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SUMMARY

Multicellular "spheroids" of Chinese hamster V79 cells

grown in suspension culture are morphologically similar to
areas of some solid tumors. Single cells from spheroids were
obtained by trypsinization and assayed for colony-forming
ability after intact spheroids of different sizes were exposed to
ionizing irradiation. The multicomponent survival curves thus
obtained were shown to be the result of cells residing in three
states of radiosensitivity: radiosensitive GÃŒ-likenoncycling
cells, more resistant asynchronously cycling cells, and highly
radioresistant hypoxic internal noncycling cells. The influence
of intercellular contact as cells progressed through the cell
cycle was discussed with regard to radiotherapy.

INTRODUCTION

Most growing tumors are thought to be composed of cells in
at least 3 distinct states and with markedly different responses
to therapy (10, 12): (a) cells with adequate nutrients that are
actively proliferating; (b) cells more distant to the blood
supply that do not obtain sufficient nutrients and may enter a
so-called "resting" or G0 phase; and (c) an extension of state

b in which cells are also subjected to deficient supplies of
oxygen and consequently maintained in a hypoxic although
viable state. Approximations of these conditions in vitro for
experimentation have usually been achieved by growing cells
under ideal conditions until treatment and then abruptly
subjecting the cells to synchronizing agents or anoxia. While
the many experiments performed in this manner have
contributed immeasurably to the understanding of fundamen
tal radiobiological properties of mammalian cells, many unique
features of the in vivo situation have not yet been simulated
adequately in vitro.

Growth of cells to confluence, at which time normal cell
multiplication is inhibited independent of nutrient supply,
may be the best in vitro representation of solid tumors that
can be obtained with conventional cell-culturing techniques (2,
4). Unfortunately, even confluent monolayers may still lack at
least 3 important features of the in vivo tumor: extensive,
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3-dimensional intercellular contact; interaction of noncycling
and cycling populations of cells; and differing metabolic
environments due to diffusion limitations.

A unique culturing system has recently been developed in
which it is possible to grow 3-dimensional multicellular
"spheroids," morphologically similar to many nodular

carcinomas (19). Development of the spheroid in vitro is
highly analogous to solid tumor growth in vivo. As in the in
vivo tumor, a noncycling population of cells develops slowly
and is maintained in the presence of neighboring hypoxic and
normally cycling cells. Metabolites, including oxygen, do not
reach central areas of large spheroids, and central necrosis is
observed in spheroids greater than 300 /urn in diameter. These
similarities suggest that the spheroid provides a potentially
superior in vitro system for investigation of therapeutic
techniques applicable to solid tumors.

This report examines the responses of cells in the spheroid
to ionizing irradiation. The changing survival patterns as the
spheroids grow are documented, and the effects of cell cycle
stage on irradiation-induced cell death are examined. The
interactions of intercellular contact and position in the cell
cycle, with their implications for radiotherapy, are also
discussed.

MATERIALS AND METHODS

Chinese hamster V79-171B cells were grown in spinner
flasks in Eagle's basal medium supplemented with 5% fetal calf

serum (Grand Island Biological Co., Grand Island, N. Y.)-
Spheroids to be irradiated were removed from the culture
flask, "purified" by sedimentation to obtain a homogenous

population in terms of size (8), and resuspended in complete
medium in glass vessels. These were irradiated in a
temperature-controlled water bath maintained at 37Â°unless

otherwise specified. A humidified atmosphere of 97% air or
nitrogen plus 3% carbon dioxide was flushed through the
vessels during irradiation at a rate sufficient to maintain
equilibration of the medium. A 60Co source at a dose rate of

approximately 150 rads/min was used, and absorbed dose was
measured with lithium fluoride thermoluminescent powder
intercalibrated with a Baldwin Farmer secondary standard
dose meter.

After exposure, the medium was immediately removed, and
the spheroids from each irradiation vessel were rinsed with
0.25% Grand Island Biologicals lyophilized 1:250 trypsin in
citrate buffer and then transferred in trypsin to 60-mm Petri
dishes on a mechanical agitator. After 8 min, an equal volume
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of warm, complete medium was added, and the spheroids were
pipetted up and down 10 times to ensure multiplicities of
essentially 1.0. A dilution of the cells was counted, and Falcon
100-mm dishes containing 10 ml medium plus 15% serum were
seeded appropriately to allow growth of about 300 colonies
after 9 days. After plating, a final count was performed on the
last dilution of cells to ensure that accurate dilutions had been
made. Since the electronic counter gave 3-digit accuracy,
reproducibility was found to be excellent within any
experiment. Standard errors of the means of survivals were
smaller than plotting symbols on all figures.

Small spheroids were synchronized by adding Colcemid (0.5
Mg/ml) to the culture flask after 24 hr of growth. After 14 hr,
the spheroids were centrifuged and washed twice at 4Â°;then

they were resuspended in fresh, warm medium in the culture
flask. Single cells from plates were similarly exposed to
Colcemid and removed in the supernatant. Subsequent
treatment differed from the spheroid cells only in that single
cells were replaced in plates. Samples of the synchronous
spheroid or single cells were removed and treated as required.

Hydroxyurea was used selectively to kill cells synthesizing
DNA by exposing the cells to a 2 mM concentration of the
drug in complete medium for 2 hr. The spheroids were treated
after separation into single cells immediately after irradiation,
since preirradiation treatment would probably have resulted in
reoxygenation of the internal regions of the spheroid after the
outer S-phase cells died. Regrowth of cells from spheroids was
achieved by normal trypsinization of spheroids and
inoculation of growth plates. The entire plates were then
irradiated at subsequent intervals to determine the
radiosensitivity or pulsed with tritiated thymidine for analysis
of cell cycle position. The histology and autoradiography
procedures have been previously described in detail (7, 9).
Mitotic indices and multiplicities were also observed as a
function of time after plating.

RESULTS

The morphological similarities of spheroids to many nodular
carcinomas are demonstrated in Fig. 1. Small spheroids were
composed of asynchronous cells and grew with a
volume-doubling time of 11 hr, similar to the number-doubling
time of single cells on plates. As the spheroids enlarged, central
necrosis developed, indicating that 1 or more critical
metabolites were not available to internal cells (7). Gradients
of waste products were probably also established and modified
as the spheroid enlarged. Under standard growth conditions,
central necrosis was observed in spheroids larger than
approximately 300/jm in diameter.

Tritiated thymidine added to the growth medium was
incorporated into replicating DNA, indicating which cells were
in the DNA synthesis or S phase of the cell cycle. Fig. 2 is an
autoradiograph of spheroids grown in the presence of the label
for more than 4 normal cell cycles. Small spheroids were
completely labeled, indicating that all cells passed through at
least 1 DNA-synthesizing phase during the labeling period.
However, larger spheroids developed a decreased growth
fraction, with only the external layers of cells labeled.
Additional (unpublished) experiments with the use of

spheroids separated into single cells immediately before
exposure to the label showed an identical fraction of labeled
cells, suggesting that the thymidine did diffuse into the
spheroid and was available to internal cells. Figs. 1 and 2
emphasize the unique properties of this culturing system. Cells
grow under conditions of extensive 3-dimensional intercellular
contact, and a noncycling or slowly cycling internal
population of cells gradually develops.

The growth kinetics of spheroids was similar to that of
many tumors, with exponential and plateau phases as
indicated in Chart la-. The irradiation survival curves found for

typical spheroids of increasing ages are shown in the remaining
panels of Chart 1. Survival of individual cells was monitored
by irradiating spheroids intact, reducing them to single cells
with trypsin, and plating the single cells for conventional
colony formation. Regression analysis of points on the
exponential regions of the survival curve yielded values for
mean lethal dose D0 and extrapolation number n. Cells in
contact from spheroids grown for only 1 day were capable of
accumulating much more sublethal irradiation damage than
were control cells from plates, as indicated by the 18-fold
increase in extrapolation number and tripling of the shoulder
width or Dq (Chart \b). Since the radiosensitivity D0 of the
spheroid cells was not altered, the increased survival due to
enhanced accumulation of sublethal damage suggested that an
enhanced capacity for repair of sublethal damage may have
developed. Previous results have indicated that intercellular
contact was required for the effect (3). This "contact effect"

varies within the cell cycle, as does the capacity for repair of
sublethal damage in spheroids (R. E. Durand, and R. M.
Sutherland. Enhanced Accumulation and Repair of Sublethal
Radiation Damage at All Stages of the Cell Cycle by Cells in
Contact, in preparation.).

Chart le indicates that some cells within the spheroid were
accumulating in a more radiosensitive phase of the cell cycle.
It is well known that the terminal region of the survival curve
obtained with a mixed cell population represents the survival
of the most resistant cells. Due to the obvious resemblance of
the terminal portion of the curve with the broken line in Chart
\c to the curve for asynchronous spheroids of Chart 16, it was
assumed that this terminal region did in fact represent
asynchronous cells. The ratio of extrapolation numbers then
indicates that about 25% of the cells in Chart le were
asynchronous, which in turn implied that the remaining 75%
had become more sensitive to irradiation. This population was
probably composed primarily of internal cells, which were
residing in a radiosensitive part of the cell cycle that could
have been induced by nutrient deprivation but was more
likely due to contact inhibition of growth.

The Day 5 curve in Chart Id indicated that another
population of cells had appeared and exhibited more
radioresistance than the other cell populations. A typical
survival curve for "mature" spheroids with more complete

development of the resistant population is shown in Chart le.
Three components were clearly present, with 2 probably
reflecting cycling and noncycling cells, and the most resistant
population probably being hypoxic cells, which are well
known to be very radioresistant. Older spheroids in Chart If
had only 2 components, suggesting that the resolution of data
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was not adequate to detect the very small component
(thymidine-labeling index typically <10%) due to cycling cells.
The most resistant population was more radioresistant than
that of younger spheroids of Chart le and represented about
20% of the total cell population.

Cell cycle effects alone appeared to be responsible for 2
components of the curve and were of primary interest due to
their generality in all organized tissues. Since intercellular
contact would not necessarily cause identical effects at all
stages of the cell cycle, it was necessary to determine in detail
the survival characteristics of cells in contact. Asynchronous
cells in Day 1 spheroids were synchronized by exposure to
Colcemid, and the survival fluctations through the cell cycle
were determined. Chart 2 illustrates survival curves for single
cells and spheroids in the most sensitive and resistant positions
of the cycle. The enhanced capacity for accumulation of
sublethal damage in spheroids compared with single cells was
apparent at all phases of the cell cycle, that is, cells in contact
in all stages of the cell cycle have survival curves with large
shoulders. Single cells in late S phase had A>'s about 185 rads,

as did early GÃŒphase cells. However, although the curve for
early G( spheroid cells in contact had a comparatively wider
shoulder, it also indicated high radiosensitivity, with a D0 of
about 80 rads if the last 2 points were assumed to be the
terminal slope.

Cell cycle effects in the irradiation response of the spheroid
can be studied by removing the most radioresistant population
or by minimizing its influence. Two methods of eliminating
the hypoxic fraction are shown for 1 population of spheroids
in Chart 3. Complete and immediate reoxygenation was
expected if the spheroids were reduced to single cells before
irradiation, as observed in the lower curve of Chart 3. Another
method of removing the hypoxic fraction was to reduce
metabolic activity and oxygen consumption by lowering the
temperature of the spheroids to 24Â°for 20 min before and

during the irradiation. The slight increase in survival compared
with the previous case (n about double that for
pretrypsinization) was consistently observed for spheroids
irradiated intact and was thus attributed to cell contact (3).
Since irradiations and survival assays were performed
immediately after the 2 treatments, minimal progression
through the cell cycle would have been expected, and the
resulting biphasic curves again indicated that some cells had
accumulated in a specific radiosensitive part of the cell cycle.

Chart 4 shows the results of treatment of anoxic spheroids
with hydroxyurea, a chemical which, at appropriate
concentrations, selectively kills S-phase Chinese hamster cells
(6). Since the most resistant cells were already hypoxic,
making the entire spheroid anoxic in nitrogen would not be
expected to protect these cells additionally. Chart 4 indicates
that the spheroid irradiated under these conditions showed
only a 2-component curve. It would be predicted from the
synchronized spheroid curves that the cycling, S-phase cells
would represent the most resistant component of anoxic
spheroids. When the cells were exposed to hydroxyurea for 2
hr following irradiation, the more resistant component of the
biphasic curve was indeed eliminated. For comparison,
synchronized Day 1 spheroids at the position of maximum
radiosensitivity were irradiated in N2 and the survival curve
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Chart I. Survival of spheroid cells is shown for spheroids of various
sizes, a, typical spheroid volume as a function of growth time in days, b
to /, development of the multicomponent survival curves. , survival
curve of Day 1 spheroids, as in b. The survival curves have the following
parameters, b, single ceDs, Â£>â€ž= 169 rads, Dq = 330 rads, n = 7.4;
spheroids, Da = 188 rads, Dq = 915 rads, n = 130. c, Â£>â€ž= 203 rads, n =
32. e, Da = 222 rads; /, D0 = 285 rads. Spheroid sizes are mean
diameter of 20 or more spheroids Â±S.E.

was included. Since the drug-treated population included all
non-S cells, the slightly greater radioresistance than that of the
synchronous early G| cells was expected (Chart 4).

The survival curves of Charts 1 to 4 suggest that the internal
cells of the spheroids were accumulating in a radiosensitive
phase of the cell cycle. Since these cells were unaffected by a
short exposure to hydroxyurea, it follows that they were
located in either GÃŒor G2. Independent experiments designed
to study the cell kinetics of spheroid cells regrown as
monolayers have shown that most cells (typically >80%)
synthesize DNA before their 1st mitotic division on the plates,
thus indicating that the cells definitely stop in a GI-like
portion of the cell cycle. The typical survival pattern of cells
irradiated after various intervals of regrowth also confirmed
these results. Chart 5 shows that the cells exhibit the usual
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Chart 2. a, survival of synchronous single
cells at the most sensitive (Â£>0= 172 rads, Â«=
1.3) and resistant (Â£>â€ž= 186 rads, n = 17.9)
stages of the cell cycle, b, survival of
synchronous spheroid cells at the most
sensitive and resistant (D0 = 185 rads, n =
330) stages of the cell cycle. Synchronous
M-G,-phase single cells had a survival curve
continously concave downward over the doses
shown. The assumption that the last 2 points
define the exponential region gives a value of
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Chart 3. Survival of cells from 1 population of spheroids irradiated
under normal conditions and conditions designed to eliminate the
hypoxic fraction of cells. The last 3 points on the 37Â°curve define a Â£>0
of 212 rads. The 24Â°curve has a D0 of 166 rads with n = 38, and the

pretrypsinized curve has a D0 of 160 rads with n = 21. Spheroid size is
mean diameter Â±S.E.

decrease in survival accompanying separation and then
increased survival during S phase, with maximum survival
preceding mitosis about 3 hr as with synchronous single cells
(6). Preliminary results indicate that the initiation of DNA
synthesis, as measured by incorporation of labeled thymidine,
occurs 5 to 9 hr after regrowth is begun, with an older
spheroid having a longer presynthesis or GÃŒ-like phase.

The complex curve that characterized spheroid survival in

Chart 4. Survival of cells from spheroids irradiated under anoxic
conditions, for which Â£>â€ž=530 rads for the control curve.
Hydroxyurea was added after irradiation to kill S-phase cells, resulting
in a Da of 312 rads. Synchronous, small G, -phase spheroids irradiated
under anoxic conditions had a Â£>0= 295 rads. Spheroid size is mean
diameter Â±S.E.

air has been attributed to 3 cell states, including noncycling
hypoxic, noncycling aerobic, and cycling aerobic cells. Survival
curves obtained under conditions designed to eliminate 1 or
more of these states have confirmed that the postulated
conditions did exist. An alternate approach is to synthesize
survival curves theoretically when mixed populations of cells
are considered. Chart 6 shows broken survival curves for 3 cell
states: 73% GÃŒaerobic cells as in Chart 2b, 18% cycling cells
from Chart \b, and 9% noncycling hypoxic cells with survivals
as shown in Chart 4. The curve that would be obtained with
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Chart 5. Regrowth of spheroid cells after trypsinization and plating,
showing mitotic index (a) and isodose survival pattern (ft) when the
cells are treated with 1600 rads at various times after plating.

these subpopulations is the solid line, and data points of Chart
\e are also indicated for comparison. The actual mathematical
formula of each curve and the fitting technique are immaterial,
and the fractional estimates of each population type were not
a "best fit," since the essential point was that mixed

populations of cells with the proportions shown in Chart 6
would exhibit the survival pattern indicated.

DISCUSSION

Large qualitative and quantitative differences in the cellular
environment have been shown to occur in the tumor model
and were reflected by varying irradiation survival patterns
similar to those of some in vivo systems ( 1, 5). In summary, 3
specific states developed in the spheroids. External cells
continued cycling in a relatively normal manner, and survived
irradiation equally well as when irradiated after only 1 day of
growth as spheroids. Cells more distant from the periphery
tended to collect in a G !-like stage and became more
radiosensitive than the external population. The cells most
distant from the rim, also a Gi-like population, were hypoxic
and thus highly radioresistant. Of primary interest was the
interaction of cell cycle and cell contact, leading to the
survival curves shown in Chart 2. As previously suggested (R.
E. Durand, and R. M. Sutherland. Enhanced Accumulation
and Repair of Sublethal Radiation Damage at All Stages of the
Cell Cycle by Cells in Contact, in preparation), these and other
data indicate that intercellular contact may stimulate or
activate an additional, unique "repair mechanism," which may

have a different functional capacity at various stages of the cell
cycle.

Alterations in the multicomponent nature of the spheroid
survival curves required a more critical analysis than with
single cells. It was not considered meaningful to compare
multiple values of Â£>0and n directly in many experiments,

since the surviving cells contributing to the terminal portions
of survival curves were often in different stages of the cell
cycle. For example, in the curves of Chart 3, the "hypoxic"

fraction of the control curve had a D0 of 212 rads, and either
curve under reoxygenated conditions had a D0 of about 160
rads. Thus, the dose-modifying factor appears to be a factor of
only 1.3. However, the most resistant cells under reoxygenated
conditions were in S phase, whereas the hypoxic cells were
G^like. Chart 2 clearly indicates that much different
radiosensitivities or D0 values are seen at these phases when
cells are grown in contact. Compared with D0 = 80 rads or less
for G, cells in Chart 2b, the dose-modifying factor of the final
component of the control curve of Chart 3 represents a value
of at least 2.7, and other conditions (e.g., Chart le) may be
even more resistant. In addition, although similar survival
patterns were always observed, the nutritional state, size, and
history of given populations of spheroids governed survival
patterns; therefore absolute reproducibility was not expected.

Clearly, survival curves generated by acute exposures to
large doses of irradiation represent a different situation than
does the clinical practice of numerous smaller fractions. From
any of the curves presented for large spheroids, it is obvious
that typical therapeutic doses of 200 to 400 rads would result
in surviving cells being predominantly from the oxygenated
populations although the hypoxic fraction was virtually
unaffected. Hypoxic cells are thought to be a principle cause
of tumor recurrence due to their relative radioresistance, but
fractionated radiotherapy is often successful. Tumor "cure" is

dependent on the total irradiation scheme, which may include
reoxygenation periods. Thus, the tumor tissue may become
more susceptible to irradiation during the course of treatment
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Chart 6. Theoretical demonstration of the multicomponent survival
curves. Broken curves (in order of decreasing resistance), 9% noncycling
hypoxic cells (Chart 4); 18% cycling aerobic cells (Chart 1ft); and 73%
G, aerobic cells (Chart 2ft), respectively. Solid curve, theoretical
response predicted for a mixed population of this type; the symbols are
data points from Chart le included for comparison.
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(11). For these reasons, one cannot equate responses to single
and fractionated doses. However, if each dose of the
radiotherapy scheme is rendered maximally effective, although
each individua) dose may not affect hypoxic cells at all,
prognosis after the total course of therapy would be best. The
problem of hypoxic cells and a demonstration of enhanced
killing of spheroid cells with fractionated doses have been
shown elsewhere (7) and will not be considered further here.

The spheroid survival curve was biphasic at low doses, and
irradiation preferentially destroyed the more sensitive, GÃŒ-like
noncycling cells, suggesting that cycling cells would be
only slightly affected by each dose of a typical course
of radiotherapy. However, irradiation combined with a
chemotherapeutic agent expected to kill cycling cells would be
predicted to have highly satisfactory results.

It is also interesting to calculate the effect of various doses
on subsequent viable survivors after a given course of
treatment. Consider asynchronous spheroids, with survival
characteristics as in Chart lÃ². A typical fractionation scheme
of 30 fractions of 200 rads each would result in a survivingfraction of 1.8 X 10~3, assuming complete repair and no

progression between fractions. Conversely, due to the reduced
shoulder and greater radiosensitivity of early GÃŒ-phase
spheroid cells (Chart 22>), about 1.2 X IO"6 would be

expected to survive such a treatment. Increasing the fraction
sizes might be expected to enhance killing, but the
concave-downward appearance of the survival curves indicates
that the Dq value does not represent "wasted irradiation" to

the degree found in curves with smaller shoulders. In fact, 20
fractions of 300 rads kill GÃŒspheroid cells only to a fraction
of 9.8 X 1Q-7.

The model also predicts that greatly enhanced therapeutic
results might be expected if the "contact effect" could be

removed. This might be done with chemical agents or perhaps
physical changes such as hypothermia, since accumulation of
sublethal damage is greatly decreased in spheroids at 4Â°(4).

The fractionation scheme of 30 treatments of 200 rads each
would reduce the survival of G[ cells with no contact effects
(Chart 2a) to a value of 2.4 X 10~12, nearly 1 million-fold

better than the G, cells from spheroids. Similar improvements
would be expected for the cycling cells.

The results have suggested that cell cycle effects in
organized tissues including tumors may be primarily
responsible for their responses to individual therapeutic doses

of ionizing irradiation. The "noncycling" cells developing may

be more responsive to treatment, particularly if they collect in
a radiosensitive portion of the generation cycle. Chemotherapy
in conjunction with radiotherapy is strongly indicated for
optimal effectiveness, and the in vitro spheroid provides an
excellent model for such studies.
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Fig. 1. Photomicrograph of 3 spheroids. Note the progressive development of central necrosis as the spheroids enlarge. H & E, X 140.
Fig. 2. Autoradiograph of spheroids exposed to 3H-labeled thymidine for 48 hr. a, all cells uniformly labeled. Larger spheroids develop a

decreased growth fraction (b), and only the peripheral cells of large spheroids are cycling normally (c). H & E, X 210.
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