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ABSTRACT

The orowded growth conditions, altered blood sup-
ply and lack of growth regulation of many solld tumors
produces a cell population heterogeneous in morphology,
proliferation kinetics, oxygenation and nutrition. The
influence of these factors on cell growth and radiation
survival characteristlcs can easlly be studied using an
in vitro suspenslion culturing technique that produces
multicellular 'spheroidst' of complexlity intermediate to
standard cell cultures and animal tumors. Spherolds of
V79-171b Chinese hamster cells had growth kinetics sim-
1lar to many solid tumors, and a decreasing growth frac-
tion and accumulation of a partially synchronous, inter-
nal population of pre-DNA synthesis cells (hereafter
called Gy cells) were demonstrated autoradiographically
end with a microfluorometer. Development of central nec-
rosls was dependent on avallable metabolites, and under
optimal conditions of nutrition the viable rim of cells
was found to vary as the square root of oxygen concen-
tration, in asgreement with theoretical predictions.
Electron microscopy showed that 'close' and 'tight' Jjunc-
tions developed, as did intercellular contacts similar
to desmosomes.

Irradiated spheroids were reduced to single cells
by trypsinization, and survival was assayed by colony

xii



formation. Cells grown in contact for as little as one
day developed a higher capacity for accumulation of sub-
lethal radiation damage as reflected by survival curves
with extrapolation numbers (and hence survival at large
doses) increased by 15-fold. These small spheroids were
demonstrated to contain exponentially growing, well oxy-
genated cells, and could be synchronlzed by exposure to
colcemid. Irradiation of synchronized spheroids showed
that the contact effects were variable through the cell
" oycle, and that recovery from sublethal radiation dam-
age was maximum at late 3 phase. The Go population that
developed in lerger spheroids was found to be relatively
radiosensitive, as were early G1 phase synchronous spher-
oids. However, in very large spherolds, the internal
Go cells became hypoxic and thus highly radioresistant.
Large spheroids thus contalned cells in three subpopul-~
ations which could be selectively studied by killing
cycling S phase cells with hydroxyurea, or by vearying the
fraction of hypoxic cells by changing the oxygen tension
in the growth medium, varying the temperature to altex
oxygen consumption, reoxygenating the cells by reducing
the spheroid to single cells, or by specific sensitization
of the hypoxic cells with electron affinic chemlcals.
Spheroids thus contaln cells growlng under con-
ditions of oxygenation, nutrition and lntercellular contact

xill



similar to many solid in vivo tumors. In addition, the
ability to maintain precise growth and irradlation con=-
ditions plus the fact that survival of individual cells
can be studied suggest that spheroilds provide a tumor

model of unique potential for determining proliferation
and survival characteristics of therapeutically treated

or untreated cells.

xiv



I. GENERAL INTRODUCTION

Clinical treatment of cancer patients has devel-
oped emplrically, and the appropriate treatment of the
individual patient is now largely a matter of Judgement
based on the related experience of the treating phys-
lcians. One of the more common treatments, radiotherapy,
1s also one of the most empirical. This is not a recent
development, as the observations of tissue injury that
resulted from ignorance of the biologlcal effects of
X-rays likely contributed as much to the development of
early radiotherapy as did actual controlled experiments.
Although the vast advances that have since been made in
radiotherapy may be considered to be proof of the value
of the empirical approach, they also demonstrate its in-
herent limitations. Recent advances have been mainly
technological, that is, development of machines having
beams of more densely ionizing or higher energy radiation.
Lack of purely scientific progress has, however, led many
prominent therapists to speculate that radiotherapy may
have reached an impasse (Revesz 1968, Mitchell 1968) which
will be overcome only when more rational treatments can
be initiated, based on an analytical understanding of
blological effects of radiation at the cellular level.

In the past, experimental radiotherapy has been



largely restricted to the study of only a few types of
malignancies in rodents, such as lymphoma and leukemla
cells, and tumors either growing in ascites fluld or as
solid carcinomas, hepatomas, or sarcomas. Survival
of individusl normsl or tumor cells after treatment has
been assayed in the animal by many techniques (Hewlitt
and Wilson 1959, Till and McCulloch 1961, Kember 1963,
Bush and Bruce 1965, Withers 1966, Withers and Elklnd
1969 and 1970, Lindop 1970, Potten and Chase 1970),
but the procedures involved were rather laborlous and
time consuming. Unfortunately, tumor cell responses
to radlotherapy can be altered by many factors, includ-
ing host-cell immune reactlons, systemic responses of
the host, assimilation or dissimilation of nutritive or
toxiec materials or both, cellular interactions, changes
in cell cycle times or distributilons, and variations in
local oxygen tenslons or concentrations of other mod~
1fying agents. Whether or not a tumor can be tcured!
by radiation thus reflects the net contribution of all
these factors rather than the blologlcal effect of the
rediation alone on the individual cell in situ.
Quantitative assessment of cellular survival after
exposure to radiation in vitro was first demonstrated by

Puck and Marcus (1956). Extensive reviews of the radio-



bilology (Elkind and Whitmore 1967, Fabricant 1972) and

the radlation blochemlstry {okada 1970) of mammalian cells
in vitro are now avallable. There aré numerous advantages
to in vitro systems, in that cells can be meintained in a
more or less ldeal environment, free from ;mmunOIOgical
and other host-induced interactlions. Oxygenation and
local concentrations of other agents which may modify
radlation response can be precisely controlled, and exper-
iments can be performed relatively easily, economically,
and rapidly.

The use of in vitro systems, despite the obvious
advantages, 1s 1imited by the lack of complexity. As an
example, suppose that malignant cells growing in yvivo in
ascites fluld could be grown equally well in suspension
in vitro, under similar conditions of cell crowding and
nutrition. Analysis of cell survival after radiation ex-
posure would define the cellular response under each
growth condition, and comparison of the responses would
provide insight into the i{mmunological and systemilc cont-
vibutions of the host during the radiation treatment.
Although comparison of the results obtalned in vitro and
in yivo would be valuable and enlightening 1in the previous
instance, one can hardly rationalize the extrapolation of
data obtained with single cells in yitro to the case of

e solid tumor in yivo. llost solid tumors are thought to



be composed of cells in at least two distinct states of
markedly different responses to rediation (Thomlinson
and Gray 1955, Tannock 1968 and 1970): cells with ad-
equate nutrients which are actively proliferating; and
cells more distant to the blood supply which proliferate
more slowly due to deprivation of essentlal metabolites
including, at large distances, oxXygel.

Approximation of these conditions for in vitro
experimentation has usually been achleved by growing
cells under ideal conditions until treatment, and then
abruptly subjecting the cells to synchronizing agents or
oxygen-free atmospheres. Growth of cells to confluence,
where normal cell multiplication is inhiblted even in the
presence of adequate nutrients, may be the best in vitro
simulation of solid tumors that can be obtained with con-
ventional cell culturing techniques (Hahn et al 1968,
Berry et al 1970). Unfortunately, even confluent mono-
layers may still lack at least three important features of
the in yivo solid tumor: extenslve, three~dimensional
intercellular contact; interaction of populations of cells
cycling with different generation times; and gradual spon-
taneous development of differing metabolic environments
due to diffusion limitations.

An in vitro system of increased complexity, in which

cells are grown as three-dimensional colonles in semil-



solid medium (Dalen and Burki 1971, Shinohara and Okada
1972), or in normal medium in suspension culture as
multicellular 'spheroids' (Sutherland et al 1971) may
provide potentially useful in vitro models of some solld
tumors. Spheroids are particularly attractive, as they
have been demonstrated to have a morphological resemblance
to some nodular carcinomas (Sutherland et al 1971), grow
in a comparable manner (Inch et al 1970), and exhiblt a
multicomponent radiation survival curve similar to many
in vivo tumors (Sutherland et al 1970).

The remaining chapters of this thesils demonstrate
that the spheroid represents a model which allows better
analysis of the blological effects of radiation at the
cellular level for cells grown in a tumor-like environ-
ment, thus providing a possible system which may contribute
to the development of a more rational basis for optimizing
radiotherapy and possibly chemotherapy procedures. Chapter
II contains evidence that the spheroids grow with cells
close enough together to form intercellular Junctions,
and the effects of this close contact on survival after
irradiation is examined. Development of a slowly-cycling
population of cells and their survival after irradiation
are shown in Chapter III, and Chapter IV demonstrates that
highly radioresistant hypoxic cells develop spontaneously

in large spherolds.



II. INTERCELLULAR CONTACT
AND RADIATION SURVIVAL

2.1 Introduction

The Tirst and most apparent difference between
spheroids and conventlonal tissue culture systems is
the fact that spheroid cells grow under conditions of
extensive three-dimenslonal intercellular contact, which
more closely simulates that of organized tissues. Al=-
though multicellular structures in vitro have previously
been grown to determine cellular aggregation rates
(Moscona 1961, Moskowltz 1963 and 1964) and their cor-
relation with malignancy (Dodson 1966, Halpern et al
1966), the first recognition that such aggregates might
serve as potentlally valuable models of nodular carcin-
omas was made by Sutherland et al (1971).

It 1s extremely difficult to predict the effects of
intercellular contact per se on the radiosensitivity of
mammalian cells. A basic premise of cellular radio-
blology has been the concept that cells survive radiation
independently, that 1is, they are not influenced by neigh-
boring cells (reviewed in Elkind and Whitmore 1967).
However, results obtained by Froese (1967) and Aoyama
and Rixon (1967) suggest that irradiated cells may be
influenced by neighboring cells during the post-irrad-
lation perliod. 1In addition, it is well known that cells



in orgenized tlssues in yive often have all increased
survival after radiation in comparison to gimilar cells
yrradiated after growth in vitro (Alper 1972, Hornsey
19722 and 1972b). Hornsey has recently reviewed this
phenomenon (1972b), where che also indicated the con~
sequences of these observations to radliotherapy.
Spherolids can be grown under culturing conditions where
only physical geomebtry differs from normal growth of
single cells on petrl dishes, thus providing & system
where intercellular contact effects on radiation sur-

vivel can be easily studied.

2.2 Growth and lMorphology of Spherolds

24201 Introduction .

The remainder of this section wlll present evid-
ence that multicellular apherolds do in fact provide a
reagonable model of cells 1n organized tlssues (in terms
of intercellular contact)s and, as such, might be ex=
pected to respond to radiation in a manner similar t&

many orgenized tissues in ¥Vivo.

2242 Methods of single cell monolayer and spherold
growth
All results presented in tnis thesis have been
obtailned with only one established line of cells, the non-

malignant y79-171 straln of Chinese hamster lung cellse.



This particular line was obtained from Dr. W. K. Sinclair
and was subcloned twice in this laboratory, that is, the
population was homogenized by selection and subsequent
growth of a single cell (hence the line will be hereafter
designated V79-171b)}. The cells were normally maintained
by serisl transplantation twice weekly, usling Eagle's
basel medium (BME) containing 1% L-glutamine (v/v), peni-
cillin (100 I,U,/ml) and streptomycin (.1 mgm/ml). Fetal
calf serum (FCS) was also added depending upon the par-
ticular growth conditlions required, and for most cases
15% (v/v) was used. All components of the medlum were
purchased from Grand Island Blologlcal Company (GIBCO).

The cells were grown as monolayers attached to 100 mm
Felcon plastic tissue culture dishes at 37°C in a humid-
ified atmosphere of 3% CO, in air. Cells were typically
removed from growth plates by aspiration of the growth
medium, rinsing with warm (37°C) trypsin (GIBCO lyophilized
13250) at a concentratilon of .25% in a citrate-salin;.buf-
fer, and incubating in 4 ml1 of trypsin for an additional
8 minutes. The citrate-saline buffer (pH=7.3) was prepared
by adding 10.0 gm KC1l and .4 gnm Na3C6H507°H20 to 1.0
1iter of distilled water. Trypsinization was termin-
ated by adding an equal quantlity of whole medium ( BME
4 FCS ), and pipetting the cells gently up and down to give
single cells. The multiplicity, or number of cells per



group, routinely obtained was 1.0 .

Spheroids were grown in spinner flasks (flasks with
an internal magnetic stirring bar driven by an external
magnet at about 180 rpm) in medium identical to normal
growth medium with the exception that the serum was re-
duced in concentration to 5% (v/v). The spinner flasks
were flushed with 3% CO, in air after adding the medium,
and allowed to equilibrate to 37°C before adding cells.
The initlal inoculum of 104 cells/ml (except where spec-
i1fied otherwise) was prepared as for normel serlal dil-
ution of the stock cells. Fresh medium was typlcally
added to the flask on the fourth day and every second
day thereafter by allowing the spheroids to sediment to
the bottom of the flask, aspirating off about 2/3 of the
medium, and replacing it with fresh, werm medium. A
detailed description of sphercid growth 1in the continuous
culturing apparatus used for large experiments is given
in Appendix 1.

Spherolds were counted or sized manually using an
inverted microscope with 2 scale in the eyeplece. The
size of a spherold was determined by recording the dia-
meter of the spheroid for two measurements at right
angles, and then calculating the geometric mean diameter.
After twenty or more spheroids were observed, the mean

diameter of the population of spherolids was calculated.
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Representative spherolds for light microscopy stud-
les were fixed in phosphate-buffered formalin, dehydrated,
and embedded in paraffin. Serial sections (5 microns
thick) were cut and stained with hematoxylin and eosin.
Spheroids were fixed for electron microscopy in 3.3%
glutaraldehyde buffered to pH 7.2 with .1 M phosphate buf-
fer. They were then postfixed in osmium tetroxide, de-
hydrated in a graded series of alcohols, and embedded in
Epon. Thin sectlons were stained with uranyl acetate and
lead citrate and examined with an AEI 6 electron micro-
scope. Samples for scanning electron microscopy were fix-
ed in 4f glutaraldehyde, vacuum dried, and coated with a
gold-palladium (80-20) alloy prior to observation.

2.2.3 BResults

The basic differences between the multicellular spher-
old system and conventional monolayer growth of the V79-171b
cell line are shown in figure 2.1 . Panel (a) shows the
typical appearance of these cells growing on plates. In
contrast, the spheroids of panels (b) to (f) have a highly
ordered structure, uith increasing homogeneity of size as
the spherolds enlarged. The compactness of the spheroids
18 1llustrated by the spheroid of figure 2.if, which was
+47 mm in diameter and contained about 105 cells. Large
spheroids sedimented rapidly at unit gravity in the absence
of agitatlion, whereaa smaller spheroids and single cells sed-



FIGURE 2.1

Photomlcrograph of Chinese hamster V79-171b cells
growing as single cells on a petrl dish (a) or as
spheroids of increasing sizes (b) to (f).
Magnification: (a) X 185 ;3 (b) - (f) X 75
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imented much more slowly. This provided a method of
obtaining a very homogeneous population of spheroids, by
allowing the larger spherolds to settle out, and re-
moving the smaller ones in the supernatant. Even 1in the
absence of this treatment or ‘'‘purification', fairly good
homogeneity was apparent, especlally at intermedliate
sizes as in panels (c) and (4).

Although no direct experiments on the degree of
intercellular contact, or rather, the 'bonding-strength!
of neighboring cells were performed, two concluslons
could still be drawn on the baslis of repeated micro-
scoplc observation. As seen in figure 2.1, very few
single or unattached groups of cells were noted. 1In
addition, when the spherolds were pipetted up and down
or otherwise mechanically disturbed, little change in the
number of free cells was noted. These observatlions in-
dicated that the cells were very tightly held.together.

A more guantitative description of spheroid growth
for several experiments is shown in figure 2.2, where
spheroid volume, spheroid diameter, or approximate cell
number per spheroid was plotted as a function of time in
culture. The approximate cell number per spherold was
calculated from the volume measurement, where it was as-
sumed that 2 single cell had a diameter of 12 mlcrons.

This calculation was also found to agree well with the

13



FIGURE 2.2

Growth of multicellular spheroids as a function of
time in culture. Error bars represent standard er-
rors of the mean sizes. Different growth patterns
were due to different initial numbers of cells/ml,

and different feeding intervals.

Synmbol Initial Feeding
Inoculum Schedule
X 1.5 x 10% Daily +
. 10% 2 days
0 2.0 X 104 2 days
[ ] 10“ Continuous

A1l experimental curves can be related toc each of the

three ordinates (see text).
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actual number of cells counted electronically when a
known number of spheroids of a given size were reduced
to single cells by treatment with trypsin (see section
2.3.2).

Although the growth curves were obviously quant-
itatively different for the experiments, the qualltative
features of an initial rapid growth followed by a re-
tarded growth phase were common to 211 curves. The
rapid initial increase in size could not be attributed to
growth alone, as & spheroid typically increased its vol-
ume by a factor of 10 in the first 24 hours, whereas the
nunmber of cells/ml increased by no more than a factor of
four. This suggested that the initlal portion of the
curves represented both growth and aggregation of cells.
Other evidence for cellular aggregation is apparent from
closer examination of figure 2.2, where spheroid size
increased more rapidly initially when a higher initial
number of ceils was placed in the flask. It was also
repeatedly observed that increasing the serum (FCS) con-
centration resulted in more initial aggregation, as did
decreasing the speed of the spimmer bar in the flasks,
but detailed experiments to characterlze these effects
were not performed.

In the same way that the initial characteristles

of the growth curves of figure 2.2 were determined almost
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exclusively by the number of cells placed in the flasks,
the later portions of the curve were primarily determined
by the feeding schedule. For the one experiment in which
the cells were fed daily or more often as required, the
spheroids did not reach a growth plateau, but kept in-
creasing in size over the entire course of the experiment
as predicted theoretlically for diffusion dependent growth
(Burton 1966). Less frequent feeding reduced the com-
parative size of the spheroids, and was probébly respon=-
sible for the apparent growth plateau in two of the curves
of figure 2.2 (see also sectlon 4.2.3).

The degree of intercellular contact necessary for
spheroid growth can be visualized more easily 1in the
scanning electron micrograph of figure 2.3 . Panel (a)
shows that the cells were rigldly held in place. Hilgher
magnification suggested that some of the external cells
had fibroblastic characteristics, that 1s, they tended to
spread over the surface of the spheroid much the same
as single cells spread across a plate as in figure 2.la.

The topology of the spheroid in panels (c) and (d)
shows some interesting features. An apparent surface
coat can be seen, which probably contributes to maintain-
ing the spheroid structure. The external cells have
occasional microprojections, and in panel (d) several

microdepressions are also evident. Other culture tech-



FIGURE 2.3

Scanning electron micrograph of 380 micron diameter
spheroid.
Magnification: (&) X 100 ; (b) X 1000 ;5 (c) X 500 3
(d) X 2000
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nigques have produced aggregates of malignant cells
(Dalen and Burki 1971) which, in contrast to figure 2.3,
were extremely loose structures. Although those cells
were forced to grow in close apposition, the contact
apparent here was not seen under the other culturling
conditlons.

More structural detall can be seen in figure 2.4,
which shows histological sectlons from three spherolds.
Although the spheroids of figure 2.4 appear to be three
spheroids of different sizes, the sections are in fact
from three spheroids of essentially equal diameters. The
smallest section was actually a peripheral section, while
the larger sections were from more central reglons of
other spheroids as determined by following the same
spheroid in several serial sections. Histologlcal ob-
servation of numerous spherolds of various slzes has
shown that these sectlons do, however, accurateiy rep-—
resent sectlons from spheroids of various sizes.

Several features are apparent in the sectlons of
figure 2.4 . The cells were tightly packed together, and
examination of slides at higher magnification showed
that intercellular material, probably a mucopolysaccharide
substance, was found between many cells. Central nec-
rosis developed gradually with time in culture, and

quantitative experiments showed that necrosis first devel-



FIGURE 2.4

Photomicrograph of sectlons through three spheroids.
Note progressive development of central necrosis,

also fibroblastic external cells and lightly stain-
ing internal cells.

Magnification: X 165
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oped in spherolds of 250-360 microns in diameter, de~-
pending on their nutritional state. Quantitative ex-
reriments relating the appearance of central necrosis
to various growth conditions are described in section
b.2.3 .

Many unique features of the spherold can be seen
in the electron micrographs of figure 2.5 . Cells near
the periphery had relatively large intercellular spaces
(figure 2.5a), whereas the internal cells (figure 2.5b)
were more crowded and usually had electron dense material
in the intercellular spaces. All cells appeared to be
metabolically active with numerous mitochondria (m)
and ribosomes, although the periphersl cells generally
had more of these orgenelles and thus may have been
somewhat more metabolically active.

Several characteristiocs were common to all cells of
the spherold. Vacuoles of various types (v) appeared in
many cells, and became very abundant in cells bordering
necrotic regions. Microprojections (p) were seen both
on the external cell surfaces and in the intercellularx
areas between internal cells. Many of the cells appeared
to be synthesizing some type of secretion product, which
can be seen 1nside dilated endoplasmic reticulum (e) and

may be related to the electron dense intercellular



FIGURE 2.5

Electron micrographs of (a) cells near the edge of
a large spheroid, and (b) cells from an internal
reglon. Dilated endoplasmic reticulum (e) contain-
ing an electron dense product can be seen in both
sections, as can microprojections (p), various types
of vacuoles (v), mitochondria (m), intercellular
products (c) and areas of close contact (3).

Magnification: X 4500
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material (o).

In addition to the close contact 1llustrated in
figures 2.3 and 2.4, specialized cell junctions occur
between many cells. A few areas of olose contact and
posslible junctions (j) are marked in figure 2.5, and
filgure 2.6 18 a composite of some junctions that have
been observed. 1In figure 2.6a, an area of very close
contact between the external membranes can be seen, and
in (b), an apparent fusion of the plasma membranes is
shown. These Junctions are similar to the classical
‘clogse' and 'tight! junctions respectively (Ham 1970).

A desmosome-like junction 1s seer in figure 2.6c, where
electron-dense material appears to have accumulated in
the cytoplasmic regions near the junction. Specialized
Junctions of these types were not common in the spheroid,
and no attempt has yet been made to determine their freq-
uency, or to determine possible differences in freguency

with position in the spheroid or with spheroid age.

2.2.4 Summary

The previous figures emphasize the fact that each
cell of the spheroid eppears to be an integral part of
an ordered structure, much as each cell in organized tis-
sues in vivo contributes to that tissue's properties. In

addition, the three dimensionel contact found between the

26



FIGURE 2.6

Electron micrographs of speclalized junctions occur-
ing between cells of spheroids. An area of close
contact can be seen in (a), and panel (b) shows a
tight junction. A desmosome~-like structure can be
seen in panel (c¢), with electron dense material 1in
the cytoplasm of each cell near the junction.
Magnifications: {(a) X 40,000 ; (b) X 400,000 ;

(e) X 800,000
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spheroid cells, which cannot be produced in conventional
monolayer or suspension culturing systems, suggests that
spheroids may simulate the intercellular contact of or-
ganized tissues to a greater extent than has previously

been attalnable.

2+3 Radlation Survival of Cells ln Contact

2.3.1 Introduction

The extensive lintercellular contact which was de-
scribed in section 2.2 represents a major change in the
cell's microenvironmment, a change which might be reflect-
ed by modified survival after lrradiation. Very small
spherolds (8-15 cells) had growth rates and cell cycle
distributlions simlilar to exponentially growing single
cells (see section 3.2), and as such, provlided a system
in which radiation survival changes were directly at-
tributable to intercellular contact. This section con-
talns evidence that intercellular contact 1n the spheroid
does modify its radlation survival characteristics, and

suggestions about possible mechanisms are presented.

2.3.2 Methods of irradiation and survival assay

Small spheroids were grown under standard conditions
(see section 2.2.2) for 24 hours (day 1 spheroids), and
removed as requlred from the culture flask. They were

either centrifuged gently (400g) for 6 minutes and then

29
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resuspended in complete fresh medium in glass vessels,

or placed directly from the culture flask into 100 mm
plastic petrl dishes on a revolving carousel for irrad-
lation. A water bath was used to control the temperature
of the glass lrradiation vessels, and humidified air
containing 3% 002 was flushed through the vessels at a
rate of .15 c¢fh (about 2 volume changes per minute).
Anaerobic experiments were performed only in glass vessels
(Chepman et 21 1970), with the vessels flushed with hum-
idified nitrogen plus 3% CO, at the above rate before and

A 6000 source with a dose rate of

during the exposure,
100-175 rad/min was used for all irradiations, with the
absorbed dose determined by lithium fluoride thermolum-
inescent powder intercalibrated with a Baldwin-Farmer
secondary standard ionization chamber.

After the irradiation, the small spheroids were
centrifuged and the supernatant was discarded. They
were then reduced to single cells by resuspending the
spheroids in 3 ml of 37°C trypsin (prepared as previously
described in section 2.2.2) and transferred to 60mm
dlshes to which the cells would not attach (Lab Tek).
These dishes were then placed on a rotary-action shaker
at 37°C. After 8 minutes of gentle agitation, the dishes
were removed, and a minimum of 3 ml of complete medium

added to stop the trypsinization procedure. The cells
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were then pipetted up and down gently to produce a sus-
pension of single ceils.

cells were counted with a Celloscope electronlc
particle counter having an orifice opening of .1 mm; a
threshold particle dlameter of about 5 microns and an
upper limlt ocutoff of about 30 micron were set electron-
1o0ally. The electronics of the counter were modified to
increase its sensitivity and thus allow counting on scales
increasing by factors of two from 6.25 particles per count
to 200 particles per count. Although the instrument was
unable to distingulsh between cells and other particles
of comparable sizes, comparison of electronic cell counts
with those obtained manually with a hemocytometer con-
firmed that excellent agreement was possible.

When the cell concentratlon was determined, an
appropriate dilution was made to ensure that 1,0 ml of
cells added to replicate growth plates would produce about
250 colonles on each plate. Final counts were performed
on the dilution of cells actually plated to increase
accuracy.

Survival was assayed by manually counting vislble
colonies which were attached to the plates 8 days after
irradiation. At the terminatlion of this growth period,
the medium was poured out of the plates, and 2 ml of .5%
methylene blue added to the plates for 15 minutes. When
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the colonles were sufficlently stained, the plates were
gently washed with cold water and stacked to dry before
counting. The statistical varlation in plating and
survival in each experiment was such that the standard
errors of survival means were smaller than the plotting
symbols unless otherwise indlcated. Regression analysis
was used to determine the terminal slopes of the survival
curves, using a General Electric Mk I computer.

Control cells for all spheroid experiments refers
to single cells in exponential growth from plates, which
were treated identically to the spheroids with the ex-
ception that trypsinization occurred prior to irradiation.
The centrifuging and resuspending procedures were not
found to alter the multiplicity of either the spheroids
or the single cells.

Single cells used for determinlng responses as a
function of time after subculturing were initially pooled
from several plates of exponentially growing cells, and
104 cells/ml were inoculated into enough growth plates
to complete the 8-day experiments. Appropriate plates
were irradiated on days 1, 2, 4, 6, and 8. After irrad-
iatlon, the cells were removed from the plates by tryp-
sinization, counted, and plated as for spherold cells

to determine survival.



2.3.3 Results

A complete description of survival criteria and
survlval curve generation and analysis is containrned in
Appendix 2. Standard survival curves for the V79-171b
Chinese hamster cell line in exponential growth and ir-
radiated under aerobic and anoxic conditions are shown
in figure 2.7 . This is the conventional dose-effect
curve, where survival is plotted on a logarithmic scale
as a functicn of the radiation dose. Data from several
experiments have been included to indicate the repro-
duclbility of results generally obtainable, and the plot-
ted survival points were always corrected for the plating
efficiency (PE), or the fraction of the cells which
formed colonies in the absence of radiation.

.In the absence of oxygen, the survival curve was
characterized by a mean lethal dose or D, of 456 + 16
rad, where the error represents the 95% confidence
interval of the slope. The extrapolation number n was
found to be 9.3 = 2.9 . When the cells were 1lrradiated
in well-oxygenated conditions, the well-known !oxygen
effect! or enhancement of cell killing was observed,
as the Dy was 168 + 9 rad with n = 11.2 = 1.1 ., The
extrapolation numbers were not significantly different
under the two conditions, so the effect can be called

'‘dose modification!, where the dose modifying factor (DMF)

33



FIGURE 2.7

Ssurvival of exponentially growing V79-171b Chinese
hamster cells grown on petrl dishes and irradiated

at 37°C in air or nitrogen (155 rad/min).

Symbol PE Do n
) 00-90%4  168%9  11.2%1.1
X 60-80%  k56£16  9.32.9

Date were pooled from several experiments. Un-
certainties shown above are 95% confidence inter-

vals.
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or ratio of the Do's was 2.7, well within the range of
values normally observed for mammalian cells (Elkind and
Whitmore 1967, Okada 1970, Fabrikant 1972).

The effect of intercellular contact on cell survival
after irradiation can be seen in figures 2.8a and 2.8b.
The data can immediately be compared with the single
cell curves, since the small spheroids were irradiated
intact, but were then reduced to slngle cells and the
viability of these single cells was assayed. The curves
obtained under aerobic conditions (a) for control cells
and spheroids had D, 's of 171 + 11 and 186 £ 14 rad res-
pectively, whlile the corresponding curves for anoxic
conditions had D,'s of 457 £ 30 and 491 £ 22 rad. This
represented no significant change in radlosensitivity in
elther case. However, in alr the extrapolation number
increased from 9.4 for single cells to 152, and a sim-
ilar increase of 11.2 to 164 was noted under anoxic con-
ditions in panel (b). At high doses of radiation, survival
was thus increased about 15-fold when the cells were grown
and irradiated as spheroids, independent of the presence
of oxygen during the irradlation procedure. Identical
survival curves were also observed when the spherolds
were lrradiated at 37°C, and whether they were cen-
trifuged and irradlated in glass vessels, or lrradiated
directly in plastic petril dishes (in air).



FIGURE 2.8

Survival of exponentially growing V79-171b Chinese
hamster cells grown on petri dishes or as spheroids

and irradiated at 24°C in air or N, (165 rad/min).

Symbol PE D° n Dq
(a) @ 35-50%  1B6é+14 15221 910
0 75-85% 17111  9.442.3 406

(b) o 30-50%  491£22 164433 2490
0 65-82%4 45730 11.2%2.4 1100

Data were pooled from several experiments. Un-
certalnties shown above are 95% confidence inter-

vals.
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Plating efflclencles for cells from day 1 spheroids
were typically in the range 35-65%. Although a higher
PE would have been desirable, the reproduclbility of the
survival curves indicated that the low values were not
a cause for excessive concern. Staining day 1 spheroids
with vital stains (e.g. trypan blue) to determine cell
viability on the basis of dye exclusion showed that the
visible cells in the spheroids were all viable, but that
single cells were often darkly stained. This probably
indicates that only the viable cells aggregated into
spherolds. Since the electronic cell counter counted
all particles of the appropriate size, the number of non-
viable single cells as well as any other particles would
have been expected to lower the observed plating efflc-

iencies. Typical experiments quantitating the numbers

of single cells as a function of time are presented in this

section (see figure 2.11).

If intercellular contact at the time of irradiation
was the only requirement for the enhanced survivel, it
would be expected that cells grown as spherolds by con-
ventional techniques, but irradiated after being reduced
to single cells would have survival curves simllar to the
control cells. Figure 2.9 demonstrates that cells grown
as spheroids, but separated intc single cells immediately

before being irradiated showed a survival intermediate to

39



FIGURE 2.9

Survival of cells grown as spheroids but tryp-
sinized immediately (&) or 1.5 hours (®) be-
fore irradiation at 24°C (165 rad/min). Broken
curves represent survival of spheroids irrad-
jated intact (upper) aend of single cells grown

on plates (lower).

Symbol PE D n

A 55% 181 32
0 61% 174 24
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spheroids and control cells. A further survival decrease
was observed when irradiation followed trypsinization and
replating by 1.5 hours. Thils effect was found to be
highly dependent on spherold multiplicity for very small
spheroids of <10 cells, as much smaller decreases 1ln
survival were noted when spheroids of lower multiplicity
were pre-trypsinized (see also figure 2.11). The fact
that survival was enhanced even when the spheroid cells
were lrradiated as individual cells suggested that an
inherent capacity for increased accumulation of sublethal
damage resulted from growth as spheroids.,

The time required for loss of the enhanced capacity
for accumulation of sublethal damage to become complete
was determined and is shown in figure 2.10 . The extent
of the immediate decrease in survival varied according to
multiplicity for small spherolds as previously stated,
but was generally similar to figure 2.10 where the sur-
vival of cells trypsinized and plated for colony formation
at various times prior to irradiation is shown. When
survival was corrected for the increasing cell numbers on
the plates, it was found that survival after 1120 rad
decreased to the same level as found for control cells
after about 10 hours, or approximately the duration of

one cell cycle.

b2



FIGURE 2.10

Isodose (1120 rad) survival of spheroids tryp-
sinized at varlous times prior to irradlation at
24°¢ (165 rad/min). The cells were placed in
pétri dishes at time O, and incubated at 37°C
until and after exposure., PE = 62%

The upper broken line represents the survival of
spheroids irradlated intact; the lower broken line
represents the survival of cells grown on petrl

dishes.
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The time requlred for development of thils en-
hanced capacity for accumulation of sublethal radliatlon
damage was investigated and the results are shown 1in
figure 2.11 . Panel (a) shows the decrease of single
cells in the culture as a function of tlime, and panel
(b) the relative multiplicity of the spherolds (deter-
mined by comparison of electronic counts of whole and
trypsinized spheroids). The large number of single
cells tended to lower the average multiplicity, that is,
most spheroids contained more than 10 cells after 12
hours. It was interesting to note that aggregatlon oc-
curred mainly from 8 to 12 hours, and concurrently,
survival following a dose of 1300 rad increased sharply.
These results show that increased survivel can be cor-
related directly with spheroid multiplicity. Apparently
about one cell cycle was required for the cells to
tadapt! to the new enviromnment, and to grow as spheroids.

The results presented in figures 2.10 and 2.11 thus
suggest that cells grown in contact for periods longer
than one cell cycle develop a capaclty for increased
accumulation of sublethal damage, and this capaclty de-
c¢lines slowly over the first cell cycle after cells are
separated. An additional capacity for accunulation of
sublethal damage was observed when cells were in contact

during the actual irradiation procedure.



FIGURE 2.1l

Aggregation of single cells into spheroids, and

cell survival after 1300 rad durlng the aggreg-

ation procedure.

(a)

(b)

(c)

The percentage of single cells in the culture
is plotted as a function of time.

The average number of cells per spheroid, or
the spheroid multiplicity as a function of
time. '
Isodose (1300 rad) survival as a function of
time in culture. Plating efficiency increased
approximately linearly from 56% at 0 hours to
674 at 16 hours. Exposures were at 24°¢ at a

dose rate of 135 rad/min.
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As cells increase in density in monolayer cultures,
the Intercellular contact which develops 1s thought to
be at least partially responsible for the reduced growth
rate observed. If intercellular contact was indeed re-
sponsible for the increased survival, even dense mono-
layer cultures might be expected to show a higher cap-
aclty for accumulation of sublethal radlatlon damage.

The radiation survival characteristics of single cells

on plates was thus studied, wlth the linitial cell inoculum
chosen to be ildentlcal to spheroid cultures (104 cells/ml).
Growth and survival of such cells as a functlon of time

in culture are shown in figure 2.12 . Durling the ex-
ponential growth phase, the cells doubled in number every
10.6 hours.

The radiation survival of cells after varlious
perlods of growth i1s shown in figures 2.12b to 2.12f,
where the broken curves of the latter panels repeat the
survival curve for exponentially growing cells as in
penel (b). Although both day 1 and day 2 cells appeared
to be in exponential growth from panel (a), there was
an obvious decrease 1ln survival even at thls early stage
of growth. At day 4, panel (d), the curve showed the
characteristic response of a two-component cell pop-
ulation (see Appendix 2). The more resistant population

represented an increased fraction by day 6, and became the
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FIGURE 2.12

Growth and radiation survival of cells grown on
petri dishes. Panel (a) shows total number of cells
per plate as a function of time, where the initial
cell number/plate was 10°, Doubling time during
exponential growth was 10.6 hours.

All irradiations were performed at 24°C at a dose
rate of 124 rad/min, Broken curves in panels (c)
through (f) represent survival of exponentlal celis
as in panel (b).

Panel PE D, n Dy
(b) 61% 17421 12,1 436
(c) 63% 169+13 9.9 -
(d) 86% 202%17  11.9 -
(e) 65% 18114 21.1 -
(1) 63% 19516  30.5 664

Errors shown aboVe represent 95% confidence inter-

vals.
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only significant component by day 8 in panel (f). Com-
parlson with the broken curve indicated that the plateau
phase, contact inhibited celle had a radliosengitivity of
195 % 16 rad, not significantly different that the

174 £ 21 rad of exponentlally growing single cells.
However, the extrapolation number increased from 12.2

to 30.5, a factor of 2.5 .

Since intercellular contact was a feature common
to thls system and the spheroid system at the times when
increased accumulatlion of sublethal radiation damage was
observed, the results of figure 2.12 provide additional
evidence that intercellular contact does alter survival
characteristics. Degree of contact may also be impro=-
tant, since the increase in n seen in the confluent
cultures, a factor of about 3, is much smaller than the
value of at least 15 seen for spheroids. One main dif-
ference between the two systems is that spheroids hed
cells that were cyeling normally, while a majority of the
confluent cells had stopped oycling and had accumulated
at a relatively sensitive position in the cell cycle
(Durand and Sutherland 1972),

Separation of the confluent cells prior to irrad-
lation would be expected to decrease survival in a
manner analogous to that seen for spheroid cells (figure

2,10). The results presented in figures 2.13a and 2.13b



FIGURE 2.13

Muitiplicity and radlation survival of cells in re-
growth, obtained from a day 8 plateau phase culture.
(a) Number of cells per microcolony, or multiplicity
as g functlon of time after regrowth was inltiated.
(b) Isodose (1250 rad) survival of cells incubated
at 37°C before irradiation (126 rad/min; 24°¢).
Plating efficiency was 63%.
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tend to confirm this suggestlion, but an important dif-
ference from the previous case 1s immediately apparent
in figure 2.13a. Cell number per colony does not in-
orease exponentlally with time as would be expected for
normal asynchronous growth, but rather, no increase in
cell number was seen for the first 10 hours after plat-
ing. The 'burst! of mitotic cells had to result from
a partial synchrony in the population as previously
suggested (Chepmen et al 1970b, Ross and Sinclair 1972,
Durand and Sutherland 1972).

The confluent cells accumulated at a position of
relative rédiosensitrvity, so progression of the cells
would be expected to medlate increased radiation survival.
However, & survival decrease was noted immediately after
sepsration of the sensitive plateau phase cells into
gingle cells, despilte the prediction that hlgher survival
was expected. These resultis thus serve to strengthen
the argument that intercellular contact between these
cells does increase survivel. It should also be noted
that the most resistant survival noted in figure 2.13b,
at the time when most of the cells were in late S phase
(Sinclair and Morton 1966, Sinclair 1968), was no higher
than the survival of the more sensitive confluent cells

in contact.
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The mechanism of this contact effect has yet to
be elucidated. One method of determining whether en-
hanced accumulation of sublethal radiation damage was
a metabolically active or passive phenomena was to re-
duce metabolic activity by lowering the temperature of
the spheroids to 4°C. To accomplish this, the spheroids
were removed from the culture flasks as required, and
centrifuged at 4°C. Total time at 4°c before lrradiation
was 15 minutes, followed by a 15 minute irradiation pro-
cedure in a 4°C water bath. Trypsinization was also
carried out on the mechanical agitator at 4°C, and a
time of 15 minutes was found adequate to reduce the
spheroids to single cells. The spherolds were then re-
stored to normal conditions by adding warm, complete
medium, counting and plating as usual. Simllar treatment
times and temperatures were adopted for control, single
cells.

The survival curves obtained during the low temp~
erature irradiation are shown in figure 2.14 . No effect
was noted with single cells, since the D, of 178 rad and
n of 10.4 were similar to those usually obtalned. How-
ever, the survival of the spheroid cells was significantly
reduced, with a Do of the usual 172 rad but with n re-
duced to about 17 (a factor of at least 8). This reduc-

tion in survival at large doses suggests that accumulatlon



FIGURE 2.14

Survival of cells grown as spherolids or on petri
dishes and irradiated at 4°c in air (140 rad/min).
Broken lline indicates survival of spherolds irrad-
1ated at 24°C.

Symbol PE D o n
X 64% 178 10.4

(] 52% 172 16.6
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of larger quantities of sublethal damage was, at least
in part, a process that required active metabollsm.

More information on the conditions required for
minimal survivel was obtalned in an experiment designed
to isolate the particular time at which reduced met-
abolic activity would decrease cellular survival in the
spheroids. The irradlation procedure was divided into
three parts of equal length, and all permutations of
warm (37°C) and cold (4°C) conditlions in the pre-exposure,
exposure and post-exposure periods were investigated.
Temperatures were held constant with water baths, so
rapid changes of temperature were possible at the bound-
aries of each time period. The results of one of several
experiments are shown in figure 2.15 . This figure has |
been plotted differently than most, with survival rep-
resented as a function of treatment condition for only one
dose, 1750 rad. The temperature at which each treatment
was carried out is indicated by the different llnes,
Survival was maximum when the spheroids were held at 37°¢
before, during and after the exposure, end was minimum
when the spheroilds were warm before exposure, but ir-
radiated and trypsinized at 4°¢.

In general, the results from flgure 2.15 can be
placed in three groups. Maxlmum survival was seen when
the spheroids remained under optimal growth conditions at

37°C, However, when the spheroilds were cooled prior to
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FIGURE 2.15

Isodose (1750 rad) survival of day 1 spheroids as

a function of pre-, post-, and exposure temperature.
Temperatures were malntained by water baths, allow-
ing rapld temperature changes'at the bounderies.
Spheroids trypsinized at 37°C had PE = 69%; at 4°C
the PE = 78%. The dose rate was 135 rad/min.
Standard errors of the means for survivel points
were omitted for clarity, but were less than £10%

of the plotted values.
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irradiation, survival was reduced by a factor of about
2.5 » Minimum survival (a further decrease by a factor
of 2) was seen when the spheroids were warm before being
irradiated, but were abruptly cooled at elther the be-
ginning or end of the irradlation procedure. The sig-
nificence of these results is not yet clear, however,
they tend to suggest that enhanced accumulation of sub-
lethal radistion damage was negated when metabolic activ-
ity was severely inhibited during or immediately after
the radiation exposure.

The enhanced survival seen when cells were 1ln con-
tact suggested that cellular cooperation or communicatlon
resulted in the enhanced ability to deal with radiation
damage. This in turn implies that cells in spherolds may
not survive radiation independently, a posslbllity that
can be explored by a conceptually difficult, but tech-
nically easy experiment. The electronic cell counter was
capable of counting particles of sizes up to .1 mm, which
was more than double the average dlameter of 1 day old
spheroids. Thus, the number of spherolds per ml of cul-
ture medium could be counted directly. Spherolds could
also be 'plated! intact so that the entire spheroid de-
veloped into a colony in a manner similar to single cells.
Testing independence of survival of the cells in a spher-

oid was thus easlly performed--appropriate, equal numbers
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of spherolds were plated into growth plates and al-
lowed two hours to attach. They were then irradiated,
and the medium removed from all plates. Half the plates
given one dose were then given 10 ml of complete BME

and replaced in the incubator. The other half of the
plates were trypsinized by adding 1 ml of trypsin for 8
minutes, then pipetted up and down to produce single
cells after addition of 9 ml of complete medium. At this
stage, equal numbers of cells should have remalned in
both sets of plates; in one case, the cells were indiv-
jduals (final PE = 71%), and in the other case they were
spheroids (PE = 56%). Some cell loss might be expected
to have occurred in the pipetting procedure, however,
this was accounted for by the plating efflclencies.

In the unirradiated plates, N cells were placed in
the plates as n spheroids. Then, the single cells from
these n spheroids would give rise to n' colonles, where
n' < N, since not all cells were expected to be viable
(1.e., the PE). For radlation doses > 1000 rad, the
probability of survival (< .1) was such that less than
1 cell per spheroid was expected to survive. Hence, the
number of colonies per plate after irradiation were
divided by the total number of spherolds placed on the
plate, and by the PE (n'/N) to determine the survival,

regardless of whether single cells or spherolds were
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plated. 4 more detalled analysis is required for lower
radiation doses where more than one cell survived in
each spherold.

The results of this type of experiment obviously
cannot be reproduced exactly in different experiments,
due to different average numbers of cells in day 1
spherolds. One experiment representative of the results
usually obtalned is shown in figure 2.16 . The lower
solld curve, which represented the survival of irrad-
jated and trypsinized spheroids, should have been dis-
placed npward from the normal day 1 spheroid survival
curve (broken line) by a factor equal to the relative
maltliplicity. In this particular experiment, the n
value of 680 indicated a relative multipliocity of about
4 compared to the normal extrapolation number of roughly
160 . Surprisingly, the curve for intact spheroids was
displaced upward by an additional factor of almost 2
(n= 1180). This indicated that the cells had a better
chance of survival uheﬂ they remained in close contact
than 1f they were reduced to single cells. This does
not indicate anything about the speed of the repalr
process which leads to the increased survival, but does
at least suggest that it must be rather slow, since the
gseparated cells should have shown hlgher survival if

repailr was completed before the cells were trypsinized.



FIGURE 2.16

Survival of day 1 spherolds jrradiated and plated
intact (A), or irradiated intact but trypsinized
to single cells after lrradiation (®). The ex-
posure was at 24°C, with a dose rate of 131 rad/min.
The broken curve indicates survival of spheroids ir-
radiated intact, and reduced to single cells and

counted before plating (1.e. multiplicity of 1.0).

Symbol PE Dy n
a 56% 180 1180
® 71% 195 680

Standard errors of as much as +20% of the plotted
value were found, but were not plotted in the

interests of clarity.
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2.3.4 Summary

The results presented in this section have in-
dicated that the capaclity for accumulation of sublethal
radlation damage in the V79-171b cells increases when
the cells are grown in contact as spherolds, or in con-
fluent monolayers on plates. Cells from spheroids re-
quired about one doubling time to acquire thils enhanced
repalr capaclty, and lost the effect as well after
about one cell cycle when separated. The enhanced ac-
cumulation of sublethal damage was demonstrated to be
a metabolically dependent process which was inhibited
by low temperatures; Long=-term contact after irrad-
latlion was found to increase survival even more, sug-
gesting that cells grown in conditions of tight contact
might not survive radiation independently.

2.4 Discussion
The results presented in section 2,2 characterized

the growth and morphology of Chinese hamster V79-171b
cells in suspension culture as multicellular spheroids.
It was demonstrated that the degree of cellular organ-
ization which occurs in the spheroid leads to a compact
structure where intercellular contact is close enough

to allow formation of speclalized cell junctions. The
interpretation of many of the results presented in this
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and subsequent chapters 1s critically dependent on these
morphological demonstratlons of cellular organization.

The culturing conditions employed provided spher-
olds of reproducible sizes after one day of growth, but
greater difficulty was experienced in maintailning equiv-
alent growth conditlions in separate flasks for longer
intervels (see figure 2.2). All experiments showlng
changing radiation survival patterns as a function of
time were therefore conducted with the continuous cul-
turing apperatus (see Appendix 1) which ensured that, at
any given time, all remalning spheroids had an identlcal
history. NMany other single experlments were, however,
conducted using spheroids grown in the smaller flasks,
so care was taken to standardize growth conditlions. It
was not, however, deemed possible to completely reproduce
survival curves for different batches of spheroids grown
for more than one day.

The enhanced capaclity for accumulation of sublethal
radlation damage seen for cells grown in contact may be
limited to the V79-171b cell line, since most (Stewart
1968, Little 1969a and 1969b, Belll et al 1970, Berry
et al 1970, Chapman et al 1970b, Little 1971) cell lines
have a decreased extrapolation number in plateau phase.
However, under appropriate conditlons of nutrition, at

least two cell lines show no decrease in accumulation of
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sublethal demage (Stewart et al 1968, Berry 1970). Much
larger increases 1in the survival curve shoulder were
found for spherolds, suggesting that degree of contact
may be important. It was also conslistently observed that
spheroids whlch, for any reason, formed loose aggregates
of cells rather than tight clusters, also had a radiation
survival characterized by a lesser capaclty for accum-
ulation of damage. Assuming that many cell lines on
plates do not have close intercellular contacts may ex-
plain, at least in part, the results previously clted

for confluent cells.

It has been suggested by Little (1971) that under
some growth conditlons, cells may produce & radlo-
protective substance which is liberated into the medium.
tConditioned' medium from spheroid cultures was not
found to influence the response of exponentlially grow-
ing single cells. The post-irradiation trypsinizing
procedure was also Jjudged to be incepable of inducing
the increased survival, since control cells trypsinlzed
after irradiation showed no 1n¢rease in survival, but in
fact a slight decrease. At the time of irradiation,
both spheroids and oontr61 cells were in asynchronous
exponential growth as determined by autoradiogrephy (see
figures 3.2a and 3.2b), indicating that the effects pro-

duced were not due to spheroids containing cells prefer-
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entially accumulating in a radiation resistant part of
the cell cycle. Although growth conditions in suspen-
slon culture have not been completely eliminated as an
explanation of the results presented, several consid-
erations tend to refute this possibility. The magnitude
of the effects ohserved, as well as fhe dependence of
survival on cell multiplicity in the spherolids suggested
that culturing conditions alone were of secondary im-
portance. Medium which contained only the divalent cat-
lons of the serum complement was employed in an attempt
to grow single cells in the spinner flasks as controls.
Sﬁheroids of essentially normal multiplicity developed,
but the degree of intercellular contact was found to be
visibly reduced. These spheroids had a slightly reduced
capaclty for sublethal damage accumulation as reflected
by an extrapolation number of about .9 of the normal
velue. In contrast, cells grown on plates in identical
medium increased the extrapolation number by a factor

of 4 ., These results tend to suggest that intercellular
contact was of greater significance than the culturing
conditions.

Demonstrations that cells in contact are capable of
bloelectrical (Loewenstein 1966, Loewenstein and Kanno
1966a and 1966b) and biochemical (Bendich et al 1967,
Burk et al 1968, Subak-Sharpe 1969, Kolodny 1971) com-
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munication certainly suggest cell responses to physical
stimull may be influenced by neighboring cells. In
addition, more direct influence of‘healthy cells on the
growth properties of irradiated cells of the same type
hes been demonstrated by Froese (1967). If cells in con-
tact are able to sustaein more damage after irradiation,
one would speculate that nelighboring cells may exchange
large molecules (repair enzymes or 'complexes') at the
time of lrradiation. The recent demonstration by
Koledny (1971) that cells in contact can exchange RNA
suggests that cells have this capabllity.

It 1=z somewhat more difficult to interpret the
enhanced capacity for repair of sublethal damage which
results from growth as spheroids, and the reversion of
the cells to a 'normal! state with time as suggested by
figure 2.10 . One can speculate, however, that growth
as spherolds, or at least under conditions of intercellular
contact, constitutes an environment in which the cellular
'repalr mechanism' is capable of operating at increased
efficlency. Thlis may be somewhat analogous to the pro-
liferation-inhibiting environment required for repair of
potentlally lethal radiation damage (Belli and Bonte 1963,
Phillips and Tolmach 1966, Hahn et al 1968, Stewart et
al 1968, Little 1969a and 1969b, Belll et al 1970, Mauro
and Llttle 1970, Little 1971), although cellular prolifer-
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ation does continue normelly in the present case. If
this hypothesis is correct, one would expect repair
capabllities to return to the 'normal' state as the cell
readjusted to the 'nmormal! environment. The converse is
of’ course true as the spheroids develop.

The data presented concerning non-independence of
cellular survival contains an apparent contradiction.
Evidence presented in the next chapter will indicate that
spherolds irradiated at a given time, and allowed to re-
maln as spheroids for intervals as long as one cell
cycle period do not show an enhanced survival relative to
spherolds trypsinlzed and assayed immediately. In the
present case, the cells remalned in contact for 8 days,
suggesting one of two posslibilities. As one alternative,
it may be that the non-independence of survival occurs
in a succeeding generation, that is, contact is required
to retaln viabllity of daughter cells of those actually
irradiated. Conversely, the trypsinization procedure
at any time during the first generation cycle after ir-
radlation may be synergistic with that radlation, and
thus cause the decreased survival. If the latter inter-
pretatlion is correct, the survival decrease assoclated
with trypsinized spheroids (figures 2.9 and 2.10) may be
an artifact, and growth in contact may be responsible for
the entire contact effect. Synergism of trypsin and rad-



lation must be invoked, since the survival of the ir-
radlated spheroids was corrected for the plating ef-
ficlency of the unirradiated, trypsinized spheroids.
Although extrapolation of results obtalned with single
cells to the spheroid system may not be justified, pre-
liminary experiments with trypsin and single cells fail-
ed to detect any trypsin-radiation synergism, but did
confirm that cell growth was inhibited for short times
after trypsinization as reported by Berry et al (1966).
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III. CELL CYCLE REDISTRIBUTION
AND RADIATION SURVIVAL

3.1 Introduction

The 1indlividual cells of the multicellular spherold
receive essentlial nutrients only by diffusion from the
rerlphery. The internal cells are thus handicapped due
to the large distances the metabolites must traverse as
well as the fact that the more external cells actively
consume at least part of all nutrients that reach them
(Tannock 1968, Tannock 1970). Cellular waste products
may also accumulate internally, due to similar diffusion
limitations. One would thus predict that not all cells
of large spherolids would enjoy optimal growth conditions,
and the observation of central necrosis shows that, in
the center of the spheroid, conditions must indeed be
far from optimal.

A simllar situation has been postulated to occur
in tumors in vivo, and has been demonstrated histolog-
ically for several experimental and human tumors (Thom-
linson and Gray 1955, Tannock 1968, Tannock 1970). The
exact state of individual cells at the intermedlate
stages where nutrient supply is impaired by diffusion
limitations but not completely eliminated is not yet
known. However, it appears that the cells remain viable

and undergo redistribution into different phases of the
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cell cycle (Mendelsohn 1962a and 1962b), or simply cycle
at much slower rates with ore or more perlods of the
cell cycle extended.(Tannock 1968 and 1970, Hermens and
Barendsen 1969, Denekamp 1970).

Accumulation of cells in a specific part of the
cell cycle may prove to be advantageous or disadvan-
tageous to the radiotherapist, due to the radiosensit-
ivity of the cells at that particular position and abil-
ity of the cells to accumulate and repalr radlation
damage (see Appendices 2 and 3). In any event, it is
highly likely that a mixed cell populatlon with respect
to cell cycle position does occur in most in vivo tumors,
thus altering the tumor response to radiotherapy (Oliver
and Lajtha 1961, Hermens and Barendsen 1969).

3.2 Cell Cycle Redistribution in the Spheroid

3.2.1 Introductlion

Evidence will now be presented to confirm that a
redistribution of cells in the cell cycle does occur in
the spheroid as it enlarges. Llke many solld tumors, the
mature spheroid will be shown to contaln an external pop-
ulation of cells that are actively proliferating, and
another, internal fraction which progresses through the
cell cycle slowly if at all.
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3.2.2 Methods of assessing cell cycle position
in the spherolds

Large spherolds were reduced to single cells by
trypsinlzatlion in a manner analogous to the trypsin-
ization of small spheroids described in section 2.2.3,
with two exceptions. Spheroids were typically collected
in a tube, and allowed to sediment to the bottom. The
supernatant was then removed by asplration, and the
spheroids resuspended in 3 ml of 3?°C trypsin (prepared
as previously described). They were then allowed to
sediment again, and the process repeated, then trans-
ferred in the trypsin to the dishes on the mechanical
agltator. The remainder of the process was ldentical
to the procedure previously described in section 2.2.3 ,

Information about cell cycle distributions was ob-
tailned by allowing the cells to incorporate thymidine hav-
ing tritium substituted at the 5-methyl position {purchased
from New England Nuclear, .05 mM, specific activity
20 Ci/mM). For short or ‘pulse'’ labelling experiments
(10-20 minutes), a concentration of .001 mCi/ml was typ-
ically used for single cells or spheroids; for continuous
exposures . this was reduced by ten, and fresh medium and
isotope were suppllied dally. At the termination of either
labelling period, spheroids were washed with BME (contain-
ing thymidine) and reduced to single cells by tryp-
sinization. These cells were then swollen in slightly hypo-



tonic medium prepared by adding an equal guantity of
distilled water to the medlum-trypsin solution contain-
ing the single cells. After 15 minutes, Carnoy's fix-
ative (75% ethanol plus 25% glaclal acetic acid) was
added, the cells were centrifuged to a pellet (400g

for 6 minutes) and the supernatant was discarded. This
procedure was repeated after resuspension in Carnoy's
fixative, and the final pellet was resuspended 1in a
drop of fixatlve and dispersed on a clean microscopic
slide. The cells were then stained with aceto-orceln
until nuclear detall was clear and dried. At con-
venient times, slides were dipped in Kodak NTB-3
muclear grain emulsion at 40°C (diluted 1:2 with dis-
tilled water, v/v), dried at room temperature for about
45 minutes, and placed in light-tight boxes at 49¢ to
develop for 8 days. The slldes were developed for 2
minutes in Kodak D-19 developer at 16°C, washed and
fixed 3 minutes in Kodak acid fixer. A region of the
slide devold of cells was examined to determine the back-
ground or non-gspeclfic exposure of silver grains, and
cells with a higher density of exposed silver gralns
above the nuclell than the background level were gcored
as having been in 8 phase and incorporated the labelled
thymidine into replicating DNA.

Regrowth experlments were used to determine the
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distribution of cells 1in the cell cycle by observing
their positions and growth phase immediately after belng
introduced into an environment of optimal growth con-
ditions. In the case of the spherolds, a single cell
suspension was prepared and inoculated into replicate
growth plates containing BME + 15% FCS. Various aspects
of growth were studied thereafter at the specific inter-
vals indicated.

The cells analyzed by the Cytograf and Cytofluoro-
graf instruments were prepared from exponentially grow-
ing cells on plates and day 11 spheroids. Both samples
were reduced to single cells by trypsinization, and held
in suspension in BME at room temperature for about an
hour before analysls. This delay was unavoidable as the
equipment was located in another laboratory. The cells
were metachromatically stalned by adding .001 ml of
acridine orange per ml of cell suspension ten minutes

before analysis.

3.2.3 BResults

Dramatic evidence that a redistribution of cell
cycle times actually occurs in the spherold is shown in
figure 3.1, which is an autoradlograph of three spheroids
grown for 48 hours ( > 4 normal generation times for

exponentially growing single cells, as in figure 2.12) in



FIGURE 3.1

Photomicrograph of autoradiographic sections of
spheroids of 1increasing sizes, labelled with
34-thymidine for 48 hours. Development of the
decreased growth fraction is clearly shown, as all
cells were labelled in the small spheroid (a), but
only external cells were heavily labelled in the
larger spheroids (b) and (c).

Magnification: X 250
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the presence of 3H-thym1dine. The small spherold of
figure 3.1a has every nucleus labelled, suggesting that
all cells replicated their DNA at least once during the
labelling period. Although the magnification of the
figure 1s inadequate for examining the labelling den-
sity, examination of the actual slide under hlgh power
showed a very uniform labelling density. This suggested
that all the cells synthesized roughly the same amount

of DNA, which indicates that all of the cells were cycling
at approximately the same rate.

The larger spheroid of panel (b) also had the ex-
ternal cells labelled with a density simllar to those of
(a). However, the internal cells were not as heavily
labelled, suggesting either that these cells were syn-
thesizing DNA at a slower rate, or that DNA had not been
replicated as often in the internal cells.

More extreme differences in incorporation of 3H-
thymidine are shown 1n the large spherold of figure 3.lc.
The external cells were heavily labelled, but the label
density decreased with depth into the spheroid until many
of the cells bordering the necrotic zone did not appear
to have incorporated any thymidine. This decrease in
labelling density was not an artifact of the labelliing
procedure due to limited diffuslon of the labelled thy-

midine, as other experiments where spherolds were pulse



lébelled before or after reduction to single cells showed
equal labelling indices and identical labelling patterns.

Quantitative experiments to determine the dlst-
ribution of cells in the cell cycle were relatively easy
to perform. One measure of proliferation 1s the mitotilc
index, that is, the fraction of cells which can be re-
cognized morphologically as being in any stage of mitosis.
Another useful technique is quantitative pulse labelling,
where the fraction of cells that incorporate 3H-thym1n1ne
(and thus were in S phase at the time of addition of the
label) can be determined. While this technlque is some-
what less informative with regard to the reproduction of
the cell, it does indicate the relative length of S phase
in comparison to the entire cell generation time (e.g.
Ham 1970).

Two features were noted when intact spherolds were
examined for mitotic cells. Only the external layers of
cells included mitotic figures, with none found more
than about six layers deep. In addition, the fraction
of mitotic cells decreased as the spheroid size increased.
Quantitative results were difficult to obtain in the in-
tact spheroid however, as peripheral sections contained
many more mitotic or labelled cells than did central
sections. Thus, accurate counts could only be conducted

by followlng serial sections of the spheroid and count-
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ing every cell of the sections from at least half the
spheroid. Additional problems in distinguishing between
mitotic and necrotic cells occur for cells bordering the
necrotic region.

The mitotic and labelling index data shown in
figure 3.2 were obtained by analysis of spherolds re-
duced to single cells as described in sectlon 3.2.2 .
The decrease in mitotic index indicates a decreasing
growth fraction (Mendelsohn 1962a and 1962b) as the
age of the spheroids increased, while the decreased
labelling index indicates that S phase occupled pro-
gressively less of the mean cell cycle time. These re-
sults, in combination with the observations made with
regard to figure 3.1 suggested that there was a devel-
oprent of an internal, slowly cycling population of
cells. Since the labelling effectively showed the av-
erage response of both the internal and external cells,
it 1s apparent the DNA synthesis perlod occupled only a
very small fraction of the cell cycle time of internal
cells, if it occurred at all.

The cell cycle position of a majority of the in-
ternal cells was defined by a regrowth experiment.
Single cells from day 12 spheroids were placed in petrl
dishes at time zero, and tritiated thymidine was added

to the plates acv various times after inoculation to
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FIGURE 3.2

Mitotic and labelling indlces of spherolds as a

function of spherold age.

(a) Mitotic index, or number of mitotic cells per
2000 cells observed as a function of time in
culture.

(b) Labelling index, or number of cells that in-
corporated JH-thymidine into replicating DNA
(during a 10-minute pulse) per 500 cells ob-
served sutoradiographically, as a function of

time 1n culture.
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determine the number of cells synthesizing DNA. A4s in-
dicated in figure 3,3b, about 20Z of the cells were in

S phase anytime during the first six hours, but nearly
80% of the cells were labelled at 15 hours. The rapid
increase in labelling index from 9 to 15 hours, and the
subsequent mitotic peak at 21 hours (figure 3.3a) showed
that the majority of the spheroild cells were synchron-
1zed in a pre-DNA synthetic phase  of the cell cycle (1i.e.
Gy or a Gy-like phase). Unless partial synchrony had
developed, one would expect a very gradual rise in the
labelling index, starting immediately after incubation of
the growth plates. The slight increase in mitotic index
at 9 hours, prior to the labelling index peak, suggested
that a small fraction of the cells mey have accumulated
in Gz phase,

An additional method of characterizing the spheroids
was provided by electronic¢ equipment designed by Bio-
physics Instruments. The Cytograf directs a single-
file flow of cells through a micro-laser beam. Dis-
ruptlon of the beam by individual cells varies according
to their cross-sectional area, and can be electronically
recorded and displayed as in the top panels of figure
3.4 . 1If the first verticsal grid mark is taken as chan-
nel O on the abscissa, then there are 100 channels of

information, 10 channels per grid. As can be seen in the



FIGURE 3.3

Mitotic index and labelling indeX of cells regrown
for various times, and obtained from a day 12 spher-
oid at time O.

(2) Mitotic index, or number of mitotic cells per
2000 cells observed as a functlon of time after
initiation of regrowth.

(b) Labelling index, or number of cells that in-
corporated 3H—thymidine {@uring a 10-minute
pulse) per 1000 cells observed autoradiograph-
ically, as a functlon of time after initiation

of regrowth.
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FIGURE 3.4

Characterization of cells grown on petri dishes or
from a day 11 population of spheroids. The upper
panels show histograms of cell slzes (cross sectional
area) for the two growth conditions. Using acridine
orange as a metachromatic staln, the relative cellular
gquantity of RNA (red fluorescence) and DNA (green
fluorescence) was observed for the two growth con-

ditions (see text for additional details).
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histograms, the modal cross-sectional area of single
cells corresponded to channel 28, whereas the spheroids
had a modal cell area corresponding to channel 27. More
cells were found in channels 29-35 for single cells than
for spherolds. In contrast, more spherold cells were
found in channels 24-27, thus indicating that the mean
cell size was smaller in the spheroilds. Since.cell size
is known to increase as the cell ages in its generation
cycle (e.g. Chapman 1970b), the present results suggest
that the cells in the spherold were accumulating in an
early stage of the cell cycle. This, together'with

the results of the previous figure (3.3), suggests that
the cells had accumulated in a Gl-like phase.,

Further characterization of the cells was accom-
plished with the Cytofluorograf, a minlature fluorometexr
which used a laser beam to actlvate metachromatlc fluor-
escent dyes (Adams et al 1971, Melamed et al 1972).
Acridine orange binds to DNA and BNA, and fluoresces
green and red respectively. Since total fluorescence
is measured by thé instrument, this can be related dir-
ectly to the total DNA or RNA content pexr cell. The
middle panels of figure 3.4 show red fluorescence as a
function of cell size for the two growth conditions.
Cells were ageln sllghtly smaller in the spherold, but

many cells had an lncreased red intensity, or greater
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BNA content. The significance of these results alone
is difficult to interpret, but may suggest either that
the increased BNA content per cell represents a type
of 'maintenance' operation within the spheroid cells,
or perhaps simply represents a greater cytoplasmic
volume in the spheroid cells.

The lower panels of figure 3.4 show red fluor-
escence as a functlon of green fluorescence, which is
essentlally the cytoplasmic to nuclear ratio (Melamed
et al 1972). Most interesting in these panels was the
position of the mean intensity of green fluorescence
(about channel 45) in the single cells as compared to
spheroid cells (channel 30). This indicated that the
mean DNA content per cell was about 504 larger in the
single cells, consistent with accumulation of a G1 pPop=
ulation in the spheroids. It was also interesting to
note that the cells which had large amounts of red
fluorescence (and thus presumably large quantities of
cytoplasm) were not necessarily found to always have
equally large quanfities of green fluorescence. These
large cells probably represented 'glant' cells for low
levels of green fluorescence, and multinucleated cells
for the higher levels. These results were obtained with
only one sample during a demonstration of the instru-

ments by the manufacturer, but have been included here
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since they provide additional and unique collaborative
data. |

Flgure 3.5 i1s a high power view of a spheroid
grown in the presence of 3H-thym1d1ne for 48 hours.
Comparison wlth figure 3.1 shows that, at the higher
magnification, many of the internal cells were clearly
labelled. This would indlcate that the internal cells
were in fact c¢ycling slowly, or at least most had in-
corporated some of the label during the labelling time,
Longer labelling times resulted in a higher proportion
of the internal cells belng labelled, but complete lab-
elling was never observed indicating that some of the
cells had stopped cycling completely, or at least were
unable to replicate their DNA. Alternate explanations
of the internal labelling include degradation of the
labelled thymidine and non-specific uptake, or possible
maintenance or repair of DNA in the internal cells.
It 18 also possible that cells may not occupy fixed
positions in the spheroid, and may thus become labelled
when 1n the external layers of cells and then migrate
into the central regions. 1In view of the evidence of

gsection 2.2, thls suggestion was deemed unlikely.

3.2.4 Summary
The data presented in this sectlon has shown that

as the spheroids increase in size, there is a progressive



FIGURE 3.5

High-power photomicrograph of an autoradlography
sectlon through a 3H-thym1dine—labelled spheroid.
The spheroid was grown in the presence of the label
for 48 hours. Note that many internal cells are
1lightly labelled.

Magnification: X 700
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decrease in the growth fractlon. The actual status of
the internal cells in the division cycle'has not yet
been unequivocally established, as partial synchrony
in a Gl-like position of the cell cycle 1is suggested
by figures 3.3 and 3.4, whereas figure 3.5 suggests
that most of the cells eventually incorporate labelled
thymidine and thus are cycling slowly.

3,3 Radiation Survival and Intercellular Contact at .
Different Stages of the Cell Cycle

3,3.1 Introduction ‘

It is well known that the survival of single
mémmalian cells shows large fluctuations when the cells
are irradiated at various stages of the cell cycle
(Terasima and Tolmach 1963, Sinclalr and Morton 1966,
Elkind and Whitmore 1967, Sinclair 1968, Okada 1970).
Since the spheroid system develops populations of cells
that are redistributed in the cell cycle as the spherold
ages, the survival of large spheroids 1s obviously de-
pendent on both contact and cell cycle effects.

This section contalns data which characterize the
effects of intercellular contact as the spheroid cells
progress through thelr cell cycles, by comparing res-
ponses of the maturing spheroids with synchronous, small

spheroids. Correlation of the enhanced capaclty for
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acoumulation of sublethal radiation damage and the cap-
aclty for repalr of suoch damage 18 made.

3¢3+2 Methods of synchronizing small spheroids

Small spheroids were synchronized after 24 hours of
growth by adding colcemid at a final concentration of
0.5 microgram/ml to the culture flask., Fourteen hours
later, the spheroids were centrifuged and washed twice
with BME at 4°c, then resuspended in fresh, warm medium
in the culture flask. Single cells from plates were
elther collected by mitotic selection (Terasima and
Tolmach 1963) or similarly exposed to colcemid, re-
moved from the plates in the supernatant and treated
identically to spheroids except that the single cells
were replaced in plates. Samples of the synchronous
spherold or single cells were then removed and treated
as required.

Partial synchronization of Chinese hamster cells by
removal of all those in S phase was accomplished by treat-
ment with hydroxyurea (HU). Preliminary experiments es-
tablished that HU was selectively lethal to only S phase
cells, and that all cells would attach to growth plates
equally well with the chemlical present or absent. No
rotentiation of radiation damage was ever observed (see Sin-

clair 1968, Phillips and Tolmach 1966). Selection of non-S
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cells was always performed after irradiation and tryp-
sinization by plating the single cell suspension dir-
ectly into complete medium containing 2 mM hydroxyurea.
Two hours later, the medlum 4+ HU was asplrated off the
plates and discarded, the plates washed with BME, and
fresh growth medium (BME 4+ 15% FCS) added to the

.plates.

3.3.3 BResults

The survival of cells from spheroids grown in the
continuous culture flask (see Appendix 1) as a function
of time in culture are shown in figure 3.6 « The in-
1tial inoculum of cells had typical survival character-
istics, with D, = 169 *+ 21 rad, and n = 10.2 . After
one day in culture, the value of n increased to 210 (the
broken curve in figure 3.6b is the curve of figure 3.6a).
By day 2, some decrease in survival was apparent, relative
to the uppef broken curve indicating day 1 survival (n =
104 in panel (c)). Day & spheroids showed a definite
survival decrease (n = 41), indicating that a population
of more sensitive cells was accumulating.

A Tigorous analysis of survival curves produced
by mixed cell populations is not included here, since 1t
is sufficlent for the present data to note that the most
registant population of cells always determines the final



FIGURE 3.6

survival of cells grown as spheroids and irrad-
jated at 37°C in air (140 rad/min). Eroken

wﬂempmﬂ(Mismewweﬁmpmﬂ(M;
the broken curves in panels (c) and (d) are the

same as the two curves of panel (b).

Panel PE Do n
(2) 91% 169+21 10.2
(b) 55% 166£20 210
(c) 62% 174£10 104
(a) 65% 17131 L1

Uncertainties in the above parameters represent

the 95% confidence intervals.



SURVIVING FRACTION

Kolo]| J

99

a b
DAY (O} !_ DAY (1)

1.0 \\ SINGLE CELLS ~we 30 £ 6 1 SPHEROIDS
\“
™ ‘\.

d
DAY (4)

160 & 4 )1 SPHEROIDS

|.0I-\ DAY (2)
\\:-.

65 t 4 ;1 SPHEROIDS

0 600 1200 1800 0 600
DOSE (RAD)



characteristics of the survival curve, and that a re-
duction in the extrapolation number of the terminal
portion of the survival curve reflects an equal reduction
in the relative fraction of such cells (see Appendix 2).
Thus, in figure 3.6d, the obvious resemblance of the
terminal slope (171 % 31 rad) with that of asynchronous
spheroid cells (166 = 20 rad) suggested that they were
asynchronous, oycling cells and comprised 20% of the
population while the remaining 80% had accumulated in

a more sensitive region of the cell cycle.

The most resistant stage of the'cell cycle in
Chinese hamster V79-171 cells is known to be late S
phase (Sinclair and MNorton 1966), and this was confirmed
in preliminary experiments with our subline. Since the
chemical hydrdxyurea (HU) is known to selectlvely kill
hamster cells in S phase, while blocking non-3S cells at
the G4/5 interface (Sinclair 1965 and 1967), it was
possible to use the chemical to selectively remove the
most resistant cells. Control experiments with synch-
ronous single cells confirmed the specificity of HU
killing with this cell line.

Figure 3.7 shows the result of treating the same
population of cells as shown in fligure 3.6 with 2 mM
hydroxyurea for two hours after the irradiation. As

hydroxyurea was found to be a chemical radiosensitlzer
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FIGURE 3.7

survival of cells grown as spheroids and irrad-
1ated at 37°C in air (140 red/min), then treated
with hydroxyurea to selectively kill S phase
cells. This experiment was performed 1in perallel
with that of figure 3.6, and the broken curves in
each panel are the curves for untreated cells as

in the same panels of figure 3.6

Panel PE Do n
(a) 38% 163£20 3.4
(b) 21% 17421 32.6
(e) 31% 158+11 52
(d) 53% 121%15 102

Uncertainties in the above parameters represent

the 95% confidence intervals.
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when present during irradiation 1in preliminary exper-
iments, post-exposure treatment was always used to ensure
that only specific elimination of S phase cells occurred.
As can be seen in figures 3.7a2 and 3.7b, treatment of
single cells and day 1 spheroids effectively reduced the
extrapolation numbers of the curves compared with the
broken curves which duplicate the solid curves of fig-
ure 3.6 (n = 3.4 and 32.6 for figures 3.7a and 3.7b Tres-
pectively). However, by day 2 and definitely by-day 4,
the non-S phase cells were more radiosensitive. The
curve for day 2 has a D, or mean lethal dose of 158 4 11
rad, and was significantly different by day 4 with a D,
of 121 * 15 rad. It is important to note that only a
partlal selection of the pells can be obtained with the
BU treatment, since the viabiliby of Gos G1 and M cells
was unaffected by the chemical. . ‘
Comparison of these results wlth those presented
in section 3.2, which indicated that an internal pop-
ulation of Gi-like cells developed in large spherolds,
suggested that these cells were responsible for the
decreased survival seen in day 4 spheroids (compare
figures 3.6d and 3.6b). The survival pattern of spherold
cells irradiated after various intervals of regrowth on
plates confirmed that the partially-synchronized cells
were relatively radiosensitive. Figure 3.8 shows that

the cells from the spherolds had the usual decrease in



FIGURE 3.8

Multiplicity and radiation survival of cells re-

growing from a population of day 9 spherolds.

(a) Number of cells per microcolony on the plate,
or miltiplicity as a function of time after
regrowth was inltiated.

(b) Isodose (1450 rad) survival of cells incubated
at 37°C and regrowing for various tlmes before

jpradiation at 24°C (155 rad/min).
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survival accompanying separation, then increased survival
during S phase with maximum survival preceedlng cell
doubling (figure 3.8a) by about 3 hours as with synch-
ronous single cells. Comparison of the initial survival
level of the spheroids with that of the most resistant
regrowing single cells indlcates that survival'was about
equal, which in turn implies that the spherolds were
considerably more sensitive to radiation than after oné
day of growth.

A more detailed characterization of these cells
was possible only if the entlre spherolds could be synch-
ronized. The synchrony obtained by exposure of small
(day 1) spheroids to colcemid is shown for a typlcal
experiment in figure 3.9 . After release of the mitotlc
block, the mitotic index (figure 3.9a) declined rather
slowly, with mitotic cells observed for almost 6 hours.
This slow completion of the first mitotic dilvision was
a characteristic of the spherolds only. No explanation
for the decreased mltotic rate can be offered, as single
cells treated on plates completed the first dilvision
within 30 minutes and then cycled with the normal gen-
eration time of about 11 hours. The *end' of the first
mitotic division, or the M/G1 interface, was defined to
be the point where the mitotic index had decreased to

one-half its initial value, that is, at a time of about
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FIGURE 3.9

Characterization of synchronous day 1 spherolds re-
leased from a mitotic block (colcedid-induced) at
time O. The mitotic index, or number of mltotic
cells per 500 cells counted (a); labelling index,

or number of cells per 500 that became autoradio-
graphically labelled with a pulse of JB-thymidine (b);
plating efficiency (c¢); and isodose survival (1380
rad at 155 rad/min, 24°¢) are shown as a function

of time after release.
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3 hours after release.

The labelling index (figure 3.9b) indicated that
the spheroids began synthesizing DNA about 6 hours after
release, wlth the half-maximum time (G1/S interface) at
about 7.5 hours. This suggested that the cells exper-
jenced an extended Gl phase of about 4.5 hours, compared
with the usual 2 hours when grown aé single cells. The
extensions of M and Gl lengthened the cell cycle to
roughly 14.5 hours for the first synchronous generation
cycle, in contrast to the usual volume doubling time of
about 11 hours for asynchronous spherolds.

Two features of the labelling index data of figure
3.9b suggested that only partial synchrony'had been ob-
tained by the colcemid treatment: about'15% of the cells
were found to incorporate 3H-thymidine immediately and up
to 5 hours after release of the colcemid block, and the
maximum labelling index was found to be only sbout 80%,
whereas a figure of 65-70% had been observed for asynch-
ronous spheroid cells (flgure 3.2). These results,
however, cannot be jmmediately interpreted as an in-
dication of partial synchrony. The plating efflclency,
or number of viable cells in the spheroid cultures with
or without colcemid treatment, ranged from 35 to 65% in
most experiments, with the data of figure 3.9c showing
a PE of 65% at all positlons of the cell cycle in that



particular experiment. Since the labelling index data
could not be corrected for subsequent cell viability,

1t 1s not unreasonable to assume that some of the doomed
cells may have non-speclfically incorporated the.label,
and thus appeared as a 'background' count. Similarly,
other non-viable cells would not lncorporate 3H—thym1d1ne
at all and would thus provide an unlabelled fractlion of
cells.

To test these possibilities, an additional method
of assaying the synchrony of the cultures was devised,
using hydroxyurea. Exposure of the synchronized spher-
oids to HU at any time from O to 5 hours after release
of the colcemid block was not found to reduce the plating
efficiency significantly, indicating that the 15% of the
cells which had incorporated 1ab91 were possibly not in
S phase, or else msy have been in S phase but were also
resistant to HU. A third, and much more appealling ex-
planation wés,that the cells simply were incapable of
proliferation, despite uptake of the label. Conversely,
treatment of cells with HU at the time of maximum
labelling (11-12 hours) typlcally reduced the PE to less
than 5% survival. These results, in contrast to the
1abelling data, suggested a high degree of synchrony
even 11 hours after removal of the synchronlzing agent.

Variations in radiosensitivity through the cell
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cycle are shown by the cyclic survivals of figure 3.9d.
The spheroid cells were most sensitive 3 to 4 hours
after release (very early Gy phase) and most resistant
in late S phase as was found in control experiments with
single cells. Unlike single cells, spherold cells were
relatively resistant in mitosis, though thls was partly
due to the fact that no correction for multipliclty was
made during the early times shown in figure 3.9d4, as
survival was calculated by consldering a cell in any
stage of mlitosls to be only one cell.

COmplete survival curves were generated for spheroid
and single cells at the most sensitive and resistant stages
of the cell cycle. Figure 3.10a shows that survival diff-
erences as single cells progressed through the cell cycle
were due to differences in the abllity to accumulate
sublethal damage, since the extrapolation number in-
creased from 1.3 for M/G, cells to 28 for late S phase.

No significant difference in slope was observed, as the
D,'s varied from 172 = 15 to 196 * 23 respectively. In
the spheroids, the wost reslstant cells had a similar
terminal slope of 195 %= 49 rad, with a much higher ex-
trapolation number of 328. The large errors in the 95%
confldence lnterval can be assoclated with the convexity
of the survival curve, indicating that it was doudbtful
whether the terminal slope had indeed been reached 1ln



FIGUBRE 3.10

Survival of synchronized cells grown on petrl dishes
or from day 1 spheroids and irradiated in air at 24°¢

Symbol .PE Dy n Dq

(a) A 81% 196423 28 645
X 92% 184%17  10.8 438

° 85% 172%15 1.3 45

(b) A 63% 195549 328 1008
65% 18231 180 940

0 60% 101 1150 710

Uncertainties shown above represent the 95% con~

fidence intervals.
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the survival range shown. 4 marked effect of inter-
cellular contact can be seen at the M/G1 stage of
growth for cells in contact. Several experiments have
shown that the curve was jndeed concave downward and
that the relatively large shoulder was always observed.
Assuming that the last experimental points of figure
3,10b were on the exponential region of the curve, &
D, of 101 rad would result.

These large shoulders on the survival curves make
quantitative estimates of the amount of Elkind type
repalr (see Elkind and Whitmore 1967, also Appendlx 3)
extremely difficult (see Malone et a1 1971). However,

a method of analysls was developed with the intention
that recovery should be independent of the dose glven
when synchronous, non-progressing cells were considered.
A complete description of the technique is given in
Appendix 3. For the present discussion, 1t is sufficlent
to define the recovery, or the capacity for repalr, o be
the ratio of the net survival increase occurring when
radiation is given in two doses to that expected if the
cells fully regalned the ability to accumulate sublethal
damagé.

The repalr capaclty of spheroid cells, relative
to single cells, is shown in figure 3.11, where pro-
gression of cells through the cell cycle was inhibited



FIGURE 3.11

Survival of single cells and spheroid cells fol-
lowing two doses of radlation separated by varying
times, and repair capaclity or recovery of these
cells (see Append;x 3). Synchronized single cells
and spheroids were maintained at 24°C during and
between exposures (142 rad/min). Survival wes
constant over the shown time intervals 1f assay was
delayed after only the first dose. Plating efficlenciles
of 854 (M) 81% (0); 60% (X)s and 63% (@) were
found. Standard errors were omitted in the interests
of clarity, but were never greater than +10% of the

plotted values.
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by malntalning the cells at room temperature. Panel
(a) shows the actual survival curves obtained, where
survival following the two doses of radiation was plot-
- ted as a function of time between doses. Due to the
different survival levels, no direct comparison can be
made. However, when the data were normalized as in
Appendix 3, two apparent features were observed. Late
S phase cells, whether grown as spheroids or as single
cells exhiblted more recovery than did M/G1 cells. In
addition, the repair capacity of the cells grown as
spherolds appeared to be greater at both stages of the
cell cycle. Although the increased repalr was not
statistically significant in any one experiment, and
survival levels were not absoiutely reproducible between
different experiments, qualitatively similar results
were observed in all experiments.

Further observations on the repair capacities of
partially synchronized cells in coﬂtact were obtained
by studiles w;th confluent monolayers of cells. Since
most cells in the contact-inhibited monolayer were in
early G, phase (Durand and Sutherland 1973), another
experiment was designed to compare the repair capacities
of synchronous early Gl’ late S and day 8 plateau phase
cells. As shown in figure 3.12, late S phase single
cells again exhiblited a higher repair capacity than
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FIGURE 3.12

Recovery of synchronized and day 8 plateau phase cells
grown on petrl dishes as a function of time between
two 600 rad doses of radiation (146 rad/min). The
cells were maintained at 24°¢ during and between doses,
and surv;val was constant after the first dose over
the time intervel shown. Plating efficiencies of

81Z (m); 64% (X); and 78% ( ® ) were observed.
Standard errors were omitted for clarity, but were

never greater than = 8% of the plotted values.



RECOVERY (%)

119

oo EARLY G,
a—s LATE S

x==x PLATEAU

80

60

40

20

0 4 8
TIME (HRS)



either plateau phase or early G1 phase cells. Although
the plateau phase cells did show a slightly higher re-
covery than did G1 single cellsA(by about 5%), the effect
was only about half that seen for G1 phase cells in the
spheroids, and may again have been related to the smaller
degree of intercellular contact found in the plateau
phase cells.

It is technically quite difficult to obtaln well-
chraacterized mixed populations of cells experimentally,
but mixed populations can easlly be considered theoret-
ically. Theoretical curves were thus generated for pop-
ulations of cells having sub-populations with the sur-
vival characteristics documented in this chapter, and
the resulting fheoretlcal curves were compared with the
experimentally-obtalned curves. -Flgure 3.13 shows broken
curves representing the survival of 80% of the popul-
ation being the non-S population of the day 44 spheroids
shown in figure 3.7d, and the remaining 20% being cycling
cells as in figure 3.6b. The solid curve represents
the theoreticael curve predicted for survival of a mixed
population of cells with these compornents, and the date
points of flgure 3.6d are included for comparison. NMore
detall concerning theoretical synthesis of mixed pop-

ulation survival curves can be found in Appendix 2.
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FIGURE 3.13

Theoretical survival (solid line) of a population
of cells comprised of the two sub-populations rep-
resented by the broken survival curves. The broken
curve intersecting the ordinate at .8 represents
the survival if 80% of the population were non-3
phase with survival as in figure 3.7d; the broken
curve intersecting the ordinate at .2 represents
the survival of 20% of the population being asynch-
ronous cells in contact as in figure 3.6b., The
data points represent the observed survival of a

day 4 spheroid, previously shown in figure J.6d.
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3.3.4 Sunmary

The data presented in this section have shown that
the radiation survival of cells grown 1n contact varies
according to the position of the cells in their gen-
eratlion ocyecle. Cells in contact had the abllity to
accumulate large amounts of sublethal damage at all
stages of the cell ceycle, but contact also inereaseqd
radlosensitivity at very early stages of the division
cycle. Recovery between two doses of irradiation was
enhanced by intercellular contact, and the amount of
recovery was observed to be dependent on cell oycle pos-

itlion with a maximum at late S phase.

3.4 Discussion

The cell cycle kinetics studies detailed in
sectlion 3.2 and the variations in radiation response
of the growing spheroids (section 3.3) both show that
a redlgyribution of cells with respect to cell cycle
positioﬁ oceurs in the maturing spheroid. As the dis-
tribution of cells in the cell cycle when grown as
spheroids has not been unequivocally established (see
section 3.2.4), the internal cells have been referred to
as G4 or Gl-like cells, particularly at the early stages
of growth already discussed. However, since the con-
cept of an infinitely long G, phase (that 1s, some



cells are definitely not cycling) may not be attrac-
tive, the internel cells of large spherolds wlll here-
after be referred to as 'Go' cells, with the proviso that
this is strictly a working definition. The speclal char-
acteristics necessary in this G0 stage, and its relatlon
to the normal cell cycle are discussed at length in
Chapter V.

Intercellular organization and contact has been dem-
onstrated to enhance the capacity of these cells to accum=-
ulate and repair sublethal radliation demage. It was thus
reasonable to assume that close assoclation with dead, as
opposed to normal neighboring cells would also influence
cellular processes other than accumulation of sublethal
damage. Therefore, in obtaining these synchronized pop-
ulations of spheroids, an attempt was made to ensure that
none of the spherold cells were lethally damaged by the
synchronizing procedure alone. Colcemid-treated cells
should be acceptable under these criteria (see Ross and
Sinclair 1972), since all cells were expected to be viable
at the time of release from the mitotliec block. 1In fact,
no decrease in plating efflclency was ever found to be
attributable to the synchronizing prbcedure. The pro-
longation of mitosis after removal of the chemical was
unexpected on the basis of single cell results, and sug-

gested that membrane interaction may influence cellular
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responses to agents other than lonlzlng radlation.

The degree of asynchrony introduced by the pro-
longed 1initial mitosis was difficult to assess. In any
event, the results presented in thls chapter were not
critically dependent upon absolute synchrony, and in
fact, would only be more pronounced if increased synch-
rony were attained. Increasing the degree of synchrony
would accentuate the survival fluctuations through the
cell cycle. As an example, increased synchrony at the
position of maximum resistance in figure 3.94 could only
increase survival, since asynchrony at that point would
reduce the fraction of cells that were most resistant.
The situation was exactly opposite at the position of
maximum sensitivity, in that increased synchrony would
result in even lower survival. Thus, the results ob-
tained cennot be explained merely on the basis of par-
tially synchronized spherolds, and must be a result
of variations in response at the different stages of the
cell cycle.

The increased survival associated with the spheroid
cells lmmediately after removal of the mitotic block can-
not be entirely explained by the undetermined cell mul-
tiplicity (a factor of 2 at most). Since the mitotic
rate was retarded, the cells may have been arrested in

a state where repair of potentlally lethal radiation
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damage could occur (Belli and Bonte 1963, Phillips and
Tolmach 1966, Hahn et al 1968, Stewart et al 1968,
Little 1969a and 1969b, Belll et al 1970, Mauro and
Little 1970, Little 1971). Due to the difficulty in
clearly demarcating M and Gy phases, it is also possible
that the cells hed an extended G, phase having sensitive
and resistant parts (Chapman et al 1970b). In any case,
1t 1s clear that the intercellular contact modified the
cellular survival differently as the cells progressed
through their dilvlision cycles.

The high radlosensitivity of early Gy phase spheroid
cells was unexpected. When the curve for these cells
in figure 3.10b was extrapolated and compared with the
equivalent curve of figure 3.10a, the curves intersected.
This would suggest that, at high doses and at this par-
ticular stage of the cell cycle, the intercellular con-
tact might actually contribute to increased céll killing.
Unfortunately, the assay technique used does not glve
reliable data at such low survival levels, nor would
synchrony likely be adequate to test thls suggestlon.
The great radiosensitivity of the early Gy phase spheroid
cells might be simply an artifact of the colcemld treat-
ment, since no other agent has been used to study spher-
oids as early in the generation cycle. However, the

cells of larger spheroids had a survival curve with D, of
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121 rad when S phase cells were selectively killed (fig-
ure 3.7d). Assuming, as before, that cycling cells
comprised 20% of the population (figure 3.7d), and with
the further assumption that G2 and M cells represented
about 15%¢ of that population (i.e. only 61 phase was
elongated), then only about 3% of the surviving cells
might be expected to be non-Gy cells, indicating that

a reasonable degree of synchrony (with respect to the
phase of the cell cycle, but not the position in that
phase) had developed in these larger spherolds. There
is, of course, no reason to expect the G1 cells of the
spheroids to accumulate in the most radiatlion sensitive
part of G, (t.e. very early G, with D, = 101 rad as in
figure 3.10b). Perhaps interaction of the cell mem-
branes in the synchronous spherolds in early G1 leads

to conformational changes in the cellular DNA leading to
increased radlosensitivity, as has been proposed for
Chinese hamster ovary cells treated with hypertonilc
solutions (Dewey et al 1972).

The effects of intercellular contact were not
constant through the cell cycle. This was first noted
in figure 3.9d, where the ratlo of maximum to minimum
survival at the one dose used was a factor of about 30.
With single cells, an equivalent ratio of 12 was typlcally

observed, and was independent of dose for doses on the
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exponential regions of the survival curves. The nor-
malization technique designed for comp;rison of repailr
capacities of the cells at room temperature also sug-
gested that the influence of intercellular contact was
variable through the cell cycle. Late S phase cells
repaired more damage at room temperature for both single
and spheroid cells, and the additional repair capaclty
of the spherold cells was most pronounced at late S
phase. This dependence of the enhanced repalr capacity
on cell cycle position suggested that different types
of damage may have been caused (see Elkind and Kano
1971), or else that a unique !repalr mechanism' or in-
creased ‘'efficiency'! of existing mechanisms may have

been responsible for the differentlial response.



IV, HYPOXIC CELLS
AND RADIATION SURVIVAL

4.1 Introduction

It is now well known that mammalian cells ir-
radiated in the absence of oxygen are killed less
readily (Elkind and Whitmore 1967, Okada 1970, Fabrikant
1972), and that this radioresistance (see Appendix 2)
requires that the radiation dose be increased by about
a factor of 3 to achleve killing comparable to the well-
oxygenated case (Gray 1957, Revesz and Littbrand 1964,
Bedford and Hall 1966, Kruuv and Sinclair 1968, Legrys
and Hall 1969, Van den Brenk 1969). This is thought to
be one of the major problems in tumor radiotherapy (Gréy
1957, Inch and McCredie 1968, Cheshire and Lindop 1969,
Urtasun and Merz 1969, Du Sault 1971, Wideroe 1971), as
cells outgrowing their vascular supply may be deprived
of oxygen as well as other metabolites (Tannock 1970 and
1972, Folkman 1971 and 1972).

The oblect of radiotherapy is to selectively kill
the malignant cells, s0 the problems created by any
radloresistant, hypoxic cells in tumors can be emphasized
by considering the survival curves shown in Appendix 2.
When two populations of cells are characterized by
different radiosensitivities, the survival curves diverge.

Thus, for large doses of radiation, the probability of
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survival is many orders of magnitude higher for hypoxic
cells. Stated inversely, this implies that, to destroy

a hypoxic tumor cell population, millions or even bil-
lions more healthy, oxygenated cells may also have to be
lethally damaged. To circumvent the problems introduced
by & hypoxic fraction of cells, different radiotherapy
schemes have evolved (Lajtha and Oliver 1961, Kallman 1968,
Van Putten and Kallman 1968, Badlb and Webster 1969, Howes
1969, Thomlinson 1968), and have proved successful enough
that some controversy exists as to whether the oxygen
effect 1s pertinent or irrelevant to clinical radiotherapy
(Hall 1967, Alper 1968, Bewley 1968).

Another consideration which may be dependent upon
the oxygenation status of individual tumor cells is the
capacity of the cell to recover the ability to accumulate
sublethal damage between radliation doses of a multi-
dose treatment program. Recovery has been shown 1n both
in vivo (Kallman 1968, Van Putten and Kallman 1968, Suit
and Urano 1969) and in yitro systems (Hall et al 1966,
Elkind and Whitmore 1967, Elkind et al 1968, Belli et al
1970, Foster et al 1971) under certaln conditions, but
absence of recovery has also been found in the animal
(Urtasun and Merz 1972) as well as in tissue culture
systems under more stringent conditions of hypoxia

(Littbrand and Revesz 1964, Phillips and Hanks 1968,
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Elkind and Whitmore 1967, Littbrand and Revesz 1969,
Koch and Kruuv 1971, Hall 1972, Koch 1972).

pPespite the varlous responses of hypoxic tumor
cells to radiotherapy indicated above, there 1s at least
gome convincing evidence that hypoxia does in fact occur
in many in vivo tumors. Clinical studies by Thomlinson
and Gray (1955) suggested that poor oxygenation cor-
related with presence of necrosis. Other work, using
oxygen electrodes and other techniques; has shown that
many experimental nodular tumors do develop hypoxlic
reglons (Powers and Tolmach 1963 and 1964, Kruuv et al
1967a and 1967b, Bergsjo and Evens 1968, Van Putten and
Kallmen 1968). In addition, 1t has been shown that
hypoxic regions can occur without central necrosis
{Van Putten and Kallman 1968), in very small tumors
(Reinhold and Debree 1968), and even in ascltes tumors
(Del Monte 1969).

The potential of the spherold as an in vitro
tumor model would obviously lncrease tremendously 1if
hypoxic cells could be demonstrated. In addition, the
spherold system would be unique in that it is the only
in wvitre culturing system in which the hypoxic cells
would develop spontaneously and gradually, and would
be meintained for long periods 1in jntimate contact with

normal, aerobic cells.
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4.2 Hypoxic Cells in the Spheroild

4,2.1 Introduction

This section presents evidence that the multi-
‘cellular spherold 1s histologically similar to human
and experimental nodular tumors, and thus provides the
best 1in vitro simulation of the conditions which de-
velop in the in vivo tumor. Central necrosis will be
shown to correlate with oxygenation in the spheroid,
thus suggesting that a hypoxic fraction of cells does
develop. In addition, the presence and location of
the hypoxic cells will be demonstrated visually by the
technique of autoradiography, using a labelled compound
that preferentlally binds to hypoxic cells during
irradiation.

4.2.2 Methods of spheroid growth under low
oxygen tensions and hypoxic cell visualization

The effects of reduced concentrations of oxXygen
and other metabolites in the medium on the growth of
large spherolds was investigated by growing the spheroids
under normal conditions for either 5 or 14 days. These
times were chosen to ailow growth to a diameter of ap-
proximately .2 mm (5 days) where few hypoxic cells would
be expected or to a diameter of more than .3 mm (14 days)
where significant numbers of hypoxic cells would be
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found. On these days, the spheroids were divided eq-
ually into 3 flasks containing 75 ml of medium. Two
flasks were gassed continuously with 97% air plus 3%
CO0pe Two-thirds of the medium in one of these Was re-
Placed with fresh medium daily thereafter (fed), while
the medium in the other flask was not changed (starved).
The third flask was gassed continuously with 5% 0, plus
3% Co2 in nitrogen, and fed daily with Pre-equilibrated
medium with the gassing continued during the feeding pro-
cedure. Spheroids were grown as long as 7 days under
these controlled conditions.

Samples of spheroids were withdrawn from the flasks
and sized or processed for histological studies at var-
ious times-asldescribed for the particular experiments.
Serial sections 5 microns thick were prepared on each
day of growth, and spheroids were considered only if
enough sectlons could be followed microscopically to
ensure thét the center of the spheroid had been bypassed.,
When the central section had been determined, a range of
adjacent sections (never exceeding 6 on either side) was
observed and the thickness of the viable rim on each
side of the central necrotic reglon was measured in per-
pendicular directions. Each section thus yielded 4 values
of rim thickness, so ag many as 48 separate measurements

of rim thickness per spheroid were made. These were then
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averaged for several spherolids from each growth con-
dition.

Nitrofurazone labelled with 140 was added to spher-
olds for 20 minutes before, and during an ilrradiation
period long enough to deliver 40 krad to the spheroids
(about 4 hours). The nitrofurazone was dissolved dir-
ectly in complete BME with a final concentration of .5
nM, and control spheroids were sham-irradiated at 37°C
or irradiated at 24°C. Standard autoradiographic pro-

cedures were then used (see section 3.2.2).

b.2.3 Results

Visual evidence of the dlfferent cellular states
which develop in one type of nodular tumor is readily
evident in the photomicrograph of figure 4.1, which
shows the type of growth often seen in the C3HBA mouse
mammary carcinoma. Panel (a) shows a nodule of the
tumor 1in which the blood supply was confined to the
periphery. The central cells became necrotic, and some
of the cells near the necrotic region stained more
darkly. Tannock (1968) has shown that cell cycle kin-
etics are.markedly different in similar regions of
other tumors.

Different regions of the tumor may develop in the

exactly opposite manner, where the malignant cells form



FIGURE 4.1

Photomicrograph of two reglons from a C3HBA nodular
mouse mammary cercinoma. Panel (a) shows the ap-
pearance of a nodule where the blood supply was
confined to the periphery; panel (b) shows the cel-
lular organization around a capillary. Necrosis 1is
evident at large distances from the blood supply in
each case.

Magnification: X 230
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a cord-like or cylindrical structure around blood ves-
sels as in figure 4.1b. The cells nearest the blood
supply again were much more metabolically active, and
tended to proliferate faster than the more distant cells.
Qualitatively, there 1is 1ittle difference between the
structures shown in figure 4.1, and the resemblance

of figure 4.1a to the largest spherold of figure 2.4 is
very striking. 1In the spherecid, as in the tumor, cells
grow in a situation dependent upon the diffusion prop-
erties of the necessary metabolites.

One particular human tumor which undoubtedly con-
tained hypoxic cells 1s shown in figure 4,2 . This
figure shows a lung petastases from é primary adeno-
carcinoma of the colon. The viable rim of cells varied
in thickness between 150 and 180 microns, somewhat larger
than the 80 micron figure reported for mouse mammary
carcinomas (Tannock 1968), but comparable with the vi-
able rim of bronchogenic carcinomas (Thomlinson and Gray
1955), and almost exactly jdentical to spherolds. This
particular tumor is rather unigue, in that the single
malignant nodule can be represented in almost every de-
tall by a spheroid. The radiotherapeutic problem of hy-
poxic cells is also particularly well jllustrated by this
type of tumor, since normal lung tissue is well oxygenated

and quite radiosensitive.



FIGURE 4.2

Photomlicrograph of a human lung metastases of a
primary adenocarcinoma of the colon. The nodular
structure of thils type of tumor is particularly
well simulated by a spheroid.

Magniflication: X 190
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Although no direct measurements of oxygen tension
were carried out i1n the spheroid, hypoxla was 1inferred
from several indirect experiments (see also Appendix 4).
The role of hypoxia compared with deficliencies of other
metabolites in controlling cell proliferation during the
retarded growth phase indicated in flgure 2.2 was in-
vestlgated by comparing gfowth of large spheroids under
optimal conditions of oxygenation and nutrition, hypoxia
(5% oxygen in N2) but good nutrition, and good oxygen-
ation but poor nutrition (starved). When spherolds
grown to the beginning of the retarded growth phase (day
5) were subjected to the new conditions, the mean size of
starved spheroids was essentially unchanged (figure 4.3),
although some larger spherolds were observed in the
histologlcal sections (Table 1). The reduced oxygen
concentration decreased the growth rate from a doubling
time of 36 hours in the control to 60 hours. However,
there was little development of central necrosis in the
starved spheroids, 1ln marked contrast to growth in low
oxygen where necroslis was evident even after 1 day.

The average radlus of the viable rim undef hypoxlec con-
ditions was 96 microns (Table 1). This compared with
187 microns for spheroids grown under optimal conditions.
The thlckness of these viable rims was constant under

low oxygen for the week of growth observed.



FIGURE 4.3

Effects of deprivation of oxygen or nutrilent factors
on the growth of spheroids (previously grown 5 days
under optimal conditions). See text for detalled

experimental condltlons.
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In another experiment spheroids were grown for 14
days to diameters >300 microns, where many had developed
central necrotic as well as hypoxic cells. The flasks
were then gassed with 5% 02 and within one day a ring
of necrotic cells was observed, agaln at a distance not
significantly different than 96 microns from the outside
(Table 1). Spheroids which had already developed nec-
rotic centers under the standard growth condltions also
developed the new necrotic regions. Starved spherolds
of increased size were observed, but did not develop as
large an area of central necrosis as did the spheroilds
grown in hypoxic conditions. These results suggest that
the mein cause of the central necrosis was the 1limit-
ation in the oxygen supply. In addition they suggest
that the cells could gradually adapt to low oxygen ten-
sions, but were not able to survive abrupt shifts in
oxygen concentration in this tumor-like environment.

The hypoxlc cells of the spheroid were demon-
strated autoradiographicelly using 1%*c-nitrofurazone.
This agent has been previously shown to bind prefer-
entlally to DNA, protein and whole cells when irradliated
under hypoxic conditions (Chapman et al 1972). As dem-
onstrated in figure 4.4, there was llttle or no binding
in the outer, well-oxygenated layers of the spherold,

but there was a graded increase in binding to a maximum



FIGURE 4.4

Photomicrograph of an autoradlographlc section of a
spherold labelled with 1uc-n1trofurazone, e compound
which preferentially binds to hypoxic cells during
irradiation, thus indicating which cells were hypoxlc.
Total radiation dose was 40 krad (160 rad/min at 37°C).
Magnification: X 600
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in the central area. No localization of the label was
found in unirradiated controls, or in spheroids irrad-
iated at 24°C (see section 4.3.3).

The remarkable morphologicel resemblance of the
spheroid to the tumor nodules of figure 4.1a and es-
pecially 4.2 can be seen in the high-power photomicro-
graph of filgure 4.5 . 1In very large spheroids such as
the one in this figure, four distinct reglons were gen-
erally visible, The external cells were rather fibro-
blastic, whereas cells more than about three cell di-
ameters from the surface were somewhat more compressed,
smaller and more spherical. These outer regions con-
tained the actively proliferating cells, and a mitotic
cell can be seen near the right side of the figure.
Vacuoles were very numerous near the necrotic region,
and the cells typically stained in an eosinophillic
manner, despite the darker nucleiil. Central necrosis
and occasional scattered necrotic cells were found near
the middle of the section. 1In conjunction with the
results presented in sections 2.2 and 3.2, these mor-
phologlcal features demonstrate that the spheroid sim-
ulates the cellular organization, decreasing‘growth
fraction, and development of hypoxic regions seen in vivo
during tumor growth. Development of multinucleated and
tetraploid cells in the spheroid, albeit in small num-



FIGURE 4.5

High-power photomicrograph of a central section of a
very large spheroid. Four areas can be seen, in-
cluding external, fibroblast-like cells; an inter-
mediate area of more sphericel and compact cells with
well-defined miclear detalls cells bordering the nec-
rotic zone that are highly vacuolated and have darkly-
staining nucleii; and internal necrotic cells.

Magnificatlon: X 500
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bers, may at least partially lead to cells of somewhat
different radiosensitivities such as those that result

from differentiation in a tumor.

4,2.4 Summary

| The evidence presented in this section has shown
that spheroids provide an exceptlonally accurate model
of both human and experimental nodular carcinomas. De~
velopment of central necrosis was shown to correlate
with oxygen tension in the medium, and the viabie rim
was found to decrease by a factor of two'when oxygen
was reduced to one~quarter lts original value, as pre-
dicted theoretically (see Boag 1969, and Appendix 4).
The hypoxic cells were also demonstrated by an auto=-

radlography technique, using 1uc-nitrofura20ne.

4.3 Radlation Survival and Hypoxic Cells

4.3.,1 Introduction

A large spheroid has a cell density which approaches
that of organlized tissue in vivo, and thus introduces the
problem of oxygen depletion in the medlum due to cell res-
piration. Even at moderate spheroid densitles, the large
number of cells in each spheroid reéuired that diffusion
of oxygen be édequate to maintain this respiration. Rad-
tation adds an additional problem, that of radiatlion in-

duced binding or removal of molecular oxygen from the
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system, so a careful analysls of the radiétion con-
ditions used has been presented in Appendix 4. It is
sufficlient to indicate, in introductlion to this section,
that the hypoxic cells found ;n the spherold resulted
during spheroid growth, and significant levels of in-
duced hypoxia were not produced under the radiation con-
ditlons described.

The results presented in this section willl show
that a fractlion of highly radloresistant cells develops
as the spherold lncreases in size, and that this conm-
ponent of the survival curve dlsappears under conditions
designed to produce equal oxygenation of all cells in
the spherolid. Electron affinic chemicals known to sel-
ectively sensitize hypoxic cells to radiation will also
be shown to reduce the survival of cells from large

spherolds,

4,.3.2 Methods of irradiation of large spheroids

Unless otherwlse specifled, all irradiations of
large spherolids were performed in the glass radlation
vessels at 37°c as previously described (section 2.3.2),
with the exception that the flow rate of the humidified
air or nltrogen was increased by a factor of ten to en-
sure about 20 volume changes per minute in each vessel.

This flow rate was found to produce agitation in the
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mediun without significant evaporation, and thus main-
tained the best possible oxygenation of the medium,
Stendard techniques for survival determination following

the irradiation procedure were employed.,

4.3.3 Results

The same population of spheroids previously shown
in figure 3.6 was maintained for a total of 12 days, and
survival curves were obtained on these later days. A
separate experiment has been included in figure 4.6 to
show the typlcal survival of very large spheroids., Pro-
gressive development of a third, highly radioresistant
population can be seen in figure 4.6 . fThis fraction
usually comprised less than 20% of the population (about
9% in figure 4.6c and 16% in 4.6d), and the cells were
typically less radioresistant in smaller spheroids (Do =
232 rad in flgure 4.6b, 271 rad in 4.6c and 302 rad in
figure 4.64).

Evidence that the most resistant fraction of cells
was indeed hypoxic 1s presented in figure 4,7 . If
hypoxla was in fact the reason for the great reslstance
of the final component of the curve obtained under nor=
mal conditlons (control curve), it would be expected
that irradiation of the spheroid under anoxic conditions

would increase the size, but not the resistance of this



FIGURE 4.6

Survival of cells grown as spherolds and irrad-
iated at 37°C in air (130 rad/min). Spheroids

were from the same experiment shown in figures 3.6

and 3.7
Panel- PE Do
(a) 62% -
(b) 65% 232
(c) 62% 271

(d) 54% 302
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FIGURE 4.7

survival of cells grown as spherolds and irradlated

'in alr at 379C (X )s in air at 24°C (®); in air at 37°¢
after reduction to single cells by trypsinization (Aa)s
or in nitrogen at 37°9C (0 ), aﬁ 141 rad/min.

Symbol FE Do n
X 55% 210 -
0 56% 160 42
A 62% 159 29
0 62% 430 -
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population of cells. This appeared to have occurred in
the upper curve of figure 4.7, resulting in a biphasic
survival curve. Smaller spherolds with more cycling
cells showed the two components more clearly (see figure
4,9). The increase in radloresistance found (D, = 430 rad
versus 210 rad for the control curve) was entirely at-
tributable to cell cycle effects (see figures 3.6d, 3.7d
and 3.10b), since, under anoxic conditions, the cycling
S phase cells would be most resistant. The elimination
of the third component of the curve under anoxic con-
ditions thus suggested that the most resistant cells
under normal conditions were likely hypoxic.

Under steady-state conditions, concentration of oxy-
gen within a sphere of metabolizing tlssue is determined
by the amblent oxygen concentration and by the rate of
consumption (Appendix &4, equation 16). Complete reoxygen-
ation of the cells from hypoxic reglons of the spheroids
occurred if the spheroids were reduced to single cells
immediately prior to irradiation. Mlnimal progression
through the cell cycle was expected in the short treat-
ment time, and, as shown by figure 4.7, elimination of
the resistant fraction of cells did occur. Another means
of allowing oxygen to reach the internal cells was to
reduce metabolic activity in the spheroid by lowering
the temperature to 24°C for 20 minutes before and during
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the lrradliation. This allowed more oxygen to diffuse in
and reoxygenate the hypoxic cells, and the final resis-
tant component of the curve was completely eliminated
(figure 4.7). Intercellular contact at the time of
irradiation has been shown to enhance survival 1n thils
system (figures 2.9 and 2.10), and the slight survival
increase seen with the latter method of reoxygenation re-
flected thils contact.

Very large spherolds have previously been shown

to contain only a small fraction of cycling cells (figures

3.1 and 3.2), so it was expected that irradiation of such
large spherolds would show a very small, and possible un-
resolved component due to the c¢ycling cells. The de-
talled survival curve analysis suggested in Appendlix 2
indicates that cyocling cells would not contribute not-
iceably to the survival curve whenever a larger fraction
of cells was more reslstant. Thls was observed exper-
imentally in figure 4.8, where the i1nitial survival
curve shoulder 1s somewhat wider than normal, but can-
not be resolved into more than one component. It was
interesting to note that even with such large spherolds,
only about 20% of the cells were found to be hypoxic,
as in many animel tumors (Van Putten and Kallman 1968).
The hypoxlc cells have been shown to be the cells
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FIGURE 4.8

Survival of cells grown as single cells on petrl dishes
or as spherolds, and irradlated at 3?°C in alr (143
rad/min).

Symbol PE D
X 58% 395 -
0 86% 177 9.9
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nearest the necrotic core of the spherold. Some problems
might be anticipated in the viability of these cells,
particularly after the trypsinization procedure. It
should be emphasized at this point that experiments con-
ducted to determine plating efficlencles of cells from
various regions of the spherold followling partial tryp-
sinization showed no slignificant differences in plating
efficiency. Whlle these experiments were admittedly
rather lmprecise, the importance of at least trylng to
determine the PE of each populatlon is clearly demon-
strated in Appendix 2.

The results obtained in sectlion 3.2 indicated that
the internal cells of large spherolds accumulated in a
Giwlike phase of the cell cycle that was designated G0
(see section 3.2.4). The properties of these cells were
demonstrated in figure 4.9, where anoxlc spheroids were
irradiated and the single cells were then treated with
hydroxyurea to kill those cells in S phase. The two=
component sufvival curve usually found under anoxic con-
ditlons was reduced to a singlie component curve by this
treatment. Comparison ﬁith synchronous day 1 spherold
cells irradiated in an anoxic environment at the cell
cycle position of maximum radiosensitivity (M/Gl) showed
that cells in the HU-treated anoxic spheroids were

slightly more resistant (Dg = 310 rad versus 240 rad for



FIGURE 4.9

Survival of cells grown &s spherolds and irradiated

in nitrogen at 37°C as intact, untreated spheroids (X )3
spheroids with S pﬁase cells selectively removed by
treatment with hydroxyurea (A); end synchronlzed day 1
spheroids in the most sensitive part of the cell

.ecycle (®). Dose rate was 148 rad/min.

Symbol PE Do n
X 56% Lly2 38
A 43% 310 490

o 46% 240 1180
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the synchronous day 1 spherold cells). This was not
unexpected, as some of the cycling cells in Gl’ Gy and
M would add to the resistance of the drug~-treated spher-
olds (as found in alxr when figure 3.74 was compared with
figure 3.10b). The gimilarities of radiosensitivity of
the non-8 cells (primarily Gg) of the totally anoxlc
spherolds to the most resistant population of cells found
when spherolds were irradiated in ailr suggests that the
latter population was indeed hypoxlc Gg cells.

Additional evidence of the effects of treating the
1rradiated cells with HU to remove 2ll S phase cells of
twelve day old-spherolds irradiated under normel (37°C)
or lowered (24°C) temperatures is shown in figure 4,10 .
At 37°c, the normal three-component survival curve was
reduced to only two components by the hydroxyurea, as
the component of intermediate resistance (see also flgures
3.6 and 3.7) was completely removed. Survival of the
most resistant cells remained qualitatively similar.
The reoxygenated (24°C) spheroids that were treated with
HU also showed a single component survival curve with
Dy = 100 rad, similar to previous results for other
younger spherolds (figure 3.7) or for synchronous early
Gy phase day 1 spheroids (figure 3.10Db).

Interpretation of flgure 4.10 is complicated by
the presence of the three cell populations. Since the



FIGURE 4.10

Survival of cells from day 12 spheroids irradiated 1in
air at 37°C (X) or at 24°C (A) at a dose rate of

130 rad/min. Cells from both 37°C ( @) and 24°C (m)
were then *“reated with hydroxyurea to selectlvely remove
S phase cells.

Symbol PE Do n
X 54% - -
. g - -
A 582 160 32
» L2g 100 470
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treatment with hydroxyurea should have eliminated the
cycling S phase cells at 37°C (about 20% of the total
population), the 8% of the cells that were hypoxic should
have formed a larger rercentage of the drug-treated cells,
and should have been displaced upward in the normalized
survival curve where only the viable cells were assayed
for radiation damage. As the curve was lower, 1t must be
concluded that the HU treatment also was lethal to some
of the hypoxic cells (probably due to the tumor-like
environment).

Electron-affinlic chemicals selectively sensitize
hypoxic cells to radiation (Adems 1970, Chapman et al
1971 and 1972), so they provide another experimental
approach to confirm the presence of hypoxic cells in
the spheroid. Para-nitroacetophenone (PNAP) at a con-
centration of 1 mM was added to spheroids which ueée then
maintained at 37°C for ome hour prior to exposure to rad-
lation. The effects of this treatment, relative to
spheroids irradlated in the absence of the chemical are
shown in figure 4.11 . The resistant, hypoxic cells
were sensitized by the chemical, but the survival de-
crease observed was not as large as that found with re-
oxygenation (figure 4.7). Since PNAP is well-known to
sensitlize only hypoxic cells (Adams 1970, Chapman et al
1971), the data provide additional evidence for hypoxia



FIGURE 4.11

Survival of cells growﬁ as spheroids and irradlated
in air at 37°C (159 rad/min) before ( X) or 1 hour
after the addition of 1 mM PNAP (0 ). Sensitization
of the hypoxic cells is shown by decreased survival
at high doses. Comparison of terminal slopes may

not be vellid (see text) as a measure of sensitization.
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being the major factor responsible for this most resis-
tant portion of the survival curve.

The complex curve which characterized survival of
cells from spherolds irradiated in air has been attributed
to three cell states, including hypoxiec GO’ aerobic Go
and aeroblic, cycling cells. One should thus be able to
predict theoretlically the type of survival curve ex~
pected for such a population of cells. Figure 4.12 shows
broken survival curves for the three cell states out-
lined above. The aerobiec Gy cell survival was identical
to that found in figure 4.10, and the survival of cyecling
cells 1n contact was previously shown in figure 2.8 .

The curve of figure 4.9 was used to represent the Go
hypoxic cells. As shown in figure 4.12, a population of
cells composed of 73% G, éerobic, 184 cycling aerobic
and 9% hypoxic Go cells would have a survival curve sim-
i1lar to the solid line. Data from a day 9 spheroid were
included to show that experimental results can be pre-

dicted theoretically.

4,3.4 Summary

Radiation resistant, hypoxic cells have been
demonstrated in the spheroid using several different
experimental approaches. The fact that irradiation in

complete anoxla dld not increase the survival of the most



FIGURE 4.12

Theoretical survival (solid line) of a population
of cells comprised of the three sub-populations
represented by the broken survival curves., The
curve intersecting the ordinate at .73 represents
the survival if 73% of the population were aeroblc
Gy phase with survivel as in figure 4,10; the broken
curve intersecting at .18 represents the survival
of aerobic, cycling cells as 1in flgure 2.8; and the
broken curve intersectling the ordinate at .09 rep-
regents the survival of 9% of the cells being Gj
hypoxic as in figure 4.9 . The data points show
the actual survival of cells from day 9 spheroilds.
The solld line is not a 'best fit', but does show

the multicomponent nature of survival curves from

such a mixed population of cells.
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registant cells suggested that hypoxia was responsible
for the resistance. BReoxygenation of the hypoxic in-
ternal cells occurred when the lower temperature was used
to decrease metabolic rate, or when the spherolds were
reduced to single cells using trypsin, resulting in the
1loss of radioresistance shown in figure 4.7 . PNAP, an
electron affinic chemical which specifically sensitilzes
hypoxic cells to radiatlon reduced the survival of the
most resistant cells. Comparison of the survival cuxve
obtained for completely anoxic cells with S phase cells
removed by HU treatment after reducing the spherold to
single cells again showed that the most reslistant pop-
ulation was the internal, Gg population of cells.

k.4 Discussion

In addition to the morphologlcal similarities of
spheroids and nodular tumors, the results presented 1n
this chapter have demonstrated that hypoxic cells grad-
ually develop in the spheroid and that the net response
of the spherold to radlation 1s dependent upon both
hypoxia and cell cycle position effects as is the response
of the in vivo tumor., Table 2 summarizes typical sur-
vival curve parameters obtalned at various stages of
growth with single cells and spheroids. One interesting
feature shown is that the non=S, or G, cells of larger

spheroids were more sensitive in air as the spheroid aged; 1n
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TAELE 2.

Summary of survival curve parameters.

Irradlatlo D

o n D Flgure
Atmosphere* (rad) (réﬁ)

Reference2

SINGLE CELLS

Asynchronous A 168 10.2 388 2.7
Asynchronous N k56 9.3 1002 2.12
Plateau A 195 30.5 666 2.7

SPHEROID CELLS

Immature
Asynchronous A 186 182 965 .2.8
Non-S phase A 121 102 560 3.7
Non-S phase N 310 490 1920 4.9
Mature
Non-S phase A 100 470 615 4.10
Non-S phase N 395 - - .8

1A' denotes aeroblc irradiation conditions, !N' denotes
hypoxic conditions '

Number of the figure in thlis thesis from which param=-
eters were obtained
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normal irradiation conditions of 379C, these cells were
hypoxicland became more radioresistant as the spherolds
aged. Thus, prolonged nypoxia, alone or 1n combination
with other factors in the tumor-1like environment of the
spheroid produced inereased resistance to radiation.

Multi-component radiation survival curves have
been demonstrated for a variety of in vivo tumor systems
' (Powers and Tolmech 1963 and 1964, Barendsen and Broerse
1969, Lindop 1970). However, these usually conslsted of
only two components, similar to the results reported
here for large spherolds having 2 small growth fractlion.
Results obtained with en in vitro model in statlonary
phase (Shinohara and Okade 1972) showed only an increased
registance, characterized by a maximum DMF of 2.95 « Thils
probably reflected a high proportion of nypoxic cells in
that system during the jrradiation procedure, as com=
pared to the relatively small fraction of hypoxic cells
(5-20%) in the spheroid system. The large differences 1in
radiosensitivity of spheroid cells in dlfferent phases
of the growth cycle, as well as the sensitivity of the
assay technlque also alded demonstration of multlcom-
ponent curves with this system.

Alterations in the multicomponent nature of the
spheroid survival curve require a more critical analysis

than with single cells due to the additional complexities
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of the experiments. It was not considered meaningful
to calculate dose modifying factors for these exper-
iments since the cells surviving after reoxygenation or
other sensitizing procedures were not necessarily the
same populatlon whose resistance was greatest under nor-
mal conditions. For example, after reoxygenation, the
most resistant cells in the mature spheroids were the
cyeling S phase cells, whereas at 37°C in the intact
spheroid, the most reslstant celis were the hypoxlc GO
cells. The variation between survival curves for dif-
ferent batches of spherolds of the same slze can be
explained on the basis of the nutritlonal state and his-
tory of that particular population of spheroids. Absol-
ute reproducibility was neither expected or obtalned,
despilte the care taken to ensure that consistent growth
conditions were provided. Similar survival patterns were,
however, always observed. Post-exposure handling pro-
cedures involving trypsinization and plating were never
varied. Multiple determinations of single survival points
within an experiment were often done, and demonstrated
that excellent reproducibility could be obtalned within
any experiment.

The sensitization of the hypoxic cells of the spher-
oid with PNAP was of special interest. In addition to
showing that the internal cells were indeed hypoxic, flg-
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ure 4.11 demonstrates that at least PNAP is one member
of the family of electron affinic compounds that can
diffuse into the spheroid and sensitize hypoxic cells
in a tumor-like environment. Sensitization was not
expected to be as great as in the case of reoxygenation,
as the maximum DMF observed with single cell cultures
18 about 1.6 (Chapman et al 1971), whereas the DMF for
oxygen 1s generally about 3 . However, more electron
affinic chemicals have been shown to be even more ef-
fective sensitizers of the resistant cells (Hetzel et al
1972, Sutherland and Durand 1972a).



V. GENERAL DISCUSSION

A system of increased complexity inherently re-
quires a more complex analysis, which thus increases the
probability of incorrect explanations of phenomena ob-
served. Previous discusslons have indicated many such
possibilities with the spheroids, and the conclusions
presented have been obtained with these limitations 1in
mind. While specific questions can often be easlily an-
swered on the basls of a glven series of experiments,
more general technigues used in most or all experiments
may influence the experimental results obtained, and
thus merit additional discusslon.

5.1 Survival analysis

All survival curves for spherold cells (with the
exception of the experiment shown in figure 2.16) in-
volved trypsinization at some stage of the experiment.
It is not known whether trypsin and radliation interact
synergistically and thus decrease survival in the spher-
old system, particularly since prelimlnary experiments
not reported here showed that survival could be mane-
ipulated by changing the trypsinization procedure. This
apparent synerglsm between trypsln and high doses of
radiation was eliminated as completely as possible by
choosing a trypsinizing technlque which resulted in max-
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imal survival. Using thls procedure, no difference in
survival was noted when trypsinization and survival
assay were performed 1mmediate1y, or delayed for times
as long as 15 hours post-irradiation (where changes in
multiplicity due to division of surviving cells were
accounted for).

The data of figure 2.16 may however suggest that
trypsinization did in fact affect post-irradiation sur-
vival. When the whole spherolds were plated aqd allowed
to develop into colonles, increased survival was noted.
Thlis suggested either that cells did not survive in-
dependently, or that the trypsinization procedure acted
synergistically with the radiation to produce less sur-
vival when the spherold was trypsinized. Although the
possibllity of such synerglsm could not be exclﬁded in
the results presented, it was possible to determine that
trypsin alone or in combination with radlation had es-
sentlally no effect on survival of single or crowded cell
cultures on petri dishes, If it is valid to extrapolate
from the single cell case to the spherold system, it
follows that no anomalous effects should have been in-

troduced by the trypsinizing procedure.

5.2 Survival curve concavity

Some of the survival curves presented appear concave,



that 1s, they bend downward continuously over the dose
range used. According to classical multi-target survival
curve theory (see Elkind and Whitmore 1967, Fabrikant
1972) this would be unexpected, although 1t has been
observed éxperimentally before (Barendsen et al 1960).

It is, however, interesting to note that in many reviews
and books (Elklind and Whitmore 1967, Okada 1970, Fabrikant
1972) that the data of many survivel curves at high doses,
while often not significantly different from a straight
line, could equal;y well be represented by curves with
considerably larger shoulders (thus increasing tﬁe ex-
trapolation number n and decreasing Do).

If high enough survivel could be attalned in the
present system to accurately trace survival after larger
doses of radiation, the curves thus obtained would be
more valuable for studying survival and recovery phen-
omena, Of particular interest was the concavity of
curves for early G1 phase cells in contact, whether
synchronized and irradiated in alr (figure 3.10b) or
under anoxic conditions (figure 4.9). The most resistant
cells of the mature spheroids, the Go hypoxic cells, also
typically displayed a concave-downward curve. A demon-
stration that concavity really does continue at higher
doses and the implications of such a result have yet

to be established.
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5,3 Cell cycle kinetilcs

Detailed cell cycle kinetlc studies of the grow-
ing and mature spheroids have yet to be conducted. Of
the results presented in this thesis, the .most inter-
esting feature of the spherold model 1s the accumuilation
of the pre-DNA synthesls population of cells, despilte
the fact that almost all cells incorporated labelled
thymidine when exposed to the label for sufficiently long
periods of time. The discussion of Chapter II con-
sidered the possibility that these data were 1n conflict
with the synchrony indicated in the regrowth experiments
as well as in the radiation experiments.

Explanation of the results of Chapter II does
require one assumptlon concerning the regrowth data--
1t 1s necessary to postulate that the cells can exist in
the spheroid as a non-cycling, viable population of Go
cells, and in addition, that on the 1n1tiafion of re-
growth, all cells 1n the G, phase simultaneously re-enter
the normal division cycle at a particular polnt in the
normal Gy phase. Since all cells (at least all cells
that likely are viable) eventually become labelled, 1t
follows that any cycling cell that reaches this point
in G1 mey or may not enter GO' If the cell does enter
Go, there is a high probability that a current Go cell

will re-enter the normal cycle at the same position of

181



182

G1 and to then continue through the cycle in the normal
manner. Obviously, the external cells of the spherold

have a different mean cell cycle length probably char-

acterized by a shorter 61 phase, and these cells would

not enter Go.

Under these hypotheses, all data of Chapter II can
be explained. The initial rapid decreases in labelling
and mitotic indices (figure 3.2) can be explalned by
the elongation of Gy phase in the internal cells. As
the spheroids increase further in size, the Gg population
gradually develops, and for large spherolds a more or
less steady-state develops due to random entry and de-

parture of internal cells in G, phase. However, at the

0
time of initiation of regrowth under optimel conditlons,
the cells which had accumulated in Go would re-gppear as
a synchronous, early Gy phase population.

Tt hes not yet been established whether the above
argument represents the correct interpretation of the
cell eycle kinetics in the spheroid. There are still
two questionable features, and the conclusions reached
depend upon the validity of the labelling of internal
cells (i.e. does labelling indicate DNA replication?), or
the validity of the regrowth data (to what extent does

regrowth represent the in situ circumstances?).
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5.4 The 'contact effect!

This line of Chinese hamster cells grown and 1ir-
radiated in conditions of close intercellular contgct
displays an enhanced survival after irradiation that
has been termed the 'contact effect!'. Although growth
in contact appears to be responsible for the largest
part of the effect, contact during the actual irradla-
tion additionally enhances survival. As previously sug-
gested, the latter effect may have been only an artifact
due to the trypsinization. Despite the evidence that
the enhanced survival can be reduced at metabollcally
unfavorable temperatures, a detalled explanation of
the phenomena has not yet been found.

It may, however, by useful to speculate on the
general prob&em, The discussions accompanying previous
chapters have been made wlth reference to speclfic re-
pair mechanisms, and the conditions under which optimal
efficliency of these mechanisms may be expected. The more
generel problem of the cellular state as a whole will now
be considered.

A particularly appealing, yet not well-known con-
cept, that of an intracellular 'pool! was made by Powers
(1962)., Based on this suggestion which was used in the
work of Lajtha and Oliver (1961), Leurle et al (1972) have

recently suggested a model for explicitly incorporating
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& repair process into the explanation of survival curve
shape and paremeters. Thls repalr process (correspond-
ing to the shoulder of the survival curve) differs from
the normel repair of sublethal damage (Elkind and Sutton
1960).

While the present work does not completely support
these hypotheses, they provide the basis of a possible
interpretation of the contact effect. One can invoke
the concept of an intracellular pool in a somewhat more
speciflc sense, in that the pool represents the total
funetional capaclity, or preferably, the Yenergy store!
of the cell. Under typical 1n vitro growth conditions,
the single cell is in an equilibrium state, in which
normal malintenance of and input into this energy pool is
balanced by the expenditure of thls energy to progress
through the cell cycle. If the cell ls subjected to
stress of any type, 1# is réasonable to suppose that the
cell must draw on this pool to resist the external stress,
thus reducing its capacity for growth until the cell has
tadapted! to the stress, or the stress has been removed.

This concept may explain experimental observations
made 1n this laboratory (unpublished), in which changes
in growth conditions for single cells (e.g., trypsiniz-
ation, lowering the serum complement of the growth medium,

or replacing the HpO of the growth medium with Dzo) lead
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to a lag phase (or perlod of adaptation and replenish-
ment of the pool) followed by growth at a normal rate.
The concept of the sntracellular pool may also explain
the well known division delay following irradiation
(Elkind and Whitmore 1967, Okada 1970) during whlch the
pool must be replenished. Conversely, potentially lethal
radiation damage may be repalred only when the cell 1s
forclibly paintained in a non-proliferating state so that
the entire contents of the pool are evallable for the
repair process. Minimel metabolic requirements for all
growth and repalr processes must of course Dby meintalined
(Okeda 1970, Ashby et al 1969}.

The energy pool of the cell may also be expended
differently at different parts of the generatlon cycle.
For example, 1t seems reasonable to postulate that the most
visibly chaotlc event in the generation cycle, mltosis,
might well be asgsociated with a tremendous expendlture of
thls intracellular energy. An external stress during the
preparation for mitosis (late Gp) or mitosis itself
would then be predicted to be more disrupting, as the
decreased cellular energy pool would leave the cell more
susceptible to the stress. Thls 48 seen with at least
one external stress, jonizing radiation. Again, after
mitosis and in preparation for initiation of DNA syn-
thesis, the pool could still be expected to Dbe somewhat
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depleted. These arguments may thus partially explain
the differentiasl responses of single or spherold cells
to ionizing radiation as the cells progress through the
division cycle.

Extrapolation of these predictions to the case of
altered growth conditions is not particularly difflcult,
especlally if growth in contact represents a situation
in which growth requires less 'energy' (particularly if
shering of energy pools, or even critical growth enzymes
were occurring). Thus, since the cell depletes the pool
to & lesser extent by its normal prolliferation, more
tenergy' remains to resist external stress. The kinetic
development and loss of the ability for enhanced accum-
nlation and repalr of sublethal radiation damage (figures
2,10 and 2.11) also suggest that the concept of adaptation
to the new environment, with differing demands on the
cellular pool, is not at all unreasonable. Higher sur-
vival would thus also be predicted when minimal demands
on the pool (1.e. maintained contact) were made at the
time of irradiation. Introduction of another stress, that
of sub-optimal temperatures, is inferred to reduce the
portion of the energy pool avallable for repalr of rad-
iation damage in the spherold case, resulting in the de~
creased accumulation of sublethal damage.

These suggestions are, of course, entirely spec-



speculative, and no attempt has been made to prove or
disprove the postulated condltions. However, the con-
cept of the intercellular energy pool does allow a

general interpretatlon of most of the obsgserved events.

5.5 TFuture applicatlons

Each demonstrable similarity between the in vitro
tumor model and the in vivo tumor leads to new ldeas for
future appllications. Obviously, the ideal systenm would
be a transplantable nedular tumor of some type which
would also grow in culture, so that one could investig-
ate the effects of treatments on the single cells in
culture, the spheroid model, and finally the in vivo
tumor. Present priorities include multiple-dose radlo-
therapy programs to determine optimal fraction sizes and
treatment times for sterilization of the spherold cells,

as well as other treatment methods including contlinuous,

low dose-rate irradiation and high-LET radiatlons. Studles

with chemical radiosensitizers specific to hypoxle cells
have already generated useful results (Sutherland and
Durand 1972a). Similar studies are possible with chemo-
therapeutic agents, and possibly even studies of immano-
therapeutic techniques may become practical. 1In any of
these epplications, the tumor-like environment of the
spherold, free from the complexities of tumor-host inter-

actions, provides a model of incomparable potential.
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VI. SUMMARY

The.present work has made several unique cont-
ributions to the general fleld of radioblology. Prelim-
inery work from this laboratory had shown that the spher-
oilds were histologically simlilar to the in vivo tumor
(Sutherland et al 1971), grew with comparable kinetics
(Inch et al 1970), and had a multicomponent radiation
survival curve (Sutherland et al 1970). The present
thesls has expanded these results in at least the fol-
lowing significant areas:

(1) Multicellular spherolds have been shown to con-
tain cells in subpopulations that differ with re-
spect to cell cycle position and oxygenation
status, as in many tumors.

(2) Cells grown under conditions of extensive inter-
cellular contact in the spherolds were found to
have an increased radiation survival due to an
enhanced abillty to accumulate and repalr sublethal
radiation damage.

(3) The enhanced abillity of these cells in contact to
accumulate and repalr sublethal radiation damage
was shown to be dependent upon the position of the
cell in its generation cycle, that is, contact
effects were not constant at all stages of the

cell cycle.,
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The internal hypoxic cells of large spherolds

were demonstrated to be radioresistant, and became
even more resistant in large spheroids where pro-
longed hypoxia had occurred.

The particular subline of cells used 1in all these
experiments may not survive radlation independently,
as cells kept in contact for long periods after ir-
radiation had a higher probability of survival.
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APPENDIX 1.
THE CONTINUOUS CULTURING APPARATUS

Intercomparison of results obtalned with spherolds
from different batches may not always be meaningful (com-
pare figure 4.7 with figure 4.6), due to the differences
already illustrated in growth patterns (figures 2.2 and
4.3). It was, however, very desirable to study the de-
velopment of the different subpopulations 1n the spher-
oids, and this led to the design of the apparatus of fig-
ure Al.1 . The large volume of the flask and the ease
of sampling allowed continuous study of growing spherolds,
and ensured that at any given time, every spherold re-
maining in the flask had an ldentical history. Thus, it
was possible to accumulate data which represented one
population of spherolds.

The culture system was 'continuous' 1n that the
magnetic stirring bar did not need to be stopped to ex-
ecute a medium change or to remove spheroids from the
flask., There was thus much less chance of mechanical
damage to the spherolds.

Before an experiment, the entire system was
assenbled and sterilized by autoclaving. Sterile water
was then added aseptlcally to the reservoir (C), and
medium introduced into the reservoir (D) by positive

pressure sterile filtration. Alr plus 3% co2 was used
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FIGURE Al.l

Schematic diagram of the continuous culturing ap-
paratus used for long-term or large volume exper-
iments. The major components include «22 micron
millipore filters (A), the culture vessel (B),
sterile water reservoir (C), medium reservolr (D),
medium equilibration bottle (E), medium flow reg-
ulator (F), three-way stopcock for sampllng (g¢),
sampling spout normelly limmersed in alcohol (H),
and T-tubeg interconnected to prevent alrlocks in
the lines during medium replacement (L). A water
bath (J) was used to maintain the 37°C growth con-
ditions, and the medlum was refridgerated at L°¢
in @ cold room (N). Any desired atmosphere could
be produced by gassing at (M), and the stirring
speed was altered as required (see text) by the

variable speed megnetic stirrer (K).
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to supply the positive pressure for the filtering process,
thus assuring that the medium was maintained at an oOp-=
timal pH. Single cells were harvested from exponential
growth plates, and 5 X 106 cells added to 500 ml of BME
containing 5% FCS 1in the culture vessel (B). The com=
plete unit was then moved from the sterlle preparation
area to a convenient site in the laboratory, and the
culture vessel was placed in the water bath (J) at 37°C.
The medium reservolr (D) was placed in a refrigerated
room {N) at 4°C, to prevent undue degradation of the
constituents of the medium. All connections between
the culture system and the non-sterile laboratory en-
vironment were made through .22 mlcron millipore filters
(A).

The medium (D) and sterlle water (C) reservolrs
were placed at heights greater than the culture vessel (B)
so that none of the operatlons required pumps to move the
fluids. When valve (F) was opened, medium flowed from
the reservolr into the equilibration vessel (E). This
vessel waslnormally placed in the water bath (J) at
37°¢, to allow the cold (4°C) medium to equilibrate to
370C before belng added to the culture flask. The actual
addition of medlum to the flask (B) was performed manually
by lifting the equilibration vessel (E) out of the water

bath and inverting it. The flow rate of the medlium was
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controlled simply by raising or lowering the vessel

(E)s The system was designed with a 'shunt' tube (L)

so that the alr displaced from the culture vessel (B)

by the fresh medium would simply enter the equilibration
vessel (E). Thus, airlocks were avoided in the systen,

Sampling was accomplished by removing the sampling
outlet (H) from a sterile alcohol container, flushing
the line with sterile water (C) by means of the three-
way stopcock (G), and then simply adding medium to the
growth vessel from the equllibration vessel (E). The
spheroids overflowed into a waiting sterile container.
The sample line was then agailn rinsed with sterile water
and the tip replaced in alcohol. Preliminary exper-
iments established that satisfactory sampling was ob-
tained, that is, that agitation found in the medium was
sufflclient to cause even large spheroilds to overflow into
the walting contalner. Any desired atmosphere could be
maintained in the culture vessel by introducing hum-
idified gas at the point (M).

It should agaln be stressed that identical cul-
ture conditions between several batches of spheroids were
no easler to obtain in the continuous apparatus; the ad-
vantage of this particular apparatus was instead the
large volume which allowed analysis of one population of

spherolds as they increased in size.



APPENDIX 2.
SURVIVAL CRITERIA AND SURVIVAL CURVE ANALYSIS

A2.1 Survival criteria

Among the more easlily recognizable blological ef-
fects of lonizing radiations is cell killing, where
killing refers specifically to the reproductive death
or the loss of unlimited proliferative ability of the
cell. In general, this is assayed in vitro by exposing
the cells to radiation and then inocculating a known number
of these cells into petrl dishes to which they attach as
they grow. After an appropriate interval of time, stain-
able, surface attached groups of cells visible to the
naked eye form. These are termed ‘colonies', though per-
haps *clones' would be more accurate since all cells
within the colony generally are the progeny of a single
cell that survived the initial treatment.

In the case of a dose-effect or survival curve
after lrradliation, the cells are generally given two
treatments--they are separated into single cells with
trypslin, and also exposed to various doses of radiation.
Assumling that the treatments are independent, their
order is unimportant. However, analysis of results
requires recognition of both treatments, since usually
not all trypsin-treated cells will reattach to dishes

and form colonies. The fraction that do, or the number
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that form colonies larger than an arbitrarily defined
lower 1imit of size (in thls work, the lower 1limit was
taken as the number of cells which formed an easily
jdentifiable colony visible to the naked eye, or about
50 cells), divided by the total number of cells plated
is called the plating efficiency or PE. Survival fol-
lowing each dose of radiation is thus determined by
counting the number of colonles formed on replicate
plates, and dlviding by the product of the PE and the
number of cells plated. Occasionally, the experiment

is not designed to use single cells, and another correc-
tion must be made for the multiplicity, or average nunber

of cells per group that was plated or irradiated.

A2.2 Survival curve parameters

The meaening and relevance of several perameters
used in the description of survival curves in this theslis
are summarized in figure A2.1 where the natural logarithm
of survival or the actual surviving fractlon plotted on
a logqq scale is plotted as a function of the radiation
dose. In general, most survival curves start with a
slightly negatlve slope, which becomes more negative with
increasing dose. At high doses, the curve becomes linear,
indicating that survival 1s exponentially related to the

dose given. The followlng parameters can be defined:



FIGURE A2.1

Dose~effect or survival curve typically found for
mammalian cells, where the logarithm of survival

is plotted as a function of the dose. The parameters
commonly used to describe such curves are indicated

and explicitly defined.
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(1) D,: The negative recliprocal of the slope of the
linear portion of the curve is generally called the mean
lethal dose or Do Alternatively, thls 1ls the dose of
radiation required to reduce survival by a factor 1/e.
It is customary to use the slope 1/D° as a measure of
the 'radiosensitivity* of the cells, or D, as a measure
of the 'radioresistance'., Thus, treatments which alter
the radilosensitivity (and only the radiosensitivity) of
a population of cells produce survival curves differling
only by a constant factor in the slope, the dose modify-
ing factor or DNF,

(2) n: If the region of exponential survival is ex-
trapolated back to the zero-dose axlis, 1t intersects

the ordinate at a value greater than 1.0, which is the
natural logarithm of the extrapolation number n (or the
actual value n on the log10 scale). The extrapolation
number provides one means of quantitation of the cap-
acity for accumulation of sublethal radiation damage,
that is, curves with an extrapolation number > 1.0
indicate that damage must be accumulated before radiation
kills the cell.

(3) Dy: The width of the shoulder of the survival
curve can also be quantitated by the dose at which the
extrapolation of the linear portion of the curve inter-

sects the 100% survival axis. This dose 1s called the
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quasi-threshold dose Dq (1.e. wasted radlation since
damege 1s primarily sublethal), and is dependent on both
the values D, and n, l.e.:

Dy = Do loge (n).

It is thus clear that most survival curves can be
characterized simply by the two parameters n and Dye
Mathematical representation of survival curves has not
been overly successful. The traditional interpretatlions
of survival curves according to target theory (Powers
1962, Elkind and Whitmore 1967, Fsbrikant 1972) have
been succeeded by mathematlical representations that
specifically invoke the concept of repair of radiation
demage (Haynes 1966, Calkins 1971, Figcher 1971ia and
1971b, Kiefer 1971, Laurle et al 1972), or else suggest
that different types of damage may arise (Wideroe 1971)
during the lrradiation procedure. None of the above
models were found to be completely satisfactory in rep-~
resenting the experimental date presented in this thesis,
so numerical analysis of the experimental curves had

to be limited to determination of the values of n and Do'

A2.3 Mixed cell populations
As a first approximation, the composite response
of a population of cells can be defined by the independent

responses of 1ts individual components. Of course, due to
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the possibilities of interplay in cells of organlzed
tissue, there may be marked differences in the functlonal
behavior of cells in the integrated, tissue-like envir-
onment and those in a single cell suspension. This
would further complicate the evaluatlon or prediction of
radiation damage at the population level.
For the purposes of interpretatlion of results in
the present work, the assumption has been made that the
complex survival response of the spheroid is due to the
sum of the independent responses of the subpopulations.
Numbering the subpopulations from 1 to N, end denoting
the survivel of the 1P fraction to be §; leads to the
expression for survival S of the entlre population:
5= % Sy .
i=1
This lnterpretation carries the impllcit assump~
tion that the response of each subpopulation is adequately
described by one survival curve. Using these criteria,
figure A2.2 shows the expected survival curves when two
populations of cells with survival characterized by curves
A and H represent various fractions of the total population.
The figure was produced with computer-generated survival
curves of the multi target single hit type (Elkind and
Whitmore 1967), with the output plotted directly by an
x-y plotter unit.

In panel (a), both curves have a D, of 160 rad, but



FIGURE AZ2.2

Computer-generated theoretlical survival curves for
mixed populations of cells. Curves A and H represent
survival of each subpopulation alone, and curves B to
G represent the curves obtained in mixed populations
having type A cells reduced by a factor of 2 in each
successive curve. Thus, curves C have the population
being 25% type A cells and 75% type H cells, and so

Olle

Curve Do n
(a) A 160 128

H 160 2
(b) & 280 3.5

140 3.5
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curve A has n = 128, whereas curve H has n = 2,0 . Curve
B shows the result 1f each cell type was 50% of the en-
tire population. In curve C, the population is 25% type

A cells; curve D shows the response for 12.5% type A cells,
and so on with the fraction of type A cells reduced by a
factor of 2 for each curve. For curves B and C, the type
H cells contribute only slightly to the net response, so
the fraction of cells of type A can immediately be deter-
mined from the ratio of the extrapolation numbers of curves
B or C with curve A. When type H cells contribute to the
final response, as in curves F and G, the ratio of extrap-
olation numbers does not immedlately give the fraction of
type A cells.

Flgure AZ2.2b shows the expected radiation survival
curves for two populations of cells having different
radlosensitivities (D,'s). Both A and H cells have n = 3.5,
but Dy = 140 rad for H and 280 rad for the more resistant
type A cells. As in panel {a), the proportion of type A
cells decreases from 100% by factors of two per curve in
curves A to G. It l1ls important to note that the curves
diverge, so the contribution dué to type H cells decreases
with dose, and, at high enough doses, the fingl component
wlll always determine the survival of only the most res-
istant (type A) cells. Curve B shows essentlially only a

reduced extrapolation number, where the type H cells
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seemingly do not contribute to the final response. TFor
large enough doses, the fraction of type A cells can
always be found by extrapolation of the terminal portion
of the curve back to the ordinate and finding the ratilo
of this extrapolation number to that of curve A.

These curves also reflect the difflculties in in-
terpretation of results simply on the basis of survival
curves. Resolution of data 1s often not adequate to show
that curves reflect mixed populations (e.g. curves for
asynehronous populations of cells). Thus, erroneous in-
terpretations of capacity for accumulation and repair of
sublethal damage may easlly be made, unless other data
is avallable to help define the population of cells ob-
served. All survival curves presented in thils thesls
have thus been preceeded by morphologlcal and cell kin-
etic studlies that characterize the population of cells.

Another requirement in the analysis of survival
curves for mixed cell populatlons 1s that PEts must be
essentlally equal for all populations. For example,
conslider curves B and H of figure A2.2b, with the PE of
type A cells reduced to 50% while that of the type H cells
remains at 100%. Of the viable cells, type A cells are
then one third of the population, and the curve for the
mixed population would simply be exponential with n = 1.0

and D, = 280 rad. A more extreme case occurs when, for
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some reason, the type A cells do not plate out. Then,
desplite the fact that the true survival curve for an
equal mixture of each cell type is curve B, the observed
curve would be idenﬁical to curve H. These considerations
show the importance of characterizing both the population
types and the PE's of each. In section 4.3.3, it was
shown that different PE!'s in different reglons of the
spheroid could not be demonstrated experimentally. Even
if viabllity were slightly less in the internal (hypoxic)
regions, the only effect that would be notlced on the
survival curves would be a slight survival increase at

high doses.



APPENDIX 3.
CELLULAR RECOVERY FROM SUBLETHAL DANAGE

A3.1 Recovery processes

The characteristics of radlation survival curves
for most mammelian cells, with the shoulder region at
iow doses, suggests that radiation damage must be ac-
cumulated before it 1is expressed as cell killing. The
ability of the cell To accumulate sublethel damage 1s
thus related to the shoulder width (Dq). Another pro-
cess, called ‘repair! of sublethal damege, 1s observed
for most cells that have this type of survival curve
(Elkind and Whitmore 1967, Okada 1970).

The conceptual basis of trepalr' of sublethal dam=-
age 1is relatively.simple, and follows immediately from
examination of survival curves. When a cell is given a
total dose of 2D rad, the survival found 1s generally
much less than the square of the survival after only the
first half the dose, D. This indicates that the second
half of the 2D dose does more demage and reduces the
survival more than does the first D rad, since during
the first part of the eXposure, the cells gradually lose
the ability to accumulate sublethal damage. However,
the cells that survlve the first part of the exposure,
say a total of D rad, might be expected to regain this

capacity for accumulation'of sublethal damage 1f some
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recovery time were permitted between the doses. This
can in fact be demonstrated experimentally, and rep-
resents the classlcal trepair! of sublethal radiation
damage (Elkind and Sutton 1960, Elkind et al 1961).

There is a question of semantlics that must be re-
solved in any discussion about this process. ‘'Repailr!
mey in fact be a mlsnomer, in thét cells plated after
the first dose of radiation do not increase thelr sur-
viving fraction with time, 32, the 'repair' is not 1in
fact accompanied by a survival increase. The event that
does occur is reflected in the cellular response to the
second dose of radlation--that is, the cell regains the
ability to accumulate sublethal damage. Thus, in the
context of this thesils, tpecovery! explicitly refers to
the renewed abllity of the cell to accumulate sublethal
damage on subsequent exposure to radiation. Thls con-
cept is in agreement wlth the model proposed by Laurie
et al (1972) as well as the previously-discusséd concept
of the functional energy pool of the cell introduced

in this work.

A3.2 Experimental demonstration of recovery
Figure A3.1 shows the classical recovery curve
obtained when exponentially growing, asynchronous Vv79-171b

Chinese hamster cells were given two doses of 600 rad each



FIGURE A3.1

Survival of cells grown on petrl dishes as a function
of time between two doses of 400 rad each. Cells in
panel (a) were metabolically active and proliferating
at 3?°c, whereas the cells of ranel (b) were maintained
at 24°¢C to prevent proliferation. Plating efficiencies
of 88% and 92% respectively were found. The dose rate
used was 121 rad/min.
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with various intervals between the doses. In parel (a),
the cells were maintained at 37°C between doses. The
initial increase in survival, usually attributed to
repair of sublethal damage, can be more accurately in-
terpreted_as the return of the cellular ability to ac-
cumulate sublethal radiation damage. However, the first
dose of radiation héd a hlgher probabil;ty of killing
the more sensitive cells, thus producing a partially
synchronous population of the most resistant (late S
phase) cells. As these surviving cells then progressed
into more radiation sensitive parts of the cell cycle
(Go and M) the net survival decreased, then increased
agaln after mitosis due to progression and multiplication
of the viable cells. Interpretatlion of these 'late!
effects is thus more complicated due to this cellular
progression and divislon.

It 1s, however, much easier to lnterpret results
if cell progression is inhiblted so that the cells do
not progress through the cell cycle after the flrst dose
of radiation. One method of inhibiting progression with-
out affecting recovery (Elkind et al 1961, Belll and
Bonte 1963, Elkind and Whitmore 1967, Arlett 1970}, is
the use of suboptimal growth temperatures. As shown in
figure A3.1b, cells irradiated and held at room temper-

ature between doses show an equal initial survival in-
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crease, but no subsequent cellular progression. Agaln,
the radiation produced a partial synchrony of the sur-

viving cells.

A3.3 Quantitation of recovery

Repair of sublethal radlation damage has usually
been quantitated by exposing cells to a 'condlitloning!
dose of radiation sufficiently large to reduce survival
to the exponential reglon of the survival curve, and
then obtaining the split dose survival ratio at varlous
times after the initial dose. The enhanced‘capacity for
accumulation of sublethal demage in the spherolds, re-
flected by the broad-shouldered survival curves, re-
quired prohibitively large conditioning doses to obtain
survival in the exponential region. However, if a pop-
ulation of cells is synchronous, and 1if progression 1s
jnhibited so that the same cell cycle phase 1s maintained,
the relative capacity for recovery of the ability to ac~
cumulate sublethal damage can easlly be compared even
for radiation doses on the shoulders of the survival
curves.

As shown in figure A3.2, a dose D reduces survival
to Sp. If the cells then totally regalin the ability to
accumulate sublethal damage, a subsequent dose D will

again reduce the survivors to a fraction Sp, SO the net



FIGURE A3.2

Theoretlcal derivation of the repalr capacity or
recovery. In short, the recovery is defined to be
the ratio of the survival increase noted when doses
are separated by a time T! (ST| - SZD) to the sur-
vival increase expected 1f the cells had completely
regained the abllity to accumulate sublethal damage
(SD2 - 8,p). The base-llne in each case is the sur-
vival measured after a prompt dose of 2D rad. A
detalled explanation of.the derivation of this ex-

pression is presented in the text.
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survival is (SD)Z. However, 1f the dose 2D is given in
a single increment, the measured survival 1is 52D‘ In
practise, the survival after two 1ncrements.of dose D
separated by 2 time T will be measured as ST' Knowlng
Sps Spp and Sqe, 1t follows that repalr capacity of the
cells, or recovery (R), 1s given at any time T! by:

g = —om = S2p
2
(8p)™ = Syp

More simply, this is a comparison of the survival fol-
lowing two exposures to the survivallexpected if full
recovery had occurred. This normalizing procedure 1is
more meaningful than the usuel split dose ratio which is
usually dose dependent (see Malone et 2l 1971), and may
depend on the type of damage induced (Elkind and Kano
1971). A similar derivation (Lange 1970) can also be
extended to allow for subsequent cell progression through
the cell cycle.

It must be noted that the information given by
the recovery capacity or R velue defined in thils way is
not the same information that is given by the complete
two-dose curve. The recovery curve shows only the rel-
ative return of the shoulder of the survival curve with
time, and does not indicate any information about the
absolute size of that shoulder. Thus, it is very con-

ceivable that cells with a high capacity for accumulation
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of sublethal damage may only partlally recover after
irradiation according to this criterla, but may still
have a much wider survival curve shoulder than would
completely-recovered cells which initlally had only a

small capacity for accumulatlon of sublethal damage.



APPENDIX 4.
OXYGEN IN SPHEROIDS

A4,1 Introduction '

The importance of molecular oxygen in modifying
the radiosensitivity of mammelian cells has been of 1ln-
terest for many years, and has recently been reviewed in
several books (Elkind and Whitmore 1967, Okada 1970,
Fabrikant 1972). Chapter IV of this thesls indlcated
the significance of oxygen in determining the radiation
response of cells in the spherold model. A more de-
tailed study of the influence of oxygen on growth char-
acteristics of the spheroid, and particularly the role
of oxygen in the development of central necrosls has al-
ready been published (Sutherland and Durand 1972b).

In that study, it was demonstrated that oxygen was
probably the critical metabolite which, when unavallable
to the internal cells, led to the formation of central
necrosis. This was determined on the basis of two re-
sults: oxygen deprivation resulted 1in a more rapid de-
velopment of central necrosis than did deprivation of
other nutrients, and secondly, the necrotic volume was
found to vary lnversely with oxygen concentration in the
growth medium. Specifically, under otherwise identical
and optimal growth conditions, a reduction of the avail-

able oxygen by a factor of four (20% 0, ln air to 5% 05

2kt
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in N2) resulted in a decrease of the viable rim of spher-
oid cells by a factor of two (see section 4,2 and Suther-

land and Durand 1972b}).

A4.2 Diffusion theory
Diffusion of a solute i1s such that the concentration

of that solute (C) is defined by:

v2c=0 (1)
However, with diffusion coefficient D and with the solute
consumed at the rate K, the equation becomes:

T2 ¢ = k/D (2)
It is thus possible to solve the diffusion equation (2)
to determine whether the observed morphologicel and rad-
iation survival characteristics of the spheroid model
could be predicted theoretically. Two questlons were
of particular concern: did development of central nec-
rosis agree theoretically wlth oxygen diffusion cal-
culations, and was the anoxic population likely to be

gltered by the irradiation procedure?

A%.3 Calculation of hypoxic fraction

Using the symbols and units shown in Table 3, the
diffusion equation (2) can be solved in spherical co-
ordinates for concentration C as a function of the radius
r. The oxygen concentration ls thus deflned to be 0 for

r £ band to be C, for r Z a. Then:
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C a
° K b2 :

I dc= 3D J. (r-ﬁ)dr (9)
Cc r

2 2 3
X (&2-22, 22 (10

and Co—c":"
3D 2 a r

Thus, expression (10) gives the concentration C at any
radius r. This can be simplified by applylng approp-

riate boundary conditlons:

forr=b3 C=20

2 2 3 3
then - X a =-b b’ _ b/ 1
c BD(-———-Z * = = (11)
=X EE - 293 + 22.) (12)
3D 2 2 a
- 5 3. 2 3
== ( a 3ab“ + 2b7 ) (13)

6aD

_. [ _6aDCq
and (’f‘ - D) = e s 2b) (15)

Equation (15) thus relates the thlckness of the viable

rim (2 - b) to the external oxygen concentration C, and
the consumption K. For b = 0, that is, the spheroid
radins at which necrosis first appears, the equation re-

duces to:
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8y = .6.].3.9.0 (16)

For very large spheroids, where the value of b approaches
that of a, then:
(2 - b), = /2 (17)
K
Note that the limiting diffusion radius of (17) in fact
is the diffusion depth into a planar reglon of tissue.

The last two equations indicate that the viable
rim thickness decreases as the spheroids enlarge, and
thus cannot simply be expected to reflect changes in
oxygenation status. However, for small necrotlc radil,
that is, when b tends to zero, it follows that the rim
gdxvﬁi: as found experimentally (Section 4.2.3 and
Sutherland and.Durand 1972b) .

Further evldence for oxygen being the critical met-
abolite can be found by solving equation (16) for the
oxygen consumption K, knowing that necrosis was first
observed under optimal growth conditions for spheroids
of 365 micron diameter (see Table 1). Solution of (16)
glves K = 6.55 X 10-17 mole sec'1 per cell. Numerous
experiments on cell respiration have been reported
(Froese 1962, Longmuir 1966, Boag 1969), and probably the
most accurate work by Froese showed that ascites tumor

cells had an oxygen consumption of 2.5 X 10'17 mole sec~1i
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per cell. Other results vary as much as an order of
magnitude. Since Froese's cells were smaller (5 micron
radius) than the Chinese hamster cells (6-7 micron radius),
and since oxygen consumption varles approximately linearly
with cell volume, the theoretically calculated value may

be in excellent agreement with experimental results.

Ab.4 Radiation studiles

Several potential problems are introduced in the
radiation procedures. The spheroids were irradiated in
& thin layer of unstirred medium on the lower surface of
glass vessels. Although air was vigorously flushed
through the vessels, the high cell density of the Spher-
olds and the thickness of the covering medium suggested
that additional hypoxle might be induced during the 1r-
radiation procedure., This possibility was investigated
theoretically by assumlng the worst possible irradlation
conditions, and calculating oxygen proflles ln the spher-
oids based on these assumptlons.

Oxygen was thus required to diffuse from the sur-
face of the liguid down to the spherold (in the presence
and absence of radiation-induced binding of free oxygen),
and then to diffuse into the spheroid. The radlochemical
elimination of oxygen was assumed to occur at the rate

shown in Table 3, as calculated and measured by Boag (1969).



The oxygen concentration C at any position d beneath the
surface of the liquid 1s easily found by solving (1):

c= ¢, - ¥ (18)
The solute flow Q must be adeguate to supply the spherolds
at the bottom of the vessel, and hence 1s dependent upon
the spherold size (number of cells) as well as the den-
sity of the spheroids ( number per cm? on the surface of
the radiation vessel). In addition, radiation-induced .
binding of oxygen required a larger net flux of Op to
ensure that adequate quantitles of oxygen reached the
spheroids. To simplify the calculation, no concentration
gradients were postulated in the horizontal directlon,
that is, only vertical concentration gradients were per-
mitted.

The oxygen profiles through any spherolids were then
caleulated by a computer, using equation (18) to define
the oXygen concentration at the spherold surface 1in
equation (10). Several conditlions of spheroid crowding,
depth of medlum, spherold sizes and rediaticon dose rates
were investigated for equilibrium conditions, and typical
results for some of these conditions are shown in figures
Ab.1 to A4.3 . Necrotlc cells, as observed by histo-
logical technlques, are indicated by @. Other numbers

represent the upper 1imit of oxygen available in & glven

248



FIGURE Ak.1

Theoretical prediction of oxygen tensions in 400
micron dliameter spheroids resting on a pianar suxr-
face and with unstirred medium of the indicated
depth in the vessel. Observed central necrosis is
shown by @; actual oxygen concentration in parts per
million 1is 2 N-1 x 1000 ppm, where N is the plofted
number. Effects of high spheroid density are seen
by compsarison of (b) with (a). All cells without
more than 1000 ppm oXygen would be expected to show
a. hypoxic radiation response (1.e. those cells in the

regions labelled 1 in the spherolds).
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reglon, where oxygen.concentration can be read directly
as 2N—1 X 1000 ppm. The lower limit of oxygenatlion shown
was chosen to be 1000 ppm, as cells were expected to re-
spond to radiation as though completely anoxic for

this and lower oxygen concentrations (Elkind and Whitmore
1967, Okada 1970, Koch 1972). These cells were referred
to as hypoxic.

Under optimal conditions of only one spheroid per
square cm in the vessel and the medium layer only o1
micron thicker than the spherolds (spherold dlameter was
400 micron, as this included enough cells that central
necrosls was well defined and yet was expected to have
only a small hypoxic fraction), a hypoxic fraction of
about 8% was computed as in figure Al.la. However, merely
increasing the spheroid density to 100 per cm2 wilith the
same depth of medilum resulted in almost all cells 1n the
spheroid becoming severely hypoxic as a hypoxic fraction
of 65% was found in figure A4.1b.

0xygen profiles under typical radiation conditlons
are shown in figure A4.2, where 5 spherolds per em? were
placed in a layer of medium 1.0 mm deep. Comparing the
hypoxic fraction of the spheroid in figure Al4.2a with
optimal ccnditions (figure Ak.la) shows that the increased
spheroid density, as well as the deeper layer of medium

reduces the oxygen available to the spheroids, and ln turn



FIGURE A4.2

Theoretical predliction of oxygen tensions in spherolds
as in figure A4.1 . Panel (a) indicates the additional
hypoxla present at a hlgher densliy in a greater depth
of fluld (compare with figure Ak.la). The effects of
irradiation at the usual dose rate of 150 rad/min are

shown in panel (b).
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increases the hypoxic fraction to about 20%. The typical

radiation dose rate of 150 rad/min hed 1little additional
effect on the spheroids, increasing the hypoxic fraction
by only 2% (figure A4.2b). Thus, under typlcal irrad-
jation conditions, very little hypoxia was induced by
the irradiation.

In contrast, increasing the number of spherolds to
15 or~? in 1.0 mm of medium led to a hypoxic fraction of
about 55% when the spheroids were irradiated at the same
dose rate (figure A4.3a). The effect of higher dose
rates i1s shown in figure A4.3b, where a dose rate of
10 times higher was used. Under these conditlions, and
a spheroid density comparable to the usual conditions,

a hypoxic fraction of only 34% was found. These figures
thus suggested that spheroid density was much more im-
portant than radiation dose rate in lncreasing the yleld
of hypoxlc cells in the spheroid.

Comparison of figures A4.2s and AY4.la, that is,
oxygen concentration profiles in spherolds under optimal
conditions as compared to the more crowded cbnditions
generally used for radigtion experiments may indicate
that some problems were introduced. In fact, the irrad-
jation conditions probably were much betfer than in the
theoretical calculatlons for & number of reasons. The

vigorous flushing of the vessels with humidifled gas pro-
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FIGURE A4.3

Theoretical predictlon of oxygen tensions in spheroids
as in figure A4.1 . Panel (a) indicates the additlonal
hypoxia present when spheroids are irradiated at a
higher density (compare with figure Al.2Db). The effects
of even a ten-fold increase in radiation dose rate are
seen to bé smell in panel (b) in comparison to cell

crowding effects.
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duced turbulence in the medium, which would facllitate
transfer of oxygen, and would reduce diffusion gradients.
Spheroids were generally used at sizes smellexr than in

the calculations shown, so total oxygen consumption would
have been less. It was assumed that all cells were using
oxygen at the same rate, despite the fact that the 1in-
ternal, oxygen-starved cells were obviously not consuming
it. In addition, as cells become hypoxic, oxygen con=-
sumption decreases, adding a degree of self-regulation

to the system. All calculations were for equillibrium
conditions, which would develop only slowly during the
actual radiation procedure, and would be a factor only

in relatively long irradiations. Control experiments

did in fact show that reduction of the volume of medium
did not increase survival, agaln suggesting that the
medium was agitated sufficiently to maintain equillbration
with the appropriate atmosphere, and thus that no addition-

al hypoxia was introduced in the irradiation procedure,

A4.5 Discussion

The relevance of this theoretical discussion lis
twofold. One important result can be seen from exam-
ination of figure Ak4.la, where it can be seen that there
is a very rapid transition from relatively good oxygenation
(5-6 in figure) to very poor oxygenation (1). Thus, in

terms of radiosensitivities, only a very small number of
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cells would be expected to behave as a 'partially' hy-
poxic population, due to the well known, critical de-
pendence of survival on oxygen tension (Elkind andl
whitmore 1967, Koch 1972). Secondly, consideratlon of
the worst possible conditions shows emphatically that
growth and irradiation conditions must be menitored and
designed to maintain equilibration of all parts of the
growth medium with the appropriate external atmosphere.
In general, these considerations indicate that the in-
fluence of oxygen on sSpheroid cell hypoxla is modified
much more by cellular respiration that accompanies the
high cell densitles in the spheroids than by radiation-

induced removal of the oxygen.
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