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ABSTRACT

An in vitro model has been devised so that mixtures of human tumor
cells can be grown together for studies related to drug-induced or
-selected changes in sensitivity. In the studies reported here, two human
astrocytoma clones, one sensitive and one resistant to l-(2-i-hIorocthyl)-
3-(4-methylcyclohexyI)-l-mrrosourea (MeCCNU), were carefully
matched for doubling times, cell cycle phase distributions, and colony-
forming efficiencies. The clones were mixed and grown together, and
after only three weekly treatments with MeCCNU (10 Mg/mlfor l h each
week) the sensitive cells in the mixture were killed, leaving behind a
population that was almost 100% resistant to further exposures to
MeCCNU. The loss of the sensitive cells from the mixture each week
was easily detected by visual observation of flow microfluorometry his
tograms since the clones had different DNA indices.

Repeated weekly exposures of the unmixed resistant clone (AST 1-1)
to MeCCNU caused very little accumulated cell kill. Similar exposures
of the unmixed sensitive clone (AST 3-4) produced a linear decrease in
survival over the first three weekly treatments with 10 UKMeCCNU/mL,
but after that time these cells became progressively more resistant to
MeCCNU. It is unlikely that the change to resistance in the AST 3-4
clone occurred because of contamination with the resistant AST 1-1 cells,
because their DNA index remained stable.

These data show that repeated treatments with a single agent can
cause a tumor cell population to become more resistant. It remains to be
tested whether this resistance was the result of cellular interactions, drug-

induced changes in sensitivity, or selection for resistant cells already
present in the populations. This mixture model may be useful in studies
on how cellular interactions influence growth and drug sensitivity in
tumor and normal cell populations.

INTRODUCTION

When a cancer patient is given chemotherapy, several events
may occur at the tumor cell level. Some cells may be killed
outright, particularly those nearest to blood vessels. Other cells
(regardless of their proximity to blood vessels) will already be
resistant to the treatment and will remain unchanged. The
agents may not diffuse to cells distant from blood vessels, at
least not in concentrations high enough to be toxic; although
some of these cells would normally be sensitive, they also will
remain unchanged. However, some cells could be sublethally
damaged and may possibly repair the drug-induced damage and
survive. Depending upon the accuracy and completeness of the
recovery process, it may be assumed that the sensitivity of the
cell population could be substantially altered. This raises some
important questions: Do multiclonal cell populations which
survive the treatment have altered sensitivities when treated
again days later with the same agent? Are the sensitivities of
the individual cells which make up those populations changed?
And, are these cellular and population changes due to treat-
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ment-induced or -selected effects or to combinations of each?
The many reports on heterogeneity or differential drug sensitiv
ity can testify to the presence of such multiclonal populations
in a single tumor (1-9).

We have developed a simple in vitro model system that we
feel closely approximates an in vivo treatment situation. It is a
sister clone mixture model which can be used in studies to
address the questions about induced or selected resistance.
(Sister clones are permanent clones of tumor cells isolated from
a single biopsy specimen.) The model described here uses mix
tures of sensitive and resistant clones of human tumor cells,
treatment with high drug doses given for only l h each week,
and cells which were allowed to grow in fresh medium contain
ing no drug for 7 days between treatments. Experiments were
designed (a) to test whether heterogeneity was dampened or
eliminated by early treatments, to the extent that a more uni
form tumor cell population emerged from the mixture, with a
more resistant response to subsequent therapy; and (b) to de
termine how mixtures of tumor clones influenced each other's

growth and response to multiple high dose treatment fractions.
Six initial criteria were established for this clonal mixture

model, (a) The cells had to be sister clones. Each clone had to
have the same (b) doubling times, (c) cell cycle distributions,
and (d) colony-forming efficiencies, so that one clone would
not take over the mixture culture because of kinetics differences
alone. In these initial experiments they also had to have (c)
different drug sensitivities, so that a treatment could cause
changes in the makeup of the mixed populations; and (/) there
had to be a marker that could rapidly and easily distinguish one
clone from another in a mixed population under all growth and
treatment conditions of the experiments. The human astrocy
toma clones, AST 3-4 and AST 1-1 (4), satisfied the criteria,
especially since these two clones have different DNA contents
or indices and can be distinguished from one another visually
from FMI-' histograms (10). Although such models may be

useful in testing a large number of potentially important ques
tions related to resistance, the report in this paper will be
limited to the description of the characteristics of the sister
clone mixture model in initial studies on drug response heter
ogeneity and resistance to multiple treatments with a single
chemotherapeutic agent.

MATERIALS AND METHODS

Cell and Culture Techniques. The cell lines were maintained in vitro
in Ham's FIO medium, supplemented with 10% fetal calf serum, in a
5% CO2, humidified incubator at 37Â°C.Under these conditions the

doubling times of the clones were 27.9 Â±0.5 (AST 1-1) and 28.1 Â±0.5
h (AST 3-4). Other comparisons for the two clones were very similar
for colony-forming efficiencies and cell cycle phase distributions (Table
1). The DNA indices obtained by the method of Barlogie et al. (IO)
were different (1.80 versus 1.46) and thus fulfilled the requirement as a
marker for distinguishing the two clones in a mixture culture.

Sister Clone Mixing Model. Various mixture ratios of the two astro-

3The abbreviations used are: FMF, flow microfluorometry; MeCCNU, l-(2-
chloroethyl)-3-(4-methylcyclohexy])-l-nitrosourea; TD, doubling time.
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TREATMENT-INDUCED CHANGES IN DRUG SENSITIVITY

Table 1 Characteristics ofastrocytoma clones
A comparison of the cell population doubling times, cell cycle phase distributions (GÂ¡,S, G2), chromosome numbers, DNA indices, and colony-forming efficiencies

of two human astrocytoma clones growing in vitro.

CelllineAST

1-1AST
3-4Colony-forming

efficiency"(%)58.2

Â±0.02*

60.8 Â±0.03Cell

cycle phase distribution(%)TD(h)27.9

Â±0.5
28.1 Â±0.5G,59.20

Â±2.19
57.30 Â±1.80S26.43

Â±1.46
25.55 Â±1.35G2M13.99

Â±1.18
17.3 Â±0.95DNA

index1.80

1.46Model

chro
mosomeNo.87

61
* Colony-forming efficiency is the ratio of the number of colonies formed to the number of cells plated in a colony-forming assay.
* Mean Â±SE from replicate experiments.

cytoma clones AST 1-1 and AST 3-4 can be easily made by mixing
known cell numbers of each clone (e.g., a 60:40 ratio is composed of
600,000 cells of clone one and 400,000 cells of clone two). For our
initial experiments 50:50 mixtures of the two clones were used. Cell
mixtures were seeded into replicate T-75 plastic flasks, and the flasks
were subcultured as necessary to maintain the cells in exponential
growth. The cells were allowed to grow together as shown in Fig. 1,
and tests were made on: (a) doubling times, (b) cell cycle phase distri
butions, (c) DNA content via FMF, and (d) survival responses. Un
treated 50:50 mixtures and untreated, unmixed AST 1-1 and AST 3-4
clones were used as controls. Comparison cultures were treated with
either 10 or 20 /Â»gMeCCNU/ml for 1 h, once each week (for up to 17
weeks) to test the effects of multiple treatments on cells in the model.
Following each treatment some cells were plated for survival determi
nations; those remaining were counted and 4x10'' cells were placed

into each T-75 flask. The cells were allowed to recover and grow and
were either fed or subcultured (1:2) as needed to keep them in the
exponential phase of growth. They were treated again the following
week (Fig. 1). Determinations were performed on triplicate Petri dishes
for each survival point. Before every subsequent treatment, control and
previously treated cells were sampled for doubling time assays and for
FMF changes which might have occurred during the previous week.
These determinations also were performed in triplicate.

At various times during the 17-week-long experiments, MeCCNU-
treated cells were preserved by freezing for further testing of the
sensitivity of these previously treated clones to other drugs and radia
tion.

Doubling Times. Once each week during the 17-week experimental
period, TD values were obtained to determine the effects of treatment
on cell growth. Known numbers of cells (approximately 3 x 10s) were

plated into replicate Petri dishes containing medium and 10% fetal calf
serum. Total cell counts were obtained twice daily for 7 days, and the
cell counts were plotted versus time. The time required for the cells to
increase by a factor of 2 is the 1,,. Experiments were performed at least
3 times and the data were grouped as presented in Table 2.

Survival Determinations. The effects of 10 or 20 ^g MeCCNU/ml
for l h on survival were determined on exponentially growing cells in

DayO Day 1 Day 7 Day n

Fig. 1. Treatment/analyses scheme for the mixture model. Replicate flasks of
unmixed sensitive (/) and resistant (2) astrocytoma clones and 50:50 mixtures
were set up on day 0 and allowed to achieve exponential growth. Cells were
treated for l h (with 10 or 20 fig MeCCNU/ml) once every 7 days and tested for
effects on survival, I ,â€žand changes in flow cytometry histograms. Remaining
cells were incubated in fresh medium and carried forward to be treated again 7
days later.

the mixture model. Only freshly prepared drug solutions were used.
Replicate plates were used in each survival study and each experiment
was performed at least 3 times. In all cases survival was determined by
the ability of treated cells to form colonies. After the treatments, the
cell cultures were washed twice with Puck's solution A and trypsinized

(0.25% for 5 min), and known numbers of single cells were plated into
Petri dishes and incubated 10-12 days for colony formation. Colonies
were stained and counted. A cell was considered to have retained
reproductive capacity (viability) if it gave rise to a colony of 50 or more
cells.

Drug Solutions. The drug solutions were always prepared immedi
ately before use to prevent loss of activity due to decay. MeCCNU was
first dissolved in the appropriate solvent and then diluted to final
treatment concentrations in Hanks' balanced salt solution.

Flow Microfluorometry Techniques. Cell cultures were washed with
Puck's solution A, and cells were detached by pepsin (0.5%) according

to the method of Zante et al. (11) and fixed by addition of et ham>Ito a
final concentration of 70%. Cells were treated with RNase (0.1%),
stained with a 1:1 mixture of ethidium bromide-mithramycin for 20
min, and processed on a Coulter "ITS-1 flow cytometer (laser tuned to

an excitation wavelength of 488 nm). The fractions of cells in ( ;,, S,
and G2M were calculated by the method described by Guseman and
Bryant (12). With this procedure, we routinely obtain coefficients of
variation ranging from 2 to 4%. All drug effects on the donai mixtures
were studied using FMF analysis, and comparisons were made to
control cells. The relative amount of DNA per cell (DNA index) was
determined by the method of Barlogie et al. (10). Histograms of
astrocytoma clones were compared to each other and to human lym
phocytes, which were used as the DNA standard.

RESULTS

Satisfaction of the Criteria for the Mixture Model. To prevent
one clone from taking over the mixture culture because of cell
kinetics differences alone, the sister clones in this model system
were required to have similar growth kinetics properties. It can
be seen in Table 1 that doubling times for the astrocytoma
clones AST 1-1 and AST 3-4 were 27.9 and 28.1 h, respectively.
Their colony-forming efficiencies and cell cycle phase distribu
tions were also closely comparable.

It was also necessary for the clones to have heterogeneous
drug sensitivities to the same agent, so that the differential
survival responses of the mixtures to multiple treatment frac
tions could be tested with that agent. Fig. 2 shows the broad
heterogeneity expressed by the astrocytomas to MeCCNU. The
90% lethal dose for AST 3-4 was 11 jig/ml x 1 h, while that
for AST 1-1 was 4 times higher at 44 fig/ml x 1 h. Note that a
dose of 25 /ig MeCCNU given to the AST 3-4 clone resulted
in a survival fraction of only 0.00004, but survival was greater
than 95% in the AST 1-1 clone at the same dose (a 23,000-fold
difference in survival fraction).

The last requirement was that there be a simple and rapid
method of distinguishing one clone from the other in a mixture
culture. That was accomplished on the basis of a difference in
DNA content. It can be seen in Table 1 that the FMF-derived
DNA index was 1.80 for AST 1-1 and 1.46 for AST 3-4. It is
this difference in DNA index that allows us to distinguish the
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TREATMENT-INDUCED CHANGES IN DRUG SENSITIVITY

000001
0 10 20 30 40 50 60
DOSE Me CCNU (jug/ml x 1 hr.)

Fig. 2. De.,e responsi- survival curve showing heterogeneous responses of 2
clones of human astrocytoma to MeCCNU.

4. Mixture
40%A
6O%B

in channel 20 and a G2M peak at channel 40. By contrast the
AST 1-1 cells (B) have a larger DNA content and show the d
peak in channel 30 and the G2M peak in channel 60 (panel 6).
Panels 2-5 are histograms for various cellular mixture ratios of

the clones. Using this method we can detect as few as 1% AST
3-4 cells in a mixture culture.

Effects of Three Weekly Doses of MeCCNU on Mixed and
Unmixed Astrocytoma Clones. In the experiments reported here
only 50:50 mixtures were used. The mixtures, plus the unmixed
AST 1-1 alone and unmixed AST 3-4 alone, were treated every
7 days for l h with 10 or 20 fig MeCCNU/ml and tested for
survival (as shown in Fig. 1). Identical untreated groups acted
as controls. In the first group of experiments the cells were
mixed and allowed to grow together for 1 week before treat
ments were started. This was done to allow the mixtures to
"stabilize." Later it was determined that a week was unnecessary

and mixtures were grown for only 2 days to assure log growth
before treatment. This change in schedule accounts for some
slight variability among the data. In all cases the cells were fed
or subcultured as needed. The survival determinations were
performed on triplicate Petri dishes with similar results. In Fig.
4 the ordinate indicates survival fraction and the abscissa shows
weeks, as well as the accumulated dose received by the cells (10
fig/ml/week). As expected, the AST 1-1 was resistant to the
dose of MeCCNU used and did not become sensitive after 3
doses repeated at 7-day intervals. In AST 3-4 survival after one
treatment of MeCCNU was 13%. It was 14% after the second
treatment, 7 days later, and increased to 20% after the third
treatment. Of greatest interest was the intermediate sensitivity
exhibited by the 50:50 mixture of sensitive and resistant cells.
Following the first treatment with MeCCNU the survival was
40%. During this period the TD increased from 31 h in controls
to almost 40 h in the treated mixtures (Table 2). After a second
treatment 7 days later (total dose, 20 Â¿tg/ml)the survival in
creased to 72%, and after the third treatment at 3 weeks (total
dose, 30 Mg/ml) survival was 93%. By this time the TD in the

Channel Number
Fig. 3. FMF histogram showing the sensitive AST 3-4 (100% unmixed, A) to

have a G, peak in channel 20 and the resistant AST 1-1 (100% unmixed, lÃ¬)to
have more DNA and a Gt peak in channel 30. The other histograms indicate
various mixture ratios of the two clones.

clones from each other in the mixtures by visual observation of
the FMF-histograms and to measure the appearance or disap
pearance of a clone as it is influenced by the other or by a
particular treatment. The individual DNA histograms for the
two clones and for various mixture ratios are shown in Fig. 3.
In panel 1 the DNA histogram for a culture composed of 100%
AST 3-4 cells (A) with the lower DNA content shows a G\ peak
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Total Accumulated MeCCNU Dose
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Fig. 4. Effects on survival of MeCCNU accumulated at 10 fig/ml for 1 h/week
on the resistant AST 1-1, the sensitive AST 3-4, and a 50:50 mixture of the two.
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TREATMENT-INDUCED CHANGES IN DRUG SENSITIVITY

treated mixtures had returned to normal (Table 2). Apparently,
sensitive AST 3-4 cells were being killed by MeCCNU, and the
resistant AST 1-1 cells were taking over the mixture cultures.

That this was the case can be seen in Fig. 5. At day 0 the
histogram of the untreated 50:50 mixtures was as shown in
panel A. Just before the second treatment (7 days after the first)
the presence of the sensitive AST 3-4 clone was already greatly
reduced (panel B). By days 21 and 28 (panels C and D) after
the second and third treatments, respectively, the sensitive AST
3-4 clone had disappeared from the histograms altogether, and
the only histogram was that of the more resistant AST 1-1

clone.
During this same 28-day period no changes occurred in the

DNA histograms of the control (untreated) mixture cultures or
in the treated or untreated unmixed cultures. It can be seen in
an example shown in Fig. 6 that both clones were still present

Table 2 Effects of accumulated MeCCNU on doubling times
The doubling times are shown for MeCCNU-treated or untreated resistant

astrocytomas in vitro (AST 1-1); for sensitive cells (AST 3-4) untreated or treated
from days 0-29 and 36-137 (after they had become resistant to MeCCNU); and
for the 50:50 mixture of sensitive and resistant cells. Comparisons are made
between control mixtures for days 0-78 and 85-137 (to show changes in TD as
the resistant clone took over the mixture). Comparisons are also shown for the
treated mixtures from days 0-14 and 24-137 (to show TD changes caused by
treatment-induced loss of sensitive cells). MeCCNU treatments (10 Mg/m') were
for l h every 7 days.

70 days

CelllineAST

1-1 (resistant)
Control
Treated (0-137)"AST

3-4 (sensitive)
Control
Treated (0-29)
Treated(36-137)Mixture

(50:50)
Control (0-78)
Control (85- 137)
Treated (0-14)
Treated (24- 137)Average

TD
(h)27.8

Â±0.7Â°

28.0 Â±0.727.5

Â±0.7
34.3 Â±0.4
27.6 Â±1.130.8

Â±0.7
23.7 Â±0.7
39.5 Â±3.5
27.8 Â±1.0"

Mean Â±SE from replicate experiments.
* Numbers in parentheses, days.
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30

50:50 Mix;
Day O
Control

21 Day Mix
After 2nd Rx

30

14 Day Mix
(7 days post Rx,)

D
28 Day Mix
After 3rd Rx

S
3

0)
U

Channel Number
Fig. 5. FMF histograms showing the change in mixture ratios of the two

astrocytoma clones as the result of treatment with MeCCNU (Rjc) over a 4-week
period.
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Channel Number

Fig. 6. FMF histograms showing the change in mixture ratios of the two
astrocytoma clones as a function of time. These cells received no MeCCNU.

in the control mixture histograms at day 47. However, at day
63 the AST 3-4 clone was greatly reduced in the control
mixtures; additional reductions were exhibited at days 70 and
84. By the 112th day only a small cohort of the AST 3-4 cells
remained in the control mixture cultures. This takeover by the
resistant clone was observed in 3 other experiments and aver
aged 54 days from start to finish.

Effects of Long Term Weekly MeCCNU Treatments on Mixed
and Unmixed Astrocytoma Clones. In Fig. 4, it was noted that
the survival increased slightly in the unmixed AST 3-4 clones
after 3 treatments with MeCCNU (total accumulated dose, 30
Â¿ig/ml).Under the same conditions, the more resistant unmixed
clone, AST 1-1, exhibited no effects of the accumulated Me
CCNU treatments, and the survival was nearly 100%. These
experiments were expanded to longer times to test whether a
larger number of treatments would be more effective. (In this
group of experiments cells were mixed and allowed to grow
together for 2 days to achieve log growth; then treatment
began.)

The results of multiple MeCCNU treatments (each 10 /xg/ml
x 1 h) over a 17-week period are shown in Fig. 7. It is
immediately obvious that multiple fractionated treatments to
the more resistant AST 1-1 clone produced no accumulated or
lasting effects. Survival ranged between 80 and 100% over the
entire 17-week period. The dose-response survival curve for
AST 1-1 is included for comparison to indicate that higher
doses of MeCCNU given in single acute exposures can kill the
AST 1-1 cells; for example, 40 /zg/ml x l h kills 75%, and 60
Mg/ml x l h kills 99.9% of the cells. However, accumulated
doses twice as high (120 pg), given in 10-^g/ml/week fractions
over 12 weeks, produced few if any lasting survival effects.
Likewise, no effects were observed during this period on TD
values (Table 2). The results on cells in the 50:50 mixtures are
not shown here since their responses were similar to those seen
in Fig. 4 during the first 3 weeks and they exhibited sensitivities
identical to those of the AST 1-1 clone with no additional cell
killing when the treatments were given for longer times.

There were major changes in drug sensitivity, however, in the
unmixed AST 3-4 cells exposed over the longer treatment
period. It can be seen in Fig. 7 that survival was about 8-10%
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= 0.01-=

3
05

0.001-^
Dose: 10 ^g MeCCNU/ml/Treatment
â€¢,a, AST 3-4; â€¢,o AST 1-1

Weeks1â€”

7
â€”Iâ€”

10
â€”Iâ€”

12

0.00001
10 20 30 40 50 60 70 80 90 100 110 120

Dose MeCCNU (/jg/m\ x 1 h)
Fig. 7. Effects on survival of MeCCNU accumulated at 10 fig/ml for 1 h/week

on resistant AST 1-1 and sensitive AST 3-4 cells (O, O). ---- , dose-response
survival curves that result when the doses are given in a single exposure for 1 h;
they are included for comparison.

after the first 10-/ig/ml treatment with MeCCNU; it decreased

to 1% after the second treatment and then to a survival fraction
of 0.001 after the third treatment. The dose-response survival
curve for AST 3-4 is included for comparison. It can be seen

that, after the first and second accumulated weekly exposures
to 10 fig MeCCNU/ml, the survival fractions were closely
comparable to those for the acute doses shown on the dose-
response survival curve; however, after that the AST 3-4 clone

demonstrated a decrease in sensitivity to additional dose frac
tions. After the cells were exposed to the fourth MeCCNU dose
at week 4, their response to the drug was decreasing (i.e.,
increased survival); they became even more resistant with each
succeeding treatment, ultimately expressing survival values sim
ilar to those of the more resistant clone, in the 80-90% range
at 12 weeks. During the first 29 days when the AST 3-4 cells

expressed sensitivity to MeCCNU, the TDvalues increased from
about 27 h in controls to 34 h in treated groups (Table 2). After
the cells became essentially resistant to the drug, their doubling
times returned to control values despite continued weekly treat
ments.

At 12 weeks, treatments were stopped and the cells were fed
and subcultured as necessary for the next 5 weeks to determine
whether the sensitivities of the clones would revert to "wild-
type"; it is apparent from Fig. 7 that the cells retained their

resistance during the S-week hiatus, a period of about 35 cell
population doublings. At no time during the 17-week period
did a DNA histogram of the once sensitive AST 3-4 cells change
to one the appearance of which "was like that of the resistant

clone (AST 1-1), i.e., one with a greater DNA content. This
proves that the change in AST 3-4's drug response was not

caused by contamination with AST 1-1 cells.

When larger dose fractions of 20 fig MeCCNU/ml were given
over the 17-week period, there was only one major difference
in response demonstrated by the AST 3-4 cells â€”more cells
were killed by the first two larger treatment fractions than with
10-iig/ml fractions (Fig. 8). After that, however, the onset of

the more resistant expression occurred at the same time and
rate as with the 10-/ig treatments (compare survival versus weeks

in Figs. 7 and 8). There was more variability in response to the
higher dose treatments exhibited by the AST 1-1 clone (Fig. 8);

however, the overall expression was still one of resistance.

c
o
o
CO

1.0-a

0.1-

0.01 â€”

0.001 â€”

0.0001 â€”

Dose: 20 Â¿igMeCCNU/ml/Treatment
â€¢AST 3-4, OASI 1-1

-iâ€”r
2 3

-iâ€”r
5 6

â€”l r~

8 9

Weeks

~i 1 1 1//~\
10 11 12 13 17

0.00001- T 1 r~
20 40 60

T
"T 1 1 T

80 100 120 140 160180 200 220 240

Accumulated Dose of MeCCNU (Â¿ig/mlx 1 h)
Fig. 8. Survival responses of resistant AST 1-1 and sensitive AST 3-4 clones

to doses of MeCCNU accumulated at 20 Â»in/mlfor 1 h each week.

DISCUSSION

In the initial experiments reported here we have defined the
extreme limits of the model by using: (a) a 100% unmixed
MeCCNU-resistant human astrocytoma clone; (b) a 100% un
mixed MeCCNU-sensitive astrocytoma clone; and (c) a 50:50
mixture of the two in all experiments. We have used clones of
human astrocytoma with very nearly identical cell population
doubling times, cell cycle phase distributions, and colony-form
ing efficiencies, so that one clone would not take over the
mixtures because of cell growth differences alone (Table 1). We
have demonstrated that differences in DNA content can be used
as a rapid and simple visually determined FMF marker to
distinguish one clone from the other in treated and untreated
mixture cultures (Figs. 3, 5, and 6). The use of this method
allows the visual detection of as low as 1% AST 3-4 cells in a
mixture culture.

Treatments of 50:50 mixtures of cells that were resistant or
sensitive to 10 /Â¿gMeCCNU/ml caused the killing of the
sensitive cells and left behind a population that was almost
100% resistant after only 3 weekly, 1-h treatments (Fig. 4).
Additional weekly treatments for up to 17 weeks, with 10 fig/
ml, or at higher doses of 20 ng/mL had no additional cell-
killing effects on what was originally a 50:50 mixture of cells.
(Withholding treatment for 5 weeks and then retesting indicated
that the cells did not revert to their previous MeCCNU sensi
tivity.) It was easy to detect the loss of the sensitive clone from
the mixture through the use of flow cytometry. The sensitive
clone had less DNA than the resistant one and the mixture
histogram changed after each treatment, reflecting the loss of
the sensitive cells from the population. The clone with the
greater DNA content (AST 1-1) was able to take over in 21
days (Fig. 5) when the mixture culture was treated with three
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TREATMENT-INDUCED CHANGES IN DRUG SENSITIVITY

10-Mg/ml doses of MeCCNU; but even when untreated (Fig. 6)
it still took over the tumor cell mixture culture, although it
took longer to accomplish (84 days). The takeover of the 50:50
mixed control cultures by the resistant clone, AST 1-1, was
observed in 4 separate experiments. From start to finish, the
replacement of sensitive cells by the resistant ones in untreated
mixtures took about 54 days on average.

Experiments performed on the unmixed clonal cultures re
sulted in two important observations. The first was that the
unmixed resistant clone (AST 1-1) never expressed any signif
icant sensitivity to the accumulated drug doses, regardless of
the number of exposure fractions (Figs. 7 and 8). This was true
even after the accumulation of 40-50 /Â¿gtotal dose normally
lethal to 99% of these cells if given as a single exposure for l h
(Figs. 2 and 7). The second observation was that the unmixed
sensitive cells (AST 3-4) responded in a linear fashion to the
accumulated drug dose, as demonstrated by the drop in survival
fractions after each of the first three lO-^g/ml treatments (Fig.
7) and the first two 20-jig/ml treatments (Fig. 8). However,
after those times, the clone became resistant to additional
MeCCNU exposures. These data obtained on the unmixed
MeCCNU-sensitive clone suggest either: (a) that the drug treat
ment itself induced the change to a more resistant phenotype;
or (b) that it selected a small, previously unidentified cohort of
resistant cells. Much additional work is needed to distinguish
the two, and it should be remembered that heterogeneity is an
ever-changing process which may also be contributing unpre-
dictably to the changing sensitivities (13, 14).

The DNA histograms of these once sensitive cells did not
change during the 17-week experiments as they made the tran
sition to resistance (i.e., their DNA content did not increase to
that of the more resistant AST 1-1 clone). This proves at least
that the change in AST 3-4's drug response was not caused by
contamination with AST 1-1 cells. Additionally, the survival
data plus the stability of the DNA index strongly suggest that
the differences in sensitivity to MeCCNU shown by these two
astrocytoma clones are not directly related to differences in
DNA content alone.

Griswold et al. (15) have reported similar results in vivo.
After 3 or 4 treatments of mice bearing B16 melanomas, all
antitumor effects of MeCCNU were lost. Skipper et al. (16)
have demonstrated that the effectiveness of drug treatment in
an LI210 cell model decreased as the mixed population of
sensitive and resistant tumor cells reached a 1:1 ratio. Although
their model did not use mixtures of cells, Miller et al. (9) have
shown that the in vivo sensitivity of one tumor clone to cyclo-
phosphamide was increased by the presence of a different sister
tumor clone growing (unmixed) on the opposite flank in a
syngeneic mouse system. Similar increases in sensitivity to
methotrexate were observed in various clones co-cultured in
vitro (9). Since our model lends itself well to the use of various
mixture ratios of sensitive and resistant astrocytoma cells, we
should be able to determine what kinds of interactive cellular
mechanisms would cause such responses. Griswold et al. (17)
have presented evidence that resistance to alkylating agents /'//

vivo could be overcome by using higher doses and that the
tumor response was linear in relation to increasing dose level.
This may also be an effective strategy in our model in light of
our earlier assumptions: that cells which were damaged by drugs
but recovered and survived might be altered genetically and
express resistance to that agent at a later time. The data
presented in Figs. 2 and 7 (and in Ref. 4) indicate that exposure
to larger single doses of MeCCNU can overcome resistance in
the AST 1-1 clone. It stands to reason that, by increasing the

lethality of the treatment on a per cell basis, one reduces the
chance of repair, recovery, and survival of a cell which may
have been made resistant by a lower dose treatment itself.
Whether this is related to the fractionation schedule or to drug-
induced selection or resistance remains to be tested in this
mixture model system.

Throughout the length of the experiments, weekly TD values
were obtained. As long as a mixture population contained cells
that were still sensitive to MeCCNU, TD values were 25%
longer during the week following treatment (Table 2). As the
sensitive cells were killed off (in the 50:50 mixture, or as the
unmixed AST 3-4 cells became resistant), the doubling times
returned to normal. Whether they were treated or not the
doubling times never changed from control values in the resist
ant clone. One unusual, although not completely unexpected,
finding was the fact that the untreated mixture TD was about
12% longer than those of its component clones; and, once the
resistant clone took over that culture, the TD was shorter than
expected. Others have shown that, even when treatment was
not involved, growth of various tumor clonal subpopulations at
different sites in syngeneic mice resulted in one clone stimulat
ing or inhibiting the growth of other clones, or mutually inter
acting to inhibit each other's growth (8). Cells from different

clones grown on separate coverslips in the same Petri dish were
also shown to influence each other's growth rates (7). In con

trast, Tofilon et al. (18) have reported that in spheroids one
cell subpopulation did not become dominant over another dur
ing growth, but interactions between the cell subpopulations
did influence the sensitivity to l,3-bis(2-chloroethyl)-l-nitro-
sourea.

Various suggestions have been presented to explain the proc
esses which lead to such altered drug sensitivities. Metabolic
cooperation, immune and nonimmune host defense mecha
nisms, serum-dependent cannibalism, growth-inhibiting and
-stimulating factors, glutathione levels, and P-glycoproteins are
just a few (9, 19-26). Since ours is an in vitro model, host
defense mechanisms cannot explain the variability in sensitivity
to MeCCNU. Tests are under way to determine whether other
factors such as variable glutathione levels or the presence of
cell surface P-glycoproteins are related to changes in sensitivity
to MeCCNU demonstrated in this model (25, 26). The same
phenomena may occur in treated and untreated multiclonal
tumor populations in vivo, resulting in unpredictable, ever-
changing influences on clonal growth and sensitivity to treat-
ment(19-24).

Such contrasting observations in a variety of models suggest
that no single set of parameters may ever predict treatment
response for all multiclonal tumors. In our system we will test
the effects of MeCCNU on other mixture ratios of sensitve and
resistant cells, and we will use other drugs known to result in
heterogeneous survival effects. However, we will also test agents
which have been shown to produce more uniform killing effects
in these and other human tumor cells in vitro, such as actino-
mycin D, galactitol, and diaziquone (4, 5). This will help
determine whether effects on growth or drug and radiation
resistance in a mixed clonal population can be overcome by the
selection of agents, combinations, or schedules which produce
more uniform killing of cancer cells. However, such studies will
be complicated by the fact that heterogeneity is a dynamic
process and the tumor cells used in such models may be unstable
and constantly changing (13, 14, 17, 27, 28).
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