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ABSTRACT

The culture of EMT6/Ro multicellular tumor spheroids in a 20-fold
range of glucose concentrations and a 4-fold range of oxygen tensions

had profound effects on the cell subpopulations which developed in the
spheroids. As the spheroids increased in diameter, the rate of accumu
lation of cells with a Ci-phase DNA content was much greater for those

spheroids cultured in the lower oxygen and glucose concentrations.
Growth fractions of 600- to 800-pm-diameter spheroids, calculated from
either DNA content or ['H|thymidine labeling data, showed a direct

correlation with the glucose concentrations in the culture medium. The
cells from spheroids cultured in low glucose concentrations also showed
a more rapid loss in clonogenicity as a function of increasing spheroid
diameter. Lowering the oxygen tension enhanced these effects of reduced
glucose concentrations. Selective dissociation of 600- to SOO-pm-diameter
spheroids demonstrated that both the proliferation index and the clono-

genic capacity of the spheroid cells decreased with increasing depth into
the spheroid cell rim. The rates of decrease of both of these parameters
as a function of depth into the spheroid were greater for spheroids
cultured in the lower oxygen and glucose concentrations. These results
indicate that both the glucose and oxygen supply are critical in the
development of nonproliferating and nonclonogenic cell subpopulations
in spheroids.

INTRODUCTION

Heterogeneity in the cell population of solid tumors remains
one of the most important, and most perplexing, problems in
tumor biology. Tumors contain a mixture of cells which differ
in almost every measurable biological parameter, including cell
size, bouyant density, morphology, ploidy, antigenicity, prolif-
erative index, clonogenicity, and metastatic potential (1). These
differences are thought to be reflected in the variability in
response to therapeutic agents; indeed, the development of
subpopulations of resistant cells in a tumor is the primary
reason for the failure of chemotherapy (2) and perhaps radio
therapy (3). Several investigators have succeeded in separating
subpopulations of cells from tumors on the basis of cell density
(4), cell size (5), or DNA content (6), and they have shown that
different therapeutic responses do exist within the total cell
population. Tumor cells apparently can shift between these
different states, i.e., quiescent to proliferating (7, 8), when
conditions in the tumor mass change. Morphological studies
have shown that some of the heterogeneity observed in a tumor
cell population is a result of the locations of the cells relative
to the blood supply (9, 10). Although evidence exists that
specific nutrients, such as oxygen (11) or glucose ( 12), are
depleted in certain areas of tumors, the complexity of the in
vivo tumor has precluded an understanding of the mechanism(s)
behind tumor cell heterogeneity.

To eliminate some of the variables present in tumors, cultures
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of tumor cells have been used as models of heterogeneous cell
populations. As cells enter growth plateau, they undergo alter
ations in cell cycle distribution, cell size, density, RNA content,
and clonogenicity (13-15). Several studies have suggested that
these changes occur as a result of nutrient deprivation (13, 16),
analogous to the microenvironment of cells remote from blood
vessels in a tumor. Depriving cells specifically of oxygen (17-
19) or glucose (20, 21) results in the development of a popula
tion of cells similar to a plateau-phase culture. However, many
hormones and protein growth factors have been isolated which
also regulate the cell cycle traverse of malignant cells (22-24).
Studies with isolated quiescent cell populations in vitro have
shown them to be both more and less resistant to radiation and
chemotherapeutic drugs than proliferating cells (15, 25, 26).
Alterations in the culture environment can induce tumor cells
to switch back and forth between different states (8, 27). In
spite of the numerous correlations between in vitro studies and
the tumor cell subpopulations observed in vivo, it remains
unclear which nutritional factor(s) is actually involved in the
development of cellular heterogeneity in tumors.

The multicellular tumor spheroid has been proposed as a
model of tumor cell heterogeneity which is intermediate in
complexity between the tumor and monolayer cultures. Studies
based on morphology (28), cell separation (29,30), and selective
dissociation (31) have demonstrated that this system exhibits a
cellular heterogeneity similar to that observed in tumors. Sphe
roid cell subpopulations are arranged in a spherically symmetric
pattern (28, 31), suggesting that their development is related to
the penetration of nutrients and growth factors into the cell
mass. Concentration gradients of oxygen (32) and hydrogen
ions (33) have been directly demonstrated, and similar gradients
of glucose (34) and toxic waste products (35, 36) have been
postulated. Although the general influence of the culture con
ditions on the cellular characteristics of spheroids has been
recognized (37, 38), there are no reports on the influences of
specific nutrients on the development of cellular heterogeneity
in this system. In conjunction with the experiments on the
regulation of growth and viability presented in the companion
paper (36), this paper reports the effects of the external glucose
and oxygen concentrations on the proliferative and clonogenic
status of cells in EMT6/Ro spheroids.

MATERIALS AND METHODS

Spheroid Culture and Assays. Spheroids of the EMT6/Ro mouse
mammary tumor cell line were cultured in suspension in eight combi
nations of media containing either 0.28 mM (20%) or 0.07 mM (5%)
oxygen and 16.5, 5.5, 1.7, or 0.8 mM glucose as described in detail in
the preceding study (36). The number of spheroids in the flask and the
feeding schedule were maintained such that the concentrations of these
two metabolites were within 90-95% of the desired value throughout
the growth period. The methods used for sampling, dissociating and
sizing spheroids, counting cells per spheroid, and preparing histolÃ³gica!
sections are described previously (36).

Flow Cytometric DNA Content Analysis. Cell suspensions derived
from spheroids were fixed in 70% ethanol in distilled water prior to
staining for flow-cytometric DNA content analysis. Mouse spleen cells
fixed in ethanol were added to the tumor cells at approximately a 1:5
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spleen:tumor cell ratio to serve as a staining standard. The fixed cells
were then centrifuged and resuspended in a solution of chromomycin
AI (l mg/ml; Sigma Chemicals) in SO mM MgCl buffer at pH 7.4 at a
concentration of 1 X 10* cells per ml. The stained cells were passed 3
times through an 18-gauge needle and then analyzed on an EPICS IV
flow cytometry system (Coulter Electronics). Immediately prior to
analysis, fluorescent polystyrene microspheres were added to the cell
suspension to serve as a laser power standard. The excitation wave
length was 457 nm at 500 mW power; the fluorescent signal was split
using a 560 dichroic mirror such that the spleen and tumor cell
fluorescence was detected through a 560-nm-long wavelength pass filter
by the red photomultiplier tube, and the microsphere signal was de
tected through a 560-nm-short wavelength pass filter by the green
photomultiplier tube.

The spleen cells had a fluorescent peak approximately half that of
the tumor cells; =1 x 10*tumor cells were collected in each histogram.

All data within a given experiment were corrected for any shifts in the
peak channel of the spleen cells or the microspheres using a computer
algorithm developed by Dr. James Leary. The tumor cell DNA content
histograms had coefficients of variation of the d peak of 4-5%.
Percentages of cells in each cell cycle stage were estimated using a
polynomial fitting routine (39); the percentage of S-phase cells deter
mined by this method compared well with determinations of the per
centage of cells labeled with [3H]thymidine (see Table 1).

| '111Mi)midim>Labeling Index. To determine the percentage of DNA-

synthesizing cells, 50-200 spheroids were incubated in 50 ml of com
plete medium containing the appropriate oxygen and glucose concen
trations and 20 /Â«Ciof [3H]thymidine per ml (20 Ci/mmole; Amersham-
Searle) at 37'C for 30 min, then washed twice with 50 ml of unlabeled
medium at 4 ( . and incubated in unlabeled medium at 4"( ' for 1 h.
The spheroids were then washed with medium without FBS3 and

dissociated completely as described previously (36). The details of the
autoradiography and counting the labeled cells have been given previ
ously (31).

|'I l| I liviiiiiliiK-in Spheroid Sections. A group of 50-60 spheroids
from a given growth condition was exposed to [3H]thymidine in com

plete medium as described above. These spheroids were then fixed
intact in Bouin's fixative and processed for paraffin sectioning as

described previously (36). The paraffin sections were then placed on
acid-cleaned, gelatin-coated glass slides. The unstained slides were
observed under a microscope, and those with the largest spheroid
sections were deparaffinized in zylene and ethanol, dried, then coated
with NTB-3 emulsion (Kodak), and processed for autoradiography as
described previously (31). These emulsion-coated slides were developed
when the single-cell labeling index slides showed a plateau in the
number of labeled cells, at 7-12 days after dipping in emulsion. The
thickness of the [3H]thymidine-labeled rim was estimated by measuring

the distance from the surface of the spheroid to the location of the
labeled cell located furthest into the spheroid. Measurements were done
on 3 serial sections for each of 20-25 spheroids as described previously
for the measurements of the thickness of the viable cell rim (36).

Estimation of Growth Fraction. The growth fractions of cells from
these spheroids were estimated in two different ways. The first involved
the use of both the flow-cytometric DNA content data (Figs. 1 and 2)
and the [3H]thymidine labeling index data (Table 1). If we assumed that

the growth fraction was =100% for exponentially growing monolayer
cultures, then a population of completely proliferating cells has an S-
phase compartment of 51 %. As the spheroids grew larger, the percent
age of S-phase cells decreased, while the percentage of Gi-phase cells
increased. We therefore assumed that the nonproliferating cells in the
spheroid became arrested predominantly in the (Â¡,and 62 phases of
the cell cycle. Thus, the GF can be estimated by the reduction in the
size of the S-phase fraction (40):

GF
% of S-phase spheroid cells

% of S-phase exponential cells (A)

Similarly, an estimate of the growth fraction could be obtained from

3The abbreviations used are: FBS, fetal bovine serum; GF, growth fraction;

LI. labeling index.

Table 1 Proliferation indices of cells from spheroids
Â¡'111ih> mulini- labeling index and percentage of cells with S-phase DNA

contents for cells dissociated from spheroids exposed are as detailed in "Materials
and Methods." The oxygen and glucose concentrations in which the spheroids

were maintained are listed, along with the mean diameter of the population. The
first two rows represent exponentially growing monolayer and small spheroids
obtained using the spheroid sorting column prior to being cultured in the various
media. The last column is the percentage of S-phase DNA content cells as
determined by flow cytometric analysis.

Oxygen
concentration(HIM)Exponential

cellsSorted
spheroids0.280.07Glucose

concentration
(mM)16.55.51.70.816.55.51.70.8Spheroid

diameter
(urn)155370430807361475844437502940427510908541726738519657489587411514S-phase

by
pHJthymidine(%)55

Â±2.1Â°48

Â±2.145
Â±3.240
+2.129

Â±3.135
Â±3.538
Â±4.429
Â±4.131
Â±3.232

Â±5.121
Â±3.528
Â±5.429
Â±2.816

Â±3.739
Â±2.726
Â±4.231
Â±3.238
Â±2.222
Â±4.521

Â±3.318
Â±2.824
Â±5.815
Â±3.7S-phase

by
DNAcontent(%)5144413631303525292719343112362328352520152112

" Mean Â±SE for three slides counted as described in "Materials and Methods."

Table 2 Thickness of proliferating cell layer
Thickness of outer rim of cells in the spheroid labeled with | '111(hyniklinc is

estimated as described in "Materials and Methods." The oxygen and glucose

concentrations at which the spheroids were maintained are listed, along with the
mean diameter of the population.

Oxygen
concentration

(mM)0.280.07Glucose
concentration

(mm)16.55.51.70.816.55.51.70.8Spheroid
diameter

Oim)370807475844502940510908541726519489411Measured
labeled rim

km)90
Â±11Â°85

Â±9.371
Â±8.575
Â±1259
Â±5.739
Â±8.450
Â±7.925
Â±13100Â±

1580
Â±4.375
Â±6.930

Â±5.126
Â±3.5Calculated

labeled rim
(cm)82837680543341169168742321

" Mean Â±SE for slides counted as detailed in "Materials and Methods."

the S-phase compartment as determined by the [3H]thymidine LI:

LI of spheroid cells
GF

LI of exponential cells
(B)

The second method we used to estimate the growth fraction used the
measurements of the [3H]thymidine-labeled cell rim (Table 2). To make

this calculation, we assumed that the number of cells per unit volume
was the same throughout the spheroid nonnecrotic area (31, 41). One
can then equate the fraction of the total spheroid volume which contains
labeled cells with the fraction of the total spheroid cell population
which is actively proliferating.

GF
[3H]thymidine-labeled vol.

total nonnecrotic vol.
(C)

Since these two different methods of estimating the growth fraction use
entirely different assumptions, both were used, and the data obtained
are compared in "Results."
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Calculating the Proliferating Cell Zone. The growth fraction values
obtained from the S-phase DNA content data as explained above can
be used to estimate the thickness of the proliferating cell region in the
spheroid as follows. Based on previous work (31) and observation of
the | 'HIthyniklmc labeled spheroid sections, we assumed that the pro

liferating cells are primarily confined to a discrete zone near the
spheroid surface (see also Ref. 35). Assuming that the cells are distrib
uted throughout the cellular zone in a fairly uniform manner, the
percentage of the cellular volume in the spheroid which corresponds to
the proliferating cell layer can be approximated by the growth fraction;
e.g., if the growth fraction is 50%, then the proliferating cell zone
constitutes =50% of the volume of the total viable cell zone. Thus, the
thickness of the proliferating layer (T) can be calculated knowing the
diameter of the spheroid (D,), the diameter of the necrotic center (D.),
and the GF from the following equation (see Ref. 31).

T = Vi \D, - (D,3 + GF (/V - (D)

This calculation allows a comparison of spheroid cell kinetic measure
ments to histolÃ³gica!observations of [3H]thymidine labeling in spheroid

sections.
Gonogenicity Assay. Cells to be assayed for colony-forming ability

were centrifuged, then resuspended in fresh medium with 15% FBS,
counted as described previously (36), and diluted to a concentration of
approximately 200 cells per ml. Each of 10 60-mm dishes containing
4 ml of warmed medium was then inoculated with 1 ml of the cell
suspension. These dishes were incubated for 6-7 days and stained with
mÃ©thylÃ¨neblue, and the number of colonies with greater than 50 cells
was counted. The means and standard deviations of the 10 dishes were
then calculated and divided by the calculated actual number of cells
plated to yield a percentage of colony-forming cells.

Selective Dissociation Technique. The technique used to dissociate
spheroids into populations of cells from different locations in the cell
rim was a modification of that described in detail previously (31).
Spheroids to be dissociated were sorted by hand to yield populations of
50 spheroids with mean diameters of 600-800 ptn and 3-5% diameter
coefficients of variation. After sizing as described previously (36), the
spheroids were divided into 2 groups of 25 and washed once with
medium without FBS, and then 4 ml of 0.25% recrystalized trypsin
(Worthington) in sodium citrate buffer, 22-24Â°C and pH 7.4, were

added. These spheroids were gently agitated in specially designed dishes
(31) for various lengths of time, and then medium with 15% FBS at
4Â°Cwas added to stop the trypsin action. The cells released from the

spheroids were then removed from the spheroids by pipet, the spheroids
were rinsed with medium without FBS, and the procedure was repeated
on the remaining spheroid-associated cells. Cells released during the
rinsing step were added to the previous population. Since spheroids of
the same outside diameter had very different thicknesses of viable cell
rims and total cell contents (36), the typsination times were determined
by prior experimentation such that approximately 25 Â±5% of the total
spheroid cell content was released with each sequential trypsin expo
sure. The cells were stored on ice until the procedure was complete,
and then the cells were counted and prepared for flow cytometric DNA
content analysis and clonogenicity assay as described above. The orig
inal locations of the cell fractions in the spheroid were calculated from
the cell counts and measurements of the spheroid diameter and the
thicknesses of the viable cell rims as described previously (31).

RESULTS

The previous study (36) reported the growth rates of EMT6
spheroids as a function of culture in different oxygen and
glucose concentrations. The distribution of cells in different cell
cycle phases is shown in Figs. 1 and 2 as a function of the
spheroid diameter. A similar trend can be seen in each case,
i.e., an accumulation of cells with a Ci-phase DNA content
with growth, due to a depletion in the S-phase fraction as well
as a somewhat smaller decrease in the percentage of GÃŒ+ M-
phase cells. These data are not different among any of the
culture conditions up to a spheroid diameter of 300-400 Â¿Â¿m,
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Fig. 1. Percentage of spheroid-derived cells in GÃ¬(â€¢),S (O), and G-Â¡+ M (â€¢)
phases of the cell cycle as a function of spheroid diameter for spheroids grown in
0.28 mM oxygen and the indicated glucose concentrations. Points are estimates
of cell cycle phase distributions from individual DNA content histograms mea
sured and analyzed as described in "Materials and Methods"; lines are polynomial

best fits to each set of data.
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Fig. 2. Percentage of spheroid-derived cells in the Gt, S, and G2 + M phases
of the cell cycle as a function of spheroid diameter for spheroids grown in 0.07
mM oxygen and the indicated glucose concentrations. Points and lines are as
described in Fig. 1.

which represents the first 3-4 days of growth in the respective
media. After attaining this size, the rate of accumulation of
cells in the G> phase as a function of spheroid diameter and the
concurrent decrease in S-phase cells were greater for those
spheroids cultured in the lower glucose and oxygen concentra
tions. Spheoids cultured in 0.07 mM oxygen and 0.8 mM glucose
had a rate of accumulation of cells in the <Â¡,phase which was
-8 times greater than that for spheroids cultured in 0.28 mM
oxygen and 16.5 mM glucose; the difference in the rate of
depletion of S-phase cells was -6 Fold. As reported in the
companion paper (36), these spheroids reached a saturation in
growth which was dependent on the culture conditions. The
data in Figs. 1 and 2 indicate that, at the diameter of spheroid
at which growth saturation was attained, the cell population
consisted of approximately 85% G i-phase, 10% S-phase, and
5% G2-phase cells in each culture condition.
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As an independent measure of the proliferative status of these
cells, spheroids were exposed to [3H]thymidine and dissociated,

and labeling indices of the cells were determined. Table 1 shows
these values for cells from different size spheroids cultured in
the different glucose and oxygen concentrations. The same
trend can be seen in these data as was discussed above: a
depletion of [3H]thymidine-labeled cells as a function of increas

ing spheroid diameter. Although these data are not as extensive
as those shown in Figs. 1 and 2, they do demonstrate that the
percentage of [3H]thymidine-labeled cells in spheroids of a given

diameter was dependent on the culture conditions. Cells from
spheroids of 500 to 600 Â¿midiameter grown in the highest
glucose and oxygen conditions had a labeling index of =40%,
compared to =12% for cells from spheroids cultured in the
lowest nutrient concentrations. There were no significant dif
ferences in these total spheroid cell populations between the S -
phase cell compartments determined by [3H]thymidine labeling

or by DNA content analysis.
In order to determine the spatial distribution of the DNA

synthesizing cells in these spheroids, autoradiographs of sphe
roid sections labeled with [3H]thymidine were prepared. The

labeled cells were concentrated in the outer region of the cell
rim in each spheroid observed, with a cell zone near the necrotic
center containing no labeled cells. Table 2 shows the estimated
thickness of the cell layer containing [3H]thymidine-labeled cells

as a function of the glucose and oxygen concentrations. There
is a considerable error in these data due to variability in the
spheroid sections and the inherent difficulty in precisely mea
suring the extent of the labeled cells. Although many of the
differences shown in Table 2 were not significant (P > 0.05),
the thickness of the labeled cell rim did show a tendency to
decrease when the spheroids were cultured in reduced oxygen
and glucose concentrations. These reductions are significant (P
< 0.03) when comparing spheroids cultured in either 16.5 mM
or 5.5 mM glucose to those grown in 1.7 mM or 0.8 mM glucose.
In order to compare this histological assay of the proliferative
status of cells in spheroids to the data on cells isolated from
spheroids, the percentages of S-phase cells given in Figs. 1 and
2 were used to calculate an equivalent thickness of the prolif
erating cell zone as explained in "Materials and Methods."

These estimations, shown in the last column in Table 2, agree
well with the measured values, generally falling within the error
range of the measurements. Interestingly, the calculated prolif
erating cell rims were all smaller than those measured by
autoradiography. This would perhaps be expected, since the
labeled cell rims measured by autoradiography extended to the
labeled cell located farthest into the spheroid; all of the cells
within this layer were probably not proliferating.

Another method of determining the position of the prolifer
ating cells in spheroids is to selectively dissociate cells from
different positions in the cell rim and measure the cell cycle
distribution of the resulting suspensions. At a diameter of =600
Aim, spheroids cultured in each of the different oxygen and
glucose conditions were dissociated into four equal cell frac
tions. Fig. 3 shows the percentage of cells with an S-phase
DNA content as a function of their location in the spheroid. In
each case, the reduction in the percentage of S-phase cells with
increasing distance into the cell rim was matched by an increase
in the fraction of Gi-phase cells (data not shown). The percent
ages of GZ + M-phase cells varied from 5-15% and were also
consistently lower in the inner fractions. The fraction of S-
phase cells at a given distance into the spheroid was correlated
with the glucose concentration in the medium. Culturing the
spheroids in the lower oxygen concentration had little effect on
the distribution of S-phase cells when the glucose concentration
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Ã®5j o
J 50

0.28 mM O

;> 40-

g
& 30-

20-

10-

O.O7 m M O

200O 50 100 150

DISTANCE INTO SPHEROID
Fig. 3. Percentage of cells with S-phase DNA contents as a function of distance

into the spheroid cell rim at which the cell populations were located prior to
dissociation. Selective dissociation of the spheroids and estimation of the per
centage of S-phase cells from flow-cytometric DNA content histograms are
detailed in "Materials and Methods." Points are single determinations on cells
from 600- to 800-fim-diameter spheroids cultured in 16.5 (G). 5.5 (â€¢).1.7 (O), or
0.8 (â€¢)mM glucose and the indicated oxygen concentrations; lines are linear
least-squares best fits to each data set.

was 5.5 or 16.5 mM, but decreasing the oxygen tension also
decreased the number of S-phase cells at a given location for
spheroids cultured in 1.7 or 0.8 mM glucose. Although 80-95%
of the total number of S-phase cells were contained in the outer
cell fractions, the innermost fractions contained 5-20% S-phase
DNA content cells. We have no direct measurements of the
[3H]thymidine labeling indices of these different cell fractions,

but observations of the autoradiographs of spheroid sections
(see Table 2) indicate that these inner region cells with an S-
phase DNA content did not label with [3H]thymidine, even

though this DNA precursor penetrates quickly to the center of
spheroids (34, 42). It is possible that some of these S-phase
cells were not exposed to a sufficient amount of [3H]thymidine

for a sufficient time to be labeled.
A uniform method to make use of the flow-cytometric and

l 'I IÂ¡iInmidi IK'labeling data for comparison of the proliferative

status of cells in spheroids cultured in these different oxygen
and glucose concentrations is to calculate the growth fraction
at a given size spheroid. Fig. 4 shows the growth fraction as a
function of the glucose concentration in the culture medium for
spheroids cultured in the two different oxygen tensions. These
growth fraction values have been calculated from both the cell
cycle distribution data (Figs. 1 and 2) and from the [3H]thymi-
dine-labeled cell rim data (Table 2). Growth fractions calculated
from [3H]thymidine labeling index data (Table 1) did not differ

from those calculated from the data in Figs. 1 and 2 and are
thus not shown. The data in Fig. 4 demonstrate that the growth
fraction is correlated with the logarithm of the glucose concen
tration in the culture medium (r2 > 0.94). This dependence was
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larger for 1000- to 1200-^m-diameter spheroids grown in 0.28
HIMoxygen than it was for 500- to 600-Mm-diameter spheroids
in the same culture conditions. In each case, culture in the
lower oxygen concentration at a given glucose concentration
resulted in a lower growth fraction. Comparison of the growth
fractions calculated by the two different techniques shows that
the data in Table 2 gave a consistently higher estimate. This
may be due to an overestimation of the volume of the prolifer
ating cell zone by this method, as discussed above.

The cell suspensions prepared from these spheroids during
growth were also assayed for their colony-forming ability. Fig.
5 shows the cellular clonogenic efficiency as a function of the
spheroid diameter for spheroids cultured in the different glucose
and oxygen conditions. In every culture medium, the percentage
of clonogenic cells decreased with growth. The rate of this
decrease as a function of the spheroid diameter was dependent
on the culture conditions, varying from -0.8% per 100 urn of

spheroid growth in 0.28 mM oxygen and 16.5 mM glucose to
-11% per 100 urn of growth in 0.07 HIMoxygen and 0.8 HIM
glucose. These rates were correlated with the glucose concen
tration in the culture medium for growth in both 0.28 and 0.07
mM oxygen (r2 > 0.92). These data demonstrate that there was

no significant effect of the oxygen supply for spheroids cultured
in 16.5 or 5.5 HIMglucose, but lowering the oxygen supply for
spheroids cultured in the lower glucose concentrations resulted
in a reduction in the clonogenicity. The data in Fig. 5 also
demonstrate that there was no effect of the oxygen concentra
tion on the rate of decrease in clonogenicity with growth for

100

80-

60-

40-i"H
^ o

N 80H
^
Â§ 60H

40-

20-

0.28 mM O2

0.07m M O2

0.1 10 100

GLUCOSE CONCENTRATION (mM)
Fig. 4. Growth fraction of cell populations derived from spheroids as a

function of the glucose concentration in which the spheroids were grown. Top,
data divided into spheroids 500-800 urnin diameter (O, â€¢)and spheroids 1000-
1200 Â»,m (M,â€¢)in diameter cultured in 0.28 mMoxygen. Bottom, spheroids 500-
800 (<in in diameter cultured in 0.07 mMoxygen. Opensymbols represent estimates
from the thickness of the [3H]thymidine-labeled rim in Table 2; closed symbols
are estimates calculated from the flow cytometric data in Figs. 1 and 2; lines are
linear least-squares best fits of all the data points for culture in the respective
oxygen concentrations. Details of calculating procedures are given in "Materials
and Methods."
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spheroids cultured in the two highest glucose levels. However,
lowering the oxygen concentration from 0.28 mM to 0.07 HIM
changed this rate from -3.4% to -7.8% per 100 urn of spheroid
growth in 1.7 mM glucose, and from -4.1% to -11% per 100
firn of growth in 0.8 mM glucose.

We have also measured the clonogenic potential of cells
released from different locations in the spheroid by selective
dissociation. Fig. 6 shows the clonogenic efficiencies of these
cell fractions as a function of the location of the cells in the
spheroid. As reported previously (31), there was no effect of
the dissociation procedure itself on the colony-forming ability
of these cells. The clonogenicity decreased with increasing depth
into the spheroid structure in every culture condition. The rate
of this decrease was inversely correlated with the glucose con
centration in the culture medium for spheroids grown in both
oxygen concentrations (r2 > 0.93). Lowering the oxygen tension

had no effect on this rate for spheroids cultured in 16.5 mM
glucose, but reduction in oxygen supply did increase this rate
for spheroids cultured in the other glucose concentrations.
Except for cells from spheroids cultured in 0.28 mM oxygen
and 16.5 mM glucose, the innermost cell fractions had clono-
genicities of 18-24% in all culture conditions.

DISCUSSION

The data presented here on proliferative status of cells in
spheroids cultured in a range of oxygen and glucose concentra
tions correlate with the growth rates of these spheroids as
reported in the preceding paper (36). The data in Figs. 1 and 2
demonstrate that up to a diameter of 300-400 ^m, or for the
first 3-4 days of growth, there was no significant difference in
the cell cycle distribution of cells from spheroids cultured in
any of these glucose and oxygen levels. As discussed previously
(36,57), there undoubtedly were large differences in the oxygen
and glucose concentrations in the spheroids of these various
groups within the first few hours of transfer to the different
media. The facts that the spheroids initially grew at the same
rate and that the cell cycle distributions of the cell populations
were very similar strongly imply that neither glucose nor oxygen
had a direct effect on the proliferation of the cells. Previous
monolayer studies with lowered oxygen (43, 44) and glucose
(21) concentrations have indicated that much lower levels of
these nutrients than were used in this study are necessary to
significantly inhibit cell proliferation. Note, however, that over
this initial period of spheroid growth, the percentage of S-phase
cells decreased from 50-55% to 35-40% in every culture con
dition, with a consequent rise in the percentage of G]-phase
cells. This implies that some growth factor(s), present at the
same concentration in each of these different media, was regu
lating the proliferation of the cells, and that the penetration of
this substance into the spheroids was already limited at a
diameter of 300-400 urn.

After the first 4 days of growth the proliferative status of the
cells in these spheroids began to show a dependence on the
composition of the culture medium. The rate of accumulation
of cells in the d phase of the cell cycle increased greatly in the
spheroids cultured in 0.07 mM oxygen and 1.7 or 0.8 mM
glucose. The data in Table 1 also indicate that, by a diameter
of 400-500 firn, the percentage of ['Hjthymidine-labeled cells

in the spheroids was correlated with the glucose and oxygen
concentrations. These changes in the proliferative status of the
cell populations were reflected in the decreased growth rates of
the spheroids (36). The onset of central necrosis in these sphe
roids, used as an indicator of necrotic development and pro
gression, was also strongly correlated with the glucose and

oxygen concentrations in the culture medium. The model of
cellular growth regulation presented in the previous paper (36)
postulates that, after central necrosis has developed, cytostatic
factors produced or released by cellular lysis diffuse through
the spheroid cell mass and reduce the thickness of the prolif
erating cell layer. This model predicts that cells in spheroids
cultured in the lower glucose and oxygen concentrations would
show alterations in the cell cycle distribution at a smaller
spheroid diameter than spheroids cultured in the higher nu
trient levels. This is indeed the observation from Figs. 1 and 2
and Table 1. The limited data presented on direct measurement
of the thickness of the proliferating cell zones (Table 2) show
that this growing cell rim was decreased significantly at a
spheroid diameter of 400-500 urn for spheroids cultured in
either 1.7 or 0.8 mM glucose. Even at 700- to 800-Mm diameter,
spheroids cultured in the higher glucose concentrations have a
proliferating cell rim 70-80 Â¿Â¿mthick, which is not significantly
different from that found under normal growth conditions
previously (31). The data presented here support the concept
that the expansion of necrosis leads to a progressive diminution
in the proliferating fraction of cells in the spheroid and thus
results in growth saturation (see Ref. 36).

There are several limitations to this interpretation, some of
which have been discussed previously (36). The data given in
Tables 1 and 2 are not that extensive, and thus it is not possible
to make precise correlations between the development of necro
sis and the proliferative status of the cells. The data in Figs. 1
and 2 are most extensive, but the rigid comparison of this
information to the progression of necrosis is also not straight
forward. The percentage of cells in the whole spheroid cell
population which is in a particular phase of the cell cycle is
affected not only by changes in the thickness of the proliferating
cell rim, but is also altered by the size of the viable cell zone.
For instance, the percentage of Ci-phase cells will increase as
a spheroid enlarges even if the thickness of the proliferating
cell layer remains constant, due to the expansion of the volume
of the nonproliferating zone. Knowing the thickness of the
proliferating and viable cell layers allows a simple geometric
calculation of the relative percentages of proliferating and non-
proliferating cells in the spheroid. The cell cycle distribution
data for spheroids cultured in 16.5 mM glucose in both oxygen
concentrations fit well with this model if it is assumed that the
thickness of the proliferating cell zone remained constant in
these spheroids throughout the growth period measured. In
order to obtain a good fit to the remainder of the data in Figs
1 and 2, one has to assume that at a certain spheroid diameter
the thickness of the proliferating cell layer becomes progres
sively smaller. A model is currently under development which
will use data such as those shown in Figs 1 and 2 to estimate
the thickness of the proliferating cell layer at a given spheroid
diameter. Clearly, more data will be needed on the cell cycle
distribution of this and other cell lines before a cause-and-effect
relationship can be firmly established between the development
of necrosis and the reduction in the thickness of the proliferat
ing cell layer.

In addition to supporting the growth regulation model pre
sented previously (36), the cell proliferation data presented here
have some important implications about the development of
cellular heterogeneity in the spheroid system. It is clear that
the culture conditions can radically alter the cell cycle distri
bution of the cells in a spheroid of a given diameter. This
variation is illustrated in Figs. 3 and 4. Although we have not
used any technique to specifically indentify quiescent cells, such
as continuous [3H]thymidine labeling (45) or DNA and RNA

content analysis (46), the precentage of nonproliferating cells
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can be estimated as one minus the growth fraction shown in
Fig. 4. There are limitations to the methods used to obtain
these growth fraction estimates, such as the assumptions that
the cell cycle transit times do not change and the concept that
only the outer region of cells in a spheroid is proliferating, but
the values obtained are useful for comparisons between the
different growth conditions since the assumptions used in each
case are the same. It is apparent from these data that the
quiescent cell fraction is influenced by the glucose and oxygen
concentrations in the culture medium. As was discussed above,
the percentage of proliferating cells in a given spheroid is
controlled by the thickness of the proliferating cell layer, as
well as by the total thickness of the viable cell zone. By lowering
the glucose or oxygen concentration in the culture medium, the
size of the proliferating layer is decreased, leading to an increase
in the percentage of quiescent cells. However, the thickness of
the viable cell zone is also reduced by expansion of the necrotic
core, which results in a decrease in the total number of cells in
the spheroid (36). The interaction between these two phenom
ena can be illustrated by the fact that 600- to 800-ÃÂ¿m-diameter
spheroids differ greatly in their growth fractions depending on
the culture conditions (Fig. 4), but multiplying the total number
of cells per spheroid by the growth fraction reveals that there
are 2-3 x 10" nonproliferating cells per spheroid in each case.

One of the values of the spheroid model system is that there is
this dependence of cell cycle distribution on both cell growth
and cell loss, similar to the situation in tumors (40). An advan
tage of this system is the ability to accurately manipulate the
culture environment. For EMT6/R.O cell spheroids, glucose and
oxygen are nutrients which directly control cellular viability
(36) as well as indirectly regulating cellular proliferation, pre
sumably as mediated by the development of necrosis. This
interaction makes the precise determination of the relative
importance of these individual biological effects difficult. These
studies still have relevance to the understanding of cellular
proliferative heterogeneity in tumors, since oxygen and glucose
are known to be limited in tumor tissue in vivo. There are
hormones, growth factors, and trace elements which directly
alter the proliferation of cells at concentrations which do not
affect cellular viability (47-50), and the spheroid system should
prove valuable in gaining a better understanding of the regula
tion of tumor cell growth and viability through studies with
such factors.

The data presented in Figs. 5 and 6 also demonstrate that
the glucose and oxygen supplies to spheroids are involved in
the regulation of the clonogenic potential of the cells in sphe
roids. The fact that the inner region cells are less able to form
colonies than the outer region cells suggests that the decrease
in plating efficiency with increasing spheroid diameter seen in
Fig. 5 was due to an increase in the fraction of inner region
cells which were inherently less clonogenic. Comparison be
tween Figs. 3 and 6 demonstrates that the cells which were less
efficient at forming colonies were also largely nonproliferating
in the spheroid microenvironment. Similar results have been
reported previously for unfed plateau phase monolayer cultures
(13, 14, 16). One hypothesis to explain this effect is that the
reduced levels of oxygen and glucose in the inner regions of
spheroids had a direct effect on the clonogenicity of the cells
located there, similar to the effects of these metabolites on
cellular viability (36). It has been shown in several systems (51)
that cell death is a multistep process. Cells exposed to low
oxygen and glucose concentrations may lose their colony-form
ing ability as a step toward lysis. Suspensions of EMT6/Ro
single cells deprived of both oxygen and glucose lose their
clonogenic capacity within a few hours, but they remain intact

for a much longer period before lysis." This suggests that the

induction of quiescence and the loss of clonogenic potential are
not directly related. This would appear to be the case for
plateau-phase monolayer cultures, since replenishing the me
dium can sustain cell clonogenicity without inducing any further
cell growth (13); monolayer cultures also become growth ar
rested prior to any decrease in clonogenicity (14, 16). This
hypothesis appears likely in spheroids: careful comparison of
the data in Fig. 3 and those in Fig. 5 shows that, in many
culture conditions, the growth fraction was reduced to a greater
extent, and at a smaller spheroid diameter, than was the clon
ogenicity. Such a biological effect could be explained if the
ability to form a colony is related to the energy metabolism of
the cell, as appears to be the case for cellular viability (36). We
cannot rule out the possibility that once central necrosis has
appeared, toxic products produced or liberated by cell lysis
diffuse through the intact cell rim and further reduce the
clonogenic potential of the viable cells. We have, in fact, dem
onstrated such an effect with extract from spheroids with large
necrotic centers (52). Little work has been done to understand
what factors are relevant to the maintenance of cellular clono
genicity in the absence of any therapeutic treatment. The inves
tigation of factors which directly control cell proliferation with
out altering cellular clonogenicity would be valuable to an
understanding of the regulation of these cellular functions.

The effects of the oxygen and glucose supply on cellular
heterogeneity shown here have several implications for the use
of spheroids as in vitro therapeutic models of tumor cell sub-
populations (see also Ref. 36). Since both oxygen and glucose
are rapidly consumed by most tumor cells, it is critical that the
total number of cells per volume of medium in the culture is
carefully controlled so that the concentrations of these nutrients
do not change greatly during growth. This limitation has been
documented previously for oxygen (53, 54), but it is clear from
the present study that the consumption of nutrients which are
not renewed except by medium exchange may be as important.
The situation is even worse in static cultures of spheroids (55),
in which case the concentration of oxygen at the spheroid
surface is often much lower than that in the bulk medium. Since
spheroids in such systems depend on diffusion for their nutrient
supply, this problem may be exaggerated for molecules larger
than oxygen (M, 32), such as glucose (M, 180), which have
diffusion coefficients many times lower (34, 56). The data
shown in Figs. 3,4, and 6 illustrate that variation in the oxygen
and glucose concentrations in the culture medium can have
large effects on the internal composition of the spheroids, which
will in turn affect the response of the spheroid to therapeutic
treatment. The alterations in the cell cycle distribution (Figs. 1
and 2) and the clonogenicity (Fig. 5) of the cell population as a
function of the spheroid diameter also stress the importance of
having a uniformly sized spheroid population for experimen
tation. Differences of 50-100 urn with a spheroid population,
or between different experimental groups, can have a significant
effect on the cell subpopulations which comprise the spheroids.
Although the results presented in this study clearly demonstrate
the usefulness of the multicellular spheroid as a tool to study
the development of tumor cell heterogeneity, they also indicate
that precise control over the culture environment is critical to
the results obtained with any particular spheroid system.

ACKNOWLEDGMENTS

We gratefully acknowledge Gertrude Nielsen and Betty Bareham for
their assistance with the routine laboratory procedures; Thomas

' J. P. Freyer, manuscript in preparation.

3519

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2426848/cr0460073513.pdf by guest on 19 M

ay 2023



OXYGEN/GLUCOSE INDUCTION OF SPHEROID CELL HETEROGENEITY

Schmidt and Paul Horan for help with the flow cytometry data acqui
sition and analysis; Sheila Hasset and Nadeschda Kutyreff for prepa
ration of the histology sections; and Pat Grant and Maria Griffith for
aiding in the preparation of this manuscript. We also thank Paul Horan,
Peter Keng, Jeffery Wigle, and Wolfgang Mueller-Klieser for their
suggestions and critical review of this work.

REFERENCES

1. Owens, A., Coffey, D. S., and Baylin, S. B. (eds.) Tumor Cell Heterogenity.
Origins and Implications. New York: Academic Press, 1982.

2. Carter, S. K. Some thoughts on resistance to cancer chemotherapy. Cancer
Treat. Rev., 11 (Suppl. A): 3-8, 1984.

3. Grdina, D. J. Variations in radiation response of tumor subpopulations. In:
R. E. Meyn and H. R. Withers (eds.), Radiation Biology in Cancer Research,
pp. 353-363. New York: Raven Press, 1980.

4. Grdina, D. J. Separation of clonogenic cells from stationary-phase cultures
and a murine fibrosarcoma by density gradient cenlrifugation. Methods Cell
Biol., 14: 213-220, 1976.

5. Meistrich, M. L., Grdina, D. J., Meyn, R. E., and Barlogie, B. Separation of
mouse solid tumors by centrifugal elutriation. Cancer Res., 37: 4291-4296,
1977.

6. Pallavicini, M. G., Lalande, M. E., Miller, R. G., and Hill, R. P. Cell cycle
distribution of chronically hypoxic cells and determination of the clonogenic
potential of cells accumulated in GÃ¬+ M phases after irradiation of a solid
tumor in vivo. Cancer Res., 39: 1891-1897, 1979.

7. Potmesil, M., and Goldfeder, A. Cell cycle kinetics of irradiated tumors: cell
transition from the non-proliferating to the proliferating pool. Cell Tissue
Kinet., 13:563-570, 1980.

8. Kallman, R. F., Combs, C. A., Franko. A. J., Furlong, B. M., Kelley, S. D.,
Kemper, H. L., Miller, R. G.. Rapacchietta, D., Schoenfeld, p., and Taka-
hashi, M. Evidence for the recruitment of noncycling clonogenic tumor cells.
In: R. E. Meyn and H. R. Withers (eds.). Radiation Biology in Cancer
Research, pp. 397-414. New York: Raven Press, 1980.

9. Tannock, I. F. The relationship between cell proliferation and the vascular
system in a transplanted mouse mammary tumor. Br. J. Cancer, 22: 258-
273, 1968.

10. Hirst, D. G., and Denekamp, J. Tumor cell proliferation in relation to the
vasculature. Cell Tisue Kinet., 12: 31-42, 1979.

11. Gulino, P. M. The internal milieu of tumors. Prog. Exp. Tumor Res., 8: I-
25, 1966.

12. Vaupel, P., Frinak, S., and Bicher, H. I. Heterogeneous oxygen partial
pressure and pH distribution in C3H mouse mammary adenocarcinoma.
Cancer Res., 41: 2008-2013, 1981.

13. Hahn, G. M., and Little, J. B. Plateau-phase cultures of mammalian cells:
an Â¡nvitro model for human cancer. Curr. Top. RadiÃ¢t.(.).. 8: 39-83, 1972.

14. Wallen, C. A., Higashikubo, R., and Dethlefsen. L. A. Murine mammary
tumor cells in vitro. I. The development of a quiescent state. Cell Tissue
Kinet., 77:65-77, 1984.

15. Luk, C. A., Keng, P. C., and Sutherland, R. M. Regrowth and radiation
sensitivity of quiescent cells isolated from EMT6/Ro fed plateau monolayers.
Cancer Res., 45:1020-1025, 1985.

16. Sheridan, J. W., and Simmons, R. J. Studies on a human melanoma cell
line: effect of cell crowding and nutrient depletion on the biophysical and
kinetic characteristics of the cells. J. Cell. Physio!., 107: 85-100, 1981.

17. Bedford, J. S., and Mitchell, J. B. The effect of hypoxia on the growth and
radiation response of mammalian cells in culture. Br. J. Radiol.. 47: 687-
696, 1974.

18. Loftier, M., Postius, S., and Schneider, F. Anaerobiosis and oxygen recovery:
changes in cell cycle distribution of Erlich ascites tumor cells grown in vitro.
Virchows Arch. B Cell Pathol., 26: 359-368, 1978.

19. Sheridan, J. W., Bishop, C. J., and Simmons, R. J. Effects of hypoxia on the
kinetic and morphological characteristics of human melanoma cells grown
as colonies in semi-solid agar. Br. J. Exp. Pathol., 65: 171-180, 1984.

20. Willoch, M. Changes in HeLa cell ultrastructure under conditions of reduced
glucose supply. Acta Pathol. Microbio!. Scand., 71: 35-45, 1967.

21. Li, C. K. N. The role of glucose in the growth of 9L multiceli tumor spheroids.
Cancer (Phila.), 50: 2074-2078, 1982.

22. Paul, D., Henahan, M., and Walter, S. Changes in growth control and growth
requirements associated with neoplastic transformation in vitro, i. Nati.
Cancer Inst., 53: 1499-1503, 1974.

23. Sirbasku, D. A., and Benson, R. H. Estrogen-inducible growth factors that
may act as mediators (estromedins) of estrogen-promoted tumor cell growth.
Hormones in Cell Culture. Cold Spring Harbor Conf. Cell Prolif. 6: 477-
497, 1979.

24. Fisher, P. B., Bozzone, J. H., and Weinstein, I. B. Tumor promoters and
epidermal growth factor stimulate anchorage-dependent growth of adenovi-
rus-transformed rat embryo cells. Cell, 18:695-705, 1979.

25. Valeriote, F., and van Putten, L. Proliferation-dependent cytotoxicity of
anticancer agents: a review. Cancer Res., 35:2619-2630, 1975.

26. Epifanova, O. I. Mechanisms underlying the differential sensitivity of prolif-

335, 1977.
27. Wallen, C. A., Higashikubo, R., and Dethlefsen, L. A. Murine mammary

tumor cells Â¡nvitro. II. Recruitment of quiescent cells. Cell Tissue Kinet, Â¡7:
79-89, 1984.

28. Carlsson, J. Proliferation gradient in three-dimensional colonies of cultured
human glioma cells. Int. J. Cancer, 20: 129-136, 1977.

29. Durand, R. E. Isolation of cell subpopulations from in vitro tumor models
according to sedimentation velocity. Cancer Res., 35: 1295-1300,1975.

30. Bauer, K. C., Keng, P. C., and Sutherland, R. M. Isolation of quiescent cells
from multiceli spheroids using centrifugal elutriation. Cancer Res., 42: 72-
78, 1982.

31. Freyer, J. P., and Sutherland, R. M. Selective dissociation and characteriza
tion of cells from different regions of multiceli tumor spheroids. Cancer Res.,
40: 3956-3965, 1980.

32. Mueller-Klieser, W., and Sutherland, R. M. Oxygen tensions in spheroids of
two cell lines at different stages of growth. Br. J. Cancer, 45: 256-264,1982.

33. Kaufman, H., Bicher, H. I., Hetzel, F. W., and Brown, M. A system for
determining the pharmacology of indirect radiation sensitizer drugs on
multicellular spheroids. Cancer Clin. Trials, 4: 199, 1981.

34. Freyer, J. P., and Sutherland, R. M. Determination of diffusion constants
for metabolites in multiceli tumor spheroids. Adv. Exp. Med. Biol., 759:
487-495, 1983.

35. Landry, J., Freyer, J. P., and Sutherland, R. M. A model for the growth of
multicellular spheroids. Cell Tissue Kinet., 15: 585-594, 1982.

36. Freyer, J. P., and Sutherland, R. M. Regulation of growth saturation and
development of necrosis in EMT6/Ro multicellular spheroids by the glucose
and oxygen supply. Cancer Res., 46: 3504-3512,1986.

37. Durand, R. E. Variable radiobiological responses of spheroids. RadiÃ¢t.Res.,
Â«7:85-99, 1980.

38. Sutherland, R. M., and Durand, R. E. Growth and cellular characteristics of
multiceli spheroids. Recent Results Cancer Res., 95:24-49, 1984.

39. Dean, P. M., and Jett, J. H. Mathematical analysis of DNA distributions
obtained by flow microfluorometry. J. Cell Biol., 60: 525-527, 1975.

40. Steel, G. G. The Growth Kinetics of Tumours, pp. 64. Oxford: Clarendon
Press, 1977.

41. Freyer, J. P., and Sutherland, R. M. A reduction in the in situ rates of oxygen
and glucose consumption of cells in EMT6/Ro spheroids during growth. J.
Cell. Physiol., 124: 516-524, 1985.

42. Nederman, T., Carlsson, J., and Malmquist, M. Penetration of substances
into tumour tissueâ€”a methodological study on cellular spheroids. In Vitro
(Rockville), / 7: 290-298, 1981.

43. Koch, C. J., Kruuv, J., and Frey, H. E. The effect of hypoxia on the generation
time of mammalian cells. RadiÃ¢t.Res., 53:43-48, 1973.

44. BalÃn,A. K., Goodman, D. B. P., Rasmussen, H., and Cristofalo, V. J. The
effect of oxygen tension on the growth and metabolism of WI-38 cells. J
Cell. Physiol., 89:235-249, 1976.

45. Durand, R. E. Isolation of cell subpopulations from in vitro tumor models
according to sedimentation velocity. Cancer Res., 35: 1295-1300,1975.

46. Bauer, K. D., Keng, P. C., and Sutherland, R. M. Isolation of quiescent cells
from multicellular tumor spheroids using centrifugal elutriation. Cancer Res.,
42: 72-78. 1982.

47. Stiles, C. D., Capone, G. T., Scher, C. D., Antoniades, N. H., Van Wyk, J.
J., and Pledger, W. J. Dual control of cell growth by somatomedins and
platelet-derived growth factor. Proc. Nati. Acad. Sci. USA, 76: 1279-1283,
1979.

48. Rizzino, A., Rizzino, H.. and Sato, G. Defined media and the determination
of nutritional and hormonal requirements of mammalian cells in culture.
Nutr. Rev., 37: 369-378,1979.

49. Murakami, H., and Masui, H. Hormonal control of human colon carcinoma
cell growth in serum-free medium. Proc. Nati. Acad. Sci. USA, 77: 3464-
3468, 1980.

50. Barnes, D., and Sato, G. Factors that stimulate proliferation of breast cancer
cells in vitro in serum-free medium. In: C. McGrath, M. Brennan, and M.
Rich (eds.). Cell Biology of Breast Cancer, pp. 277-287, New York: Academic
Press, 1980.

51. Kerr, J. F. R., and Searle, J. Apoptosis: its nature and kinetic role. In: R. E.
Meyn and H. R. Withers (eds.). Radiation Biology in Cancer Research, pp.
367-384, New York: Raven Press, 1980.

52. Freyer, J. P. Role of necrosis in saturation of spheroid growth. Strahlenth
erapie, 760:58, 1984.

53. Whillans, D. W., and Rauth. A. M. An experimental and analytical study of
oxygen depletion in stirred cell suspensions. RadiÃ¢t.Res., 84:97-114, 1980.

54. Franko, A. J., and Koch, C. J. The radiation response of hypoxic cells in
EMT6 spheroids in suspension culture does model data from EMT6 tumors.
RadiÃ¢t.Res., 96:4997-5004, 1983.

55. Franko, A. J., Freedman, H. I., and Koch, C. J. Oxygen supply to spheroids
in spinner and liquid-overlay culture. Recent Results Cancer Res., 95: 162-
167, 1984.

56. Busemeyer, ]., Vaupel, P., and Thews, G. Diffusion coefficients of glucose
in tumor tissue. Pflueg. Arch., 3: R17, 1977.

57. Mueller-Klieser, W., Freyer, J. P., and Sutherland. R. M. Influence of oxygen
and glucose supply conditions on the oxygÃ©nationof multicellular spheroids,
Br. J. Cancer, 53:345-353, 1986.

3520

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2426848/cr0460073513.pdf by guest on 19 M

ay 2023




