G B q ) th rough the bo t tom foi l of the dishes w h i c h 
were posi t ioned on the exit fo i l (figure 1). T h e highest dose rate was 0*2 G y / m i n . T h e 
lower dose rates were achieved by micro-f rac t ionat ion , i.e. by per iod ic br ief opening 
(0*66 s) of a compute r -con t ro l l ed metal-disc shutter (see figure 1;6). T h e dose per 
microf rac t ion was 2 - 2 m G y . F o r dose rates of 2-5, 1-7 and 0-83 m G y / m i n the 
fractions were separated b y 50 ,102, and 154 s, respectively. O n thebasis ofmeasured 
nuclear cross-sections (mean value 250 jum 2) the frequency o f a-particles t raversing 
the cel l nucleus was calculated to be about 1 1 / G y , i.e. one out of 40 cells was hit in its 
nucleus per microf rac t ion . 

T h e most l ike ly energy of a-particles emerging from the bo t t om foil was 2-7 M e V 
(see figure 2), their dose mean L E T was 147 k e V / ^ m and their frequency mean 
144keV/jUm. T h e relat ively nar row energy d i s t r ibu t ion and very na r row L E T -
d is t r ibu t ion was due to a h i g h degree of co l l ima t ion ; the co l l ima to r o f the a-irradiator 
has Channels o f length 15 m m and Channel diameters of 3 m m . T h e track-etch 
d iagram i n figure 3 confirms the absence of ob l ique ly inc ident a-particles. F i g u r e 4 
shows the enhancement o f L E T w i t h increasing penetrat ion of the a-particles into 
the ce l l . T h e absorbed dose is determined as the average over 2 [ i m depth of 
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Figure 1. Diagram of the a-irradiation device: 1: 2 4 1 A m Source (0-37 GBq) , 2: collimator, 3: 
exit foil, 4: incubation Chamber, 5: thermal insulator, 6: shutter, 7,8: wobble axes, 9: 
rotating source disc, 10: source Chamber fiushed with helium. 

E N E R G Y / M e V 

Figure 2. Measured spectra of the energy of a-particles after traversal of the exit foil (solid 
line) and after additional traversal of the bottom foil (Hostaphan, an equivalent of 
mylar) of a culture dish (dotted line). 
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Figure 3. Comparison of C 3 H 10T1/2 cells at density 10 4 / cm 2 with the distribution of a-
particles at a dose of O l 25 G y . 
Panel A: 400 f i m x 275 field of an etched C R 39 foil exposed to an a-particle fluence 
of 5-4 x 10 5 / cm 2 , corresponding to a dose of 0125 G y . This is calculated to correspond 
roughly to 1-3 a-particles per cell nucleus. 
Panel B : 400 f i m x 275 /xm field with C 3 H 10T1/2 cells from a 24 h culture with the cell 
density of 10 4 / cm 2 . 
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Penetrat ion. T h e y-ray con t r ibu t ion was less than 0 0 1 per cent o f the a-part icle dose. 
D ü r i n g the exposure the cells were he ld i n a Chamber w i t h temperature adjusted 

tQ 3 7 ° C , and wi th gas flow of 6 per cent C 0 2 and 94 per cent air to achieve op t ima l p H 
and growth condi t ions . M o r e detailed informat ion on the a- i r radiator is g iven 
elsewhere (Roos and K e l l e r e r 1986). 

2.2. S u r v i v a l a n d t r a n s f o r m a t i o n assay 
After i r radia t ion the cells were t ryps in i zed and cel l densities were de te rmined 

w i t h a Cou l t e r Coun te r . I f more than about 1 0 5 cells were necessary for the 
t ransformation and the surv iva l assay at a specified dose—especial ly at h igher 
doses—two or three dishes were i r radiated successively. F o r the h i g h dose-rate 
experiments the two or three dishes were t ryps in i zed together and pooled . F o r low 
dose-rate experiments the cells f rom every d i sh were always plated separately. F o r 
the surviva l assay the numbers of plated cells were chosen to attain about 80 viable 
cells per 25 c m 2 flask. T h e flasks were incubated for 10 days. Af te r s ta ining w i t h 10 
per cent G i e m s a , colonies w i t h more than 50 cells were counted as surv ivors . F o r the 
t ransformation assay the cells were plated in 25 c m 2 flasks w i t h about 300 viable cells 
per flask. A t h igh doses the numbers of v iable cells were lower , because of the lower 
s u r v i v i n g fraction, and not more than 20 000 cells per flask were plated i n order to 
avoid feeder effects. T h e cells were incubated for 6 weeks; after an incuba t ion t ime o f 
2 weeks, w i t h no m e d i u m change, they reached confluency, and were then re-fed 
once a week. F o r the determinat ion of t ransformed foci the cul tures were washed 
w i t h phosphate-buffered saline, fixed w i t h methanol , and stained w i t h 10 per cent 
G i e m s a . O n l y foci of type 2 and 3, as descr ibed by Rezn ikof f et a l . (1973), were scored 
as transformants. 

3. Results 
3.1. I n a c t i v a t i o n by y - r a y s a n d a - p a r t i c l e s 

T h e surv iva l re lat ion of C 3 H 1 0 T 1 / 2 cells after exposure to y-rays has a 
p ronounced Shoulder (figure 5). T h e curve corresponds to a fit of the natural 
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0 2 4 6 8 
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Figure 5. Inactivation of C 3 H 10T1/2 cells by y-rays (closed circles) and a-particles (open 
circles) at high dose rates. The surviving fractions, S(D), at low dose rates are not 
significantly different from the fitted curve (S(0-25 Gy) = 0-61; S(0-5 Gy) = 0-39; 
S(0-75Gy) = 0-25). 

logar i thm of su rv iva l to a l inear-quadrat ic dependence w i t h the coefficients 
a = 0 1 4 2 / G y and jS = 0 - 0 4 8 / G y 2 . 

Inact ivat ion by the densely i o n i z i n g a-particles fol lows, d o w n to a s u r v i v i n g 
fraction of about 0-05, an exponent ia l relat ion. A t higher doses the s u r v i v i n g fraction 
levelled off to about 0-001. T h e ta i l of the surv iva l curve may be due to unattached 
mi to t i c cells not reached by the a-particles. 

A t low dose rates there was no detectable change in surv iva l ; the data for h i g h and 
low dose rates are fitted by the same relation wi th a= 1 - 6 5 / G y . 

3.2. O n c o g e n i c t r a n s f o r m a t i o n by y - r a y s a n d a - p a r t i c l e s 
Tab le 1 shows the data for t ransformation after exposure to a-particles at h i g h and 
low dose rates. T h e su rv iv ing fractions were taken from the surv iva l relations in 
figure 5; for doses of 2*5 and 3-0 G y the estimates were interpolated f rom observed 
fractions. T h e mean number of foci per flask was estimated f rom the total n u m b e r , ra, 
of foci and the number , M , of flasks: 

X = m\M±jm\M (1) 

T w o flasks were assigned one focus on ly because their n u m b e r of foci (10 and 11 at 
doses of 0-25 G y and 1-0 G y , respectively) were i n evident conflict w i t h a Po isson 
d i s t r ibu t ion . W i t h this correct ion the dispers ion, A (sample variance d i v i d e d by the 
mean), was not indicat ive of a systematic overdispers ion ( A > 1 ) ; it therefore 
appeared just if ied to base the estimates on the total number of observed foc i . 

However , the choice of the estimate is not c r i t i ca l . T a b l e 2 gives the results based 
on the ' n u l l me thod ' of H a n and E l k i n d (1979) w h i c h ut i l izes only the ratio o f the 



C e l l t r a n s f o r m a t i o n by a - p a r t i c l e s 865 

Table 1. Transformation rates after exposure of C 3 H 10T1/2 cells to a-particles at low and 
high dose rates. 

b D * + S E 
(mGy/min) (Gy) S N s 

M m X (10" 4 ) 

0 10 334 747 3 00040 0-12 + 0-07 
200 0-125 0-81 314 172 1 0-0058 0-19 + 0-19 

0-25 0-66 321 369 15 0-0407 1-27 + 0-33 
0-5 044 323 384 26 0-0677 2-10 + 0-41 
0-75 0-29 342 239 52 0-218 6-4 + 0-9 
1-0 019 291 222 64 0-288 9-9 + 1-2 
1-25 013 353 83 21 0-253 7-2 + 1-6 
1-5 0-084 305 103 59 0-573 18-8 + 2-4 
2-0 0-037 228 121 72 0-595 26-0 + 3-0 
2-5 0-034 132 73 37 0-507 38-0 + 6-0 
3 0 0018 81 75 34 0-453 56-0 + 100 

0-83 0-25 0-66 375 264 9 0-0341 0-91+0-30 
0-5 0-44 348 16 1 0-0625 1-8 + 1-8 
0-75 0-29 396 131 26 0-199 5-0+1-0 

1-7 0-5 0-44 343 202 14 0-0693 2-0 + 0-5 

2-5 0-75 0-29 308 71 18 0-254 8-2 + 1-9 

D \ absorbed dose rate, D \ absorbed dose, S: surviving fraction (values from the fitted curve 
in figure 5, except at 2-5 and 3-0 G y , where observed fractions are used), N s \ survivors per 
flask, M \ number of flasks, m: number of foci, X\ foci per flask, t\ transformation frequency per 
10 4 survivors with Standard error (SE). 

Table 2. Transformation rates obtained from the modified estimate (equation 2). 

b D * + S E 
(mGy/min) (Gy) n A X ( i o - 4 ) 

0 502 1 0 0-0040 0-12 + 0-07 
200 0-125 171 1-0 0-0058 019 + 019 

0-25 354 0-96 0-0387 1-21+0-32 
0-5 358 0-94 00701 2-17 + 0-43 
0-75 195 1-13 0-204 6-0 + 0-9 
1-0 168 0-98 0-279 9-5 + 1-3 
1-25 64 0-95 0-260 7-4+1-7 
1-5 63 1-17 0-492 16*1+2-5 
2 0 71 1-14 0-685 30-0 + 4-0 
2-5 42 0-83 0-529 40-0 + 7-0 
3-0 48 1-15 0-446 55-0 + 11-0 

0-83 0-25 255 0-97 0-0347 0-92 + 0-31 
0-5 15 1-0 00645 1-9 + 1-9 
0-75 106 0-89 0-212 5-3 + 1-1 

1-7 0-5 188 0-94 0-0718 2-1 ±0-6 

2-5 0-75 54 0-87 0-274 8-9 + 2-2 

D : absorbed dose rate, D : absorbed dose, n : number of flasks without foci, A: dispersion, X\ 
foci per flask (modified estimate), t: transformation frequency per 10 4 survivors with Standard 
error (SE). 
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number , n , of flasks wi thou t foci to the total number , M , of flasks and thereby avoids 
any bias due to satellite colonies. T h e s e estimates, w i t h their somewhat larger 
Standard errors (see B a l c e r - K u b i c z e k et a l . 1987): 

X = - \ n { n j M ) ± J\jn-\iM (2) 

are i n general agreement w i t h the data i n table 1. 
A s shown i n figure 6, a-particles induce transformations substantial ly more 

effectively than y-rays. T h e R B E for t ransformat ion varies f rom about 3 at 2 0 G y to 
somewhat larger values at low doses. These R B E values are not inconsistent w i th the 
values of 2-3 to 9 obtained by H a l l and H e i (1985). T h e y are somewhat higher than 
values reported by Rober t son et a l . (1983) for B a l b / c 3 T 3 cells . T h e y-ray data, 
w h i c h were not a m a i n objective of this s tudy, are s t i l l subject to considerable 
uncertainties, and they are therefore not fitted to a numer i ca l re lat ion. 

T h e results for h i g h dose-rates of a-part icles are, i n figure 7, compared to those 
for low dose rates. T h e r e is no evidence of increased t ransformat ion frequencies at 
low dose rates. T h e broken l ine corresponds to a l inear-quadrat ic relat ion for the 
number , T , of transformants per 1 0 4 su rv ivors : 

T = 0-01 +2-9 D / G y + SA ( D / G y ) 2 (3) 

T h e so l id curves pe rmi t a compar i son w i t h the results obta ined for fission neutrons 

0.1 1 
DOSE / Gy 

10 

Figure 6. Transformation frequencies per surviving cells after y- (closed circles -and 
a-irradiation {open circles) at high- dose rates. The broken curve corresponds to 
equation (3). 
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DOSE / Gy 

Figure 7. Transformation rates after exposure to a-particles at different dose rates: ( • ) 
0-83 mGy/min , ( • ) 1-7mGy/min, ( • ) 2-5mGy/min, and (O) 0-2 Gy /min . The 
broken curve corresponds to equation (3). The solid curves represent the relations 
obtained by H i l l et a l . (1984) for their data at high dose rate (lower curve) and at low 
dose rate (upper curve) of fission neutrons. 

by H i l l et a l . (1984). T h e i r data for h igh dose rates (lower so l id curve) are close to the 
dependence for a-particles. T h e Upper so l id curve represents the greatly enhanced 
transformation frequencies found by H i l l et a l . at l ow dose rate (0-86 m G y / m i n ) of 
neutrons. It is evident that there is no comparable effect i n the a-particle 
experiments. 

4. Discussion 
T h e results of H i l l et a l . (1984) were h igh ly unexpected i n v iew of accepted 

b iophys ica l considerations (Barendsen, 1985), and they are of sufficient pragmat ic 
importance that analogous investigations w i t h other densely i o n i z i n g radiations are 
mandatory . T h e present study has been designed to paral lel closely the experiments 
of H i l l et a l . (1984), so that any differences in the results w o u l d reflect differences in 
the effectiveness of the radiations. 

U p to now there have been on ly tentative explanations (Ross i and K e l l e r e r 1986, 
B u r c h and Chesters 1986, E l k i n d and H i l l 1986) of the dose-rate effects, or of the 
analogous results wi th fractionated neutron exposures ( H i l l et a l . 1985). T h e results 
for a-particles appear to exclude these explanations and there is no obvious reason 
why the somewhat more densely i o n i z i n g a-particles shou ld not show, at a l l , a 
phenomenon w h i c h is so s t r ik ing ly present w i t h neutrons. Nevertheless one must 
note certain differences between the radiat ions. 

E v e n t frequencies are larger i n the neut ron experiments . A s poin ted out earlier 
(Ross i and K e l l e r e r 1986), there are about s ix recoi l particles i n the nucleus of a 
10T1 j 2 ce l l at a dose of 100 m G y of fission neutrons. T h i s is substantial ly more than 
the n u m b e r of about 1 1 a-particles t raversing the nucleus at a dose of 100 m G y i n 
our exper iments . If, for example, the dose-rate effect were caused b y a short phase i n 
the ce l l cycle of greatly enhanced sensi t ivi ty (Ross i and K e l l e r e r 1986) one w o u l d 
nevertheless expect to see the effect at h igher a-particle doses where there are 
m u l t i p l e events in the cell and its nucleus. 
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W h i l e this has not been considered in proposed models , there migh t be an 
influence of the fact that neutrons produce a more var ied spec t rum of moderately 
h i g h and h igh L E T than the a-particles. Fu r the rmore it migh t be of impor tance that 
the r ä n g e of some of the neutron recoils, and par t icu lar ly the heavier recoils, are 
shorter than the dimensions of the cel l nucleus. A n o t h e r difference is that the a-
exposures are v i r tua l ly free of an accompanying y-ray component , whi le such a 
component is always present w i t h neut ron i r radiat ions . A l t h o u g h there is at present 
no evidence that a con t r ibu t ion of y-rays can account for a sensi t izat ion o f the cells i n 
the low dose-rate experiments w i t h densely i o n i z i n g radiations, we have ini t ia ted 
l im i t ed experiments to investigate this aspect. In one group of three experiments at 
low dose rate w i t h a-particle doses of 0-25, 0-5, and 0-75 G y a y - c o n t r i b u t i o n of about 
4 per cent (from a smal l caesium-137 source) was appl ied s imul tanous ly . T h e 
observed t ransformation rates (wi th a total number o f on ly three transformants) 
were insignif icant ly lower than those obtained i n the low dose-rate experiments 
wi thou t the y-component . In a further group of two experiments at a-doses of 0*25 
and 0*75 G y an equal dose of y-rays f rom a cobalt-60 source was adminis te red in s ix 
fractions d u r i n g the a-exposures; the result of these c o m b i n e d exposures (with a total 
number of six transformants) was again not larger than the rates seen i n the a-particle 
exposures at 0-25 and 0-75 G y . 

T h e a-particle doses were appl ied i n mu l t i p l e fractions of 2*2 m G y . H o w e v e r , 
this should be of no consequence since each of the cell nuc le i experiences an a-
particle i n only about 1 out of 40 fractions. E v e n for the whole ce l l the number o f 
particles per fraction is less than un i ty (for i l lus t ra t ion see figure 3). 

It is uncertain whether any remain ing differences i n the exper imenta l procedure 
migh t contr ibute to the differences i n the observed results. A discrepancy between 
our experiments and those of H i l l et a l . (1984) lies i n the fact that we exposed the cells 
at somewhat higher densities ( roughly 1 0 4 / c m 2 ) , i n order to ob ta in a sufficient 
number of a-irradiated cells. Howeve r , as emphasized, a n u m b e r of cr i ter ia have 
been evaluated to ascertain that the cells were i n asynchronous g rowth at the t ime of 
i r radia t ion. 

H i l l et a l . (1984, 1985) have pointed out that their Observation are i n l ine w i t h 
certain i n v i v o studies, w h i c h indicate a s imi la r reversed dose-rate effect for neutrons. 
T h e absence of an analogous result in our studies w i t h a-particles mus t therefore not 
detract f rom the importance of the earlier studies. Instead it appears desirable to 
extend the investigations to other radiat ion modal i t ies . 
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