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Mathematical models are now widely used in various branches of biclogy and medicine [7, 8],
but extremely rarely in virologic practice [11]. There have been virtually no observations
on changes in the structural and functional parameters of monolayer cultures during long-
term exposure to antiviral chemotherapeutic agents.

The aim of this investigation was to study the action of dinhibitors of viral activity
on the structural and functional state of cells in a culture test system in order to
construct models of the cytotoxic effect of chemothegapeutic agents.,

EXPERIMENTAL METHOD

A culture of Madin—Darby canine kidney cells (MDCK) was used in the experiments. Riman-
tadine was obtained from the Institute of Organic Synthesis, Academy of Sciences of the
Latvian SSR, and deitiforin from the Institute of Organic Chemistry, Academy of Sciences
of the Ukrainian SSR. The preparations were added at the time of monolayer formation to
complete growth medium containing 107% embryonic calf serum in doses for deitiforin of 25,
54, 100, 500, and 1000 pg/ml, and for rimantadine of 25,.50, and 100 ug/ml. The maximal in~-
cubation time with the chemotherapeutic agents was 96 h. To study the effect of these
agents on synthesis of macromolecules, a cell culture was grown in flasks for scintillation
counting. Synthesis of the cell macromolecules was evaluated by determining incorporation of
the radiocactive precursors 14C—vamine; l“C*leuminé, 3H-uridine, and 3H- thymidine (0.4 mBq/ml
in each case) into the acid-insoluble cell fraction. Labeling was carried out in medium
199 for 30 min. Morphological preparations, made from cells grown on coverslips, were
stained with hematoxylin by Heidenhain's method. For the morphological and functional
analysis of the cultures, 'a "Leitz~TAS" television analyzing system (West Germany) was used
with an algorithm and programs specially developed for this purpose. The area of the nuclei
was measure, their shape factor determined, and the mitotic activity of the cells estimated.
The results were analyzed on the Hp—85 computer, using the method of regression analysis, and
by approximation by analytical functions in order to construct mathematical models of the
time course of the structural and funectional characteristics.

EXPERIMENTAL RESULTS

Rimantadine and deitiforin, during the first few hours after addition to the cell cul-
ture in doses of up to 100 ug/ml for the former and 500 ug/ml for the latter caused no visible
cytodestructive changes in the MDCK monolayer. Changes began to appear 12-24 h after the
addition of rimantadine and 24-48 h after the addition of deitiforin. We know that the
development of structural pathological or morphological changes in cells is preceded by a
change in size of the nuclei [4, 6]. Karyometric analysis by the TAS system showed that
both agents caused significant hypertropy of the nuclei after incubation for 24 h with the
cells. Changes in size of the nuclei were accompanied by an increase in the shape factor,
i.e., by a change in shape of the nuclei from ellipsoid, characteristic of intact cultures,
tc spherical. The nuclei of the cell population thereby became more homogeneous in shape, as
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Fig. 1. Regression analysis of increase in
size of nuclei of MDCK cell culture depending
on dose of antiviral chemotherapeutic agents.
Abscissa, dose of chemical agents (1n ug/ml);
ordinate, dimensions of nuclei (in u?). 1, 2,
and 3) Deitiforin, acting for 2, 4, and 6 h
respectively on cells; 4) rimantadine acting
for 6 h on cells.
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Fig. 2. Change in mitotic activity of cells

of MDCK culture under the influence of anti-
virial chemotherapeutic agents. Changes in
mitotic activity on lst day (a) and during
subsequent 3 days (b) after addition of

agents. Abscissa, time (in h); ordinate,
mitotic activity (in %). Here and in Fig. 3:

1) control; 2, 3, and 4) deitiforin in doses of
100, 500, and 1000 pg/ml respectively; 5) riman-
tadine in a dose of 100 ug/ml.
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Fig. 3. Regression analysis of change in
mitotic activity of cells of MDCK culture
depending on duration of culture with
chemotherapeutic agents (phase 3). 1) Con-
trol; 2) rimantadine 100 pg/ml; 3 and 4)
deitiforin in doses of 100 and 500 pg/ml
respectively.

shown by a decrease in the coefficient of variation, reflecting the scatter of values relative
to the mathematical expectation. Regression analysis revealed a clear relationship between
the changes in these parameters and the duration of action of the preparations and the doses
added. These relationships were linear in character and described by linear first—degree
equations (Fig. 1). The method of least squares was used to approximate the experimental
data. The regression coefficients were calculated by the equations:
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The accuracy of choice of the coefficients was estimated by Fisher's test.

The study of mitotic activity of the MDCK cells revealed three phases of the action of
rimantadine and deitiforin on their proliferative activity. In phase 1 the mitotic index
of the cells decreased in the course of 4 h after addition of the chemotherapeutic agents,
and then recovered 6-8 h after their addition to the level of the intact culture. In phase
2 the mitotic activity of the MDCK cells was identical in both intact cultures and those
treated with the chemotherapeutic agents (Fig. 2a). In phase 3 mitotic activity fell in the
experimental cultures, starting after 24 h in vitro and continuing throughout the subsequent
period of observation (Fig. 2b). The effects of the chemotherapeutic agents on proliferative
processes in phase 3 are described by different regression equations. Data on the dynamics of
activity under the influence of deitiforin in a dose of 100 ug/ml can be approximated by a
power function. For deitiforin in a dose of 500 ug/ml and rimantadine in a dose of 100 pg/ml
the character of the relationship is expomential (Fig. 3).

Coefficients of regression were calculated by the equations:
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Thus the quantitative microscopic study of the cytoxic action of the chemotherapeutlc agents
revealed a three-phase response of the cells.

The study of the time course of nucleic acid and protein synthesis in the culture of MDCK
cells on the basis of incorporation of labeled precursors demonstrated the effect of the
chemotherapeutic agents not only on the phase of mitosis, but also on other phases of the
cell cycle, including cells in the resting phase (Table 1). These experimental data also
confirmed a phasic response of the cell population. Previously, with an exposure of 24 h
(1], the initial decline and subsequent recovery of levels of cellular RNA synthesis were
observed in a chick embryonic fibroblast culture under the influence of rimantadine in a
dose of 25 ug/ml. By using a combined technique, accompanied by mathematical methods of
analysis of the experimental .data, we were able to detect a regular pattern in the response
of the cell population to the action of the chemotherapeutic agents. These phases can be
distinguished in this response: 1) transient inhibition, 2) relative compensation, and 3)

a cytopathic destructive process. Considering that a monolayer cell culture is a popu-
lation of cells which obeys definite rules in its development [5, 18}, it has to be pointed
out that the sequence of phases which we observed is characteristic of the whole cell popu-
lation, and the resultant of the responses of individual cells. Under these circumstances
the responses of individual cells to an exogenous influence will evidently be determined
primarily by the phase of the cell cycle in which the cells find themselves at each in-
dividual moment, whereas the response of the cell population will be determined by the in-
tegral response of the individual cells and by the particular features of intercellular
interaction. Succession of phases in the response of the cell population may not necessarily
be observed in cases when chemotherapeutic agents irreversibly blocking cell metabolism are
used.

These data on phases .in the response of the cell population may be important when the
toxicity of chemotherapeutic agents is compared. Particular attention must be paid to the
evaluation of the test system chosen for use in cell culture experiments. Phase 1 enables
the degree and strength of the compensatory properties of the test system to be judged, on the
grounds that if nontoxic concentrations are used, the dependence will be linear or weakly
curvilinear, whereas if toxic doses are used, adaptation and compensation of the processes
will not take place. Depending on the duration of phase 2 it is possible to judge the sensi-
tivity of the test system: if the duration of the phase is considerably increased, such a
system will not be sensitive enough and cannot be used for evaluation. Reliable results
can evidently be obtained by comparing the toxic effect in phase 3 -~ the phase of development

TABLE 1. Time Course of DNA, RNA, and Protein Synthesis in Culture of MDCK Cells in
Presence of Rimantadine (B) and Deitiformin (C), M + m

Radioactivity of acid-insoluble fraction, cpm

: é"°§ DHA RNA -

&8 protein

[ 8% .

é‘g 28 . A B c A B c A B [¢

2 2801125 |1460--67| 1923:£92 24533-125 | 2108114 | 2202:+30 1820430 1573116 | 1699+1

4 2751 +98 |1689+85| 223087 2385115 | 2168110 | 219659 17843-45 15504-98 1692i1%g
6 27324171 | 1871479 2658-+81 243875 1843+71 2048-£72 1848170 126075 1794495
8 27554153 12713463} 2754379 2471491 22723-80 2398:+53 181563-65 18991118 | 1998465

24 2847499 12832451 | 28154111 | 2406480 2368145 241675 18524111 | 18564120 | 1850+73
48 25514-108 | 1057-68| 1777185 1911478 1143465 181767 1719490 1503478 1468§69
72 2313£131 [1110£92{ 128163 1713110 907425 117370 1607 -85 12684-69 1350125
96 2218179 | 115943 181486 1685115 529459 859185 16094-91 80554 1112458

Legend. A) Control. Dose of preparations 25 vg /ml.
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of cytopathological processes. For example, the ability of the cells to take up prepar-
ations of the adamantadine group and to accumulate them in their cytoplasm was demonstrated
previously. The content of these preparations inside these cells may be several times
greater than their concentration in the external nutrient medium [2, 9]. Deitiformin evidently
possesses similar, but weaker, ability, as shown by the exponential mathematical relationship de-
scribing the action of deitiformin in a dose of 500 ug/ml and of rimantadine in a dose of

100 ug/ml on the time course of the change in mitotic activity of MDCK cells, i.e., deiti-
formin is 5 times less toxic than rimantadine, in agreement with data obtained previously by
other methods [3].

Thus the combination of techniques used including methods of quantitative microscopy
together with appropriate mathematical analysis of the data, revealed some general principles
in the action of inhibitors of viral activity on a monolayer cell culture, and showed that
their action is accompanied by a response of the cells in three phases. Depending on the
duration and relative intensity of these phases it is possible to judge the strength of the
cytotoxic action of agents interacting with the cells and the sensitivity of the culture as
a test system and to compare the sensitivity of cells of different origin to the action of
chemotherapeutic agents.
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