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ABSTRACT

To investigate the effects of glucose and oxygen on spheroid growth,
EMTo/Ro mouse mammary carcinoma cell spheroids were cultured in
suspension in either 0.28 HIM(20%) or 0.07 HIM(5%) oxygen and 16.5,
5.5, 1.7, and 0.8 HIMglucose. The spheroids initially grew at the same
exponential rate in all culture conditions, with spheroid volume and cell
number doubling times of 20-24 h. The growth rates slowed as the
spheroids grew, and the maximum volume and cell number attained at
growth saturation were proportional to the oxygen and glucose concen
trations in the medium. There was a 500-fold difference in saturation
sizes comparing spheroids cultured in the highest oxygen and glucose
concentrations to those grown in the lowest. The thickness of the viable
cell rims was also positively correlated with the oxygen and glucose
concentrations in the medium. Comparison of the growth saturation and
viable cell rim data showed an excellent correlation between the onset of
central necrosis and the cessation of spheroid growth. A model is pre
sented to explain the observed spheroid growth characteristics by pro
posing a competition between externally supplied growth and viability-
promoting factors and internally generated inhibitory factors produced
by the process of necrosis. This model has critical implications for the
use of spheroids as models of cellular growth in tumors.

INTRODUCTION

One of the most useful features of the multicellular tumor
spheroid system as an in vitro tumor model is the ability to
precisely control the external environment while maintaining
the cells in the spheroid microenvironment. In spite of this
advantage over /';/ vivo experimental tumor models, few of the

published studies involving spheroids have been designed to
investigate the effects of the culture conditions on spheroid
growth and internal structure. Those results which have been
reported suggest that both the internal and external environ
ments are critical in many aspects of spheroid growth and
morphology (1). Folkman (2) has reported a plateau in spheroid
growth at very large sizes, which was attributed to the produc
tion of growth-inhibitory substances by the cells. Carlsson et al.
(3) have shown variations in many spheroid parameters among
different cell lines, but they provide no information as to
whether the phenomena were related to different nutrient re
quirements and utilization rates of the cells. Franko and Suth
erland (4) have shown a dependence of the thickness of the
viable cell rim of V-79 spheroids on the oxygen tension in which
the spheroids were grown. Durand (5) has reported differences
in V-79 spheroid growth rate, cell packing, and viable cell zone
dependent on the concentration of fetal bovine serum in the
culture medium. A critical role for glucose in the control of the
growth of 9L rat brain tumor spheroids has been proposed (6,
7), but the conclusions are based on theoretical estimations
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with no confirmation by growth studies or direct measurements
of glucose concentration gradients. Models of spheroid growth
by Landry et al. (8) and others (9-11) assume that the supply
of some nutrient(s) is critical in the control of the spheroid
growth fraction. The relative locations of subpopulations of
cells in spheroids, as indicated by the work of Sutherland et al.
(12) and detailed by Freyer and Sutherland (13, 14), support
this concept.

There are several indirect lines of evidence suggesting that
oxygen and glucose are vital nutrients for cells in spheroids.
Exposures to low oxygen and glucose concentrations have been
shown to affect tumor cell morphology and viability in vitro
(15-17). Measurements with oxygen microelectrodes by Muel-
ler-Klieser and Sutherland (18, 19) and others (20, 21) indicate
that the concentration of oxygen can be zero in the central
regions of spheroids. Recent work by Mueller-Klieser et ai (22)
has also suggested that the external glucose supply may be
critical in the development of necrosis in spheroids. This is
supported by our study of the penetration of substances into
spheroids (23), the results of which indicate that very low
glucose levels may also be present in the spheroid cell mass.
Tumors in vivo have been found to contain regions deficient in
both of these nutrients (24, 25), and this has been correlated
with the presence of pyknotic cells and necrosis (26-28). The
process of cell loss is important in tumor growth kinetics (29),
and there have been suggestions that oxygen and perhaps glu
cose deprivation are intimately involved in the process of ne
crosis and the related process of apoptosis (30) in tumors.

Based on the past work implicating the critical nature of both
of these metabolites in spheroid and tumor growth regulation,
we have studied the effects of different external oxygen and
glucose concentrations on the growth rates and the development
of necrosis in EMT6/Ro mouse mammary carcinoma tumor
cell spheroids. We report that these metabolites have a direct
regulatory effect on the development of necrosis, and that this
also gives them an indirect role in spheroid growth regulation.
A model will be presented to explain the observed spheroid
growth kinetics and the relationship between the onset of ne
crosis and the cessation of spheroid growth. An investigation
of the development of nonproliferating and nonclonogenic cell
subpopulations in these spheroids is given in the companion
paper (14).

MATERIALS AND METHODS

Growth Medium. The medium used in these experiments was made
in 6.5-liter batches using reagent-grade chemicals (Fisher Scientific) to
prepare glucose-free Earle's salt solution, to which were added amino

acid, vitamin, and glutamine supplements (Grand Island Biological
Company) in the formulation for MMI . ' This glucose-free BME was

then supplemented with 15% FBS (Flow Laboratories) and a-D-glucose
(Fisher) to give final glucose concentrations of 16.5, 5.5, 1.7, and 0.8
HIM. The same lot numbers of serum, amino acids, vitamins, and
glutamine were used throughout. The osmolarities of these media were

3The abbreviations used are: BME, Eagle's basal medium; FBS, fetal bovine
serum; GP, growth-promoting; VP, viability-promoting; GI, growth-inhibitory;
VI, viability-inhibiting.
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OXYGEN/GLUCOSE REGULATION OF SPHEROID GROWTH AND NECROSIS

adjusted by manipulation of the sodium chloride concentration and
were 300-320 mOsmol as measured by a freezing-point osmometer
(Advanced Instruments). The actual glucose concentrations were within
3-5% of the desired value as measured with a standard enzyme reagent
kit (Sigma Chemical Company). All of these media supported a level
of growth and clonogenicity of monolayer EMT6/Ro cells equivalent
to normal BME made from powdered stock.

Monolayer Cell Culture. Stock monolayer cultures of EMT6/Ro cells
were maintained as described previously (13). To obtain large numbers
of exponentially growing cells, single cells were inoculated into 100-
mm culture dishes (Falcon Plastics) at a density of 5 x IO5 cells per

dish in 10 ml of normal BME with 15% FBS. Growth of these cells for
24-26 h resulted in the production of 1.5-2 x 106exponentially growing

cells per dish. All spheroids were initiated as described below from
these monolayer-cultured cells.

Spheroid Initiation and Sorting. Spheroids were initiated by inoculat
ing 1 x 10s monolayer-derived cells into each of thirty 100-mm bacte

riological dishes (Lab Tech Industries) containing 15 ml of normal
BME with 15% FBS (glucose concentration, 5.5 HIM). These were
incubated under standard conditions (13) for 95-100 h, and then the
spheroids were removed into 50-ml centrifuge tubes by gentle washing
of the dish surface. At the time of harvesting, the medium was at pH
7.2-7.3 and contained 4-4.5 mM glucose. The spheroids were allowed
to settle, the medium was removed, and the spheroids were washed
once with medium at 4Â°Cand resuspended in fresh medium at 4Â°C.

The spheroids were then sorted to get a uniformly sized population
using a series of screens according to the method of Wigle et al. (31).
The yield from this procedure was 6-8 x IO4spheroids 140-160 /Â¿min

diameter containing 400-600 cells per spheroid.
Spheroid Culturing. After sorting, a 1.0-ml sample of the spheroid

suspension was placed in a 60-mm dish, diluted with 5 ml of medium,
and the total number of spheroids was counted with the aid of a phase-
contrast microscope and a grid under the dish. Aliquots of the sorted
spheroid population containing 1 x IO4 spheroids were then placed

into each of four 50-ml centrifuge tubes on ice, and the spheroids were
washed twice by the addition of 20 ml of medium containing the four
different glucose concentrations. These spheroids were then placed into
four large spinner flasks (total volume, 500 ml) containing 200 ml of
the appropriate medium. These flasks were fitted with an apparatus for
supplying a humidified gas mixture containing either 5% or 20% oxygen
in 3% CO2, balance nitrogen, at a flow rate of 0.28 liters/min. The
flasks had been equilibrated at 37Â°Cunder these conditions for 18-24

h prior to use. The flasks, gassing apparatus, and gas humidifier were
all contained in a controlled-temperature room (Hotpack Company) at
37 Â±0.2"C.

The spinner flasks were replenished with 170-180 ml of fresh me
dium every 10-14 h as follows. A 250-mI volume of each medium was
removed from storage at 4Â°C12 h before use. For spheroids cultured

in 20% oxygen, the medium bottles were flushed with 3% CO2 in air
for 1 min, sealed, and placed in a 37Â°Cwater bath. Medium with 5%

oxygen was prepared by placing the refrigerated medium in 500-ml
bottles containing spin bars and fitted with the apparatus for continuous
gas flow. These bottles were then placed in the 37Â°Croom, and a

mixture of 5% oxygen, 3% CO2, and 92% nitrogen was passed through
the bottles at 0.95 liters/min. The fresh medium was left to equilibrate
to the correct temperature and gas content for 10-12 h. The medium
in the spinner flasks was replenished by allowing the spheroids to settle
with the spin bar stopped, removing the medium by suction, adding
preequilibrated medium up to a 200-ml total volume, and flowing the
correct gas mixture over the surface of the medium at a very rapid rate
for 30 s in order to establish the correct gas phase in the flask. The
flasks were then replaced in the warm room as described above and not
disturbed until the next medium change. A 5.5-ml sample of the used
medium was removed immediately prior to feeding and sealed in a glass
tube with no overlying gas phase for assay of the pH and glucose
concentration as described below.

Spheroid Sampling. For spheroids less than 400-500 //m in diameter,
sampling was done by mixing the spheroids in the flask with a 10 ml
pipet and removing a volume of the spheroid suspension. For measuring
the population mean diameter, a 10-ml sample was removed immedi

ately after medium change, assayed, and replaced into the flask. For
assay of the number of cells per spheroid and for spheroid histology,
100 ml of the medium containing the spheroids were removed at the
time of medium change, and then medium replenishment was continued
as above. Spheroids were sampled by the later technique every 2 days,
so that the number of spheroids in the flask was halved every 48 h. The
number of spheroids in a 1.0-ml aliquot was counted as described above
to determine the total number of spheroids in the flask.

The preceding sampling procedure was carried out for the first 8-10
days in the spinner flask, so that the spheroid number was reduced to
650 per flask. After this time, the spheroids were sufficiently large that
sampling was done by allowing the spheroids to settle in the flask,
removing several hundred to a 60-mm dish, and manually removing
the desired number; the remaining spheroids were replaced into the
flask. At the termination of each experiment, 50-75 spheroids remained
per flask. This procedure insured that the total number of cells per
flask remained below 1.5 x IO7,or 7.5 x IO4cells per ml.

Medium Conditions during Growth. The medium replacement sched
ule and the spheroid sampling technique were chosen in order to
maintain the culture conditions in these flasks as close to uniform as
possible throughout the entire growth period. The media discarded at
each change were assayed for pH and glucose concentration as a check
on the actual conditions to which the spheroids were exposed. The
media exposed to spheroids for 12-14 h had mean pH values of 7.2-
7.3, with some values as low as 7.1 recorded for the 16.5 mM glucose
medium. The glucose concentrations of the discarded media were all
within 10% of the initial concentration, giving a time-averaged variation
in the desired concentration of 5%. The oxygen concentrations in these
media were not monitored during growth. Measurement of the oxygen
equilibration rate of these spinner flasks under the conditions used was
made using a membrane-covered, Clarke-type oxygen electrode (32)
according to the method of Whillans and Rauth (33). Calculations
using the measured A;,value of 1.02 x 10~2min"1 and the known oxygen

consumption rate of EMT6/Ro cells in spheroids (34) indicated that,
in all cases, the medium oxygen tension was within 90-95% of the gas-
phase tension. Measurements of the oxygen solubility of these media
at 37Â°Caccording to the method of Robinson and Cooper (35) gave

concentrations of 0.28 mM when equilibrated with 20% oxygen and
0.07 mM when the gas phase was 5% oxygen (see also Ref. 32). The
number of single cells in the medium removed from the flasks at each
feeding was also counted. From these cell counts, the time interval
between feedings, the number of spheroids in the flask, and the mean
volume of the spheroids at that time, a cell shedding rate was calculated
in terms of the number of cells shed per mm2 of spheroid surface per

h.
Spheroid Diameter Measurement. The mean size of a spheroid pop

ulation was determined by measuring 2 orthogonal diameters on each
of 50 spheroids using an inverted microscope fitted with a calibrated
eyepiece reticule. These raw measurements were then input to a com
puter algorithm which calculated the geometric mean diameter for each
spheroid, the mean and standard deviation of the population, the range
of sizes, and the individual and population mean volumes. The absolute
difference between the two orthogonal measurements on each spheroid
was also recorded and averaged as an estimate of the degree to which
these spheroids were actually spheres. This parameter was always 1-
5% of the mean diameter of the spheroid population.

Spheroid Dissociation and Cell Counting. The method for completely
dissociating a spheroid population into its component single cells
depended on how the spheroids had been sampled from the flask.
Spheroids less than 400-500 urn in diameter were placed in a 50-ml
tube on ice, and a 1.0-ml sample of the spheroid suspension was counted
to determine the total number of spheroids in the sample. When the
spheroids had settled, the medium was removed, and the spheroids
were washed once with BME without FBS. This medium was removed
after settling, and the spheroid pellet was resuspended in 10 ml of
0.05% trypsin (Worthington Biochemicals) in sodium citrate buffer.
Five ml of this suspension were placed into each of two special dishes
(13), and these were agitated at 37Â°Cfor 15 min. The trypsin action

was stopped by the addition of an equal volume of BME with 15% FBS
at 4"( '. and the cell suspensions were mixed by pipet. Spheroids larger
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OXYGEN/GLUCOSE REGULATION OF SPHEROID GROWTH AND NECROSIS

than 500 //in in diameter were manually picked out from the sample
taken from the flask, and 25-100 were dissociated as described above.
The total number of cells released was determined with an electronic
particle counter (Coulter Electronics) equipped with a volume distri
bution analyzer. The counts were corrected for debris using these
volume distributions and were within 5% of counts on a hemocytom-
eter.

Histology and Thickness of the Viable Cell Rim. Spheroids were fixed
intact and prepared for serial 5-jum paraffin sectioning and eosin-
hematoxylin staining as described in detail elsewhere (13). To measure
the thickness of the viable cell rim, the spheroid diameter in several
serial sections was measured until the slide containing the largest
diameter section was found. Two orthogonal measurements each of the
outer diameter and the necrotic center diameter were then made; these
measurements were repeated on the serial sections immediately before
and after this center section. The rim thickness was calculated as the
mean of the individual differences between the outer spheroid and inner
necrotic region measurements in each orthogonal direction. The three
sets of observations for each spheroid were then averaged, and 20-25
spheroids were measured for each paraffin block. These data, along
with the population mean diameter prior to fixing, were input to a
computer algorithm which calculated the mean and standard deviation
of the rim thickness and a shrinkage factor defined as the ratio of the
mean spheroid diameter before fixation to that afterwards. There was
10-20% shrinkage of the spheroids under these conditions, and all
values reported have been corrected for this factor.

Estimation of Onset of Necrosis. The initial onset of necrosis is
difficult to observe directly in histolÃ³gica! sections, due to the small
size of the spheroids involved and the difficulty in identifying minimal
amounts of necrotic material. To estimate the spheroid diameter at
which necrosis first developed, we used the data relating the thickness
of the viable cell layer to the spheroid diameter (see Fig. 3). These data
were fit by the method of linear least squares to yield an equation
describing the change in this thickness with diameter

T=aD + b (A)

where / is the thickness of the viable cell layer, l> is the spheroid
diameter, a is the slope of the best fit line, and b is the /"-intercept of

the fit line. We then assumed that the spheroid diameter at which
necrosis initially develops (A>) is twice the thickness of the viable celllayer at that diameter ('/"â€ž).

D0 = 2To (B)

However, these diameter and thickness values, I),, and /"â€ž.must also

satisfy Equation A, since it is this equation which describes the best fÃ®t
to the measured values relating these two parameters. Substituting the
value for '/'â€žfrom Equation B into Equation A and simplying gives

D0
(2b)

1 - 2a) (Q

Equation C, then, relates the diameter of the spheroid when necrosis
tirsi develops (A>) to the fÃ®tparameters (a and b), and it was used to
estimate this quantity using the data in Fig. 3.

RESULTS
As described in "Materials and Methods," EMT6/Ro sphe

roids were cultured in eight different combinations of oxygen
and glucose concentrations, representing a 20-fold range in
glucose concentration and a 4-fold range of oxygen tensions.
Two independent populations of spheroids were grown in each
of these media. Fig. 1 shows growth curves for four different
culture conditions: the highest oxygen/glucose combination,
the lowest combination, and two intermediate levels. In all
cases, the growth was exponential for the first 3-4 days in the
spinner flask and then showed a progressive reduction in growth
rate with increasing time. Linear least-squares best fits to an
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Fig. 1. Growth rates of spheroids in terms of total spheroid volume as a
function of time in culture for growth in the indicated conditions. O and *,
individual values from two different experiments determined from diameter
measurements as described in "Materials and Methods"; lines are nonlinear least-

squares best fits to the Gompertz growth equation.

Table 1 Volume growth parameters for spheroids
Comparison is made of initial rates of growth and plateau level for total

spheroid volume of EMT/Ro spheroids grown continuously in various oxygen
and glucose concentrations. Exponential doubling times are estimated by linear
least-squares best fits to an exponential growth equation over the first 3-4 days
of growth in the flask. Initial doubling times and maximum volumes are calculated
from nonlinear least-squares best fit parameters to the Gompertz model.

Oxygen Glucose Exponential Initial
concentration concentration doubling time doubling time Maximum

(HIM) (mM) (h) (h) vol (cm3)

0.280.0716.55.51.70.816.55.51.70.8222223212122222323211818192118174.4x10~M1.1
x10-M8.3
xIO-18.3
xIO"17.7

xIO'36.1
xIO-11.5
xIO"47.8
x IO"5

Â°Values involve extensive extrapolations from the measured data.

exponential growth equation showed no significant difference
in the volume doubling times (21-23 h) for any of the culture
conditions over the first 3-4 days of growth (Table 1). In order
to obtain objective estimates of the initial growth rates and the
saturation sizes, these data were fit to the Gompertz growth
equation (32, 36), as is indicated by the solid lines in Fig. 1.
This mathematical expression is based on an actuarial model
developed by Gompertz (37) and assumes that growth is initially
exponential but that the growth coefficient is itself exponen
tially decaying with time, so that a saturation of growth is
attained. Nonlinear least-squares best-fit parameters for the
Gompertz equation are given in Table 1 in terms of the initial
volume doubling times and the saturation volumes. The two
independent sets of data in each growth condition were fit
together to give one estimate for spheroid growth in that
medium. In agreement with the purely exponential growth
equation, the Gompertz equation indicated that there was no
large variation in the initial growth rates of these spheroids.
There was a good correlation between the maximum volume
which the spheroids attained and the oxygen and glucose levels
in the media, however (r2 > 0.91). Some of these values are

extensive exprapolations of the data (and are so noted), but a
subsequent experiment in one of these conditions (0.28 mM
oxygen and 5.5 mM glucose) showed that the predicted satura
tion size was virtually identical to the maximum size actually
attained by the spheroids. Growth in either a lowered glucose

3506

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2426358/cr0460073504.pdf by guest on 19 M

ay 2023



OXYGEN/GLUCOSE REGULATION OF SPHEROID GROWTH AND NECROSIS

or a lowered oxygen concentration resulted in a reduction in
the saturation size, with the exception of the change from 1.7
to 0.8 HIMglucose in 0.28 HIMoxygen. The spheroids cultured
in the highest levels of these nutrients grew to a Gompertzian-
projected volume =560 times that of spheroids grown at the
lowest concentrations; this represents a difference of 3850 urn
in diameter.

The spheroid volume data demonstrate the differences in
growth as a function of the culture condition, but this is a crude
measure, since it gives no indication of the internal composition
of the spheroids. Fig. 2 shows the growth of the spheroids in
terms of the total cell content per spheroid, for the same
representative culture conditions as in Fig. 1. Analysis of these
data using the exponential growth equation gave 21- to 25-h
doubling times over the first 3-4 days, again with no consistent
differences between the various growth conditions (Table 2).
Table 2 also gives the best-fit parameters to the Gompertz
growth equation. There was a difference between these two
estimates of the initial growth rates, but they were still within
a factor of 1.5. The Gompertz equation underestimates the
initial growth rate for growth curves which are sharply curving,
as was the case for the lower oxygen and glucose conditions
(36). There was an excellent correlation (r2 > 0.99) between the

maximum number of cells per spheroid and the oxygen or
glucose concentration in the medium. Growth in 16.5 HIM
glucose and 0.28 mM oxygen yielded, at saturation, spheroids
with =460 times more cells than those grown in the lowest
levels of these nutrients. The cell cycle status and clonogenic
capacity of the cells from these spheroids during growth in
these different media are given in the companion paper (14).
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Fig. 2. Growth rates of spheroids in terms of total spheroid cell content as a

function of time in culture. Symbols and lines are as described in Fig. I.

Table 2 Cell number growth parameters for spheroids
Comparison is made of initial rates of growth and plateau level for total

number of cells in EMT6/Ro spheroids grown continuously in various oxygen
and glucose concentrations. Values were obtained as explained in Table I, using
the data in Fig. 2.

Oxygen Glucose Exponential Initial
concentration concentration doubling time doubling time Maximum

(mM) (mM) (h) (h) cell no.

0.2816.55.51.70.80.07

16.55.51.70.8242523242322212226232524191919173.5

x10Â«Â°9.8
x10Â»Â°2.8
x10'2.1
x10s1.3

x10s5.6
xIO41.8
xIO47.6
x IO5

One factor which could explain differences in the growth of
these spheroids would be variations in the rates of shedding of
mitotic cells from the spheroid surface (38). To test this possi
bility, the cell shedding rate was calculated from information
measured at every replenishing of the culture medium as ex
plained in "Materials and Methods." There was not any corre
lation between the number of cells released per mm2 of spheroid

surface area per h and the spheroid diameter in any growth
condition (r2 < 0.1). The mean cell shedding rates for each
culture condition varied from 175-280 cells per mm2 per h,

with a mean of 221. There was no correlation between the
culture condition and the cell shedding rate (r2 < 0.19).

A further measure of the internal composition of spheroids
is the extent of central necrosis, or, conversely, the thickness of
the viable cell layer. Fig. 3 shows the variation in the thickness
of the cellular zone as a function of the spheroid diameter for
spheroids cultured under the different conditions. The lines
indicating linear least-squares best fits to the data all had
negative slopes, with the exception of that for spheroids cul
tured in 0.28 mM oxygen and 1.7 HIMglucose, in which case
the slope was nearly zero. This finding demonstrates that the
thickness of the viable cell layer decreased with increasing
spheroid diameter. In general, the slopes of these fit lines
depended on the glucose concentration, varying from -1.7 /Â¿m
reduction in rim thickness per 100 /Jin increase in diameter for
spheroids cultured in 16.5 IHMglucose to -5.2 Â¿tmper 100 Â¿mi
for spheroids cultured in 0.8 HIM glucose. There was little
variation in slopes comparing spheroids cultured in a given
glucose concentration and the two different oxygen concentra
tions.

Fig. 3 also indicates a strong correlation between the culture

300-

200-

100H

300^

100-

0.28 mM O2

O.O7 m M O

500 1000 1500

"Values involve extensive extrapolations from the measured data.

SPHEROID DIAMETER fam)
Fig. 3. Thickness of the viable cell rim of spheroids as a function of the

spheroid diameter at which the measurements were made. Top, culture in 0.28
mM oxygen and 16.5 mM (O), 5.5 mM (â€¢),1.7 mM (D). or 0.8 HIM(â€¢)glucose.
Bottom, culture in 0.07 mM oxygen and the corresponding glucose concentrations.
Values are means of 20-25 spheroids measured as described in "Materials and
Methods"; lines are linear least-squares best Titsto all data points for each growth
condition. Standard deviations of these values were 3-7% of the mean value.

3507

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2426358/cr0460073504.pdf by guest on 19 M

ay 2023



OXYGEN/GLUCOSE REGULATION OF SPHEROID GROWTH AND NECROSIS

conditions and the thickness of the viable cell layer for spheroids
of a given diameter. The effect of glucose is shown in Fig. 4, in
which the data for spheroids 300-1000 urn in diameter have
been grouped according to the oxygen concentration in the
culture medium and plotted as a function of the glucose con
centration. There was a better correlation of the thickness of
the viable zone with the logarithm of the glucose concentration
(r2 > 0.95) than with the glucose concentration directly (r2 <
0.88). For spheroids cultured in 0.28 IHM oxygen, a 2-fold
decrease in the glucose level resulted in a reduction of 32.8 /mi
in the thickness of the viable cell zone (r2 = 0.97); a 2-fold drop

in glucose for spheroids cultured in 0.07 HIM oxygen gave a
46.4 uin decrease in the viable cell zone (r2 = 0.9S). Except for

culture in 16.5 m\i glucose, reducing the oxygen concentration
in the medium also reduced the size of the viable cell zone.
Note that these two nutrients appear to interact: the dependence
of the size of the viable cell layer on the glucose concentration
is greater at the lower oxygen level. Conversely, the spheroids
cultured in lower glucose concentrations show a larger reduc
tion in the viable cell zone for the same decrease in the amount
of oxygen in the medium. Considering a common size of
spheroid used for therapeutic studies (800-1000 /Â¿m),these
data indicate that reducing the oxygen and glucose levels in the
medium can result in a 4.5-fold decrease in the thickness of the
viable cell layer, this translates into a 3-fold reduction in the

volume of the cellular zone.
The data in Fig. 4 indicate that oxygen and glucose are

involved in the development of necrosis. From the data in Fig.
3, one can obtain an estimate of the size of spheroid at which
necrosis first develops, as explained in "Materials and Meth
ods." Although there are theoretical models to predict the

relationship between the spheroid diameter and the thickness

SÃ¬

300-

aoo-

100-

0.28 mM O2

300-1

200-

100-

O.O7 mM O'Â¿

oÃ io 100

GLUCOSE CONCENTRATION (mM)
Fig. 4. Thickness of the viable cell rim as a function of the glucose concentra

tion in which the spheroids were cultured. Points, mean of data from Fig. 3 for
spheroids 300-1000 ./min diameter cultured in a particular glucose concentration;
bars, SD. Top, data for spheroids cultured in 0.28 mM oxygen; bottom, correspond
ing data for spheroids cultured in 0.07 HIMoxygen. Lines are linear least-squares
best fits to each set of values.

of the viable cell rim (9, 11), our data were well fit by a simple
linear least-squares best fit to a straight line (see Fig. 3). The
spheroid diameter at which necrosis was estimated to first
develop is shown in Table 3 as a function of the oxygen and
glucose concentrations in the medium. Reducing either the
oxygen or the glucose concentration in the culture medium
results in the initiation of necrosis at a smaller diameter, with
the exception of reducing the oxygen tension for spheroids
cultured in 16.5 mM glucose. In order to test whether there was
any correlation between the development of necrosis with the
cessation of growth, the growth saturation sizes for spheroid
volume and cell number was plotted in Fig. 5 as a function of
the spheroid diameter at which necrosis first developed as an
indicator of necrotic development (Table 3). For spheroids
cultured in given oxygen tension, there was an excellent corre
lation between the logarithm of the spheroid size at saturation
and the size at which necrosis first developed (r > 0.91 in all
cases). This observation implies that spheroids grown in a low
oxygen or glucose concentration would be exposed to any toxic
products from the formation of necrosis at a smaller size, or,
in other words, at an earlier time during growth, than spheroids
cultured in higher concentrations of these nutrients. Note,
however, that spheroids cultured in 0.28 mM oxygen grew =20-
fold larger in terms of volume and = 10-fold larger in total cell
content than corresponding spheroids grown in 0.07 mM oxy
gen, even though necrosis was initiated at the same spheroid
diameter.

An important factor involved in the diffusion of nutrients
into the viable cell rim is the cell packing density in the viable
rim: differences in this parameter among spheroids cultured in
these various conditions would affect the penetration of oxygen
and glucose into the spheroids and thus alter the appearance of
necrosis. Using the data on spheroid volumes (Fig. 1), spheroid
total cell number (Fig. 2), and the extent of necrosis (Fig. 3),
the cell packing densities as a function of spheroid diameter
were calculated for the spheroids grown in each of the different
culture conditions in terms of the number of cells per cm3 of

viable spheroid volume. There was no correlation (r < 0.26)
between the cell packing densitÃ©sand the spheroid size for any
growth condition. Table 4 shows the mean cell packing densities
as a function of the oxygen and glucose concentrations. There
is a considerable error associated with each of the individual
cell packing density values, as these are calculated from three
separately measured parameters each having a 3-10% error. It
can be seen from Table 4 that the differences in this parameter
among the growth conditions are generally less than the stand
ard error associated with the mean values.

DISCUSSION

The results presented here extend the limited information
available on the regulation of proliferation and viability in

Table 3 Spheroid diameter at onset of necrosis
Spheroid diameter at which necrosis initially develops as a function of the

medium conditions during growth is shown. The diameters at the onset of necrosis
were estimated from the data in Fig. 3 as explained in "Materials and Methods."

Oxygen
concentration

(mm)0.280.07Glucose
concentration

(mM)16.55.51.70.816.55.51.70.8Diameter

at
onset of necrosis

CUD)516413235220510320174152

3508

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2426358/cr0460073504.pdf by guest on 19 M

ay 2023



OXYGEN/GLUCOSE REGULATION OF SPHEROID GROWTH AND NECROSIS

Table 4 Cell packing density in spheroids
Cell packing density in the spheroid viable cell rim as a function of the oxygen

and glucose concentrations in the growth medium is shown.

Oxygen
concentration

(IBM)0.280.07Glucose
concentration

(mM)16.55.51.70.816.55.51.70.8Cell

packing
density

(cells/cm3)2.5

Â±0.27'1.8

Â±0.212.0
Â±0.232.2

Â±0.212.1

Â±0.241.9
Â±0.162.2
Â±0.122.0

Â±0.31
" Mean Â±SE of 15 values individually calculated as described in the text.

nui h iccllu lar spheroids (1). The growth curve fit parameters in
Tables 1 and 2 demonstrate that the spheroids grew at essen
tially the same rate for 3-4 days, even though the oxygen and
glucose concentrations in the medium were greatly different.
Measurements of the consumption rates of these nutrients by
EMTo/Ro spheroid cells (34, 37), and of the rates of oxygen
(39) and glucose (23) diffusion into the spheroid, demonstrate
that steady-state concentration gradients of these metabolites
would be established within an hour of exposing the spheroids
to the different media. Thus, in the first 3-4 days of growth
there did exist large differences in the glucose and oxygen levels
in spheroids cultured in these different conditions, yet they all
grew at essentially the same rate. This strongly suggests that
neither glucose nor oxygen had a direct effect on the early
growth of the cells in these spheroids. The growth studies shown
here do demonstrate a large effect of the glucose and oxygen
concentrations on the later growth of the spheroids. However,
currently available data cannot unambiguously determine if this
is a direct effect of these nutrients, or an indirect influence
mediated by some other mechanism.

The saturation size of the spheroids cultured in the lowest
oxygen and glucose concentrations may have been influecned
directly by these nutrients. Measurements with oxygen micro-
electrodes (19, 39) have demonstrated that the consumption of
oxygen by the cells in the spheroid induces a region around the
spheroids which is depleted of oxygen. The extent of this
depleted zone has been shown to be a function of the number
of respiring cells in the spheroid (39). As the spheroid grows
larger, the depleted zone surrounding it also increases, and the
concentration of oxygen at the surface of the spheroid decreases
(18). Presumably, this same phenomenon could occur for glu
cose. Since the oxygen and glucose concentrations at any point
inside the spheroid are directly related to the surface concentra
tions, it is possible that, in larger spheroids, the local environ
ment is depleted to such an extent that the glucose and oxygen
concentrations in the spheroid drop to levels at which the
proliferation of the cells is directly affected. This effect would
be most pronounced in spheroids cultured in the lower oxygen
and glucose concentrations. However, work by our group with
EMTo/Ro single cells (not shown) and by others (7, 15, 40)
has demonstrated that the concentrations of oxygen or glucose
must be very low before cellular growth is affected. Compari
sons of measured oxygen tension gradients in large spheroids
(18, 41) with the distribution of proliferating and nonprolifer-
ating cells in these spheroids (13, 14) indicate that cells became
quiescent in spheroids at oxygen levels which allow unrestricted
growth of monolayer cultures. Thus, it is possible that oxygen
and glucose were directly limiting the growth of the spheroids
in the lowest concentrations of these nutrients tested, while this
did not seem to be the case for culture in more normal concen

trations of these nutrients, i.e., 0.28 mM oxygen and 5.5 mM
glucose.

The data in Fig. 3 demonstrate that the thickness of the viable
cell rim was dependent on the diameter of the spheroid at which
it was measured. This dependence has been predicted by math
ematical modelling (9), and its occurrence in other spheroid
systems has been reported (3, 20). Our data indicate that the
decrease in rim thickness as a function of diameter was greater
for spheroids cultured in the lower oxygen and glucose concen
trations. The development of necrosis at a given spheroid
diameter is also clearly dependent on the glucose and oxygen
concentrations in the culture media (Fig. 4). The data in Table
4 indicate that there were no differences in the packing of the
cells in the viable rim which could affect the thickness of the
viable cell zones. These data suggest an interaction between
these nutrients, as is evidenced by the fact that the decrease in
rim thickness for a given change in glucose concentration is
dependent on the oxygen concentration, and vice versa. This
interaction may be mediated by the relative consumption rates
of these two nutrients as a function of their respective concen
trations; i.e.. lowering the oxygen concentration increases the
glucose consumption rate of the cells (34, 41). This means that
changing the concentration of one of these metabolites could
significantly affect the intraspheroid concentration of both of
them. One must also consider the actual concentrations of these
nutrients at the spheroid surface; these can change as a function
of the spheroid diameter due to the increase in the total number
of consuming cells and the resulting larger nutrient-depleted
zone around the spheroid (39). With the limited data available,
it is not possible to state conclusively which of these nutrients
is the critical one in controlling cell viability. Mueller-Klieser
et al. (22, 41) have shown that necrosis can develop at high
oxygen concentrations under certain culture conditions, while
in other conditions the central oxygen concentration is near
zero when necrosis develops. Franko and Sutherland (42) have
reported that some of the cells in spheroids acutely exposed to
low oxygen concentrations die in a few hours, while others last
over a period of several days. This observation, along with our
data, suggests that cells may be able to remain viable when
oxygen is depleted if sufficient glucose is present; the converse
may also be true. There are also other factors which could affect
the formation of necrosis in spheroids which have not been
controlled in these experiments, such as the intraspheroid pH,
the concentrations of other nutrients, and the production of
toxic waste products by the cells and by the process of necrosis
itself. In fact, our data and those of Mueller-Klieser et al. (41)
indicate that for spheroids cultured in the highest oxygen and
glucose concentrations, cells were not deprived of either of
these metabolites at the spheroid diameter at which necrosis
initially developed. Clearly, the interactions between oxygen
and glucose are complex, and the development of necrosis even
in the relatively simple spheroid system is not merely a function
of the supply of one nutrient.

A definite conclusion from these experiments, however, is
that the nutrients critical to the development of necrosis are
involved in the energy metabolism of the cells. The influence
of both oxygen and glucose may be through a common general
mechanism; when the energy-producing capacity of the cell
drops below a certain minimum amount, either by deprivation
of oxygen or glucose or some combination of the two, then the
cell lyses. ATP production has been shown to be severely
reduced in tumor cells exposed to either a lowered glucose (16)
or oxygen (43) concentration. It has been proposed that the
total amount of ATP available is a critical factor in the main-
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tenance of cell viability (43, 44), perhaps mediated through the
requirement for energy in order to maintain the functional
integrity of the cell membrane (45). This concept is supported
by a recent report demonstrating that cells near the necrotic
center of spheroids, although appearing morphologically intact,
were unable to maintain Ca2++ or K+ gradients across their

membranes (46). The steps leading up to the death of cells by
apoptosis as a result of nutrient deprivation (17,47) could also
be explained by a declining energy production and a progressive
loss of membrane integrity. These changes seem to correlate
well with observations of cell death in tumors (48). More
biophysical and biochemical analysis of the cells undergoing
necrosis in spheroids will be necessary before the mechanism
behind the regulation of viability is understood.

The data presented here also indicate that the separate proc
esses of growth and viability regulation are, in fact, closely
related. Fig. 5 demonstrates that the onset of necrosis was very
well correlated with the onset of growth saturation. As discussed
above, under certain conditions it may be possible that the
oxygen or glucose concentrations in the spheroid were low
enough that cellular growth was directly affected. The excellent
correlation shown in Fig. 5 suggests the alternative hypothesis
that oxygen and glucose are directly involved only in the onset
of necrosis, and that the development and expansion of central
necrosis then regulate the growth rates of the spheroids. It has
been previously suggested that toxic products diffusing out of
the necrotic core of spheroids are responsible for growth satu
ration (2, 8). Our data make a strong case for such a regulatory
phenomenon, especially in view of the fact that the correlation
between necrosis and growth saturation holds under all of the
culture conditions tested. Recent work by our group has dem
onstrated that a similar relationship exists for spheroids grown
from several other cell lines (49). There have been reports of
the cytotoxic and cytostatic effects of extracts from necrotic
areas in tumors on cultured cells (50, 51), and the same effects
have been proposed to occur in situ in tumors (52). We have
shown that an extract from spheroids with extensive necrosis
can reduce the proliferation and the clonogenicity of monolayer
tumor cells (49). Interestingly, in the present study the sphe
roids grew to a larger saturation size in the higher oxygen
concentration, even though necrosis was initiated at the same
spheroid diameter (Fig. 5). This suggests that oxygen may be

10"

V Â«f

Â£s10-

I ?

DIAMETER AT ONSET
OF NECKOSfS (/tan)

Fig. 5. Spheroid saturation size, in terms of total spheroid volume or total
spheroid cell number, as a function of the diameter at which necrosis first
develops. Different symbols indicate culture in 0.28 HIM (â€¢)or 0.07 HIM(O)
oxygen. Values are individual estimates from the data in Tables 1 and 2 and Fig.
3; lint-\ are linear least-squares best fits.

involved in the relative cytostatic effectiveness of toxic products
produced by necrosis.

The data presented in this paper have led us to the develop
ment of a model to explain the regulation of growth and viability
in spheroids; this model is schematically represented in Fig. 6.
During the initial processes of cell aggregation and growth (7.),
both GP and VP factors reach all of the cells in the spheroid.
After growing to a certain size, the penetration of GP factors
becomes limited, and a quiescent cell subpopulation develops
(2.). Growth of the spheroid continues to a size at which the
penetration of VP factors becomes restricted, and central ne
crosis then develops (3.). There is the possibilty that one sub
stance could be both a GP and a VP factor, but be effective in
promoting these different processes at different concentrations.
Expansion of the outer cell layer and of the necrotic core
continues, with increasing production of GI factors by the
process of cell lysis. A transition phase (4.) is attained when GI
substances reach a concentration at the proliferating cell layer
such that cell growth is inhibited. The control of spheroid
growth is then transferred from externally supplied GP factors
to internally generated GI products. The spheroid will continue
to grow during this phase, but as the necrotic core expands and
the point at which a critical concentration of GI factors is
attained moves further from the spheroid center, the number
of proliferating cells decreases and the growth rate slows. Even
tually, the thickness of the proliferating cell zone is reduced to
the point at which all new cells are lost by cell shedding and
movement toward the spheroid center, and a saturation of
spheroid growth is attained (5.). It is also possible that when
the necrotic core becomes very extensive, VI factors produced
by cell lysis may affect the viability of cells near the necrotic
core and thus reduce the size of the cell rim.

This model illustrates how the processes of cell death and
growth saturation are related, and it can explain the growth
kinetics shown in Figs. 1 and 2. It has recently been suggested
that a similar competition between stimulatory and inhibitory
factors may be involved in the growth regulation of monolayer
cell cultures (52). We would conclude that neither oxygen nor
glucose is directly involved as GP substances in the early growth

1. INITIAL 4 TRANSITION

2. QUIESCENCE

3. NECROSIS

5 SATURATION

U PROLIFERATING CELLS
ffi NON-PROLIFERATING CELLS

â€¢ ACELWLAR NECROSIS

Fig. 6. A representation of the model for the interaction of growth promoters
(HI'), viability promoters (YP), growth inhibitors (<>7).and viability inhibitors
(17) at different stages in the growth of a spheroid. Arrows indicate the direction
and extent of penetration into or cut out of the spheroid; shading indicates the
presence of proliferating cells, nonproliferating cells, and acellular necrosis.
Details of the model are given in the text.
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of spheroids, but that both of these metabolites are VP factors.
This model is clearly a simplification of a complex process, but
it does serve to suggest areas for future research. The identifi
cation of growth-promoting substances for cells in spheroids is
completely lacking, in spite of a large body of literature impli
cating various hormones and protein growth factors (56). The
isolation and characterization of growth- and viability-inhibi
tory factors from spheroids are also areas which deserve more
attention, especially in view of their potential role in tumor
growth regulation (53).

The results presented here also have some practical implica
tions for the use of spheroids as in vitro tumor models. Previous
reports (54, 55) have discussed the problem of nonuniform
oxygen supply during spheroid growth and subsequent irradia
tion. The present study shows that allowing either the oxygen
or the glucose concentration in the culture medium to fluctuate
in an uncontrolled manner during growth can greatly alter the
spheroid growth rates as well as the extent of central necrosis.
The exact effects of such changes on the response of cells in
spheroids to therapeutic treatment have only been documented
in a few cases (5, 52), but these can reasonably be assumed to
be significant. It is also evident from the present study that
careful consideration should be given to the exact culture con
ditions used when comparing results from two different sphe
roid laboratories. For example, EMT6 spheroids grow well in
either Eagle's or Waymouth's medium, but the glucose concen

tration in these formulations differs by a factor of 5. The
additional problems of local glucose and oxygen depletion, and
of toxic waste removal, in static culture of spheroids in agar
make reproducible conditions almost unattainable at large sphe
roid sizes. The critical nature of precise control of the oxygen
and glucose supply to spheroids is also emphasized in the
companion study (14), which details the effects of these nu
trients on the development of cell subpopulations.
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