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Summary. Despite clear evidence that the effective pene- 
tration of the anthracycline antibiotics into experimental 
tumors or multicell spheroids is poor, these drugs exhibit 
clinical activity against a variety of solid tumors. In an 
attempt to understand this apparent contradiction, we used 
the Chinese hamster V79 spheroid system and flow cy- 
tometry techniques for intra-spheroid pharmacological 
studies of doxorubicin and daunomycin. Our results indi- 
cate that the slow delivery of the anthracyclines to the inner 
cells of spheroids is due to the rapid binding of the drug by 
ceils in the outer layers. After exposure, the anthracyclines 
are retained much more effectively when ceils remain in 
intact spheroids than when the spheroids have been dis- 
persed, resulting in considerably more cytotoxicity in situ. 
This result indicates a need for considerable caution in 
attempting to predict the anti-tumor efficacy of drugs by 
using either conventional cell-culture systems, spheroids 
that have been disaggregated immediately post-exposure, 
or excision assays of tumors from experimental animals. 
Furthermore, our results suggest the need for a critical 
evaluation of the significance of the multidrug resistance 
(MDR) phenotype for cells surrounded by other drug-con- 
taining cells as opposed to single ceils in drug-free culture 
medium. 

Introduction 

The anthracycline antibiotics were first developed as anti- 
neoplastic agents in the 1960s and are now widely used due 
to their activity against a variety of solid and hematological 
malignancies [ 16]. The continued use of the best-known 
derivative doxorubicin (Adriamycin) may be somewhat 
surprising, in view of its rather severe acute (alopecia, 
vomiting, myelosuppression) and late (cardiac) toxic ef- 
fects. These, however, can be minimized with appropriate 
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dose scheduling. Perhaps even more surprising is laborato- 
ry evidence suggesting that the anthracyclines should be of 
limited potential: tumor cells efficiently develop resistance 
to this family of drugs [1, 3, 14, 16, 22]; furthermore, the 
anthracyclines are one of the few classes of antineoplastic 
agents that penetrate very poorly into solid tissue masses 
([7, 10, 12, 13, 15-21, 30; reviewed in [17]). Clearly, these 
inconsistencies between clinical and laboratory observa- 
tions suggest that our understanding of the anti-tumor ac- 
tivity of the anthracyclines is incomplete. 

We [7, 8], like other investigators [13, 17-21, 24-26, 
30-32], have often touted the value of spheroids as a good 
model for evaluating drug penetration, based in part on 
results obtained using doxorubicin. Admittedly, it has 
often been hard to rationalize the poor delivery of this drug 
with its readily demonstrated clinical efficacy; at least in 
our own case, we have generally adopted the fairly trivial 
explanation that clinical response is based not on a single 
treatment but, rather, on repeated drug exposures over the 
course of time. 

Our recent interest in multifraction treatments of the 
spheroid system with common chemotherapeutic agents 
(including the anthracyclines) led to some rather unex- 
pected observations that stimulated the present studies. 
Spheroid regrowth and repopulation generally proceeds 
quite rapidly following non-ablative drug exposures. How- 
ever, with the anthracyclines we have found that the net 
number of surviving cells often decreases during the inter- 
vaI between the termination of one treatment and the initia- 
tion of the next (manuscript in preparation). That observa- 
tion may not be overly surprising; doxorubicin intercalates 
into cellular DNA and remains for long periods of time (a 
phenomenon observed and described by radiotherapists as 
a "recall" reaction; see [2, 4, 5]). If a drug is not rapidly 
cleared from the cell, a potential for continuing toxicity 
obviously remains [35]. 

The question addressed in the current report was 
whether the post-exposure environment of the cell could 
influence the retention of anthracyclines and their as- 
sociated cytotoxicity (essentially, an evaluation of post-ex- 
posure pharmacology at the cellular level). Clearly, one 
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might expect quite a different rate of elimination of the 
drug if the cell is surrounded by other drug-containing 
cells, as opposed to the more typical in vitro case in which 
an isolated cell sits in a sea of culture medium that provides 
a high intracellular-to-extracellular drug concentration gra- 
dient. An obvious extension of the significance of these 
results concerns the role of the multidrug resistance 
(MDR) phenomenon (activated drug efflux) in cases in 
which the immediate extracellular environment is another 
tumor cell rather than culture medium. 

Materials and methods 

Cell line and culture techniques. Chinese hamster V79-171b lung cells 
were used exclusively in these studies. The cells were routinely main- 
tained as monolayers on plastic petri dishes with biweekly subcultivation 
in Eagle's minimal essential medium supplemented with 10% fetal calf 
serum. To initiate spheroid growth, asynchronous cells were removed 
from the plastic growth dishes by trypsinization. Spinner culture flasks 
(250 ml) were then inoculated with 2 x 106 cells in 150 ml medium plus 
5% serum and were stirred at 180 rpm; the gas phase comprised 5% CO2 
in air. During the growth of the spheroids, the medium was first changed 
on day 3 and then daily thereafter (spent medium was completely remov- 
ed and replaced with fresh medium by sedimentation of the spheroids to 
the bottom of the flask, followed by removal of the medium by aspira- 
tion). Spheroids were used after 7 -12  days of growth, which produced 
spheroids with a diameter of 400-800 ~m. 

Drugs and treatment. Doxorubicin and daunomycin were purchased 
from Sigma Chemical Co. (St. Louis, Mo.) and stock solutions were 
prepared using sterile water. The desired drug concentration was 
achieved by dilution into the normal growth medium of the spheroids. 
The clinical formulation of etoposide (Bristol Laboratories of Canada, 
Toronto, Ontario) was diluted directly into spheroid growth medium as 
required. Drug exposures lasted for either 1 or 2 h; for "delayed assay" 
experiments, the drug-containing medium was removed at the end of the 
exposure period by sedimentation of the spheroids followed by removal 
of the medium by aspiration, two washes, and the addition of fresh 
growth medium. Additional washes were done hourly for at least the first 
6 h post-exposure. 

Cell-sorting procedures. Our cell-sorting techniques are based on the 
general principles of slow diffusion and the rapid, essentially irreversible 
binding of Hoechst 33342 as it penetrates into the spheroid mass. The 
external cells of the spheroids fluoresce very brightly, whereas little stain 
reaches (and is bound by) the innermost cells (staining at the outside of 
the spheroid is >100-fold that obtained deep in its interior; e.g. [7]). 
When the stained spheroid is reduced to a monodispersed single-cell 
suspension, a fluorescence-activated cell sorter can be used asceptically 
to recover individual cells containing predetermined levels of the 
Hoechst stain (therefore, cells that were at any desired depth within the 
spheroids at the time of staining). The sorted cells are then placed in 
normal culture dishes for determination of their viability by the conven- 
tional clonogenicity assay [8-10]. 

Our cell sorter is a dual laser Becton Dickinson FACS 440 (Becton 
Dickinson Immunochemistry Systems, Mountainview, Calif.). Hoechst 
33342 (Sigma) was used at 2/.tM by direct addition of the dye to the 
drag-containing flask for the final 20 rain of drug exposure. At the end of 
drug exposure, excess drug and stain were removed by aspiration after 
the spheroids had sedimented to the bottom of a collection tube. 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, disaggregated single-cell suspension was then resuspended 
in a mixture of growth medium and trysin ( >1 3: 1, v/v) and maintained at 
4"C to inhibit stain and drug efflux during the sorting procedure (typi- 
cally <1 h). 

The primary laser was operated at400 mW and 488 nm, with moni- 
toring of forward scatter and 90* scatter signals. Additionally, the intra- 
cellular levels of the anthracyclines were monitored in the actual cells 
sorted by fluorescence intensity measurements, using the 488-nm line for 
excitation and emission through a 550-rim longpass filter [7, 10, 23]. 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 + 10 nm) band- 
pass filter. The cell population was defined on the basis of the forward 
scatter signal; the resulting signals of Hoechst intensity and 90" scatter 
were processed through matched logarithmic amplifiers, and the ratio of 
these signals was used to generate a "Hoechst concentration" profile, 
which was integrated to establish ten windows of equal cell numbers. 
Both the actual number of cells desired per petri dish for the clonogenic- 
ity assay and the number of replicate samples were preprogrammed. The 
FACS was thus essentially used as a micromanipulator to introduce the 
desired number of cells into sorting tubes; these were then poured and 
rinsed into growth dishes for the clonogenicity analysis [9]. 

The data reported are from representative experiments that were 
replicated 2 - 5  times. Each survival point represents a minimum of 400 
colonies; thus, the accuracy (based on Poisson statistics) of any of the 
survival data is within an expected variance of 5% (or less) of the plotted 
value, or about the size of the plotting symbols used. This expected level 
of reproducibility has also been experimentally confirmed for our sorting 
techniques [9], using independent exposures to doxorubicin. We did not 
"average" our data for different spheroid populations due to the fact that 
anthracycline uptake and toxicity is a critical function of spheroid size 
and growth fraction; differences between experiments are thus more an 
indication of spheroid variability than of uncertainty in the assay tech- 
nique. 

Experiments to assess the toxicity of Hoechst 33342, alone or in 
combination with the anthracyclines or etoposide, were negative. With 
the anthracyclines, this was easier to assess, since either the Hoechst or 
the anthracycline fluorescence gradient (or both) can be used for sub- 
population separation and analysis [7]. No additional toxicity was ob- 
served after Hoechst staining compared to anthracycline treatment alone. 
Additionally, from a technical point of view, addition of Adriamycin 
does not interfere with Hoechst-based sorting due to either quenching or 
energy transfer mechanisms, presumably because these factors are small 
and quite constant throughout the spheroid (doxombicin gradients of 
~< 5-fold are observed) relative to the several hundred-fold range of 
Hoechst intensities. Detailed studies of this question have previously 
appeared [7, 27]. In the case of etoposide, selective interactions in the 
subpopulations of cells could not be identified as easily, since the sub- 
populations could not be studied without the Hoechst staining. In this 
case, our controls were exposed to etoposide at 2 - 3  different levels of 
toxicity, and the Hoechst stain concentration was then escalated to deter- 
mine the level at which significant additional killing occurred. Hoechst 
concentrations at least 10-fold higher than those typically used were 
required to produce any additional cell killing in the etoposide samples. 
and concentrations 20-fold higher than the norm were needed to produce 
additional toxicity in the anthracycline-treated spheroids. 

Cell-distribution analysis. To estimate cell kinetic changes in the control 
and drug-treated spheroids, DNA distributions of the cell subpopulations 
were determined using the method of Vindelov [36]. Essentially, this 
consists of a single-step nucleus preparation/ethidium bromide staining 
protocol, which enables individual cell nuclei to be assayed for their 
DNA content and, thus, their position in the cell cycle. Since the V79 
cells exhibit karyotypic instability as the spheroids enlarge (like many 
tumor cells), we presented the DNA distribution data only as repetitive 
histograms for qualitative analysis (in our opinion, no satisfactory algo- 
rithms are available for quantitative determination of subpopulation per- 
centages in perturbed, karyotypically unstable cell populations). 
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Fig. 1. Survival of cells recovered from increasing depths within 
spheroids with a diameter of 655 _ 14 (SEM) ktm immediately after a 2-h 
exposure to the indicated concentrations of doxorubicin (panel a) or 24 h 
after terminating the drug exposures (panel b). Note the marked decrease 
in survival in most cell subpopulations when the cells remained in situ 
for 24 h 
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Fig. 2. Doxorubicin fluorescence in cell subpopulations (the same cells 
assayed for cytotoxicity in Fig. 1) assayed by flow cytometry immediate- 
ly following exposure (panel a) or 24 h after terminating the exposure 
(panel b). The drug was effectively retained in the cells located deeper in 
the spheroid 
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Fig. 3. Survival of cells from spheroids with a diameter of 752___27 
(SEM) ~xn exposed to 5 gg/ml doxorubicin for I h, showing the effects 
of location in the spheroid and assay time post-exposure. Cell viability 
decreased progressively for at least the first 21 h post-exposure 
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Fig. 4. Doxorubicin retention in selected subpopulations of cells from the 
spheroids shown in Fig. 3. Note that the outermost cells (Fraction I) 
showed a rapid loss of drug (fluorescence); within the 1st h, less drug 
was retained than in the innermost (Fraction 10) cell population. In 
contrast, the latter cells showed only a small decrease in fluorescence 
over the 24 h interval 

Results 

In terms of either cytotoxicity (Fig. 1) or intracellular drug 
levels (Fig. 2), the effects of a 2-h exposure to doxorubicin 
were quite different, depending on whether the spheroids 
were assayed immediately after exposure (panel a, each 
figure) or left intact for 24 h prior to assay (panel b). As has 
repeatedly been observed in this and other spheroid sys- 
tems, two factors tend to make the internal cells resistant to 
anthracyclines: limited drug penetration (as indicated in 
Fig. 2) and, additionally, cell-cycle redistribution and mi- 
croenvironmental influences that markedly reduce the effi- 
cacy of the delivered drug. Interestingly, however, the 
rather large differential in achievable cytotoxicity between 
the external and internal cells was reduced when drug 
toxicity was assayed 24 h after drug exposure rather than 

immediately post-exposure (cf. panel b and panel a in 
Fig. 1). 

At higher drug concentrations, a considerable increase 
in cytotoxicity to the innermost cells was noted when assay 
was delayed 24 h; concomitant with this, the actual quan- 
tity of intracellular drug increased in these cell subpopula- 
tions relative to the immediate post-exposure assay. Con- 
versely, in the outermost cell populations, intracellular 
drug levels decreased dramatically over the 24 h interval. 
At higher drug levels, virtually the same fraction of viable 
cells was observed near the spheroid surface at either 0 or 
24 h, whereas at lower drug concentrations, a net increase 
in survival was observed with the 24 h post-exposure "re- 
pair" time. 

A more detailed analysis of the pharmacokinetic 
changes occurring during the first 24 h after doxorubicin 
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Fig. 5. Surviving fraction of cells in the spheroids shown in the previous 
two figures, now plotted relative to the survival measured immediately 
after drug exposure (panel a) or as a function of integrated intensity (int) 
drug exposure as estimated by the AUC of doxorubicin fluorescence as 
shown in Fig. 4. Both panels indicate that the greatest changes with time 
occurred in cells midway through the spheroid rim 
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Fig. 6. Histograms showing DNA content of the doxorubicin-treated 
spheroid population characterized in the previous three figures. Note the 
drug-induced "G2 block" evident 24 h after termination of the drug 
treatment 

exposure is shown in Figs. 3-5,  in which a 5-~tg/ml expo- 
sure to doxorubicin for 1 h was evaluated at 3-h intervals 
for the first 24 h post-exposure. In both the outermost and 
innermost cell populations, a progressive decrease in the 
surviving fraction occurred as the assay interval was in- 
creased to 21 h (Fig. 3). The greatest effect was observed 
in cells midway through the viable rim of the spheroid; the 
viability of cells that would have had a high probability of 
survival had they been isolated and assayed for clonogen- 
icity immediately after drug exposure decreased by almost 
two decades when they were left in the intact spheroid for 
24 h prior to assessment of clonogenicity (replating in 
fresh culture medium under monodispersed conditions). 
The corresponding changes in the intracellular drug levels 
over this period are shown in Fig. 4. For clarity, data for 
only four of the subpopulations are included; as would be 
expected, decreases in intracellular drug levels observed in 
the outermost (fraction 1) cell population were much more 
rapid and dramatic than those seen in the innermost (frac- 
tion 10) cells. 
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Fig. 7. Relative number of viable cells recovered from doxorubicin- 
treated spheroids, as a function of time after treatment and depth in the 
spheroid. The starting spheroid population was 407± l I (SEM) ~ in 
diameter. Unlike those in the previous figures, these data were plotted 
after normalizing for the increasing number of cells per spheroid during 
the treatment-to-assay interval. At 24 (I-1) and 48 (A)  h, the number of 
viable cells increased in the outer layers and decreased near the middle of 
the spheroid. By 72 h, viable cells had increased in number throughout 
the spheroids 

The impact of these time-dependent changes in intra- 
cellular drug levels on the fraction of viable cells found in 
each cell subpopulation can perhaps be more clearly seen 
with the data plotted as shown in Fig. 5. The left panel of 
this figure shows the time-dependent decreases in surviv- 
ing fraction (ratio of survival at the assay time to that 
immediately post-exposure) as a function of cellular posi- 
tion in the spheroid. Only moderate changes in the relative 
viability were noted in the outermost and innermost cell 
subpopulations, but the dramatic decrease in survival for 
cells midway through the viable rim is more clearly shown 
in Fig. 5 a. To estimate the pharmacological basis of this 
response, Fig. 5 b shows cell survival, fraction by fraction, 
plotted as a function of the AUC of Fig. 4 (that is, the 
product of the relative fluorescent intensity of the cell 
populations and the time at that level). Although it may 
seem surprising that a better pharmacological correlation 
between exposure duration and survival was not apparent, 
it must also be remembered that the subpopulations of cells 
differ not only in their drug uptake and retention but also in 
their inherent resistance to doxorubicin. Thus, the external, 
rapidly cycling cells (fraction 1) contained few resistant 
cells; in contrast, virtually 100% of the cells in fraction 10 
were doxorubicin-resistant (the near parallelism of the 
curves may indicate a similar degree of resistance). Popu- 
lations of intervening ceils between the outer- and inner- 
most subpopulations showed varying degrees of sensitivity 
and resistance. 

The changes in cell kinetics suggested by the data of 
Figs. 3 -5  were evaluated using flow cytometric analysis 
of cellular DNA content (Fig. 6). During the 24-h study 
period, an obvious redistribution of cells through the cell 
cycle occurred; a significant fraction of the diploid cells 
accumulated in G2 phase 24 h after doxorubicin exposure. 
Similarly, the small tetraploid cell subpopulation also 
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Fig. 8. Relative number of viable cells recovered from daunomycin- 
treated spheroids, as a function of time after exposure and depth in the 
spheroid. Although the overall toxicity of this treatment was not substan- 
tially different from that shown in Figs. 7 or 9, markedly different post- 
treatment growth kinetics were observed. "Recovery" was apparent only 
in the outermost cells at the longest observation time 
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Fig. 10. Histograms showing DNA content of the spheroid population 
described in Figs. 7-9  and including disLributions for un~-eated (Con- 
trol) spheroids followed for the same 72 h interval. A slight increase in 
S-phase cells, relative to the G= peak, can be seen for the etoposide 
(VP-I.6)- and doxombicin (DOX)4reated ceils. The greatest perturba- 
tions were noted in the daunomycin (DNR)-treated spl'wmids 
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Fig. 9. Relative number of viable cells recovered from etoposide-treated 
spheroids, as a function of time of exposure and depth in the spheroid. 
Unlike the results obtained with anthracyclines (Figs. 7 and 8), the num- 
ber of viable cells began increasing immediately in the outermost cell 
subpopulations; cell transit to the internal regions, however, appeared to 
be delayed 

showed a G2 block, which appeared to be maximal at 
21-24 h. This high degree of cell-cycle arrest suggested 
that repopulation within the first 24 h was likely to play 
only a minor role in the overall response documented in the 
previous figures. 

Similar observations over a longer period after spher- 
oid exposure to doxorubicin, daunomycin and etoposide 
(another agent with a similar pattern of toxicity through the 
spheroids and with some degree of similarity in terms of 
effects on topoisomerase II; see [29, 33, 38]) are shown in 
Fig. 7-10.  A somewhat smaller spheroid population (di- 
ameter, 407 __+ 11 l.tm) was chosen to maximize the role of 
progression. After doxorubicin exposure, progressive 
changes in the number of viable cells recovered per sort 
fraction (as a function of depth in the spheroid) occurred 

during the post-exposure period (Fig. 7). Both repopula- 
tion and regrowth of the spheroids took place; at the termi- 
nation of the experiment, the spheroids exceeded 600 ~in 
in diameter. The data are plotted to indicate the increasing 
number of viable cells found in each fraction. Clearly, the 
most relevant feature to be seen in Fig. 7 is the rapid 
increase in the number of viable cells in the outermost one 
or two cell subpopulations of the spheroids, with the op- 
posite effect noted for the first 48 h post-exposure in the 
innermost cell population (a net decrease in surviving 
cells). At 72 h, all cell subpopulations showed an increase 
in the number of viable cells (repopulation), yet none had 
fully.recovered to pre-exposure numbers. 

An equitoxic dose of daunomycin produced different 
results in the same spheroid population (Fig. 8). Progres- 
sive decreases in the number of viable cells in each frac- 
tion occurred over the following 3 days; again, the effect 
was considerably more dramatic in the innermost cell sub- 
populations. Over the same period, the spheroid diameters 
decreased from an initial size of 407 ~tm to a final size of 
245_  14 ~tm. In the case of etoposide (VP-16), the post- 
exposure survival kinetics were more straightforward 
(Fig. 9). A progressive increase in the relative number of 
viable cells occurred during the first 3 days post-exposure, 
although, interestingly, repopulation appeared to be con- 
fined largely to the external regions of the spheroids, with 
less increase in the relative number of viable cells occur- 
ring in the innermost cell subpopulations. The spheroids 
first decreased to a minimal diameter of 300+  17 gm at 
48 h, then regrew to a diameter of 350 _ 34 ~m by 72 h. 

For a better understanding of these kinetic changes and 
repopulation events, the DNA distributions observed over 
this time course are shown in Fig. 10, contrasted to control 
(untreated) values from the same cell subpopulation ob- 
served over the same 3-day period. Etoposide produced 
only very subtle changes in DNA distribution; a small 
increase in proliferating (S-phase) cells, however, can be 
deduced with numerical techniques. Similarly, doxorubi- 



cin produced a small increase in the proliferative (growth) 
fraction. The greatest perturbation was seen with dauno- 
mycin; a very pronounced G2 block was seen I day follow- 
ing exposure, and the perturbed DNA distribution ob- 
viously persisted throughout the entire period of exposure. 
We repeatedly observed a greater cytostatic effect for dau- 
nomycin relative to doxorubicin at equitoxic doses. 

Discussion 

As indicated in the introduction to this paper, the efficacy 
of the anthracycline antibiotics as anticancer agents would 
not be predicted based on the propensity of tumor cells to 
develop resistance to these agents and the poor deliv- 
ery/distribution of these drugs in solid tumors. Contrary to 
the position that we and others have previously adopted, 
the present data suggest that slow (effective) drug diffusion 
and active effiux mechanisms may not necessarily be a 
therapeutic disadvantage in tumors in vivo. 

Both the cellular membrane and nuclear DNA are tar- 
gets for anthracycline binding [3, 12, 20, 34]; in terms of 
the reversibility of that binding, the available evidence 
suggests that DNA binding is likely to be the more stable 
method of retention of these drugs [ 16]. Since this propen- 
sity for binding presumably decreases the net diffusion rate 
of anthracyclines, it is not hard to envisage that this may 
indeed be a therapeutic advantage; not only is inward dif- 
fusion relatively slow, but so is outward diffusion. Thus, if 
therapeutic doses of the anthracycline derivatives can be 
delivered to the innermost cell subpopulations of a solid 
tumor, it would seem reasonable to expect that the ability 
of these agents to remain longer within the tumor cells may 
in fact markedly increase their cytotoxic effects. Qualita- 
tively, this can be envisaged simply in terms of the concen- 
tration gradients produced: as the drug is delivered, the 
concentration gradient is very high from the drug reservoir 
(the blood supply in vivo or the culture medium in vitro) 
into the tumor or spheroid; once the drug has been remov- 
ed, a much lower concentration gradient (inward to out- 
ward) is established and, as a consequence, outward diffu- 
sion probably occurs even more slowly than inward diffu- 
sion. Similarly, the dynamic changes in the concentration 
gradients must be considered during the "washout" phase; 
as drug effiuxes into the reservoir (culture medium or 
blood supply), the highest intracellular drug concentration 
occurs in cells midway through the tumor cord or spheroid 
rim (e.g. Fig. 2b), with the net result that diffusion from 
those cells then continues to be "inward" towards the cells 
containing lower drug concentrations as well as "outward" 
toward the reservoir. 

Clearly, timing is of crucial importance. This is also 
true at the cellular level; as the "contact time" increases for 
intracellular anthracyclines, a different subcellular drug 
distribution is expected. This has implications both for 
drug toxicity and for flow-cytometry-based measurements 
of intracellular drug levels. Our previous characterization 
of the subcellular deposition of doxorubicin in V79 cells 
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showed that most of the retained drug was within the 
nucleus after about 2 h, and virtually all of the retained 
drug was intranuctear when those cells had been incubated 
in drug-free medium for >1 h [11]. Since the fluorescence 
of doxorubicin is quenched upon the drug's intercalation 
into cellular DNA, we did not convert the flow cytometry 
signals into quantitative estimates of intracellular drug 
concentration. It should be noted, however, that the flow 
cytometry data offers a conservative estimate of the an- 
thracycline concentrations in the inner cells of spheroids 
with time: increasing fluorescence despite the greater 
quenching due to intercalation is clear evidence of increas- 
ing intracellular drug levels. 

Although the spheroid system would seem to be ideal 
for more quantitative diffusion studies, it is, unfortunately, 
a highly dynamic system (not unlike a tumor). Thus, in 
addition to changing drug levels, kinetic changes in spher- 
oid cell subpopulations continuously occur [6]. Cell divi- 
sion is normally restricted to the outermost regions of the 
spheroids, and these cells then progress inward to become 
the innermost (non-cycling, quiescent) population. If the 
growth rate is slowed, the environmentally severe, 
nutrient-deprived internal conditions in the spheroid can 
rapidly lead to cell death, even in the absence of any direct 
cytotoxic interaction between delivered agents and those 
innermost cell subpopulations. Although killing quiescent 
cells may be therapeutically useful, it is nonetheless a 
complicating factor in attempts to evaluate direct interac- 
tions between delivered chemotherapeutic agents and celt 
subpopulations of interest. 

As we have shown in previous work [7, 8], the resis- 
tance of the innermost cell subpopulations of spheroids to 
the anthracyclines (even delivered at doses comparable to 
those achieved in the outermost cells; see Fig. 5 b) is signif- 
icant. Coupled with drug delivery problems in situ, in some 
cases the net resistance is even greater than that reported 
for MDR-positive cells. Since recent reports have impli- 
cated a role of hypoxia in gene amplification [28, 37], we 
would speculate that the internal microenvironment of the 
spheroid (and tumor?) may even promote drug resistance, 
thereby exacerbating an unfavorable therapeutic situation. 
It should be noted, however, that these conclusions rest 
largely on immediate post-exposure assays of drug toxici- 
ty, which clearly underestimate the net efficacy of the 
anthracyclines. This, in turn, highlights an important limi- 
tation of single-cell systems for "drug screening" and also 
has implications concerning the value of excision assays in 
experimental tumor (or spheroid) systems. Moreover, our 
results indicate the need for a critical evaluation of the role 
of overexpressed p-glycoprotein (enhanced active drug ef- 
flux) in a three-dimensional system; i.e. is the enhanced 
ability to transport drug out of a cell as relevant to the cell 
in the middle of a tumor mass as it is to that in the middle 
of a petri dish? 
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