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John B. Little

A. Overall Summary

The goal of this research project during the past three years has been to 
characterize the effects of alpha radiation in the induction of malignant transfor
mation ^  vitro. A ^^®Pu02 source was constructed and mounted in a specially designed 
chamber which allowed uniform alpha particle irradiation of monolayer cultures in 
100 mm plastic Petri dishes at a dose-rate of 24 rads/min. The biologic effects were 
compared with those observed with 220 Kv x-rays. TheA31-ll mouse BALB/3T3 cell 
transformation system was adapted for use in these studies. An RBE of 2.4 was 
obtained for cell killing of 3T3 cells by alpha radiation. The transformation fre
quency increased exponentially over the range of 50-230 rads; the maximum RBE for the 
induction of malignant transformation by alpha radiation in growing cells was 
approximately 3. The RBE for alpha transformation of non-proliferating cells, however, 
appeared to be much higher; the transformation frequency of X-irradiated cells held in 
the stationary phase of growth for 6-144 hours after irradiation declined nearly 2 
orders of magnitude, while no such decline was observed in alpha irradiated cells.
This finding supports the hypothesis that damage induced by high LET radiation in 
mammalian cells is inefficiently repaired as compared with x-ray damage.

The induction of sister chromatid exchanges (SCE) and gross chromosomal aber
rations by alpha radiation was studied in parallel experiments. The maximally 
effective dose for the induction of SCE by alpha particles was about 5% of that 
required for x-rays, though the actual frequencies induced were somewhat lower. As 
in the case .of survival and transformation, no decline occurred in the level of 
chromosome aberrations in alpha-irradiated cells when they were held in the stationary 
phase of growth after exposure.

Finally, preliminary experiments have been initiated to study transformation 
induced by incorporated radioisotopes of varying LET. ^^^ludR, which emits densely 
ionizing Auger electrons, appears to be several-fold more effective per decay than 
^H-thymidine. These results generally confirm those obtained for external alpha 
irradiation.

B. Detailed Report

1. Alpha Radiation Source.

Construction of the external alpha particle source at the Los Alamos 
Scientific Laboratory was begun in June 1977. Its fabrication was overseen by Dr. 
Robertson, who was then a postdoctoral fellow at Los Alamos, who also familiarized 
himself at that time with the use of the sources already available at that laboratory. 
Dr. Robertson began work here as a Research Associate on this DOE project on 
November 1, 1977, and the alpha source arrived in our laboratory in December. It
consisted of 8 mCi of 2^®Pu02 electroplated on a 10 cm stainless steel disc. Aside
from its larger size, the source is similar to others in use at Los Alamos. Upon 
arrival, the source was taken into custody by the University Environmental Health and 
Safety Office until suitable storage and exposure facilities were constructed to meet 
their safety standards. These were completed, a complete safety inspection was 
performed and the source certified for research use on June 9, 1978.

The stainless steel disc electroplated with ^^®Pu02 is mounted in a
specially designed irradiator constructed to facilitate safe and rapid exposure to the
alpha particles of monolayer cultures of cells in 100 mm Petri dishes. While not in 
use, the source is stored in a specifically fabricated, locked metal vault in an 
approved chemical and radiological fume hood. This vault is of sufficient size such 
that the entire irradiator can be stored in it. For radiation experiments, the 
irradiator is transferred from the vault to a directly adjoining Baker Biological



Little, John B.

cabinet (Model 'VBM-600) where all exposures are performed. The HEPA filtered efflu
ent from this vertical flow cabinet is exhausted via hard ducting into the building's 
central .fume hood exhaust manifold and released into the atmosphere at roof level 
(14th floor). After each use, environmental monitoring and appropriate wipe tests 
are performed to detect any possible contamination resulting from spallation or re
lease of 238pu from the source.

Dosimetric measurements were carried out for uniform alpha irradiation of 
cell cultures. We employed a silicone surface barrier detector (Ortec model BA-017- 
025-100). A special vacuum chamber was machined to house the large alpha source.
Our results indicate that the dose-rate to the cells from the present source is 24 
rads/min, and is uniform across the source. The dose-rate was calculated by use of 
the equation D = 0.016 LF (rads/min) where L is the rate of energy loss in ev/ym^) 
(min). The methodology is similar to that used by Raju and Jett at Los Alamos. This 
same detection system is used for environmental monitoring, but the detector used has 
a surface area of 900 mm^.

2. Development of BALB/3T3 Transformation System.

It became apparent in the early stages of this project that the mouse C3H 
10T4 cell line previously used for radiation transformation experiments in this 
la'boratory was not well suited to the study of transformation by alpha radiation with 
our present irradiator. The low dose-rate required the cells to remain in the "dry" 
state for significant periods of time; 10T% cells appeared unusually sensitive to this 
treatment. In addition, as the alpha source allows for the exposure of only one Petri 
dish at a time, the requirement of 20-30 replicate dishes for each experimental point 
with the IOTV system led to great logistical problems in carrying out multiple point 
experiments with exponentially growing cells. As indicated below, we found that 10- 
20 times as many cells may be plated per dish with the 3T3 system, thus better sta
tistics could be obtained with many fewer dishes per point.

The A31-11 line of mouse 3T3 cells was obtained from Dr. T. Kakunaga at the 
National Cancer Institute. Growth characteristics, radiation survival curves, and 
the dependency of transformation frequency on radiation dose and number of cells 
plated were determined. The 3T3 cells grew with a doubling time of 12-13 hours and 
their cloning efficiency was 50-70% as compared with 16-18 hours and about 20% re
spectively for 10T% cells. The dose-response curve for X-ray induced transformation 
was similar in shape to that for lOT̂ s cells, but the 3T3 cells were more sensitive to 
the induction of transformation by low X-ray doses (below 100 rads). There was a 
finite spontaneous transformation frequency of about 1 x 10” .̂ Only 8-9 rounds of cell 
division were required for expression of X-ray transformation in the 3T3 cells as com
pared with 12-13 divisions for lOT̂ s cells. This factor allowed the plating of many 
more cells per dish (5000-10,000 rather than 200-350) prior to irradiation, therefore 
making it possible to measure transformation frequencies an order of magnitude lower 
than is readily feasible with 10T% cells, and to use fewer replicate dishes per point. 
In a series of 23 consecutive transformation experiments with the 3T3 line (1), re
sults were qualitatively similar to those obtained with 10T*s cells. These results 
are described in detail in a publication (1).

As a result of these findings and other particular advantages of the 3T3 
system, it was adopted as the standard one for use in this project. As we planned in 
the majority of our experiments to use density-inhibited confluent ('stationary phase) 
mouse fibroblast cultures as an ̂  vitro model for a very slowly proliferating cell 
system, we also investigated proliferation kinetics in confluent 3T3 cell cultures by 
combined autoradiographic and flow fluorometric (FMF) tec-niques. The results indica
ted that more than 90% of the cells in these cultures are in the phase of the life
cycle. At any point in time 1-2% of the cells are in the S phase; an additional 1%
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enters S every 24 hours. When such confluent cultures are subcultured at low density, 
there is a lag period of 12-23 hours before the cells begin moving into S semi- 
synchronously.

During the past year, a new problem has arisen in relation to large scale 
transformation experiments. This has involved the scarcity and extreme price infla
tion of fetal calf serum. Within less than a year the price of this serum increased 
approximately 6-fold to $150. a bottle over the budgeted price of $27. per bottle 
which had held the year before. We thus began testing a number of different lots 
of other types of serum for their ability to support the growth and colony formation 
of both 101% and 3X3 cells. We found two lots of newborn calf serum out of six tested 
which yielded growth rates and cloning efficiencies for the 3X3 cells similar to those 
obtained with fetal calf serum. We obtained a large quantity of one lot, and have 
since used this in transformation experiments. Preliminary results have been satis
factory, and we now plan to resume experiments utilizing this lot of newborn calf 
serum. We have so far tested a total of 17 lots of various types of serum with the 
10X 5̂ cells, and have so far found no satisfactory alternative to fetal calf serum 
for this cell line. Thus, though our research was interrupted for a period of several 
months while this testing was ongoing, the problem appears to have been resolved 
satisfactorily as far as this phase of the project is concerned.

3. Alpha Radiation Survival and Transformation Experiments.

Because of the low dose rate emitted by our alpha radiation source, we 
decided to irradiate cells in the density inhibited plateau phase of growth in order 
to obtain the large number of cells required for transformation experiments. It was 
therefore important to determine whether the cells receive the same alpha radiation 
dose, when they are in a flattened configuration as during exponential growth as com
pared with the configuration present in plateau phase cultures. The results shown 
in Figure 1 indicate that there is no difference in the survival of 3X3 cells irradia
ted in either the exponential or the plateau phase of growth, indicating that they 
received similar radiation doses.
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The dose response curves for 3X3 cells exposed to either alpha particles or
220 KvP X'-rays are shown in Figure 2. The dose response curve for alpha radiation
was a linear exponential function of dose with a Dq of 70 rads and no obvious shoulder 
These results are consistent with those reported by others by various established 
lines of mammalian cells. The RBE for cell killing by these alpha particles was 2.4
based on the ratios of the slopes of the survival curves (Dq ).

The dose response curves for the malignant transformation of 3T3 cells by 
alpha particles and X-rays is presented in Figure 3; Note in this figure the finite 
spontaneous transformation frequency observed with this cell system. In these experi
ments, the cells were irradiated in the density inhibited plateau phase of growth.
The cells were subcultured immediately after radiation exposure, and 5,000-7,000 
viable cells seeded in 12 replicate dishes per point. The X-ray and alpha particle 
dose response curves in Figure 3 were obtained in parallel as part of the same set of 
experiments. The X-ray dose response curve is similar both qualitatively and quan
titatively to that obtained in separate earlier experiments (1). The transformation 
frequency is expressed as the total number of transformed foci per viable cell seeded 
as previously described (1).
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Because of the problem of the absorption of the alpha particles by the 
overlying medium, with a concomitant reduction in the alpha dose to the cells, it was 
necessary to remove the medium completely, wash the cells with balanced salt solution, 
and irradiate them in the "dry" state. A similar procedure.was carried out with the 
unirradiated control cultures and in the cultures exposed to X-rays. It was therefore 
important to determine the possible effect of this procedure on the 3T3 cells. Wash
ing and maintaining the cells in the dry state for up to 10 minutes had no effect on 
their cloning efficiency. The cloning efficiency gradually declined, however, with 
"dry" times exceeding 15 minutes. Therefore, all exposures were kept to a time peri
od of 10 minutes or less, which limited the alpha particle exposure used in these 
experiments to 250 rads.

As can be seen in Figure 3, the transformation frequency increased approxi
mately exponentially in the dose range examined (50-250 rads). Since no palteau 
was evident in the alpha radiation dose response curve within this range, the RBE 
values one would calculate for transformation by alpha particles as compared with 
220 Kv S-rays increases with increasing transformation frequency. However, the
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maximinn RBE one-can calculate from the present results is approximately 3; 
value is somewhat lower than we might have expected.

this

We also examined the effect of the cell density seeded after alpha particle 
exposure on the observed transformation frequency. For doses of the two types of 
radiation which yielded the same level of survival (10%), the shapes of the curves 
for transformation frequency versus the number of viable cells seeded were identical 
for the two types of radiation, indicating that the number of rounds of cell division 
required for the expression of damage induced by alpha radiation was similar to that 
for damage induced by X-rays.

•Experiments were subsequently performed to determine the effect of holding 
the cells for various periods of time after irradiation in the stationary phase of 
growth before subculture at low density to measure survival or transformation. These 
experiments are similar to liquid holding recovery experiments in bacterial cells.
It has previously been shown that holding for periods of four to six hours after 
x-ray exposure leads to a considerable rise in cell survival, a phenomenon which has 
been termed the repair of potentially lethal damage (PLDR). In earlier experiments 
from our laboratory with X-irradiated 10T% cells, an initial increase in transforma
tion frequency was observed with short holding times (2-4 hours), followed by a slow
decline in the transformation.frequency over the next 24-48 hours by which time the
transformation frequency approached background levels. These results have been
interpreted as reflecting the activity of DNA repair processes. The data plotted
in Figures .4 and 5 represent the results of similar experiments carried out with 3T3 
cells exposed to either X-rays or alpha particles.
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As can be seen in Figure 4, a significant enhancement in survival occurred 
during early repair intervals in the X-irradiated cells, whereas there was no change 
in the surviving fraction of alpha irradiated cells with holding times up to 220 hours. 
The effect of holding on the transformation frequency is shown in Figure 5. The

(p
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transformation frequency in X-irradiated cells declined slowly over a period of 6-144 
hours, whereas no significant decline in the transformation frequency was observed in 
alpha irradiated cells following holding times up to 220 hours. These results tend to 
support the hypothesis put forward by others that alpha radiation induces DNA lesions 
which are inefficiently repaired as compared with those induced by low LET radiation.. 
If this is true, however, it is ov interest that this appears to be application to the 
lesions responsible both for the induction of cell killing and of malignant transfor
mation. That the molecular basis for these processes differ, however, is suggested 
by the differing time courses for the enhancement in survival and decline in trans
formation evident in Figures 4 and 5. .

The doses used for the experiments shown in Figure 5 were chosen to yield 
approximately comparable transformation frequencies for the 0 repair time. As indi
cated above, the 0 time data suggests an RBE for alpha particles of approximately 
3. If one compares the transformation frequencies induced by these two types of 
■ radiation at long repair times, however, one would conclude that the alpha particles 
are much more efficient in inducing transformation than :220 Kvp X-rays. It appears 
• likely that many of the critical cells at risk for the induction of cancer vivo 
may indeed be in a stationary or non-cycling phase of growth at the time of radiation 
exposure. Our data would suggest that the effective RBE for the induction of trans
formation in these cells may be much higher than one would predict based upon the 
measurement of transformation frequencies induced in exponentially growing populations 
in vitro.

In preliminary experiments, we have examined the kinetics of the rejoining 
of DNA strand breaks and the removal of crosslinks as measured by the alkaline elution 
technique in stationary 3T3 cell cultures exposed to X-rays or alpha particles. No 
significant differences have been observed to date.

4. Induction and Repair of Sister Chromatid Exchanges (SCE).

The induction of SCE by physical and chemical carcinogens has been thought 
to be related to carcinogenesis. In previous experiments, SCE have been shown to 
correlate with the induction of malignant transformation by X-rays. For these reasons, 
we have examined the changes in the frequencies of SCE induced by X-rays and alpha 
particles in experiments similar to those shown in Figure 5 for transformation. First, 
dose response curves for the induction of both gross chromosome aberrations and SCE 
were obtained in parallel experiments for 220 Kvp X-rays and alpha radiation. The 
aberration frequency increased linearly with alpha doses of 25-100 rads; when normal
ized for the level of survival, alpha particles were more effective than x-rays in 
inducing aberrations. Following X-irradiation, SCE increased with increasing dose 
reaching a maximum frequency of about two times the spontaneous level at a dose of 
100 rads. For alpha radiation, the maximum SCE frequency occurred with a dose of only 
5 rads in both lOT̂ s and 3T3 cells. However, the maximum increase in the SCE frequency 
over spontaneous levels was only about 1.5 in alpha irradiated cells. Thus, though 
SCE were induced by much lower doses of alpha radiation, they were less efficiently 
induced by alpha radiation than by X-rays. This is in contradistinction to the find
ings for the production of gross chromosome abferrations. With increasing X-ray doses 
over the range of 150-400 rads, the SCE frequency progressively declined reaching 
almost spontaneous levels following 400 rads exposure. Similarly the frequency of 
SCE induced by alpha particles declined progressively over the range of 10-125 rads.

In holding experiments, the frequency of SCE induced by X-ray doses in the 
maximally efficient range (100-150 rads) are not influenced by recovery intervals up 
to 6 hours. Following 400 rads exposure, however, the SCE frequency rose with recovery 
intervals up to 3-6 hours, then declined with longer repair intervals. A similar 
pattern was observed following exposure to 80 rads of alpha radiation; that is, after
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a 4-hour holding period for PLD recovery, a similar increase in the frequency of SCE 
occurred in both X-irradiated and alpha Irradiated cells- This ip in contradistinc
tion to the results presented in Figures 4 and 5 which indicate that PLD recovery 
intervals up to nearly 10 days had no effect on survival or the frequency of trans
formation. There was also no decline in chromosome aberrations with PLD recovery 
times up to 24 hrs; in X-irradiated cells the aberration frequency declined markedly 
during this interval.

In summary, these results indicate that the maximally effective dose for the 
induction of SCEs is about 20 times higher for X-ray as compared with alpha particles 
(100 rads compared with 5 rads). The actual frequencies of SCE induced, however, 
appear to be lower in alpha irradiated cells. A similar degree of enhancement in the 
SCE frequency occurred with short PLD recovery intervals for the two types of radiation 
We have yet to examine whether the pattern of decline in SCEs with long recovery 
intervals seen in X-irradiated cells also occurs following exposure to alpha particles.'

5. Transformation by Incorporated Radioisotopes.

Another approach to the examination.of the effects of high LET radiation in 
the induction of malignant transformation involves the study of the effects of incor
porated radioactivity of varying LET. Recently, there has been increasing interest 
in the biological effects of radioisotopes such as which emit Auger electrons of
very short path length but high LET. This phenomenon is of practical importance in 
that Auger electron-emitting radioisotopes may be used in diagnostic scanning pro
cedures in human populations. We have therefore initiated preliminary experiments to 
examine the induction of malignant transformation in BALB/3T3 cells by 3^
incorporated into the cellular DNA.

125 3The radioisotopes are incorporated into the cells as lUdR and H-thymidine 
during a single S phase of synchronous growth achieved by release of the cells from 
density inhibition by trypsinization and reseeding at low density. Following incuba
tion with the radioisotopes, the cells are given chase medium containing non-radio
active thymidine to prevent further incorporation of the labelled precursor. The 
cells are then allowed to grow to confluence, which requires about one week, and then 
are kept in confluence for four more weeks with weekly medium changes. At the end of 
this time they are fixed and scored for morphologically transformed foci (type 3). 
Clonal survival of cells is determined on parallel plates for each dose level used, as 
is the.-.amount of radioactivity incorporated per cell by counting the TCA precipitated 
DNA of an aliquot of cells.

125The results of preliminary experiments indicate that per decay lUdR is 
roughly three times more toxic to 3T3 cells than is %-thymidine. There is an expo
nential decline in survival with no shoulder on the survival curve for both isotopes. 
For transformation, ^^^lUdR is also several-fold more effective than ^H-thymidine per 
decay, and also probably per rad dose. As was the case with alpha particles, the 
maximum induced transformation frequencies were similar with the two isotopes, though 
it was achieved with a lower dose of 125l.

125The radiation emitted by I decay has been shown to be similar to high LET 
radiation emitted by other isotopes, both in its special deposition of energy and in 
its biological effects. %  radiation seems generally to be similar to low LET radia
tions. Our results showing the increased effectiveness of ^^5i in terms of lethality 
and transformation are consistent with these concepts. These results also indicate 
that the primary site for radiation induced transformation is within the nucleus of 
the cell, since the low energy electrons emitted by are nearly completely ab
sorbed within the nucleus. The molecular damage induced by ^25j decay within the
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nucleus which causes to be more effective in transformation than %  is not known.
It seems likely, though, that it is due to clusters of damage in local areas of the 
DNA because of the short range of the radiation, which is in contrast to the
%  radiation which is more evenly absorbed throughout the entire nucleus of the cell. 
•This cluster of damage may include more critical lesions for transformation, such as 
{double strand breaks, than results from the damage induced by %.
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