
Modeling and Cellular Studies 

Testing the applicability of mathematical models with carefully designed experiments is a powerful 
tool in the investigation of the kinetics of the effects of ionizing radiation on cells. Such kinetic studies 
provide 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. Mathematical modeling and cellular studies complement each other. Modeling provides 
guidance in designing experiments capable of disproving the model, while the experiments them
selves 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 combinations. Since conventional split dose experiments at low LET cannot discriminate 
between these models, the effects of combined high- and low-LET radiations have been modeled in a 
search for a definitive experiment. Stationary-phase mammalian cells are being used to develop a simi
lar type of model for a second biological system. These cells have been shown to be at different points 
in the cell cycle depending on how they were forced to stop proliferating. Both split-dose and dose
rate experiments are being used to investigate the various damage production and repair processes in 
these cells. 

The goal of our work with chemical carcinogens is to apply concepts developed in radiation biology to 
obtain a better understanding of the risk associated with exposure to coal-related, chemical pollutants. 
Our collaboration with the National Center for Toxicology Research through Dr. Robert Heflich has 
resulted in publication of a model describing the effect of excision repair on the survival of human 
cells (Miller and Heflich, 1982) and a recent presentation at the 13th International Cancer Congress in 
Seattle, Washington. This report will give more details on experiments to test this model using repair 
deficient human cells from xeroderma pigmentosum (XP) patients. 

Our experimental studies with chemical carcinogens have focused on the rodent cell line CHO-K1 
where replica plating techniques have proved useful in isolating and examining the fate of unrepaired 
damage in mutants with altered repair capability. A recent publication (Newman 1982) describes a UV
resistant mutant with apparently normal repair activity. More research into the mechanism of this UV 
resistance and altered response to the carcinogen benzo[aJpyrene-4,5-oxide is presented in this report. 

MODELING THE RADIATION RESPONSE OF 
ChLamydomonas reinhardi 

w. C. Roesch 

To pursue our goal of establishing quantita
tive relations between initial physical 
events produced by ionizing radiation and 
the subsequent biological effects in cells, 
we have been developing and testing theo
retical models for two kinds of cells, the 
mammalian Chinese hamster ovary (CHO) cell 
and the green alga, Chlamydomonas reinhardi. 
The hamster cell studies are beginning to 
produce results and will be discussed below. 
The C. reinhardi studies have been in prog
ress-ror some time and illustrate the normal 
scientific cycle of framing, testing, and 
revising hypotheses. 

In our fi rst study wi th C. rei nhard;, we 
were able to eliminate s1)( competing models 
for the explanation of its behavior under 
dose protraction and fractionation. The one 
model remaining at that time attributed cell 
killing to an interaction among radiation 
products that were not themselves lethal. 
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The number of such products could increase 
each time a radiation event occurred and 
could decrease due to processes called 
"repai roo. However, this Simple model proved 
inadequate when we extended the experimental 
conditions: higher dose rates, lower and 
higher temperatures, and different radiation 
beams. These changes brought to light new 
kinetic processes in C. reinhardi and showed 
these cells are very ~nsitive to changes in 
LET of the radiation. To include these new 
effects in the modeling, we started from the 
simple model mentioned and included more 
kinetic steps in the production of the 
products that interacted to kill the cell. 
Last year we were led to introduce the idea 
that three or more radiation products were 
involved in killing C. reinhardi (two such 
products seem to be sufflclent to explain 
the behavior of mammalian cells). 

This extension of this model leads to a 
problem: many different kinetic schemes are 
compatible with our present knowledge about 
C. reinhardi's radiation sensitivity. To 
cre!al wlth thlS problem we are Simulating a 
number of different kinds of experiments 



with the models and looking for differences 
in the predicted results that we can use as 
the basis for laboratory experiments to dis
tinguish kinetic schemes that may be cor
rec~. Last year we reported studying how 
spl1t-dose experiments change with the doses 
employed. The changes proved to be differ
ent for different models, but the experi
ments to test the models in this fashion 
proved ~o be difficult. This year, at the 
suggest~on of Dr. J. Rasey of the University 
of Wash1ngton, we began studying split-dose 
experiments in which the two doses are from 
two radiations with different LETs. In 
these stud~es it i~ necessary to explore not 
only the d1fferent1al kinetic schemes but 
different processes for the production 
(yield) of the radiation products. We want 
to study yield relationships, of course 
because they bring us even closer to th~ 
initi~l physical events; but they further 
compl1cate an already complicated problem. 

Figure 1 illustrates what happens for a 
simple model in such a spl it-dose, spl it
quality experiment. The model is the EFG 
model treated last year (Roesch, Braby and 
Nelson 1982); it has two independently 
produced and repaired radiation products and 
the yields of these products depend on LET 
in the same way. When both doses are from 
the same radiation, the curve resembles the 

10-1~ ____________________________ ~ 

.-
" BOTH DOSES LOW LET 

10- 2 • ""'-. ---.-. . -.-. -. 

ONE LOW. ONE HIGH LET 
DOSE 

10- 5 .-. 
~.__ BOTH DOSES HIGH LET .-. -.-. -.-. 

10-6L-------------~L-------------~ 
o 0.05 0.1 

TIME BETWEEN DOSES (ARB. UNITS) 

FIGURE 1. An Example of a Split-Dose, Split-Quality 
Experiment 
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one we fi nd for C. rei nhardi. If one dose 
is from a low-Lrr-and the second from a 
high-~ET (100 times higher) radiation, and 
each 1S chosen to give the same survival 
when the two doses are far separated in 
time, the curve has exactly the same shape 
as the first, but it is displaced downward. 
The same curve is obtained if the order of 
the two irradiations is reversed. The shape 
reflects the (unchanged) kinetics. The 
downward displacement reflects the higher 
degree of single-event killing by the high
LET radiation; it also makes the effect 
undetectable experimentally for this radia
tion. When the production rates of the two 
products do not change in the same propor
tion on change of LET, changes in shape as 
well as changes in magnitude occur (not 
shown) and may be observable. 
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AN ALGORITHM FOR MODELING 

W. C. Roesch 

The mathematics of the modeling just men
tioned is relatively simple. It reduces to 
handling terms whose Laplace transforms are 
of the form, 

1 
(p+r 1) (p+r 2) ... (p+r n) (1) 

where p ~s the transform variable (conjugate 
to the t1me, t) and the r's are positive 
constants. The solution, a finite series of 
exponential functions, is wen known. Cal
culations with this solution as the algo
rithm, however, are inaccurate for small 
values of t. The solution of Equation 1 
starts out as t to the (n-1)th power. Since 
an exponential starts as the O-th power, 
much mutual cancellation of terms is 
required and ordinary computers are not 
a~curate enough to do it. However, expan
Slon of Equation 1 into an infinite series 
provides an acceptable algorithm for very 
small v~lues of t. Unfortunately, if the 
spread In. values of the r's is very large, a 
range of 1ntermediate values of t often 
exists in which neither algorithm works· on 
a 32-bit computer, errors by orders of ' 
magnitude occur. 

An algorithm that has not produced such 
problems starts by dividing the r's into two 
groups, those larger and those smaller 




