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Summary Direct comparison of the cell age response of 9L and KHT tumour cells derived either from tissue
culture or solid tumours was achieved. Cells from dissociated KHT and 9L tumours (the latter implanted
either subcutaneously or intracerebrally) and cells from tissue culture were separated into homogenous sized
populations by centrifugal elutriation. In both tumour models these homogeneous sized populations
correspond to populations enriched at different stages of the cell cycle. The survival of these elutriated cell
populations was measured after a single dose of Cs-137 gamma rays. For cells isolated from 9L solid
tumours, there was little variation in radiosensitivity throughout the cell cycle; however, a very small but
significant increase in resistance was found in late G, cells. This lack of a large variation in radiosensitivity
through the cell cycle for 9L cells from solid tumours also was seen in 9L cells growing in monolayer tissue
culture. When similar experiments were performed using the KHT sarcoma tumour model, the results showed
that KHT cells in vitro exhibited a fairly conventional increase in radioresistance in both mid G, and late S.
However, the cell age response of KHT cells from solid tumours was different; particularly in the late S and
G2 +M phases. These data demonstrate that direct extrapolation of in vitro cell age responses to the in situ
situation may not always be valid.

Much of our present knowledge concerning
variations in the survival of mammalian cells after
irradiation at different stages of the cell cycle is
derived from experiments performed on tissue
culture cells grown as monolayers. Although it
would appear reasonable to assume that variations
in the cell age response to radiation ought to be
similar in situ and in vitro, this has not been
demonstrated conclusively. A limited number of
studies with S phase-specific chemotherapeutic
agents have shown qualitative agreement between
results obtained in vitro and in vivo (Rajewsky,
1970; Madoc-Jones & Mauro, 1970; Grdina et al.,
1979), but such information is not available for
radiation. It is generally observed that cells derived
from solid tumours often exhibit an increased
radioresistance over those cells grown as
monolayers (Steel, 1977; Hill et al., 1979; Siemann
& Kochanski, 1981). A similar increased
radioresistance has also been reported for
oxygenated cells in multicellular spheroids
(Sutherland & Durand, 1976). Although the exact
mechanism for such a phenomenon is presently
uncertain, it is conceivable that this increased
radioresistance might not occur to exactly the same
extent in cells at different phases of the cell cycle. If
this were the case, then the in situ cell age response

might be different from that predicted on the basis
of observations on tissue culture cells. In addition,
cells in solid tumours are exposed to many
microenvironmental factors such as differences in
hypoxia, pH, nutrient depeletion and host-tumour
interactions. Such variations could also differently
affect the radiation responses of cells at different
phases of the cell cycle in solid tumours.
The most direct way of studying the in vitro to in

situ cell age response is to prepare synchronized cell
populations from both solid tumours and cultured
cells and to generate age-response survival curves
for them. In order to achieve this, a method to
obtain homogeneous populations of cells isolated
from solid tumours and tissue cultures at different
stages of the cell cycle is required. In the past, we
have successfully obtained relatively synchronous
cell populations of both in vitro and in situ derived
cells using centrifugal elutriation (Keng et al., 1980;
Keng et al., 1981). This relatively nonperturbing
method gives fractions containing .90% G1 cells,
50-80% S cells and . 70% G2 +M cells from
suspensions prepared from solid tumours or
exponentially growing cultured cells (Keng et al.,
1980; Keng et al., 1981). In this report, we have
used these synchronized cell populations to
compare the in vitro and in situ age response to
ionizing radiation. The two tumour systems used
for this study were the subcutaneous or
intracerebral rat 9L gliosarcoma and the mouse
KHT sarcoma. Both tumour systems have been
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commonly used as animal models for radiotherapy
and chemotherapy studies (Rockwell, 1977;
Rockwell, 1980).

Materials and methods

Cell lines and implantation conditions:
Rat 9L/Ro tumours

9L cells derived from an N-methyl-nitrosourea-
induced rat brain tumour originally described as an
astrocytoma (Schmidek et al., 1971) were routinely
grown in supplemented Eagle's Basal Medium
(BME) containing 10% newborn calf serum
(Wheeler et al., 1975). Exponentially growing
9L/Ro cells were used for the in vitro experiments.
For the in situ experiments, subcutaneous (s.c.)
9L/Ro tumours were initiated by implanting 1 x 106
exponentially cultured cells into the inguinal region
of the male Fisher 344 rats (Wheeler et al., 1984;
Wallen et al., 1980). Fourteen days after
implantation, tumours weighing 0.5-0.9 g were
removed from the animals. Single cell suspensions
were obtained by a 30min enzymatic dissociation
with 0.5% trypsin (Wallen et al., 1980). For each
individual experiment, approximately 0.5-1.0 x 108
cells recovered from one tumour was used.
Intracerebral (i.c.) tumours were obtained by
implanting 5 x 103 exponentially growing 9L cells
into the cerebrum of male Fisher 344 rats (Barker
et al., 1973; Leith et al., 1975). Three to six
intracerebral tumours weighing 70-150mg each
were pooled together in each experiment to yield
enough cells in each elutriated fraction for the cell
survival measurements. A complete description of
all the above procedures and their influence on the
radiation response of 9L cells in vitro and in situ
has been published (Wheeler et al., 1984).

Mouse KHT tumours

KHT tumours (Kallman et al., 1967) were
transplanted by injecting 2 x 105 cells in the calves
of female C3H/HeJ mice. After 10-11 days, animals
with 0.5-0.7 g tumours were killed and their
tumours excised for the experiments. Tumours were
dissociated into single cell suspensions by a
combined mechanical and enyzmatic dissociation
procedure (Thomson & Rauth, 1974). The in vitro
KHT sarcoma subline (KHT-iv/1) was obtained
from a primary KHT tumour as has been
previously described (Siemann et al., 1981). KHT-
iv/1 cells are maintained in a ax-minimum essential
medium (a-MEM) supplemented with 10% foetal
calf serum. Cells from cultures that had grown
exponentially for two days were used for the in
vitro experiments.

Synchronization by centrifugal elutriation

The details of the elutriation procedures for
isolating synchronous cell populations from
cultured cells and solid tumours have been reported
previously (Keng et al., 1980; Keng et al., 1981;
Siemann et al., 1981). Since the biophysical
properties of the cells in each tumour system were
different in terms of their size distributions, cell
cycle distributions, percentage of host cells in the
suspensions, etc., individual separation procedures
have been developed accordingly. In general, the
elutriator system was sterlized by autoclaving and
then flushing with 70% ethanol prior to the
separation. During the separation procedure, the
elutriator system as well as the elutriation fluid
(BME or a-MEM medium) were held at 4°C.
Approximately 1 x 108 cells from solid tumours or
5 x 107 cells from exponentially growing monolayer
cultures suspended in 20ml of BME or oc-MEM
medium were loaded into the separation chamber at
a specific rpm and specific flow rate. After loading
the samples, the rotor speed was decreased in
increments to - 2000 rpm with a variable number
of 40 ml fractions collected at each interval. The cell
number and cell volume distribution from each
separated fraction were measured with a Coulter
Channelyzer System (Model ZBI, C1000). The
percentage of separated cells in the G1, S and
G2+M phases of the cell cycle was determined by
flow cytometry and autoradiography as described
previously (Keng et al., 1980; Keng, et al., 1981).
The percentage of non-neoplastic host cells in each
separated fraction was scored from cytospin
centrifuge prepared slides stained with Wright and
Giemsa stain.

Irradiation

To measure the changes in radiosensitivity
throughout the cell cycle, cells from every fraction
separated by centrifugal elutriation were seeded into
25cm2 tissue culture flasks and irradiated in tissue
culture medium at 4°C with 137Cs y-rays at a dose
rate of - 5.78Gymin-1. Single doses of 6 and 9Gy
(9L tumours), or 7.5 and 1OGy (KHT tumours)
were delivered. Following the irradiation,
clonogenic cell survival in the various fractions was
determined using in vivo to in vitro colony forming
assays. The detailed procedures for both 9L and
KHT cells have been described previously (Leith et
al., 1975; Wheeler et al., 1984; Thomson & Rauth,
1974; Rosenblum et al., 1975). Since cell
suspensions prepared from 9L or KHT tumours
contain -40-60% non-neoplastic host cells
(Siemann et al., 1981), all cell survival values
reported for solid tumours were corrected on the
basis of differential counts performed on cytospin
slides (Siemann et al., 1982). In some experiments,
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9L subcutaneous tumours were irradiated first in
situ, then dissociated into single cells, elutriated and
finally plated for colony formation. In others, cells
from the tissue culture adapted KHT-iv/1 cell line
were inoculated into animals, grown as tumours,
dissociated, elutriated and irradiated. The average
survival was always determined from at least three
replicate experiments.

Results

The cell volume and cell cycle distributions of
exponentially growing in vitro 9L/Ro cells and of
9L/Ro cells from subcutaneous tumours are shown
in Figure 1 and Table I. Although the cell volume
distribution of tumour derived 9L cells was smaller
than that of in vitro cells, the cell cycle distribution

Table I Cell cycle distribution for 9L cells

Percentage
Source of 9L
cells Method of analysis G1 S G2+M

in vitro flow cytometry 68 23 9
in vitro autoradiography 26
s.c. tumour flow cytometry 63 21 16
s.c. tumour autoradiography 19

was essentially identical for both in vitro and
tumour derived 9L cells. When homogeneous
populations of 9L/Ro cells at various stages of the
cell cycle were isolated by centrifugal elutriation,
fractions containing .95% G1 cells, _80% S cells
and .75% G2 +M cells were obtained from
exponentially growing cultured cells (Keng et al.,
1980), and fractions of .90% G1 cells, _50% S
cells, and >70% G2+M cells were obtained from
the solid tumours (Keng et al., 1981). The survival
of cultured 9L/Ro cells after irradiation with 6 or
9 Gy of 137Cs gamma rays is shown in Figure 2. We
and others have previously shown, for the 9L/SF
and 9L/KC sublines (Keng & Wheeler, 1980;
Kimler & Henderson, 1982), that exponentially
growing cells exhibit a relatively constant
radiosensitivity across the cell cycle with only a
slight increase in resistance observed in late G1 (i.e.,
a factor of 1.4) and an increase in sensitivity in late
G2. The present results show a similar response
across the cell cycle not only for the 9L/Ro subline
(Figure 2) but also for 9L cells isolated from both
i.c. (Figure 3) and s.c. (Figure 4) 9L tumours.

It has been shown that 9L/Ro cells from s.c.
tumours are more radioresistant than those
obtained from i.c. tumours following irradiation in
situ (Wallen et al., 1980). Therefore, the cell age
response of 9L/Ro cells grown as s.c. tumours also
was assessed after irradiation in situ. For this study,
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Figure 1 Cell volume distributions and DNA histograms of cells from in vitro and s.c. 9L tumours. (a) Cell
volume distribution of in vitro 9L cells. (b) DNA histogram of in vitro 9L cells. (c) Cell volume distribution of
cells derived from s.c. 9L tumours. (d) DNA histogram of cells derived from s.c. 9L tumours.
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Figure 2 Age response of irradiated in vitro 9L cells.
After trypsinization the cells were elutriated into
fractions, irradiated in ice cold medium, and then
plated for colony formation. (A) 6 Gy; (0) 9 Gy.
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Figure 4 Age response of cells from 9L s.c. tumours.
After dissociation into a single cell suspension, the cells
were elutriated into fractions, irradiated in ice cold
medium and then plated for colony formation (A)
6 Gy; (0) 9 Gy.
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Figure 3 Age response of cells from 9L i.c. tumours.
After dissociation into a single cell suspension, the cells
were elutriated into fractions, irradiated in ice cold
medium and then plated for colony formation. (A)
6 Gy; (0) 9 Gy.

9L s.c. tumours were first irradiated in situ, then
dissociated into single cells, elutriated and finally
plated for colony formation. The result is shown in
Figure 5. The shape of the curve through the cell
cycle was essentially identical to that obtained in all
of the other experiments (Figures 2-4), but the
position of the resistant peak appears to have
shifted from late G1 to the G1/S boundary or early S.
The response of KHT tumour cells derived from

tissue culture or solid tumours was also

lo-
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Figure 5 Age response of 9L s.c. tumours. After
irradiation in situ, the tumours were dissociated into a
single cell suspension, irradiated in ice cold medium
and then plated for colony formation. (0) 9 Gy.

investigated. Figure 6 and Table II show the cell
volume and cell cycle distributions of these cells.
Although there appeared to be a slight decrease in
the percentage of S cells in the solid tumours, there
was no dramatic difference in the distribution of
KHT cells at different phases of the cell cycle. The
degree of synchrony obtained for in vitro KHT was
.95% G1 cells, >82% S cells, and >75% G2+M

cells while for the cells from the tumour it was
.90% G1 cells, >75% S cells and .70% G2+M
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Figure 6 Cell volume distributions and DNA histograms of cells derived from in vitro and solid KHT
tumours. (a) Cell volume distribution of in vitro KHT cells. (b) DNA histogram of in vitro KHT cells. (c) Cell
volume distribution of cells derived from solid KHT tumours. (d) DNA histogram of cells derived from solid
KHT tumours.

Table II Cell cycle distribution for KHT cells

Percentage
Source of KHT
cells Method of analysis G1 S G2+M

in vitro flow cytometry 43 36 21
in vitro autoradiography 35
tumour flow cytometry 50 29 21
tumour autoradiography 26
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cells (Keng et al., 1981). In vitro KHT cells exhibit
a more conventional increase in radioresistance in
mid G1 and late S and the S/G2 boundary after
irradiation (Figure 7). However, a different cell age
response to radiation was measured for KHT cells
dissociated from solid tumours (Figure 8). The
early G1 cells derived from solid tumours were
slightly more radiosensitive than those mid G1 cells
obtained from KHT tissue cultures. The most
radioresistant portion of the cell cycle was found in
the G1/S boundary. The radioresistance decreased
from mid S through late S phase with G2 +M cells
being particularly radiosensitive. The age response
of mid S through G2 +M cells from culture was

substantially different from that of cells from solid
tumours. This difference was maintained in cells
derived from tumours initiated by inoculating
KHT-iv/1 cells (Figure 8).
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Figure 7 Age response of in vitro KHT cells. After
trypsinization the cells were elutriated into fractions,
irradiated in ice cold medium and then plated for
colony formation. (0, El) 7.5 Gy; (A, V) lO Gy.
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The experiments described in this report form the
basis of studies to compare the tumour cell-age

a0 4response in vitro and in situ. Such a comparison is
complicated by factors other than inherent cell

a 0O8 vO\O sensitivity, such as the nutritional state of the cells
A/8 O^ 00 0and in particular their oxygenation status. These

v0 * v factors could play a role in determining the
-A \response of cells after irradiation. The tumour

systems used in these experiments are different with
/ respect to the presence of hypoxic cells. 9L tumours
o0\ grown either i.c. or s.c. have been shown to lack

*\° radiation resistant hypoxic cells (Wallen et al.,
0 1980; Wheeler et al., 1984). However, KHT
\o tumours in the size range used in these experiments

contain 20-30% hypoxic cells (Hill & Bush, 1977;
Hill, 1980). Therefore, to initially minimize the
influence of hypoxic cells in interpreting the cell age
response, cells derived from tissue culture and solid

* \ tumours were compared after irradiation in vitro.
The data showed that while in 9L cells a very

a similar radiation response was seen across the cell

S G2 cycle irrespective of whether the cells were derived
,_____ ,____ ,_____ ,____ ,_____ ,____ ,___ from culture or in situ (Figures 2-4), this was not
5 10 15 20 the case for KHT sarcoma cells (Figures 7 and 8).

Median cell volume (RM3 x 10-2) Since 9L tumours do not contain hypoxic cells,
the in situ cell age response to radiation of

Age response of cells from KHT solid subcutaneous tumour cells was investigated to
in situ. Tumours were transplanted by either determine if factors other than hypoxic cells would
cells derived from tissue culture (KHT-iv/1) affect the results. The tumours of air-breathing rats

tumour cell suspensions. After dissociation irradiated, dissociated into single cells,
Lgle cell suspension, the cells were elutriated
ions, irradiated in ice cold medium and then elutriated and plated. The results (Figure 5) showed
)r colony formation. (0, 0, A) 7.5 Gy, a similar cell age response curve as was seen in
were transplanted with cells derived from those experiments in which the cells were irradiated
nours; (4,4) ) 7.5Gy, tumours were in vitro (Figures 2-4). However, the position of the
Led with tissue culture derived KHT-iv/1 cells; resistant peak was shifted to G1/S boundary or
)Gy, tumours were transplanted with cells early S. This shift is most likely due to the
om solid tumours. progression of cells at G1 phase to G1/S boundary

or early S phase (Keng & Wheeler, 1980). Usually
it took 20min to irradiate the tumours and remove

them to 4°C. An additional 30 min at 37°C was

required for the dissociation procedure. The cell
volume of synchronized cultured 9L cells has been

tl elutriation, a relatively non-perturbing shown to increase as they progress through the cell
for synchronizing cells, was used to cycle at 37°C. If the subcutaneous tumour cells
amogenous populations of cells with underwent a similar relative volume change during

their position in the cell cycle. The the post-irradiation time of 50min at 37°C, the
procedures used in these experiments resistant cells in late G1 at the time of irradiation

us to improve the homogeneity of would have a volume equivalent to that of cells at
fractions by taking many fractions close G1/S boundary or in early S at the time of
long collection method) and thus cells elutriation. Thus, the identical relatively flat cell age

y phase of the cell cycle can be obtained. response to radiation found for 9L cells from tissue
e of synchrony of separated tumour cells culture and from solid tumours grown in two
modified centrifugal elutriation procedure separate locations suggest that the factor(s)
?arable to those found in monolayer cell responsible for the increased radioresistance of 9L
Keng et al., 1981) and consequently a cells in subcutaneous tumours (Wallen et al., 1980)
iparison of the age response to radiation must influence survival at all stages of the cell cycle
:m tissue culture or solid tumours could to the same extent.

On the contrary, our KHT data indicate that

524 P.C. KENG et al.
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factors other than those associated with the
response of G1, S and G2+M cells irradiated under
the uniform environmental conditions found in vitro
differentially influence the cell age response to
radiation in situ. Since the KHT tumours were
maintained by in vivo passage while the in vitro
experiments were carried out on the KHT-iv/l
subline which is maintained in culture, one possible
explanation for the difference in cell age response
observed (Figure 7 vs. 8) could be that changes in
cell characteristics had occurred during selection
and passage of the in vitro subline. That this is not
the case is indicated by the experiments in which
tissue culture derived KHT-iv/l cells were injected
into mice. Cells derived from the resultant tumours
demonstrated the same radiation response across
the cell cycle as did cells dissociated from KHT
tumours passaged in the usual manner (Figure 8).
Another possible explanation relates to the presence
of non-proliferating (quiescent) cells in tumours. It
has been shown that solid tumours may contain
various percentages of quiescent cells (Kallman et
al., 1979; Dethlefsen, 1979) and the radiation
sensitivity of these cells may be different from those
of proliferating cells. For instance, quiescent cells
isolated from mouse mammary tumour cells are
more sensitive to heat (Wallen & Sullivan, 1983)
and may be more radiosensitive than exponentially
growing cultured cells (A. Wallen, personal
communication). Also quiescent cells derived from
EMT6 multi-cell spheroids have been found to be
more radiosensitive (Luk & Sutherland, 1984).
Fractions containing synchronized cells derived

from KHT solid tumours may have quiescent cells
at different phases of the cell cycle and, therefore,
may show a different response to radiation than
those observed for exponentially growing tissue
culture cells. Other possible factors responsible for
the different in vitro and in situ cell age response to
radiation include the contact effect (Sutherland &
Durand, 1976; Hill et al., 1979; Siemann &
Kochanski, 1981; M. Guichard, personal
communication) and the presence of host cells in
the synchronized populations from solid tumours.
The cytotoxic effect of host cells (lymphocytes and
macrophages) could differentially inhibit the growth
of certain tumour subpopulations. However, our
previous studies showed that the host cells isolated
from KHT tumours (predominantly macrophages)
did not change the clonogenecity of tumour cells at
different phases of the cell cycle (Siemann et al.,
1981).

In summary, the present results indicate that the
cell age response to radiation may be different for
cells derived from culture or solid tumours. At this
time, no general conclusion can be drawn regarding
the validity of extrapolating in vitro cell age
responses to those expected in situ. The KHT data
presented here clearly suggests the situation could
be very complicated.
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support, and M. Nickell for editorial assistance.
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