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ABSTRACT

Hypoxie cell radiosensitizers enhance the cytotoxicity of several com
mon chemotherapeutic agents in vitro and in vivo. Although this process
has generally been called sensitization, few studies have documented true
potentiation. We have used Chinese hamster V79 spheroids to study
chemosensitization and fluorescence-activated cell sorting to specifically
evaluate the roles of sensitizer binding and hypoxia in the effect. By
using the median effect analysis to quantify the interactions of the agents,
we conclude that marked potentiation can indeed be achieved. Somewhat
greater potentiation was observed at increased depths within the sphe
roids, but the relative change was less than predicted on the basis of the
decreasing oxygen tension. Further, increased toxicity did not necessarily
lead to increased chemopotentiation, nor was potentiation directly related
to the metabolism/binding of the nitrofuran. Thus, chemopotentiation is
clearly a complicated process, highly dependent upon the sensitizer to
antitumor drug ratio and the exposure conditions.

INTRODUCTION

Hypoxie cells which develop spontaneously during the
growth of many types of solid tumors are known to be resistant
to ionizing radiation and have been implicated in resistance to
chemotherapeutic drugs. Therefore, their presence in human
tumors potentially limits the effectiveness of cancer therapy.
Development of hypoxic cell radiosensitizers thus has a clear
rationale; the observations that many of these sensitizers were
preferentially toxic to hypoxic cells (1-3) suggested that they
may act in a complementary fashion to many conventional
antineoplastic drugs and thus could be advantageous in combi
nation treatments. Indeed, not only were such combinations
effective in laboratory systems (4), but in a number of instances
a greater than additive interaction between the sensitizer and
the conventional chemotherapeutic agent was suggested (5;
reviewed in 6, 7).

True synergistic combinations in clinical cancer chemother
apy are rare, so it appears important to ascertain the biological
and molecular basis of the observed interactions. Recent evi
dence has indicated that potentiation can be observed with
sensitizer concentrations that cannot be demonstrated to be
toxic, and as a consequence, the simple explanation of "differ
ential toxicity" has lost popularity (7). While we agree in

principle with this conclusion, it must also be remembered that
an agent capable of only 2 decades of cell kill is unlikely to cure
many tumors; combining this with an agent which kills as few
as 1% of the total cells at risk can, however, be curative if in
fact only the cells resistant to the first agent are killed by the
second.

Other possible explanations for the process of chemosensiti-
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zation include direct interactions between the sensitizer (or its
toxic metabolites, which are generally produced under hypoxic
conditions) and the chemotherapeutic agent (7-9), alterations
of drug pharmacology or delivery (7, 10), inhibition of repair
processes by chemosensitizer pretreatment (6, 7), and altera
tions of cellular drug sensitivity by, for example, the sensitizer
selecting for surviving cells more vulnerable to the chemother
apeutic agent due to cell cycle status or other factors (4, 6, 7).
With the obvious exception of pharmacological studies, single
cell experiments in vitro can be designed to evaluate the role of
each of the above mechanisms. Unfortunately, their relative
importance in more complex multiceli systems remains to be
defined.

In this report, we present data evaluating the cytotoxic effects
of a nitrofuran, AF-2,3 and a nitrosourea, CCNU, singly and in

combination against an in vitro multiceli spheroid tumor model.
AF-2 was selected due to its fluorescence (11), allowing intra-
cellular binding to be easily quantified by flow cytometry for
mechanistic analyses, and the similarity of its binding in sphe
roids to the most studied chemosensitizer, misonidazole (12).
Chinese hamster V79-171 spheroids display many tumor-like
properties (13); the growth fraction decreases with time (14)
concurrent with karyotypic instability (15) and development of
large numbers of noncycling cells (13, 14, 16). Nutrients and
oxygen diffuse into the spheroid from the periphery, so tumor-
like central necrosis and reduced oxygen tensions spontaneously
develop as the spheroids grow. Cells can be selectively recovered
from known depths within the spheroid using cell sorting
techniques (16-18) following drug treatments, permitting study
of drug interactions in specific cell populations. Our approach
has thus been to characterize the toxicity and interaction of the
agents as a function of position in the spheroid, to thus identify
regions of the spheroid where interaction(s) preferentially oc
curs. This in turn provides an insight into the governing varia
bles.

Analysis of interactions between drugs is, however, compli
cated by a lack of universally accepted terminology and meth
odology (19). Since agent interactions are generally a function
of the level of effect observed, we feel it is critical to analyze
combination treatments over a range of effect levels. As a
consequence, the studies reported here were designed to be
analyzed by the "median effect" principles described by Chou

and Talalay (20); we have adopted their terminology throughout
this report.

Based on previous studies from our laboratory, in which we
observed that maximal chemopotentiation was observed if the
spheroids were treated in an ambient atmosphere of 5% oxygen
(21), we adopted those conditions for all studies reported here.
Our current data indicate that, under these conditions, the
interaction between the agents indeed shows potentiation and
increases at increasing depth into the spheroid. However, in
creased toxicity did not necessarily imply an increased level of

3The abbreviations used are: AF-2, 2-(furyl)-3-(5-nitro-2-furyl)acrylamide;
CCNU, A'-(2-chloroethyl)-A"-cyclohexyl-A'-nitrosourea.
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interaction, nor was the interaction greatest in the cell popula
tions with the highest average AF-2 binding.

MATERIALS AND METHODS

Cell Line and Culture Techniques. Chinese hamster \ 74-17Ih lung
cells were used exclusively in these studies; they were routinely main
tained as monolayers on plastic Petri dishes with biweekly subcultiva-
tion in Eagle's minimal essential medium supplemented with 10% fetal

bovine serum. To initiate spheroid growth, asynchronous cells were
removed from the growth dishes by trypsinization, and 10" cells were

introduced into 70 ml of medium + 5% serum in vessels stirred at 180
rpm with a gas phase of 5% CO; in air (13, 16).

Drugs and Treatment. The clinical formulation of CCNU (CeeNu;
Bristol Laboratories of Canada, Candia, Quebec, Canada) was used,
and the desired concentration was dissolved in dimethyl sulfoxide
immediately before addition to the growth medium of the spheroids.
AF-2 was synthesized and generously provided by Dr. S. Swaminathan
of the University of Wisconsin. All AF-2 exposures were for 2-h
intervals; CCNU was added during the last half h of this exposure.

Cell Sorting Procedures. Spheroids were stained with Hoechst 33342
(purchased from Sigma) at 2 Â¿IMby adding the dye directly to the drug-
containing flask for the final 20 min of the drug exposures. Excess drug
and stain were removed by aspiration, and after three washes, the
spheroids were reduced to a single cell suspension using 0.25% trypsin
at 37*C for 10-12 min with continuous agitation. The stained, disag

gregated single cell suspension was then resuspended in at least 3
volumes of growth medium to 1 volume of trypsin and maintained at
4'C during the sorting procedures (always less than 1 h).

A Becton Dickinson FACS 440 dual laser was used for cell sorting.
The primary laser was operated at 400 mW and 488 nm with forward
scatter, and 90Â°scatter signals were monitored. The UV laser was

operated at 40-mW power with the 350- to 360-nm lines, and the
Hoechst emission was monitored through a 449 Â±10-nm band pass
filter. The cell population was defined on the basis of the forward
scatter signal; the resulting signals from the Hoechst stain and the 90*

scatter signals were processed through matched logarithmic amplifiers,
and the ratio of these signals was used to generate a "stain concentra
tion" profile which was integrated to establish 10 windows of equal cell

numbers per window (16). The actual number of cells desired per Petri
dish and the number of duplicates were preprogrammed, and the FACS
was essentially utilized as a micromanipulator to deposit known cell
numbers into "sort" tubes, which were then poured and rinsed into

growth dishes (22). In excess of 1000 colonies were typically counted
for each survival determination, so that each plotted point on Figs. 1-
10 had an associated 95% confidence interval (based on Poisson statis
tics, e.g., Ref. 22) of Â±5%of the plotted value (smaller than the plotting
symbols used).

Experiments to assess the toxicity of the Hoechst 33342 alone or in
combination with AF-2 and CCNU were negative. However, selective
interactions in a subpopulation of cells cannot be identified by measur
ing the entire subpopulation, yet the subpopulations cannot be studied
without staining and sorting. Thus, our controls were to use either drug
alone, or the combinations, at 2-3 levels of toxicity, and the stain
concentration was then escalated to determine the Hoechst level at
which additional cell killing occurred. At least 5-fold higher Hoechst
33342 concentrations than those typically used were required for any
additional cell killing.

Analysis of Interactions. A major limitation of most combined-
modality studies is the lack of universally accepted methodology and
terminology for quantifying the type and degree of interaction (19).
Our analysis is based on survival (5) being related to dose (/>)according
to the median-effect (20) equation

(\-S)/S=(D/Dmr

where m is the sigmoidicity of the curve, and /)â€žis the median dose
(which produces 50% survival). A log transform of the equation sim
plifies solution for the constants, and the dose giving survival S is then

Parallel curves for log[(l - S)/S] versus log(Z>)for two test drugs

indicate that the agents can be added by dose, so if a constant dose
ratio is used, the fractional part of the effect due to Drug 1 (f'\) varies

with its concentration (Cl ).

/I =C1/(C1 + C2)

Thus, the combination index (CI) can be defined at any desired level
of survival in terms of the calculated single (Dl,D2) or combined (O12)
dosages needed to reach that end point

=
01

(D12X/2)
02 (00(02)

where the last term is required only if the agents are nonexclusive (m,
the slope of the combination curve, is greater than that for either single
agent). In essence, the combination index is the sum of the ratios of
each fractional part of the combination dose to the (isoeffective) single-
agent dose; and thus Cl < 1 is indicative of potentiation (synergism),
whereas C7 > 1 implies antagonism (protection).

RESULTS

Chemopotentiation is known to be highly dependent upon
oxygÃ©nationstatus (7, 23, 24); our prior work had indicated
that maximal chemopotentiation was observed in spheroids if
the drug exposures occurred with 5% oxygen in the external
atmosphere (21). From a radiobiological point of view, that
treatment results in about 70% radioresistant (hypoxic) cells
(16), centrally located in the spheroid. AF-2 was preferentially
toxic to cells in the innermost regions of the spheroid (Fig. 1),
although at high doses, toxicity was demonstrable even in the
external, better oxygenated cells. Data presented in this manner
will subsequently be referred to as the sensitivity profile of the
various cell subpopulations in the spheroid.

The sensitivity profile of spheroid cells to CCNU (Fig. 2)
indicated that the innermost cells also were more sensitive to
this small, lipophilic nitrosourea. Unlike AF-2, however, a
much smaller differential response was observed; it can also be
appreciated that less variability was observed from experiment
to experiment than with AF-2 (suggesting less influence of
external/environmental factors in the net response).

The differential response of spheroid cell subpopulations to
AF-2 versus CCNU can perhaps be better appreciated when the

0 50 100 150

DEPTH IN SPHEROID Igm)
Fig. 1. Representative toxicity profiles for a 2-h exposure (Exp) to the indi

cated concentrations of AF-2 for cells recovered from 10 fractions at increasing
depths within V79 spheroids. Replicate symbols at any concentration were from
independent experiments; as spheroids of different sizes were used, this resulted
in the sorted fractions being centered at different depths. Horizontal lines, average
response for each AF-2 concentration.
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Fig. 2. Representative toxicity profiles for a 30-min exposure (Exp) to the
indicated concentrations of CCNU, expressed as a function of cell position within
V79 spheroids as in Fig. 1.
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Fig. 4. Survival of cells recovered from the indicated depths of V79 spheroids
treated 2 h with AF-2, with CCNU added at a 10-fold lower concentration for
the final 30 min of the AF-2 exposure (a, where the curves are identified in terms
of the AF-2/CCNU concentrations in Â¿ig/ml).b, expected survival curves for each
treatment (open symbols corresponding to the closed symbols on a), if the agents
had acted independently; i.e., the curves show the product of independent AF-2
and CCNU survival levels.
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Fig. 3. Toxicity of 2-h exposures to AF-2 (left) or 30-min exposures to CCNU
(right) for cells recovered from the outermost regions of V79 spheroids (Fraction
1), two intermediate fractions, and the innermost 10% of the cells (FIO). As data
from several independent experiments (spheroids ranging from SSO- to SSO-^m
diameter) are shown, they have been grouped according to the fraction number
sorted rather than depth in the spheroids.

data are plotted in a more conventional dose-response format
(Fig. 3). Fig. 3a shows the composite response from several
experiments for the outermost (Fraction 1) cells of the sphe
roids, two internal fractions (Nos. 4 and 7), and the innermost
cells (Fraction 10). In contrast to AF-2, the response of these
subpopulations when treated with CCNU was characterized
primarily by a somewhat reduced shoulder on the survival curve
for the innermost cells. Again, much less heterogeneity between
the multiple experiments was observed with CCNU.

Combinations of AF-2 and CCNU at a 10:1 ratio, with a 2-
h AF-2 exposure and CCNU added during the last 30 min,
resulted in the survival profiles shown in Fig. 4. In Fig. 4a the
observed cell killing in each subpopulation (i.e., at each depth
within the spheroid) was plotted; in Fig. 4b the product of the
AF-2 and CCNU toxicities that would have been produced by
independent treatments (i.e., the expected results if the two
agents did not "interact") has been shown. Clearly, the higher

combined doses produced considerably more toxicity than was
expected for independent action (closed symbols in a were
located at lower survival levels than the corresponding open
symbols in b).

A similar response was observed when a lower sensitizer to
CCNU concentration was used, i.e., a 5:1 ratio (Fig. 5). Again,
more killing was evident in the innermost (more hypoxic) region

50 100 1500 50 100

DEPTH IN SPHEROID (urn)
150

Fig. 5. Survival after combination treatments with AF-2 and CCNU as in Fig.
4, but with a 5:1 AF-2:CCNU dose ratio.

of the spheroids; additionally, in all cases, more killing was
observed (Fig. 5a) than expected on the basis of the independent
toxicities of the two agents (Fig. 5b). Thus, our data as pre
sented in Figs. 4 and 5 indicated that the agents produced more
cytotoxicity than was expected on the basis of independent
toxicities, and further, that preferential toxicity was produced
in the innermost, more hypoxic regions of the spheroids. It is
important to note, however, that even cells from the outer, well-
oxygenated regions of the spheroids showed enhanced toxicity
when treated with the combined modalities in comparison to
that expected from independent treatments. Unfortunately,
however, it is not possible to deduce the type of interaction
between the agents or the magnitude of that interaction from
data presented in this manner.

As detailed in "Materials and Methods," we favor the median

effect analysis (20) as a method of quantifying the interaction
of two modalities as a function of level of effect achieved. The
median effect equation is a convenient mathematical represen
tation of survival data, with applicability to most types of
survival curves. The adequacy of the model can be assessed by
evaluating the goodness of fit of "transformed" data as in Fig.

6; this plot essentially shows effect as a function of dose. Note
that the representative experimental data (Fraction 2 near the
outer rim of the spheroids, and Fraction 9 near the necrotic
region) were nicely fit by the model, and the increased efficacy
of each agent for the innermost cells was reflected by the
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Fig. 6. Survival data from AF-2 (O, â€¢),CCNU (D, â€¢).or combination (A, A)

treatments, transformed to allow solution of the median effect equation. Only
data for two fractions (F2, open symbols, and F9, closed symbols) are shown; the
best-fit linear regression curves of each data set are also indicated. Note the
parallelism between the AF-2 and CCNU data for each fraction and the steeper
slope of the combination data, indicating that the response was potentiated.

increased slopes of the Fraction 9 curves. The parallelism of
the single agent curves (D, â€¢.O, â€¢)indicates the legitimacy of
adding the agent doses; the upward displacement of the com
bined modality data indicates that a synergistic response oc
curred.

The experimental data for all fractions through the spheroids
were equally amenable to this analysis. Thus, it follows that a
relatively simple interpolation between these dose-response
curves (if sort fraction rather than depth in the spheroid is used
in order to linearize the interpolation increments) leads to
analysis in terms of the combination index, as in Fig. 7. Note
that in this 3-dimensional representation, the interaction (com
bination index) between the agents is plotted on a logarithmic
(vertical) scale, as a function of both the level of effect and of
the position in the spheroid. The middle plane indicates an
independent response (no interaction); a combination index
greater than 1 indicates that the agents are antagonistic, and
those values less than 1 indicate the regions where potentiation
occurs. As before, sort Fraction 1 indicates cells on the periph
ery of the spheroid, and Fraction 10 is the 10% of the cells
farthest from the surface. From this type of representation one
can immediately appreciate that "effective" doses of the two

agents can lead to potentiation of the response, and further,

that only a marginally greater effect was seen in the internal
regions of the spheroids than in the external region (at the
lowest survival level shown).

To determine whether the observed interaction between the
agents was directly related to AF-2 metabolism and binding,
the fluorescence attributable to the bound AF-2 was measured
during the sorting procedures (11,21) and plotted in a similar
3-dimensional representation in Fig. 8. Note that for all frac
tions in the spheroids, AF-2 binding (fluorescence) was essen
tially a linear function of exposure concentration. However,
and as was expected, the innermost regions of the spheroid
bound more drug than the external (better oxygenated) regions;
this is the basis of our use of AF-2 as a probe for hypoxic cells
(11). Note, however, that the acutely anoxic cells (midway
through the spheroid) were more adept at metabolizing and
binding the sensitizer than were the innermost (chronically
anoxic) cells; this was dependent, however, upon AF-2 concen
tration and was less pronounced at the lowest AF-2 concentra
tions assayable. If chemosensitization in the spheroid were
directly correlated to the metabolism of AF-2, one would expect
a chemosensitization profile essentially inverse to Fig. 8 to be
generated; clearly, that is not the case in Fig. 7. Consequently,
there does not appear to be a direct relationship between AF-2
binding and chemosensitization.

A problem in interpreting the data presented as in Fig. 7
arises from the fact that the combination index (indicating
potentiation or antagonism between the agents) is presented as
a function of effect level; since the drugs are much more effective
in the innermost regions of cells, this means that a smaller
concentration is required to achieve the same level of effect in
the inner populations. Stated differently, isodose curves would
angle across the distribution of Fig. 7.

Since all data are available, the calculated combination index
can equally well be presented as a function of drug exposure
(Figs. 9 and 10). In both figures, we have chosen to express the
combination index as a function of the CCNU concentration
in the medium; different ratios (concentrations) of AF-2 were
used, with a 10:1 ratio in Fig. 9 and a 5:1 ratio in Fig. 10.
Several points emerge from the data presented in this manner.
Of most importance, the conclusions drawn from Fig. 7 are

Fig. 7. Combination index for interaction
of AF-2 and CCNU in V79 spheroids, plotted
as a function of depth in the spheroid (Sort
Fraction 1, outermost 10% of the cells), and
survival level produced by the combination
treatment. For reference purposes, the central
plane has been drawn at the level of no inter
action; combination indices below that plane
indicate potentiation, and those above the
plane indicate antagonism between the drugs
(see text). Note that the combination index is
not strongly dependent upon cellular position,
despite the known variation in oxygen tension
through the spheroid.
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Fig. 8. AF-2 binding, as measured by cel
lular fluorescence, as a function of exposure
concentration and position in the spheroid.
Note that binding was very linear with expo
sure for each fraction, but that maximal bind
ing at higher AF-2 exposure concentrations
was not found in the innermost cells of the
V79 spheroids.

Fig. 9. Combination index for interaction
of a 10:1 ratio of AF-2 to CCNU in V79
spheroids, as in Fig. 7, but now expÂ«ssed as a
function of the CCNU exposure concentration.
Combinations resulting in C/s of 10 or greater
are displayed on the upper plane.

retained: more sensitization and more interaction were seen in
the internal cells than in the external cells. Additionally, pro
gressively greater interaction was seen as the CCNU exposure
increased. However, and surprisingly, Fig. 10 indicates that
more potentiation at a given CCNU dose was achieved with the
lower sensitizer concentration. Since the combination index
essentially represents the ratio of isoeffective doses required to
achieve a similar end point, a combination index approaching
0.1 (as indicated at the higher CCNU concentrations in Fig.
10) implies that identical killing levels are achieved by an almost
10-fold lower dosage of the combined agents than required for
independent single administrations. This represents considera
ble potentiation.

DISCUSSION

Several conclusions result from the data reported here. First,
the nitrofuran, AF-2, is a potent chemosensitizer for CCNU

toxicity under the exposure conditions used. Additionally, this
chemopotentiation occurs in all subpopulations of cells in the
spheroid, and to an essentially equal extent, despite the fact
that the outermost spheroid cells are equilibrated with a 5%
oxygen atmosphere (probably much like that near the functional
blood supply in vivo), yet the innermost cells are at least many
orders of magnitude lower in oxygen content, if not completely
anoxic. Since ploidy, cell cycle position, cycling rate, nutritional
status, and other similar variables change fairly drastically
through these subpopulations of cells, with little concomitant
change in the degree of sensitization seen, it seems safe to
conclude that these factors only minimally affect the net re
sponse. Further, the similarities of AF-2 uptake and binding to

that of other nitroheterocycles in spheroids (12) suggest that
the results obtained with this nitrofuran will be representative
of this class of chemosensitizers, although the possibility re
mains open that different reduction intermediates with varying
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Fig. 10. Combination index for interaction
of a 5:1 ratio of AF-2 to CCNU in V79 sphe
roids. Note that more interaction is apparent
than in Fig. 9 (where a higher sensitizer con
centration was used) and also that a greater
differential between the external (aerobic) and
internal (hypoxic) cells was observed.
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chemosensitizing potentials may in fact be produced from dif
ferent nitroheterocycles.

It is clear from the conventional data presentation (Figs. 4
and 5) that the observed cell kill from the combined treatments
was greater than that which was expected on the basis of
independent action of the two drugs. To go beyond that general
statement requires, however, a more sophisticated analysis. Use
of the median effect analysis and the derived combination index
leads to a specific definition of "additivity" and defines concen

tration or effect regions in which the agents are subadditive
(antagonistic) or supraadditive (potentiating). Further, since
the combination index is essentially the dose ratio for isoeffec
tive treatments, an indication of the degree of interaction is
immediately available from this type of analysis.

Unfortunately, however, the median effect analysis also has
some problems. A reasonable fit of experimental data to the
model was demonstrated in Fig. 6, but derivation of the com
bination index can require extrapolation beyond the data range
over which the model is applicable. Additionally, close scrutiny
of Fig. 6 suggests that, while the median effect model fit quite
well (correlation coefficients were greater than 0.8 for all
curves), both the CCNU data and combined modality treat
ments (A, A) might be represented better by concave upward
curves (on the log-log plot). The net effect of forcing a linear
curve through concave upward data points is to generate param
eters for the median effect equation which underestimate the
agent effectiveness at both low and high dose levels. At low
dose levels for drug combinations, this may result in an over
estimate of the degree of antagonism present in the two agents.
Conversely, at high doses, the effectiveness of the agents is
underestimated. Consequently, the derived combination index
(CI) is generally a somewhat conservative measure of the
amount of potentiation.

Use of the cell sorter to select different subpopulations of
cells from the multiceli system, and to simultaneously quantify
the intracellular AF-2, leads to the unique capability of simul
taneously measuring toxicity and drug exposure. Comparison,
however, of Figs. 7 and 8 shows that the interaction between
AF-2 and CCNU (as quantified by the combination index) does
not appear to be directly related to the sensitizer uptake. Pre

vious work also suggested this lack of correlation (21), even
though a good correlation is always observed for sensitizer
uptake and toxicity in more homogeneous single-cell systems
(11, 25, 26). The significance of the apparent reduction in
binding of sensitizer in the innermost cells of the spheroid
(relative to cells midway through the spheroid rim) is difficult
to assess, since the flow cytometer measures cellular AF-2
content (not concentration), and the innermost cells are smaller
and more difficult to resolve from noncellular debris (16). It is
important to note, however, that maximal toxicity is observed
in the innermost cells (Fig. 1), as is somewhat greater chemo-
potentiation (Figs. 7, 9, and 10).

In fact, the reduced chemosensitization apparent in Fig. 9
(using a 10:1 AF-2:CCNU concentration) relative to Fig. 10
(5:1 ratio) may also be an effect of sensitizer toxicity. Both
agents (sensitizer and CCNU) preferentially kill the innermost
cell populations. Thus, increasing the dosage of both agents
will lead to "wasted" activity, since the same cell populations

are killed effectively by either agent alone, and the potential for
interactions would consequently be expected to decrease. It
then follows that both interaction and differential toxicity be
tween the more and less aerobic cells are very highly dependent
upon the concentrations and concentration ratios of the drugs
used. Optimum chemosensitization in a complex system may
thus be difficult to predict and achieve.

From a mechanistic point of view, the results reported here
do not indicate "specific" mechanisms of chemosensitization
but do argue against "complementary toxicity" as being the

operative or important factor for these agents. Not only do both
drugs show a qualitatively similar toxicity profile through sphe
roids, but additionally, higher doses do not yield greater inter
actions (although greater cell kill is, of course, achieved). Other
potential mechanisms of interaction include enhancement of
DNA damage, reduction of glutathione and other endogenous
protectors in the sensitizer-treated cells, and inhibition of repair
of CCNU-induced damage. Again, one might expect that these
mechanisms should be fairly closely coupled to the intracellular
AF-2 concentrations (see Fig. 8), whereas the chemosensitiza
tion actually observed apparently was not. Thus, chemopoten-
tiation is clearly complex and most likely multifactorial.
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In conclusion, we believe that our data indicate the advan
tages of performing chemosensitization experiments under con
ditions amenable to close scrutiny. Further, they suggest that
the chemosensitization process is controlled or influenced by
multiple factors, which will have to be carefully balanced in
order to achieve optimum effects. Although the interaction
between AF-2 and CCNU is clearly not dependent upon com
plementary toxicities of the two agents, it would nonetheless be
advantageous if a chemotherapeutic agent which showed pref
erential toxicity to the outermost spheroid cells could in fact be
chemosensitized. Our preliminary data with melphalan indicate
that this is indeed the case with this agent, and as well, that
chemopotentiation in addition to complementary toxicity can
be demonstrated with that agent (to be published elsewhere).
Chemosensitization thus appears to be a clinically exploitable
phenomenon, with further investigation clearly warranted.
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