
Modeling and Cellular Studies 

Testing the applicability of mathematical models with carefully designed experiments is a powerful 
tool in the investigation of the effects of ionizing radiation on cells. Such methodology provides both a 
means of testing fundamental assumptions regarding the mechanisms of damage and repair and 
extrapolating to low doses and dose rates to predict effects which cannot be measured directly. The 
modeling and cellular studies complement each other, for modeling provides guidance for designing 
critical experiments which must provide definitive results, while the experiments themselves provide 
new input to the model. Based on previous experimental results the model for the accumulation of 
damage in Chlamydomonas reinhardi has been extended to include various multiple two-event com
binations. Split dose survival experiments have shown that models tested to date predict most but not 
all of the observed behavior. Stationary-phase mammalian cells, required for tests of other aspects of 
the model, have been shown to be at different points in the cell cycle depending on how they were 
forced to stop proliferating. These cultures also demonstrate different capacities for repair of sublethal 
radiation damage. 

DOUBLE TWO-EVENT MODELS 

W. C. Roesch, L. A. Braby and J. M. Nelson 

For several years we have been experimenting 
with the green alga, Chlamydomonas reinhardi, 
to test models for the effects of protrac
tion and fractionation in the delivery of 
radiation doses. Initially we found good 
agreement between experimental data and a 
simple model; but, as we pushed to higher 
dose rates, new phenomena appeared that re
quired more complex models. An analysis of 
last year's data (Roesch, Braby, and Nelson 
1981) and data in the literature on LET's 
effect in C. reinhardi indicated that the 
main characteristic of a new model had to 
be inclusion of more than two radiation
induced steps. We reported on one such 
model, which represented the correct LET be
havior. We have now added a number of mod
els to the list we have been studying, and 
we have explored protraction-fractionation 
effects in addition to LET effects. 

Last year we showed that the data for 
C. reinhardi required a model that had more 
than the two charged-particle events which 
seemed sufficient to explain mammalian cell 
data. Although we could not be certain 
just how many more charged-particle events 
were required, we believe it is likely one 
or two. We chose first to study models 
based on two-event processes such as might 
be involved in mammalian cells, and we 
called two of them "double two-event" mod
els. We could have called them "four-event" 
models but chose not to in order to distin
guish between double two-event models and 
models with four (or three) dissimilar proc
esses. (We are studying the latter but do 
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not have enough information to report on 
them at this time.) 

Figure 1 lists the two-event models and the 
corresponding double two-event models we 
have studied. A chemical notation was used 
to describe the models. For example, in the 
first one, two of product B are produced by 
the radiation; these products can be re
paired (revert to normal) or they can com
bine to form product C, which is lethal to 
the cell. 

Figure 2 shows typical split-dose curves for 
a two-event (BC) process and its associated 
double two-event (BCJ) model. They are 
plotted in a way we introduced several years 
ago (Braby 1980) which permits their analy
sis into components the same way decay 
curves for mixtures of radioisotopes are 
ana lyzed. 

The BC model is the one whose kinetics fit 
our original data. We recognized that to 
include the LET effect for C. reinhardi re
quired that we assume the 6'S were the re
sults of another two-event process, but we 
first neglected its kinetics on the assump
tion they would be too fast to observe. 
However, we found this was not true; the 
present study is aimed at exploring differ
ent possibilities for the initial kinetics. 

What we are looking for are effects that can 
form the basis for experiments which can 
lead us to eliminate inapplicable models. 
Most recently we have been looking at the 
split-dose experiment as such a "critical" 
experiment; and we find it is, at the least, 
very useful. At present, several of the 
models give the same general phenomena that 
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FIGURE 2. Typical Split-Dose Curves for a Two-Event 
and the Corresponding Double Two-Event Model 

we observe for C. reinhardi; but do not seem 
to give correct~etails. Thus we think that 
although we have not found the right kinetic 
scheme at this time, we are on the right 
track. 
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EXPERIMENTAL EVIDENCE AND SUPPORT OF MUL
TIPLE TWO-EVENT MODELS 

J. M. Nelson, W. C. Roesch and L. A. Braby 

A primary function of the radiation biophys
ics program is to test the conclusions of 
the various models evolving out of the ra
diation dosimetry program. As mentioned 
previously in this section (Roesch, Braby 
and Nelson, this report) the accumulation
of-damage model has recently been modified 
and extended to include the possibility of 
multiple events leading to sublethal damage. 
As a group these modifications are referred 
to as the multiple two-event models. 

Five different double two-event models have 
been proposed which may apply to the radia
tion biology of Chlamfdomonas reinhardi. 
Double two-event mode s as a group can be 
distinguished from simple two-event models 
on the basis of the relative influence of 
fast repair on survival as a function of 



dose. This is best illustrated in a plot 
of ln (Sm/S) versus the interfraction inter
val in split dose experiments shown in Fig
ure 1. The short interval portion of the 
curve reflects the contribution of the 
faster repair processes; in double two-event 
models its intercept tends to change more 
with decreasing survival (i.e., with in
creasing dose) than the intercept extrapo
lated from the longer intervals which are 
influenced more by the slower repair proc
esses. This is a characteristic common to 
all of the multiple two-event models and is 
illustrated in Figure 1, where several theo
retical curves have been normalized with re
spect to their response in the slow repair 
region. In addition, the change in ln (Sm/S) 
as a function of dose within that region 
where it is not seriously affected by the 
faster repair processes is different for the 
various multiple two-event models. 

We felt the best way to test the character
istics of the models was to generate com
plete split-dose survival curves following 
two greatly differing doses. These curves 
were then to be compared with expected 
curves generated from multiple two-event 
models. No difficulty was experienced with 
generating the higher dose curves. However, 
we encountered some technical difficulties 
associated with generating a survival curve 
at very high survival levels. The variable 
Sm represents the hypothetical maximum sur
vival which would occur if two doses were 
separated by an infinite time interval and 
complete repair had taken place. According 
to theory, this value should equal the prod
uct of the survival after the first dose 
times that after the second (SIS2), or in 
the case of two equal doses, should equal 
the square of the survival after a single 
fract i on. I n the past, we have genera lly 
determined this value by the latter method, 
and at lower survival levels (higher doses), 
this method is still applicable. However, 
when survival is 90% or above, the product 
of the individual survivals is a value much 
lower than expected; it is often lower than 
that found after two doses separated by 
20 minutes or longer. In other words, at 
low doses we are either observing a decrease 
in the efficiency of the second fraction 
when it follows the first by 20 minutes or 
longer, or we are underestimating survival 
after very low doses. 

This unresolved problem will continue to be 
investigated. It is particularly puzzling 
since it has only been observed at survival 
levels of 50% or more. 

To circumvent this problem in determining 
Sm. we have used an alternate method for the 
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FIGURE 1. A Family of Theoretical Split-Dose Response 
Curves for Chlamydomonas reinhardi, Where In (Sm/S) 
Has Been Plotted as a Function of Time Between Doses 
for Several Different Survival Levels. These curves have 
been normalized throughout the region reflecting slower 
processes in order to illustrate the relative effects within 
the region influenced primarily by the faster processes. 

lower doses. If simple survival is plotted 
as a function of time between doses on a 
semi-log plot, as seen in Figure 2, the data 
become asymptotic to Sm. The magnitude of 
the value for Sm determined in this way is 
considerably greater than that determined 
from a single exposure. This value can then 
be used to compute ln (Sm/S), which is then 
plotted against time in the normal fashion. 

When survival data after each of the differ
ent total doses are plotted as illustrated 
in Figure 3, we find a significant differ
ence between the two curves. In this figure, 
the line fitted to the slower repair proc
esses has been enclosed by a shaded area 
representing *1 standard error of estimation, 
a value analogous to the point standard de
viation. The increasing difference seen 
here between the short interval data and the 
intercept of the line with increasing dose 
supports the multiple two-event damage 
hypothes is. 
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FIGURE 2. Split-Dose Survival Data as a Function of 
Time Between Doses. When plotted as In S against the 
interfraction in terval, as seen here, these data become 
asymptotic to the theoretical maxi mum survival (Sm). 

In addition to looking f or t his change in 
rapid repair effi c iency, the change i n sur
vival as a function of dose can also be 
quantitated by these same experiment s. We 
chose the MQRYL double two-event model to 
describe the C. reinhardi data, but t he 
model resu1ts~id not correspond with t hose 
calculated from surviv al data from eight in
dependent experiments (eight pairs of sur
vival curves). For instanc e, according to 
this mode l , the value of 1n (Sm/ S) should 
increase with the cube of the dose ; instead 
it was found to change according to the 
square of the dose . Thi s was determined by 
experi ments desi gned around a dose rat io of 
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FIGURE 3. Relat ive Survival of Chlamydomonas rein
hardi After 5 krad (lower Curve) and 10 krad (Upper 
Curve) , Given as 2 Equal Fractions. In each case, the 
longer interval data have been fitted to a straight line, 
surrounded by ±1 standard error of estimat ion in order 
to assess the relative influence of faster repair processes 
as a fu nction of dose. 
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either 2.0 or 2.5, with totals ranging f rom 
4 t o 14 krad. When the dose had been dou
bled , 1n (Sm /S ) changed by a factor of 4. 1 % 

1. 5; when it increased by a factor of 2. 5, 1n 
(Sm/S) changed by a factor of 7.7 % 1. 5. 

We have generally assumed the slower repai r 
f ound in C. re inhardi to be simi l ar to that 
identi fiedlin the same organism by Jac obson 
(1957) and i n mammalian cells by El kind and 
Sutt on (1959). Early experiments concerned 
wit h t he f ast repai r process and subsequent 
modeli ng ac ti vity revealed several i nconsis
t encies . We are now aware that although the 
effec t of the slower repair process on sur
vi va l may change wi th dose , the ef fec t s of 
the faste r repair process will change even 
more. Even t hough we believe the acti on of 
radiation to be more complex than ass umed by 
the earl ier models, we cannot confi rm any 
of the alternate doub le two-event model s de
veloped so f ar . Since survi va l does not 
appear to change according to t he cube of 
t he dose, we can rule out the MQRYL mode l 
and possi bly one other which predicts that 
surviva l should increase at a rate somewhere 
between sec ond and t hird power of t he dose. 
We wi l l continue our evaluation of the other 
mode l s. 
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TECHNIQU ES FOR INVE STIGATI NG FAST REPA IR 
PROCESSES IN CHL AMYDOMONAS REINHARDI 

L. A. Br aby, J . M. Nelson and W. C. Roesch 

As we have reported previously (Braby , 
Ne lson and Roesch 1980; 1981) , the reproduc
tive survival of Chlamydomonas re inhardi ex
hibits reversal of the dose rat e effect 
above 104 r ad /s. Thi s behavior can be seen 
both in sets of survival curves at var ious 
dose rates and i n plots of survi va l for a 
f i xed dose as a f unction of dose rate. 
Mathematical models wh ich inc lude certain 
t ypes of multi ple event interact ions (Roesch, 
Braby and Nelson, t his report ) resul t in 
simi lar reversals of the dose-rate effec t. 
The theoret ica l studies ind icate that t he 
assumptions of t he different mode ls can best 
be t ested by comparing them with t he results 
of fixed dose, variable dose-rate experi
ments. Unfortunat ely, at the dose rates 



where the effect can be observed it is dif
ficult to achieve the precise exposures 
needed to make the necessary comparisons. 
Evaluation of the experiments to date indi
cates that in order to investigate this ef
fect with confidence a dose rate range of 
102 to over 106 rad/s is required. To irra
diate adequate numbers of cells under condi
tions equivalent to those prevailing in low 
dose-rate experiments, the usable portion 
of the radiation beam must be 35 mm in di
ameter. Since the change in survival wi t h 
dose rate is not large the dose should be 
un iform and reproduc i ble to within =5%. To 
compare the models with experimental results 
three major technical problems must be over
come : we must produce a uniform radiation 
beam over a large area ; measure t he dose 
distribution to assess uniformity; and then 
be able to monitor the dose in each 
exposure. 

Several instruments can measure the dose 
distribution to assess uniformity. A smal l 
ion chamber can be used; however, it is ex
tremely time-consuming and results in reso
lution too poor to make corrections in beam 
uniformity. An improvement in resolut ion 
to better than 0.1 mm is made with the use 
of the radiochromic film dosimetry system 
(see McLaughlin et al. 1977). However , 
reading the dose by conventional methods and 
plotting it to determine dose distr i but ion 
also makes it too time-consuming to be used 
for routine monitoring of dose uniformity. 
To improve resolution and reduce time, a mi
croprocessor-controlled scanning densitome
ter has been developed. This instrument 
scans films up to 15 x 15 cm, pausi ng at 
specified intervals to measure the l ight 
transmission using a 1.6 mm diameter l ight 
beam. The dose is calculated from the 
transmission and the film thickness which 
is determined by interpolation in two dimen
sions between points where thickness has 
been measured. The percentage difference 
between the dose at the point and the dose 
at a calibration point is then determi ned. 
For convenience in visualizing the data, a 
symbol corresponding to the dose is dis
played at the corresponding point on the mi
crocomputer display. The result , shown i n 
Figure 1, can be i nterpreted as a contour 
map of the dose distribution. Measuri ng the 
thickness of the film and entering it in t he 
computer require only about 15 minutes. 
Scanning the film and generating a contour 
map of 660 dose readings require 13 mi nutes 
of unattended operation. This provides the 
resolution needed to check and make correc
tions in beam uniformity and is quick enough 
that it can be used in conjunction with each 
experiment to detect any change in alignment 
of the accelerator and beam line. 
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FIGURE 1. Scanning Densitometer Reading of Fil m 
Exposed at Output Window of Ring l ens Assembly with 
l ens Turned O ff. Calibration point was at cente r of film. 
Symbo ls represent successive 4% increme nts in dose. 
Thus, if ca li bration point received 100 krad, areas desig
nated "1" received 104 ± 2 krad, and those designated 
" C" received 88 ± 2 krad. 

To spread the beam over a large area and 
ac hieve a high dose rate, t he nat ur al 
Gaussian profile of beam intensity must be 
altered. This can be done wi th an elec tro
static ring lens (Johnson 1975) whi ch is de
signed t o f old t he tails of t he Gau ssi an 
dist ribut ion back onto the cent ra l peak. 
Such a lens was originally designed fo r 
positive ion beams and had to be scal ed up 
t o cover four times the diameter and operat e 
at over ten times the voltage of t he origi
nal desi gn. This lens is mounted i n a 
portab le beam line separate from the Van de 
Graaff accelerator with its own vac uum sys
tem. Tests of this lens assembly indic at e 
t hat t he average dose rate at the exit wi n
dow can be increased by a factor of t hree, 
and that it does concentrate the outer por
tion of the beam i nto a ring near the cent er , 
as shown in Fi gure 2. However, beam unifor
mity is st rong ly affected by smal l changes 
i n beam line position, and some met hod fo r 
prec i se ly positioning the beam li ne may be 
required. 

The dose in each exposure was previous ly 
monitored during exposure by measur ing t he 
charge on a beam stop surrounding t he target . 
This works well as long as the electr ic 
fiel d sur rounding the beam st op is low 
enough that ions formed in the air are not 
collected. Unfortunat ely, when t he ring 
lens is used. both the cells to be irradi
at ed and the beam stop must be located 
within a few cm of the beam exit window. 
Consequently, a sufficiently low f i eld 



FIGURE 2. Effect of Imperfectly Aligned Ri ng Lens 
Assembly. Lens concentrates beam into an annular pat
tern . When properly aligned the focal length can be 
adjusted to produce a nearly uniform dose. 

cannot be ach i eved . This problem has been 
solved by using a thin, three-p late ioniza
t ion chamber to monitor the beam. Thi s 
transmission ion chamber is cal ibrat ed re la
ti ve to a small Nuclear Enterprises ion 
chamber and prov ides a signal to preset 
counters which control preprogrammed 
exposures. 

The combination of the scanning den sitometer 
to measure dose distribution and the ring 
lens with the transmission ion chamber to 
monitor dose should result in uniform expo
sures over large areas of cells. 

Measurements to determine the maxi mum dose 
rate are awaiting final alignment of the 
accelerator and lens assemblies. 
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AGE DISTR IBUTIONS IN AGENIC MAMMALIAN CELL S 

J. M. Nelson, L. A. Braby and N. F. Metting 

We have al re ady described two techn iques by 
which we can stop exponential growth in Chi 
nese hamster ovary (CHO) ce l ls and establish 
monolayers of noncycl ing stat ionary phase 
populat ions (Nelson 1979; Nelson and Braby 
1980). One popul ation is induced by growing 
cell s to confluence, at wh ich ti me prol if
erative activity ceases because of dens ity
contact i nhib it ion even t hough the medium 
has been ref reshed at regul ar i nterval s; 
these ce 11 s are common ly referred to as "fed" 
cells . Cult ures growi ng under these condi
t i ons are exposed to li t tle or no nut ri
tional stress. Another method is to main
tain cel l populat ions fo r extended per iods 
i n their own depleted medium without supp le
mentation or repl acement; these cel l s are 
referred to as "starved" ce lls. In thi s 
case growth inhibi t ion occ urs at a somewhat 
lower pop ulation dens ity due t o nutri t iona l 
deprivation. Both methods have been i n gen
eral use f or some time by other inves tiga
tors , but cu l ture s were normally not main
tai ned lo ng enough to obtain t he degree of 
growth suppression which we observe in our 
system. 

We have evaluated both of these t ypes of 
stationary phase popu lations with respec t 
to a variety of growth parameters. These 
inc lude cel l dens i t ies both in terms of 
cells-per-uni t vol ume and ce lls-per-unit 
area , cell viabil ity as defined by erythro
sine-B dye exclusion t echn i ques, and DNA 
synthetic activity by the incorporati on of 
DNA precursors (3H-TdR and 125 I-UdR) . The 
labeling studies have provided a means of 
defin ing both the mean ce llu lar DNA syn
thetic activity and the growth f racti on (t he 
fraction of cycling ce lls) in a popul at ion 
at a given time . 



Since these two types of stationary phase 
cells demonstrate different capacities to 
repair radiation damage, it is important to 
understand the physiological differences be
tween them. The kinetics of agenic popula
tions is generally restricted to a descrip
tion of cellular age within the population. 
We can get at this information in two ways: 
We can study the kinetics of these popula
tions as they grow into plateau phase; or we 
can study them as they resume normal expo
nential growth. Upon release from station
ary phase, after an extended period of 
inactivity, cells will be distributed accord
ing to their ages at the time proliferative 
activity ceased. Studies of age distribu
tions upon release have demonstrated that 
although these two types of stationary phase 
populations appear similar in many respects, 
they are composed of very different distri
butions of cells. Populations of cells re
leased from nutritionally deprived station
ary phase cultures (starved cells) contain 
a small fraction of cells arrested in Gl 
phase, but most of the population are premi
totic cells which have completed DNA syn
thetic activity. As seen in Figure I, many 
of these cells will pass through mitosis 
within the first 3 to 5 hr after release. 
After this first wave, reduced mitotic ac
tivity is observed. The progeny of some 
cells sometimes divide one more time before 
becoming strongly synchronized again at 
24 to 25 hr after release. At this time, 
many cells, most of which have divided at 
least once before, pass through mitosis 
demonstrating a very high degree of syn-
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FIGURE 1. Frequency of Mitosis and Fraction of Synthe
sizing Cells in Populations Derived from Stationary-Phase 
Cultures Induced by Nutritional Deprivation (Starved 
Cells) Plotted as a Function of Time After Release. Mitosis 
was determined by time-lapse video-microscopy. Syn
thetic fraction was measured by autoradiography after 
pulse labeling with tritiated thymidine. 
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chrony. In addition, the fraction of synthe
sizing cells increased from near zero to 
nearly 100% between the 7th and 15th hour 
after release, demonstrating a high degree 
of synchrony persisting for at least 3 gen
erations. This large wave of mitoses at 
24 hr has been observed by others (Chapman, 
Todd and Sturrock 1970); however, it has 
been assumed that these cells, prior to this 
time, emerged from a Go-like stationary 
phase someplace within 61 phase, passed 
through S phase, and into a long and vari
able 62 phase. 

On the other hand, populations derived from 
density-contact inhibited cultures (fed 
cells) show radically different age distri
butions. The major fraction of these cells 
begin synthesizing DNA immediately upon re
lease. Autoradiographic studies, shown in 
Figure 2, indicate that nearly 50% of the 
populations are in DNA synthesis at one 
hour after release and this fraction slowly 
falls until it reaches its first minimum 
around the 6th hour. Although some cells 
may pass through mitosis during the first 
3 to 5 hr, indicating that a certain frac
tion of the cells rest in 62 phase, the 
striking wave of division seen in the nutri
tionally deprived cells is missing in fed 
cells (see Figure 2). Those passing through 
mitosis during the first few hours are again 
synchronized at 24 to 25 hr. 

This evidence demonstrates that a predomi
nant fraction of the population ceases pro
liferative activity someplace during the DNA 
synthetic phase of the cycle. Note that by 
definition, cells in DNA synthetic phase are 
synthesizing DNA. It is obvious, however, 
that cells which have entered but not yet 
emerged from this synthetic phase, and have 
been forced by one mechanism or another to 
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Cultures Induced by Density-Contact Inhibition (Fed 
Cells) Plotted as a Function of Time After Release 



suspend synthetic activity, will remain at 
the same physiologic age as they were when 
they entered the suspended state. This is 
analogous to the age of cultured cells whose 
metabolic activity has been arrested by 
freezing in liquid nitrogen; the age of 
these populations remains essentially the 
same throughout the entire period of sus
pended activity until growth conditions have 
been restored by thawing and they have been 
resuspended in an acceptable physiologic 
growth environment. 

Another technique, although somewhat more 
difficult, is to measure age distributions 
in these populations as they grow into pla
teau phase and thus cease proliferative ac
tivity. Accumulation of information under 
these circumstances is hampered by very high 
cellular densities always associated with 
contact inhibition and induction of agenesis. 
Such experiments are further complicated by 
the fact that nearly any environmental dis
turbance would immediately alter metabolism 
and result in a transient restoration of 
cyclic activity. Such disturbances include 
changes in nutrient or toxic product concen
trations, pH changes, and mechanical shear, 
which might physically disturb the monolayer 
and, thus, allow premature cell release. 

We have attempted to determine DNA synthetic 
activity by liquid scintillation counting 
of 3H-TdR-labeled populations as they grow 
into plateau phase and enter the agenic 
state. Although interpretation of these 
data is somewhat limited because complica
tions are associated with the very high cel
lular densities, we have been able to verify 
another distinct difference between density
contact inhibited and nutritionally deprived 
populations. Other workers studying plateau 
phase populations have often found large 
fractions of cells in post mitotic G1 phase. 
Generally, these populations are studied at 
between the 5th and 8th day of the passage, 
at which time the population density will 
have reached a relatively high level and 
stopped increasing (hence the name plateau). 
As may be noted in Figures 3 or 4 DNA syn
thetic activity of starved cells is not se
riously depressed until about the 10th day. 
At 5 to 8 days, the majority of cells proba
bly reach some gate in G1 phase or the G1-S 
boundary. Their rate of progress has slowed 
considerably. At this time, we should ob
serve an abundance of post-mitotic presyn
thetic cells accumulated near the G1-S in
terface. Our results suggest that these 
cells probably continue to progress very 
slowly, into, and through S-phase, ulti-
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FIGURE 3. Relative DNA Synthetic Activity in Nutrition
ally Deprived Plateau-Phase Populations (Starved Cells) as 
a Function of Time After Passage. Cellular incorporation 
is determined by liquid scintillation counting after pulse 
labeling with tritiated thymidine. 

mately ceasing growth activity within either 
S-phase or G2-phase. 

However, cells within fed cultures are not 
all alike. Many cells resulting from den
sity-contact inhibition appear to move spo
radically through S-phase, perhaps stopping 
at a variety of different gates. These 
cells probably retain this resting status 
only until environmental conditions permit 
further progress through the cycle. Indeed, 
complete arrest may not even occur, but 
rather cyclic activity may merely be slowed 
down sufficiently to result in the deep sup
pression seen in Figure 4. Then, whenever 
physiologically possible (or required), syn
thetic activity would be allowed to progress. 
This concept is supported by the fact that 
these experiments (shown in Figure 4) indi
cate that DNA synthetic activity in this 
type of cell does not continue to fall after 
the first few days but rather reaches a 
minimum around 10 days and maintains this 
level thereafter. 
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SLOW REPAIR PROCESSES IN STATIONARY PHASE 
MAMMALIAN CELLS 

J. M. Nelson, L. A. Braby and W. C. Roesch 

In the past, most of our work dealing with 
repair of sublethal radiation damage has 
been done using the algal eukaryotic Chlam
ydomonas reinhardi. This organism was cho
sen for a variety of reasons. In addition 
to being easy to handle in the laboratory, 
it may be easily synchronized by a 12 hr 
light-12 hr dark illumination cycle. How
ever, most important is that for a period 
of about 8 hr following initiation of the 
light cycle, its radiation sensitivity (as 
measured by reproductive inactivation) 
changes little as a function of time. This 
characteristic has permitted extensive in
vestigations of sublethal ionizing radiation 
damage and repair by both split-dose and 
dose-rate methods. These studies have led 
to identification of multiple repair proc
esses which function simultaneously in the 
same organism. However, extrapolation of 
these data from a green algae to higher or
ganisms is hazardous because to do so we 
make a number of questionable assumptions. 

As mentioned last year, we are also direct
ing our attention toward mammalian cells and 
are attempting to identify sublethal damage 
repair processes similar to those found in 
C. reinhardi. Most repair processes cannot 
be quantitated in rapidly proliferating cell 
systems (excluding ultrafast processes such 
as observed in mytotic mammalian cells [see 
Nelson, Braby and Roesch 1980]) because of 
the cell's rapidly changing radiation sensi
tivity. Because radiation sensitivity at 
the end of an experiment does not neces
sarily correlate with that at the beginning, 
it is not possible to interpret split-dose 
experiments in which doses are separated by 
long intervals or dose-rate experiments 
where the exposure is protracted over a pe
riod of several hours. In addition, the 
perturbations in cellular kinetics resulting 
from the first exposure preclude a reasona
ble estimate of the sensitivity during the 
second. Experiments such as these are often 
attempted but the results are not satisfac
tory and conclusions drawn are generally 
only quantitative findings. Consequently, 
efforts were begun to establish a virtually 
agenic population of mammalian cells. We 
believe that sublethal damage and its repair 
can be studied extensively in noncycling 
stationary phase cells because the radiation 
sensitivity of these populations is not ex
pected to vary as a function of time. 



Two types of stationary phase populations 
are in current use (see preceding section 
of this report). The radiation sensitivity 
of these two noncycling populations has been 
contrasted with that of exponentially grow
ing cells in terms of reproductive cell sur
vival (Nelson and Braby 1980). The survival 
curves from the same CHO cell line main
tained in these three different states are 
surprisingly similar. They differ primarily 
in the Dq value, a parameter reflecting the 
magnitude of the shoulder, rather than in 
the Do which corresponds to the slope of the 
survival curve. In these experiments, we 
observe conventional repair in density
contact inhibited cells (fed cells) which 
appears similar to that found in exponen
tially growing populations. However, in 
this case, not all of the damage produced 
in these cells is repaired, and that remain
ing after 4 to 5 hr appears to persist in
definitely. On the other hand, stationary 
phase cells derived from nutritionally de
prived cultures (starved cells) appear to 
repair much more of their damage but at a 
much slower rate, i.e, slower than conven
tional repair. The characteristic time of 
this slow process appears to be on the order 
of 15 to 20 hr as compared to about 5 hr for 
the conventional one. Population densities, 
cellular viability, average DNA synthetic 
activity (as determined by 125I-UdR uptakes), 
morphological appearance, and other charac
teristics of these cultures appear very 
similar. However, the differences in the 
repair capacities of these two groups of 
cells can be explained by differences in 
their age distributions in the cell cycle. 
Precise determinations of repair rate are 
limited by the precision with which Sm, the 
theoretical maximum survival, can be deter
mined. We believe the differences observed 
in repair capacity between these two types 
of stationary phase cells are real. Only T 
(the mean repair time) and the relative 
amount of repair accomplished at different 
rates, should depend on the value of Sm. 
The biphasic nature of repair in density
contact inhibited cells probably would not 
change. 

To further clarify these findings and elabo
rate on these repair phenomena, it is neces
sary to improve part of the technical pro
cedure required for determining reproductive 
survival of cells following treatment. Us
ing conventional equipment for cell trans
fer, it is not possible to gather a quantity 
of data sufficient to generate a complete 
time dependent repair curve in a given ex
periment. The limiting step is the exten
sive pipetting required to dilute and pre-
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pare the clonogenic cell assay plates. In 
response to this need, we have designed and 
constructed an automatic pipetting, diluting, 
and dispensing apparatus capable of perform
ing a number of these operations, thus per
mitting a four- to five-fold increase in 
our capabil ity. 

This apparatus consists of a pair of preci
sion peristaltic pumps run by heavy-duty 
stepping motors: one pump handles displace
ment medium for the cell suspension, the 
other handles medium for dilution and wash
ing of the sterile dispensing apparatus. 
Both motors are controlled by a small desk 
top computer (COMMADORE 32K PET). Experi
mental transfer procedures are, of course, 
performed under sterile conditions and op
eration is controlled by a special keyboard 
which may be located next to the dispensing 
apparatus itself. All pertinent data, re
quests, and instructions are displayed on 
the CRT throughout the process. 

A highly operator-interactive program has 
been developed enabling rapid and accurate 
processing of each assay plate. Computer 
controlled procedures include all prelimi
naries such as priming the apparatus and 
calibrating both pumps, computing required 
discharge volumes, withdrawing the treated 
sample containing cells to be assayed, de
livering precise volumes of cells to be di
luted in predetermined volumes of medium, 
and final flushing of the sample handling 
equipment. In addition, the code permits 
operator initiated changes, deletions, and 
a variety of modifications as required, by 
means of the computer keyboard and CRT dis
play. We expect to test this apparatus and 
begin using it in the near future. 
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