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ABSTRACT

Cell kinetic parameters, including population doubling-time, cell
cycle time, and growth fraction, were measured in 9L gliosarcoma
spheroids (an in vitro tumor model). These parametefs were studied as
the spheroids grew from 50 um to over 900 uym in diameter. Experiments
relating the cell kinetic parameters to the radiation response of 9L
spheroids were also carried out. The major findings were these:
1) The average cell cycle time (T ), is considerably longer in large
spheroids than in exponentially-growing monolayers. 2) The radio-
sensitivity of noncycling (but still viable) cells in spheroids is not
significantly different from that ofbcycling spheroid cells; the
presence of a noncycling subpopulation cannot account for the radio-
resistance of cells grown as spheroids compared to monolayer cells.
3) Radiation-induced division delay (RIDD) is approximately twice as
long in spheroid cells as in monolayer cells given equal radiation
doses. Finally, the cell loss factor for spheroids of various sizes
was calculated, by using the measured kinetic parameters in the basic
equations for g}owth of a cell population.

The technique of pulse-labe]]ed mitoses (PLM) was used to estimate
Tc in exponential mbno]ayers, 400 ym and 800 um diameter spheroids.
Values obtained were, respectively, 16.6 hours, 24 hours and 28 hours.
Growth fractions (GFs) were determined by two independent techniques,‘
both involving 3H-thymidine labelling and autoradiography. First,
as the labelling-index of spheroids labelled continuously over an

interval equal to the duration of G) + M + G + 2 hr. Second, by
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using the values of T Té,'and the pulse-labelling-index from the -
PLM data. The GF dec]ined from 0.86 in spheroids <150 ym to 0.5 in : Wk
v 500 um spheroids; GF rémained approximateiy.O.S in spheroidé up tq 850
um in diaﬁeter;

TD's (spheroid dbub]ing—tines) were determined from a curve of
numbér of cé]]s per spheroid vs. days in culture, by estimating
'téngentsvto thé curve at>point§ correspohding tb various spheroid
- sizes. -Overall, the growth cUrvé éou]d be divided into three regions.
1_Below 200 um, growth was exponentia];ﬁith'TD = 19 hours. A sharp
increase in T to 28 hrs at 225-250 um marked the beginning of the
'middle' region of growth, where Tvancreésedfmoré gradually to 54
hours in 500f600 um spheroids. The 'late' region was -marked by another
relatively sharp virycreavsev in Tp, to 91 hoqr‘s_ in 700 wm spheroids.
'Beyqnd this TD continued to ihcrease, réaching 139'hours af QOQ um.
Growth rate patterns in the three reéions could be correlated with the
kinetic parameters. Invthe early region, GF was high, and growth was
exponential, similar to exponential growth in monolayers. In the
middle region (200-600 um) the progressive incréése_in Tp is
ascribed to a'decreasing GF and lengthening of Te (cell cycle time),
with're]ative]y 1itt]e cell loss. The late region (beyond 600 um
diameter) is marked by a sharp increase in cell loss due

to cell death (see below) and a further lengthening of Te, with

little change'in GF between 500 um and 800 um.
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Cell loss factor ¢ was calculated from the relation ¢ = KL/Kp,

where K_ = rate constant for cell loss and Kp = rate constant for

cell production. The rate of cell shedding was measured and compared
to the K calculated from the other kinetic parameters. ¢ was <0.15
for spheroids of diameter <500 um; in this range cell loss was largely
accounted for by cell shedding. For 800 um spheroids, ¢ was 0.5 and
only 1/3 or less of the total cell loss could be accounted for by cell
shedding; the remainder was presumably due to cell death within the
spheroid.

All of the results described above were obtained in cultures in

~which the cell density (in terms of number cells/ml medium) was kept

at 1.5 x 109 cells/ml in order to avoid changes in the overall

amount of nutrients available per cell. In a comparative study of Ty
in cultures where cell density increased with spheroid growth and
exceeded 10° cells/ml by siée 450 um, the onset of the 'late' region
occurred earlier, at a diameter of 400450 um. Growth in the early
and middle regions was indistinguishable from that of the density-
controlled cultures. No kinetic parameter§ other than TD were
studied for the 'high-density' cultures.

Radiosensitivity of noncycling cells was studied in 800 um
spheroids using a "suicide" technique, whereby cycling cells were
killed by 1620 hours exposure to high-specific activity 3H—thymidine.
Following suicide treatment, spheroids were irradiated, dissociated

and plated for the colony-formation assay of clonogenic survival.
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Radiation'surviva1 of suicide-treated spheroids,was compared to that
of untreated spheroids; no significant difference was found.

The final studies_combared radiation-induced division delay (RIDD)

4n 9L spheroids (800 ym) and monolayers, using thé‘technique of pulse- :

Tabelled mitoses. Two doses were used, 500 rad  and 800 rad. The RIDD

was approximately twice as longbinfspheroid cél]s éé in mono]ayers'for
equal doses: 4.3 hours vs. 2 hr. for 500 rad, 5.2 hr vs. 2.9 hr. for
800 }ad doses; Thisvincféased RIDD fof sphéroids is not related to
increased cell kiT]Thg,vsince sbheroid'ce]1 survival wés greater than
':'thét for monolayer ce]Ts:at each dose.  In light of_the current notion
that:RiDDvrepresents a period of';ell reﬁovery, jt_is suggested that
the longer RIDD in spheroids may'be a factor in the enhahced radiation

survival of 9L spheroid cells as compared to monoTayers.
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INTRODUCTION
I. SPHEROIDS AS A TUMOR MODEL

Spheroids were developed as a tumor model by Sutherland, McCredie
and Inch (1). They are nonclonal aggregates of tumor cells up to 2-3
mm in diameter, which resemble regions found in nodular carcinomas
in vivo (1). Such solid tumors contain nodules which are well-
vascularized in peripheral regions, but have central necrotic zones at
distances greater than 150 um from b]ooq vessels (2,3). Intermediate
between the necrotic zone and the periphery of actively cycling cells
is a region of slowly pro]iferafing or nonproliferating cells.
Histologically, mature spheroids (diameter of >400 um) resemble these
tumor nodules, having the three types of regions described above (1).
In both spheroids and nodular carcinomas, the depth of viable cells
corresponds roughly to the diffusion distance of oxygen in tissue
(3,52). (Oxygen diffusion distance in tissues is limited by the O2

consumption of cells closest

- to the supply.)

Spheroids originate as aggregates of 5-10 cells, which then grow
by proliferation, possibly accompanied by continuing aggregation of
cells on the surface. As they increase in diameter beyond 150-250 um,
they develop a central region of slowly proliferating or non-
proliferating cells and éventua]]y (300-400 um diameter), a necrotic
core (1,4). Overall there is a shift of cells into Gy or a Gy-like
quiescent state; this redistribution can affect both the radiation

response and growth rates (4). The cell population doubling time,



Tp (as distinguished from the cell cycle time for individual cells,
abbfev. TC), increases to as much as'5-45 times the_TD of an
exponentially growing monolayer. Tumors in vivo have é similar
progressive slowing of the growth rate (5). This retardation of growth
rates is due to thé/reduced fraction of proliferating cells and to cell

loss. Cell loss includes both cell death in hypoxic and/or starved

‘regions and migration of cells out of the system. Spheroids shed cells

into the medium (73); this may be analogous to the shedding of cells
into the blood or. lymphatic system by tumors, which is the first step

of metastasis.

Spheroids also resemble tumors in their radiation response. Cells

are more reéistant'if irradiated as intact spheroids instead of as
-exponential cu]tures (4). Tumor cei]s are also more resistant if
irradiated in vivo than if irradiated as single cells in vitro (6,7).
o Spheroids, 11ké tumors, may contain a subpopulation of hypoxic ée]]s,
which areIQUite.radiorésistant compared té_oxié cells. In addition,

many assays which are used to study tumor radioresponse in vivo such

as volume regression, regrowth,_and tumor-cure dose, can be adapted for

spheroids (8,9).
Most in vitro studies of radiobiology and toxicology have been done
using either monolayer or single-cell suspension cultures. Spheroid

cell populations differ in many respects from monolayer populations.

A spheroid contains an oxygeh gradient, nutrient gradients and probably

a pH gradient. Accumulation of toxic metabolites may affect cells in

inner regions. Monolayér'cultures, on the other hand, are homogeneous

§
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with respect to these factors. Some of these factors, especially
hypoxia and lowered pH, are known to be important in the radiation
response of tumors (10-12). Like tumors, spheroids contain a portion
of noncycling but viable cells, which under the right conditions can
be recruited back into the proliferating state. Exponentially-growing
monolayers do not contain such cells, nor is there a significant amount
of cell loss in such cultures. In tumors and in spheroids, cells are
in 3-dimensional contact, while cells in most other in vitro cultures
are not. This 3-D contact has been implicated in the radioresistance
of cells grown as tumors or spheroids compared to single-cells
(7,13,14).

The spheroid system possesses many of the important features of
tumors which are lacking in other in vitro culture systems. However,
the host immunological and hormonal factors (which can complicate the
interpretation of in vivo experiments) are absent in spheroids.
Spheroids can be grown in large quantities in spinner-culture jars.
Thus, they have obvious advantages over animal-tumor systems in speed
and ease of manipulation as well as expense.

Many cells can be grown as spheroids, including both human and
rodent tumors (1,17-19). Recently a method has even been reported for
growing spheroids of tumor cells and normal fibroblasts mixed together
(22). Spheroids have been used to study hypoxic-cell radiosensitizers
(24), penetration of chemotherapeutic compounds (28), and immune
mechanisms (26), as weell as in tests of chemotherapeutic drugs

(21,27,131).



I1. CELL PROLIFERATION KINETICS

A. The Cell Cycle

Central to the study of cell proliferation kinetics is the

: ' v
- G1-5-G, model of the intermitotic cell cycle. This model was : ;

introduced by Howard and Pelc, based on their autoradiographic studies
ofrthevihCOrpOration of 3?P into bean root tip cells (29). According
to this model, there is a discrete period of pre-mitotic DNA synthesis
' (S-phase), followed by a ‘gap' (G,) between the end of synthesis and
the onset of mitosis. Following mitosis, there is another 'gap’ (Gl)
before the start of a new round of DNA synthesis. -The durations of.the
_phases can be determined by the techniqde of'pﬁ1se-]abe]1ed mitOses ”
(PLM), which is a refihemeht of»the_Howard éhd Pelc expériments; Cells
‘are 'flash-labelled’ for 10 to 30 minutes with tritiated thymidine,
which is incorporated oh]y into-the'DNA ofbcells in S phase. At
1nterva]$ théreafter; samp les are harvesfed and prepared for auto-
radiography. The percent of labelled mitoses is scored for each sample
and‘piotted vs. time after pu]se-labei. Typica]]y; the resulting curve
is like that shown on the next page.
The durations of the phases can be estimated from it empirically

or by computer-fitting methods (5). The G)-S-G,-Mitosis mode] of .
the cell cycle has been'confirmed in nearly all eukaryotic systems 50
far studied. A few notable exceptions have been found; in these cases “
the cells lack the G; phase and begin DNA synthesis immediately

following mitosis. Ih multicellular organisms, a Gi-Tess cycle has

been observed primarily in rapidly dividing systems such as the
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cleavage embryos of mouse, sea urchin, and Xenopus, or the myeloid-
erythroid series in adult mémma]s (30). V79 cells in exponential
growth have an extremely short (~1 hr) G, phase (31), but as the
cells become confluent, the Gy phase lengthens.

In fact, Gy is the most variable period of the cell cycle. Among
individual cells of a homogeneous poulation the Tength of S+G2+M is
quite constant, but the length of Gl may vary by as much as a factor
of 2 in exponential cell cultures. This variation in G1 length
accounts for most of the variation in TC among cells of the same
population (Prescott, 1976). The mechanism behind this Gy
variability has not been discovered, but it may be related to the
observation that in vivo and in certain culture conditions in vitro,
many cells are subject to a reversible arrest of indeterminate length

1n G (or a state with G; DNA content). This Gy-arrest will be

discussed in detail further on.

The G)-S-G, model is simply a description of the pattern of DNA
synthesis in the cell cycle, with the two 'gaps' defined as
intermitotic periods during which no DNA synthesis is occurring.
However, these gaps are not periods of cellular inactivity. During
Gl’ there is continuous transcriptional activity and accumulation of
RNA and proteins: the spectrum of proteins synthesized differs from
that seen in S phase or G,, Similarly, there are biochemical markers
for G, most notably the synthesis of proteins needed for mitosis

(30,32). The existence of cell systems lacking a G, phase suggests

that either G; functions are not required for initiation of S phase



and progress through mitosis, or that,these functionsvcan in some
situations be performed continuously or in 62 (30): Taken as é
whole, the evidence presented so far suggests that the primary role of

Gl may be in the»reéu]ation’of the raté of cell proliferation within

tissues,

B. Quiescent Celisv

Nearly_alT animal tissues in vivo tumors and most normal tissueé
in vivo contaih Celis which are noncycling (30—34). Noncycling cells
can be deﬁonéfrateq by 1abe111ng'with tritiated.thwnidine for a period
~ several times longer than T_ (the individual cell cycle time):
un]abe]]éd'nuclei are‘eifher noncycling oriveryvs]ow1y cycling. In
practice, it is diffitujt to distinguish between these two
possibi]ities. Aithough s]Ow]y.cy¢1ing cells may differ from
ﬁoncyc]ing cells iﬁ c]onogenicity and other.broperties, for burboses'
of s{mplicity I have chosen to 1umbvthem together Undef.the tehns |
noncyc]ingvor quiescent cells. |

Noncycling cells cah be divided into several categories depending
“upon the sfage of the cell cycle in which theyvére arrested and their
capacity to re-enter a proliferating state; Some.are terminally
differentiated and have lost the capacfty to divide; these will not be
discussed futher as it is unlikely that such cells exist in tumors. .
Lajtha (34) introduced the tem 'Gy' to describe noncycling cells
with a G) pNa content which retain the capacity to re-enter the
proliferating state if given an appropriate stimulus. Re-entry into a

cycling state occurs after a delay of 6 to 24 hours between stimulation



and the initiation of DNA synthesis; the duration of this lag depends
both upon cell type and stimulus. A classic example of ‘Got cells

is found in rat liver, which can be induced to proliferate by partial
hepatectomy (30,32). Another is that of circulating lymphocytes which
when treated with a plant lectin such as phytohemagglutinin, cycle for
3 or 4 cell divisions before returning to dormancy (30,32,42).

Cells can become noncycling in the G, state, as has been
convincingly demonstrated by Gelfant (35) in mouse ear epidermis.
There is also evidence that cells may block near the Gl/s boundary--
these are distinguished from 'GO' type cells in that they enter S
phase within an hour or two following stimulation (36). Finally, it
has been reported that cells can become arrested with S-phase DNA
content, however, this is controversial since the studies were
performed on tumor cells, which are known to be aneuplioid (40). In
most systems, quiescent cells in G2:- S and at the Gy/S border are
far outnumbered by those in a G;_G, state. The remainder of this
section will focus on quiescent Gl‘GO type cells.

Some information is available concerning subcellular and
biochemical differences between quiescent cells and G; cycling cells.
Quiescent cells have reduced rates of uptake of many low-molecular-
weight nutrients, including phosphate, uridine, hexoses andbsone amino
acids (32,37). However, studies of 3T3 cells showed that changes in
phosphate and glucose uptake were not causally related to changes in
proliferative étatus (37). Quiescent cells have lower fluxes of

monovalent cations, and the transition to proliferating state is



accompanied by increased'activity of the Na*-K*'pump (37,38). It
is thought,that the changes in ion fluxes may relate to hormone action
on the cell membrane (38). Noncycling ceiJs have high ]eve]s_of cyclic
AMP ﬁonpared to proliferating Ce]is (32,37). ca*t and_éAMP'are
implicated in the mechanisms of action of many hormones, and many
studies have suggeéted»a significant role for a cAMP in regulation of
cell'growth in 1§te Gi (37,38). Recently it waﬁvreported that
changes .in the 1e§e1 of calmodulin. (an intracellular Ca** receptdr
which is involved in the mediation of many of the Ca**-requlated
events in eukaryotic cells) correlate strongly with changes from
honpro]iférativé_to'broliferative states in CHO-K1 cells ig_xi}fgr(39).
| Quiescent 1ymphocytés-have distinct]y_]ower.RNA conteht than G1
cyt]jng lymphocytes; similar obséryatiqns have béén méde for quiéscent
3T3‘ce]]s‘ig_xifré.(BZ,ao). Interestingly, Gg-érréSted cells 3156' |
_had‘signjficant]y 1owér R&A content than their cyc]ing counterparts
(40). When quiescent cells afe stimulated to proliferate, their rRNA -
levels increase (40), as does cytoplasmicvnRNA (37); Evidence from
“flow cytonefric studies, in which DNA and RNA distribufions can-be
compared in_individual éelis indfcates that ce]isAmay have to reach a
critical RNA contenf'before entry into S-phase (40). The authors

suggest that RNA content may just be a marker of overall metabolic

activity. There are differences‘between the mRNA species found in

‘63" liver and in regenerating liver. Furthermore, the chromatin of

'GO' cells appéar to be more condensed than that of cycling cells and

to have less transcriptional activity (32). These results suggest



that quiescence is associated with changes in gene expression.

However, most of the reports of this kind do not compare 'Gg' cells

to Gl cycling cells, but rather compare 'Gy' cells before

stimulation to stimulated cells which are progressing toward S-phase

or to cycling populations, which contain a mixture of cells.

Theories of G; Quiescent Cells. Several hypotheses concerning

the nature of Gy and Gy-quiescent cells exist. Some authors view

Gy as a distinct out-of-cycle phase (32,47). In Baserga's scheme,
there is a critical point in mid-G1 at which cells enter the Gg

state instead of proceeding to the Gl/s boundary (32,41). Temin has
proposed a similar model with different terminology (43). This type
of model is supported by the evidence cited previously that
G)-quiescent cells have a lower RNA content than G1-cycling cells.
Also consistent with a distinct out-of-cycle GO was the finding of
Augenlicht and Baserga (41) and othefs_(42) that the longer cells were
kept in a guiescent state, the longer the delay before entrance into
S-phase. A contrasting view of G; quiescent cells is that found in
the transition-probability model of Smith and Martin (44). They
proposed that as cells reach the critical point in mid-Gl, they have

a constant probability per unit time (transition probability) of
porgressing past it. Once past this critical point, the cell is
committed to completing another mitotic cycle. A decrease in the
fraction of proliferating cells would be due to a decreased transition
probability--thus, no individual cei] would really be considered

quiescent.
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A thjrd approach is that of Pardee, who used the term "restriction
point* and proposed that at this point cells can switch back and forth
from a cycling to a noncyc]ing'state to cope with varying nutritiona]
-cohditions,'but did nofvspecify the nature of the noncychng state
(45); Other possibi]ities are that.celis'are simely arrested at a
- critical point in G; for indefinite periods of time, or that some.
cel]s are progre551ng steadily but extremely slowly through Gl
- (30, 32) Al] of the models for qu1escent cells except the latter share
'the 1dea of a critical point partway through Gl, th]s is because
there are markers between this po1nt and the onset of S- phase similar
to those.observed 1n cycling cells in late G1 (32,37).

Quiescent Cells in Tumors and In Vitro. In tumors, noncycling

cells are usually concentrated in poorly-vascu1akized'regiqns; and may
be quiescent dde to hypoxia nﬁtritiona] deficjencies,'bui1d—Up of
metabolic wastes, or a combination of these (3’. Dethlefsen (46)
-suggests that ce]]s which are qu1escent because of growth in an
.unfavorable milieu are not proper]y tennedv'GO- cells; instead he
usesvthe term 'Q' cells to designate the noncycling population (Which
may include 'Gy' cells). The noncycling population contains more
hypoxic cells (48), and may in some cases have a lower plating
efficiency (18) than the pro]ifefating population. However, in sene '
.cases Q cells were equal to P cells in plating efficiency (49,50,51);
the apparent discrepancy could be due to differences between cell types

studied or differences in the method of separation. Separation of

v
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tumor cells on the basis of density shdws that the denser cell
fractions are enriched for noncycling cells (46,49); however, since an
increase in density can be caused by nutrient deprivation, 'Q'
fractions obtained by this means may not reflect the properties of
tumor 'Q' cells as a whole (46). There is within the P and Q
populations themselves considerable heterogeneity with respect to
nutritional status, oxygenation, cell size, density, nuclear
morphometry, etc. (46). Furthermmore, there is probably movement back
and forth between the P and Q compartments. Physical migration of
cells within tumors has been observed, and shifts between P and Q
status may be accompanied by (or result from) such migration.

In vitro cultures of guiescent cells can serve as a model for Q
cells in tumors. Such cultures can be obtained in several ways.
Normal (untransformed) cell lines such as Chinese hamster HA, human
livers LICH, and mouse 3T3 cells reach a plateau in growth after they
become conf luent, a phenomenon often referred to as ‘contact-inhibition’
(53-55). Cell number remains constant even though cultures are fed
daily, and cells can be held in this 'stationary phase' for a week or
more (41,53,54). Most of the cells (>90 percent) have a Gy DNA
content; they can be stimulated to proliferate by trypsinization and
replating at lower density, with a lag of ~12 hr before entering the
first S-phase (36,43,53). Plateau phase cells are smaller than
exponentially-growing cells, even allowing for the fact that most

plateau cells are in G; (53), They also have slightly decreased

plating efficiency compared to exponential cells (53).
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In many plateau-phase studies, cells are grown to- confluence
Without being refed; these cells are certainly nutrient-deprived.
Despite this, thefr kinetic parameters and plating effieincy are
similar to thdse of fed p]ateéu cu1tures {53). Exponentially growing 4
cells can bé’réndered quiescent by growthvin nedium'deficient in
certain amino acids or having low (59;5,percent) serum content
(33,45,56—57). The cells. are arrested with a Gi DNA content'affer:

- 48 to_72 hour;;fthey can be stimulated to proliferate by chaﬁging'to.
conp lete medium. - | | o |

Multicell spheroids, an in vitro tumor model, develop a

subpbpu]atidn‘of noncycling cells oncévthey reach radii 31004150 um
(approximately the 1imit of 0, giffusion in tissue [2,3,11]). Growth
~in low. oxygen tenéionvcaUSed monolayers of Chihesé hams ter fibfob]asts
~ to enter plateau-phase (61,62); the low DOZ-'in Spheroid cores may be
a factor in the develobment of noncyc}ing Cél]s; Direct electrode
’measurements of pOé in spheroids éhow'that the inner 'Q' cells of
spheroids >400 um are subject to oxygen tensions as low as 0-10 mm Hg
(59,60). For comparison, the venous p02v1n tissues is 20—40lmm
.(2,11)._.pH has also been shown to affect cell growth rates, ﬁut no
data ;oncerning the pH within spheroids is availab]e yet.

Thé noncycling cells in spheroids are concentrated in the inner
regions, and most tethniques for Separatibn of P and Q cell fractions _ W
rely on this physical localization (18,58,127). Some authors report
that inner (presumptive 'Q') cells have lower clonogenicity than outer

('P') cells (18,58); others report equal clonogenicity for Q and P
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fractions (46,50). The inner 'Q' cells in spheroids arise under
constraints on oxygenation; nutrient supply, and removal of metabolic
wastes similar to those in poorly-vascularized tumors. Thus, 'Q'
cells in spheroids are probably the best in vitro model for 'Q' cells
in tumors. |

C. Kinetic Parameters of Cell Populations

In discussions of cell populations it is common to use the terms
‘ce]i age' and 'cell age dfstribution' or 'age structure.' Cell age
is measured from the end of mitosis to the point at which the cell
divides, dies, or leaves the population (by migration or
differentiation). The age distribution is the relationship between
cell age and the proportion of cells in a given population, which have
that age. Age distribution is usually plotted as the relative
probability of finding a cell at age T versus T (5). In growing
populations, there are always more young cells than old (5).

The simplest case is that of an exponentially gfowing population
in which all cells are proliferating. The two daughter cells produced
at each division are viable and both immediately embark on a new cycle;
a]i cells have the same intermitotic cycle time (TC)_ The equation
which describes this type of growth is

Ny = e(t)
where b = 1n2/Tc. This type of population, temmed 'type A' by Steel

(5), has an age distribution where the probability of finding a
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new]y—divided‘cell is exactly twice that of finding a ce11 just about
to divide (e.g. in late (6,). Mammalian cell cultures in vitro,
when'grOWing at appropriately Tow density, are a good example of this.
However,'tissues and fumofs jﬂ_xixg_céntain_subpopulationé of
_nohcyc]ing cells. In this éése the age distr1butiQn becomes nnre.
. 'ponp1ex, and the age distribdtionsvof_pro1iferat1ng and hqnpro]iferat-
»ing cé]]s must be considered sepakately. Cell ]osé,iwhich is also
widespreéd in.in-vivo populations, adds a furfberbconp1icatiohl
vNonethe]ess, hode]s‘of age-distributidns can.heip in interpretation of
enpirica]-cel]wkihetfé data. For a more compiete distqssioﬁ ofbthe _
theory of‘cell ége distributions, see Steel (5).

Growt h Fraction. The term 'growth fraction‘ (abbrev. GF) was

intrdducéd by Mendelsohn to deSCribe the fraction of pfoiiferating
cells (33); it varies betweén_ovand 1.0. The exact meaning dfbthe
_term-depends upon ﬁhe definition (experimenta]lor theoretiéa]) of a
proliferating cell (5). ﬁxperimenta]iy, there are two methods |
conmoniy used to estimate GF.; The first uses bulsé-]abe]]ing wjth :

v3H—thymidine and the relationship

6F o Ll
- (T.T.Jprolif.
where L.I. (labelling index) = the fraction of labelled cells in the

entire population and (L.I.),. 1i¢, = the fracton of labelled cells

" in the proliferating subpopulation. If the length of S-phase and of

Tc are known (for example, from a labelled-mitosis curve), the

£/

<
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(L-I.) proTif can be estimated as Tg/Tc (greater accuracy can be

achieved if mathematical modelling of the PLM data is used [5]).
Alternatively, mitotic cells may be taken as representative of
proliferating cells. Following the pulse-label, the population is
allowed to grow for 3-4 cell cycles. Due fo the variability of Tc’
the labelled cohort desynchronizes and labelled cells become randomly
distributed through the cell cycle. Then, the percentage of labelled
mitoses represents the L.i. of the proliferating cells. It should be
noted that pulse-label techniques are insensitive to
slowly-proliferating subpopulations.

Growth fraction can also be estimated by continuous-Tlabelling
techniques. Some authors label for periods much Tonger thén T. (35
times) and take the proportion of labelled cells as the measured GF
(21,63). This is based on the assumption that a plateau has been
reached where all proliferating cells are labelled and nonproliferating
cells are not. As pointed out by Steel (5), this assumption is
incorrect and can lead to overestimates of the growth fraction;
labelled cells that divide produce labelled daughters, some of which
may enter the nonproliferating compartment, but are still counted as
proliferating. If a continuous-labelling curve is constructed by
sampling at intervals, for an extended period, it would eventualiy
tend to 100 percent labelling. Better estimates can be obtained by
extrapolating back to the end of 62 from the slowly-rising component

of continuous-labelling curve, or by use of mathematical modeling (5).
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" Cell Loss Factor. In addition to having GF <v1,tumor'ce1]
populations are also subject‘to cell 1655. This 1oss can be due to
higration of cells out of the tumor, to cell death and to cell
maturation (the cell differentiates sufficiently so that it is not . _ =
' recoghiZab]e as a tumor cell) (5). The relative proportions of'ce]fs

lost by éach‘of these mechanisms varies with tumor type. Cell death
can be due growth in an unfavorable (e.g., hypoxic, nutrient starved,
' efc-) environment; death'may also occur by the process known as
apoptoéis,.in which isolated cells within otherwise healthy
well-nourished regions self-destruct. The cell 1os§:fa;tor @ (66) is

generally used to quantitate\te]] loss:

K_ = rate constant for cell loss; Kp - rate constant for cell

production. ¢ can also be expressed

6 =1 - Tpotential
D

If the total cell population is increasing exponentially with a

doubling time of T, T i on1i,7 can be calculated if T. and the
growth fraction are known; thus, if TD is known, ¢ can also be
calculated. Alternatively, K. can be measured directly by monitoring
the Toss of 1251 from tumors labelled with 1251udR (67,68). 1251

is superior to 3H for this purpose because it is not re-utilized by

the surrounding tissue. The process of cell loss can strongly
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influence the overall growth rate of a tumor as well as its response
to therapeutic regimens.

D. Cell Proliferation in Spheroids

Spheroid growth curves have an initial exponential region which
starts to bend over when the spheroid reaches a diameter of about
200 u (17,63). The growth rate is retarded to a progressively greater
degree and may reach a plateau at diameters >1 mm (17). In the region
beyond the exponential, spheroid growth (17,19,20) is well described
or by a cube-root law similar to that observed for many tumors (5);
that is, the cube-root of the volume increases linearly with time.
(For a spherical volume like that of a spheroid, the diameter is
proportional to the cube-root of the volume; thus, a curve of diameter
vs. time which is linear, also represents 'cube-root' growth).
Cube-root growth is expected if proliferation is restricted to an
external spherical shell (5,20), or if the nutrient supply to the
spheroid/tumor is proportional to its surface area (5). A variety of
models for spheroid and tumor growth have been proposed, some based on
oxygen/nutrient diffusion, some on observations of kinetic parameters
such as GF, cell loss, and/or thickness of the dividing layer
(20,69-71). -

The progressive slowing of spheroid growth rate is not due to a
lengthening of Tc, but rather to decreases in growth fraction and
increases in cell loss rate. VYuhas and Li have reported that for

300-600 um spheroids from seven lines of mouse mammary tumors, spheroid

doubling time (Tp) correlated with growth fraction, but not with
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'TC (19). Durand obserVed that as V79 spheroids grew from 30 um to
800 um, their growth fraction decreased from 0.93 to 0,35v(63). At

the same time, the cell Ioss factor incfeased from 0.2 to 0.88.
Although there was évslight.lengtheningbof Te, it couTa:not account
-for-the incfeasevin Tp from10 hr (1-day old spheroids) to_450'hr

~ (25-day o]d’spheroids), ThéSe results are in genekal agreement with -
. Eesd]ts frbm tumor studies (5,69;72). - - |

Factors associated with the_development»ofrquieScént cells
(decreasing growth frdction) have already beén discussed but'noﬁ those
Tnvoived jn cell ]OSS.» in_sphéroids, cell loss is due tovshedding'from
the'surface_as Qe]lias to cell death. In some cell lines (notably
EMT6) most of the cell loss may be due to shedding (73). The shed
cells are >90 pefcent mitotic and thevproceSS:may be~§imi1af to that
' in which tissue culture cells 'round.up' and detach during mitosis.
The'rate of shedding depénds on spheroid surface area, but not on the
stirring speed of suspension cultures (73). Shedding of cells by
- spheroids may model the'first,étep in metéstasis, the shedding of
tumor cells into the blood or lymphatic system.

Necrosis deQelops in the cofe of spheroids 3400 um diameter,
probab]y_due to hypoxia, nutrient-starvation, build-up of metabolic
wastes, or some’cohbination of these (4,59,60). The cells die and
disintegrate into simple diffusible materials whiéh eventually move
out (65). Cells may also 51e by apoptosis (a process observed in
tumors by Kerr et al [74]), in which the cells first break up into

small membrane-bound fragments, then are taken up by neighboring cells.
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Apoptosis occurs in isolated cells within otherwise well-nourished
regions; it is not restricted to necrotic zones (74). Apoptosis haé
been implicated as a mode of cell death from radiation on chemical
injury, as well as in the regression of tissues during embryogenesis
and insect metamorphosis (74).

It is difficult to determmine the age of ée]ls being lost. In
tumors, there is evidence that cell loss occurs mainly from the oldest
nonproliferating subpopulation (5), which would be consistent with
death by necrosis. However, there is some evidence indicating that,
at least in EMT6 tumors, cells are lost equally from all cell-age
categories (67).

Biochemical Factors in Spheroid Growth. The thickness of the

viable rim does vary with O, tension in the medium (59,75). However,
below 5 bercent 0, and above 20 percent 0, (in the gas phase
equilibrated with the medium) varying the 0, tension does not affect
the viable rim (75). Growth in 95 percent 0, increased the viable
rim only a little, and did not change the spheroid growth rate (59).
Hypoxic cells in monolayers retain viability for several days (61,62),
but hypoxic cells in spheroids die very quickly (76). These results
indicate that oxygen is not the critical factor in producing cell
necrosis in spheroids. This is supported by electrode measurements
showing that necrosis can develop at 0, tensions (within spheroids)
ranging from O to 60 mm Hg, depending on growth conditions (60,77).
Glucose concentration plays a role in controlling spheroid growth,

particularly under low-oxygen conditions. For V79 spheroids grown at
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> percent 0, a3 3x normal concentration of glucose (3g/1) increased

the viable-rim thitkness by a small but consistent amount (75). In
EMT6/Ro, no necrosis was seen in spheroids grown in 16.5 mM glucose
(3g/1) even though the PO, in the core was only 3-5mm Hg; whereas

spheroids groWn in 5.5 mM g]ucbse (normal concentration) and 5 percent
0,, which'had a core p0, of 57 mm Hg, did develop necrosis (77).
Altogether these results suggested that glucose haé avsignif1Caht role
in controiling,thé onsef of necrosis. Li, based on studies 6f
moﬁo]ayer growth rates iﬁ djfferent g]uéose concentrations,_suggested
._that in 9L spheroids»vthe r'ad,i.al depth"of’ the proliferating shell
corresponds to the depth at which the glucose Tevel drops be]ow'0.07
“mg/m (78). | | i
Besides oxygen andbglucose.diffusion, other féctorsbmay be at work
-in causing d@iescence'and death in inner regiohs(of spheroids; pH can
';vdrastically af fect the 6e11 populatibn doubling timee(79) and also
cause cell death (12). ‘Accumulation of wastes such as lactic acid,
thch is formed by»celis wich metabo]ize'g]ucose underkhypoxic
conditions (81), is another possibi]ity.. Investigation of the effééts

of ]actic'acid is CUrrehtly underway in our laboratory (Hlatky,

preliminary data).
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III. RADIOBIOLOGY OF MAMMALIAN CELLS

A. Radiation Cell Killing

One of the first applications of ionizing radiation was as a
treatment for cancer; its usefulness in this regard is due to its
cell-killing effect. It has been established that ionizing radiations
ki1l cells primarily by damaging their DNA (11,82). This damage is
dose-dependent and may take the form of single-strand breaks, double-
strand breaks, crossiinks, or chemical damage to the base and sugar
components. The amount and spectrum of DNA lesions can be affected by
a number of environﬁenta] factors, including the presence or absence
of oxygen during irradiation (11,86). The expression of radiation
damage is modified by cellular repair processes (82). These repair
processes can restore the DNA to its original condition, but they can
also result in incorrect rejofnings, deletions, additions, or
substitutions in the original base sequence. Such 'misrepair' can
itself lead to cell death or to mutation. Quantitatively, then, the
amount of radiation cell killing depends upon both the amount of
initial DNA damage and the operation of repair processes (82-84).

The standard assay of radiation cell-killing is the colony-
formation assay, which measures the loss of proliferative capacity in
irradiated cells. A survival curve is a plot of log surviving fraction
vs. dose, and from the shape of this curve inferences can be made about
the mechanisms involved in cell killing. For example, the shoulder
observed on many survival curves (see diagram) is interpreted as
evidence‘that cells can accumulate sublethal damage up to a critical

threshold, beyond which cell death results.
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A number of models for radiation survival tukves have been
developed, which vary in their treatment of both the initial (Tow=dose)
~region and the high—dosé I'termina]" region'of the curve. A complete

 discussion of survival curves is beyond the scope of this thesis.
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Direct and Indirect Action

Radiation damages cells by 2 general pathways, which are termed
‘direct action' and indirect action'. ‘'Direct action' refers to
direct interaction of the ionization event with the target molecule.

When jonizations occur in the surrounding (aqueous) cellular medium,
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highly-reactive free radicals are formed through interaction with
water. These species then attack the target molecule; this is
'indirect action'. The relative proportion of damage occurring by
direct and indirect paths depends on the type and quality of the
radiation. |

The Oxygen Effect. Oxygen acts as a radiosensitizer. The exact

mechanism by which oxygen acts is not entirely understood, but it
potentiates radiation damage. Oxygen reacts with the free radicals
produced by irradiation of the aqueous cellular medium to form
longer-lived radical compounds which can.themselves damage the cell.
Since the original free radicals disappear within about 1070
seconds, oxygen must be present during irradiation to exert its effect.
In termms of biological endpoints, survival curves for hypoxic
cells have reduced terminal slopes compared’to thosé for oxic cells.
The maximum sensitivity is observed for oxygen tensions above 30 mm
Hg; maximum resistance is achieved at zero oxygen tension (11). (By
way of comparison, the venous oxygen tension in tissues in vivo is
typically 20-40 mm Hg [11].) This resistance is quantified by the
oxygen enhancement ratio (OER), defined as the ratio of doses required
to produce the same survival under hypoxic and aerobic conditons.
Maximal OER values for mammalian cells are about 3 (11,95). The
oxygen effect is of importance in clinical radiotherapy: many human
tumors contain a fraction of resistant hypoxic cells. These hypoxic

cells are thought to account for the difficulty of eradication of some
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tumdrs by X-irradiation; following a dose which kiT]sjthe oxic cells,
many hypoxic cells survive, are reoxygénated and can pro]iferate S0
~that the tumor regrows (2).

Radiation Qué]ity. The spectrum of lesions and the biological

effect produced by a given dose of iohizing radiation can vary greatly
amOng different types of radiation;. Linear energy transfer (LET) is
the quantity often used to compare_different rédiatfons: it is defiﬁed
as .the. amount of energy deposfted (through ionizations: and H |
excitatiOns)vper unit length a]ong'the.track of an ionizing particle.
- Pﬁbton radiations sdch as cobalt-60 y-rays or 250 kvb X-rays'have a
ratﬁér sparse\battéfn of ibnizations;.and are cons%dered_]ow—LET
_radiétions. They cause'damage primérily thrdUgh the pathway of
indirect action; thus the amouht“ofvdamage depends also on whether
6Xygen is_bféSent.,'HeaVy chargeﬁ pa#ticles,.on the other hand,
'pEOduce tracks of dehse]y c]uste}ed ionizations,‘and may have LET
values up to IOOO.timeS those of y-rays. Such densely-ionizing
radiations cause damage primarily through ‘direct action', which is
insensitive to the presence of oxygen. Thus, high-LET radiations céh
be used in clinical radiotherdpy to circumvent the rddioprdtective
effect df hypoxia in tumors.

High-LET radiations are also more effective in cell killing per
unit dose than low-LET radiations. The relative biological
effectiveness (RBE) of a given radiation is defined with respect to a
standard, 250 kvp x-rays. RBE is the ratio of doses of standard and

test radiation which yield the same biological effect. Survival
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curves for high-LET radiations have a much-reduced or absent shoulder
as compared to low-LET survival curves, implying that damage produced
by high-LET radiation is not repairable. Because of this difference
in shoulder between low- and high-LET radiation, the RBE varies with
dose and is greatest in the low-dose region (unlike the OER). Thus,
the fractionated treatment schedules used by radiotherapists may of fer
even greater therapeutic advantages with high-LET radiation.

Repair of Radiation Damage. As previously mentioned, the shoulder

observed on most x-ray survival curves has been interpreted as

evidence that cells can accumulate sublethal damage (SLD). Since by
definition 'sublethal' damage does not cause cell death, it is only
detectable by split-dose experiments like those pioneered by Elkind

and Sutton (85). If a given total dose of radiation is administered

in two fractions separated by an interval of tens of minutes or more,
cell survival is higher than if the same total dose is given at once.
This result demonstrates that cells given the split-dose regimen were
able to repair sublethal damage from the first fraction before it

could interact with damage from the second fraction (11,85,86). Repair
of sublethal damage does not change the shape of the survival curve.

[f cells which have been given an initial dose in the shoulder region
of the survival curve are allowed to repair all sublethal damage, then
given the second exposure to graded doses of radiation, the shape of
this survival curve (including both the slope and the shoulder) is the‘

same as for a single-dose 'normal’ survival curve,
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A second type of repair occurs when, under special post-irradiation
conditions, cells can repair damage which wou]d ordinarily Tead to cell

~ death. This is called 'potentially-lethal damage' (PLD) repair. In

T

most iﬁ.!iESE survival assays, exponentially growing cells are.
irradiated, t hen inmediate]y'tnypsinized and seeded for colony-
formation.: If instead the cé]]s are irfadiated and then held in a
Stationary state for up to 24 hrs before trypsinization, ce11 surviva]
is increased ovef that resulting from immediate trypsinization. Thus,
post-irradiation holding allowed cells to repair pofentially lethal
damage (PLD) injury which otherwise wou1d cause cell death. The cells
are held in a stafionary phase as conf luent (and quiescent) monolayers,
SO the_mea$ured increaée-in.survival is not due tovany‘effects of
prolifefation within the population. ’If a complete surviva] Cpfve is
done under coﬁditiohs a]]owing maximum PLD repair, the slope is found
to-be decreased erf that for a 'nonnai' (no postfikradiation ho]ding)}
survival curve. |

Both SLD repair and'PLD.repair have been_demonstratéd'ig_vivo as

well as in vitro (11). "SLD repair is thought to account for most of-

the sparing effect on normal tissues of the hu]tip]e—fraction treatment

schedules commdn]y used in c]inica].radiotherapy (11). The mechanisms

for SLD and PLD repair have not yet been elucidated, nor have the two

types of damage been correlated with any specific radiation-induced _ Y

DNA lesions.
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Cell Age Response. It has been well-established that

radiosensitivity varies through the cell cycle (86). The pattern
varies somewhat among different cell lines, but in general is as
follows: late—S is the most resistant phase and mitosis is the most
senéitiveu_ Cells with a Tong G| period may have a peak of
intermediate résistance in late Gy (85). The magnitude of the
difference in survival depends upon cell line; in V79 cells it is
about a factor of 7 (85,86), while 9L cells show almost no variation
of radiosensitivity with cell age (93,94). Radiotherapists use
multiple-dose schedules. Irradiation induces a partial synchrony in
the surviving cells; with correct timing between doses the killing of
tumor cells can be maximized (11,86). This partial synchrony is due
to the preferential survival after the first dose of cells in the most
resistant phése of the cycle as well as to the effects of
radiation-induced Gz-delay.

B. Radiation-Induced Division Delay

Understanding of the radiation-induced division delay (RIDD)
kinetics combined with the cell-age dependence of radiosensitivity is
important in the optimization of multi-fraction treatment schedules.
Irradiated cells are reversibly blocked in mid-G2 (11,97-101). This
is observed as a drastfc drop in mitotic index followed by recovery to
normal levels, as a lengthening of the time it takes labelled cells
(1abelled just before or during irradiation) to reach mitosis, or by
flow cytometry as a piling-up of cells in G, The length of the

delay is dbse-dependént and cel l-age dependent, typically about 30 min
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to 1l hr. per 100 rads of x—réys in cells that were in Gy at
irradiation (100,101). rCeHS in Gl and S are del ayéd Tess than Go
ce]ls,”tﬁus ﬁhey may ‘'catch up' with 62 cells. The Gy delay is
strict1yltrénsient,_and once irradiated céTls have passed through
‘mitosis- their cycle returns to nomal (97,98). The']esion(s)'cauéing
radiation-induced diviSion delay appear to be distinct from those
-vinvolQed in cell killing; however; the target is.fn the nucleus
'(102-106). There is some evidéhcelsuggesting‘that the nuC}ear
‘membrane is inQo1ved (103),vbﬁf most recent'studies,point to DNA as

the~target.(103,104-106). Radiation also exerts a transient effect on

entry into S phase and the duration of S, but to a much smaller degree

than for 6, (92,108). High-LET radiations produce a mich longer
_ Gg-deTay than x—réys (per unit dose).

C. Radiation Response of Spheroids

For many cell ]fnesllsurvival is greater if cells are irradiated
as spherdids thén if they are 1Eradiéted aé exponentially-growing
monolayers (4,15,21). It.is not due to a difference in thé amount of
- initial DNA damage measured as single-strand breaks between spheroids
and mbno]ayers (109-110). Spheroid cells are in 3-dimensional
cell-cell contact and this plays a significant role in spheroid
radioresistance (13,15;111), In addition, spheroid sur?ival curves
reflect the effects of cell-cycle redistribution and hypoxia,vand may
- be multiphasic (4,112). As cel]—ége distribution and fraction of
hypoxic cells vary with the size of the spheriods, SO do’spheroid

‘'survival curves,
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Cell1-Cell Contact. Growth and irradiation as multicell spheroids

has been shown to enhance radioresistance of many cell types; this has

been termed contact-effect. In V79 cells contact-effect has been
demonstrated in very small (30—60 um diameter) spheroids, in which the
potential complications of hypoxia and cell-cycle redistribution are
eliminated (111). In many cases, the resistance appears as an
increased shoulder on the survival curve (111,113), which according to
traditional interpretation indicates an increased ability to sustain
and repair sublethal damage. In some cases, including 9L, the
shoulder is not affected but the terminal slope is decreased (15,21).

Contact-effect has also been demonstrated in rodent tumors iﬂ vivo

(7,96,114) and in human tumor xenografts (16).

Experiments in which spheroids are dissociated at various
intervals priofvto irradiation and plating show that there is also a
residual contact-effect (4,14,111). The contact-effect resistance
decays over a period of one T. or less, back to the sensitivity of
monolayer cells (4,111). V79 (111) and other, spheroid cells (15)

demonstrate some residual effect, as do KHT tumors in vivo (7);

however, cells from human tumor xenografts did not (16). In KHT tumor
cells, the contact-effect did not decay if cells were held at 4°C
(instead of 22° or 37°) between dissociation and irradiation, implying
that metabolic processes were involved (7). However, if intact V79
spheroids were incubated at 4°C for 20 minutes prior to irradiation,

the protection of the contact-effect was eliminated (115).
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The mechanism of contact-effect is not yet known,vbut it has beén
specu]atéd that gap-junctions are-invo]ved.(IS). Gap junctions allow.
the‘passqgé of moTecQ]es of Qp to 1000-2000 da]toné which, howéver,
probably excludes ény DNA repair'enzymes,(116—118).;'A common ly-used
indicator for the presence of gap—jUnétions is the dégree of idonic
coup]ing,,measﬁfed'as ihterée]]ular inpedénée. The dégree to which av
gi&en cell line shows contact—éffect in'épheroids appéars to correlate
With?the.degree of ionic coupling préSent in its mono]ayer.cu]tures
_(15).; Herver;'when coupling was measured in the outer layers of 300
~um spheroids, it was found to be 10wer than in mono]ayers and to
decrease further as the épheroid increased‘in size (14). v |
| A:'feeder—ce}i effect‘, which may be related to the‘coﬁtact
effect, has been observed in fhe 9L cell line (119). Survival levels
of cells from 9L‘mbn01ayer$ are strongly dependent on the feedér-ce]ls
(total cell number/dish) below about 5 x 10 cel]s/zs_cmZ flask,
with a plateau in survival between 5 X 104 and 1 x 10° cells/flask.
Cells grown as spheroids have the same Survjval'regardless of total
cell hunber (below 105/dish). Thus, growth as a spheroid can
apparently substitute for the surviya]-enhancing affects of feeder
cells. |

Hypoxic Cells in Spheroids. Once the spheroid reaches a diameter

of 300 um or more, cells in the core may become hypoxic due to

competition between 0, diffusion and 0y consumption by the outer

cell layers (126). As previously mentioned, hypoxic cells are quite

radioresistant compared to oxic cells. Presence of a radiobiologically

"
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hypoxic subpopulation is indicated by.a 'tail' of decreased slope on
the survival curve; the fraction of hypoxic cells can be estimated by
extrapolating the 'tail' back to the y-axis. Although the presence of
fully (radiobiologically) hypoxic cells in tumors is wé]]—docunented
(6,11,96), the situtation in spheroids is less clear-cut. 600 um V79
spheroids had an anoxic fraction of 5-7 percent, but 1ar§er spheroids
contained fewer hypoxic cells (112). In this and other studies, the
terminal slope of the hypoxic-cell region of the survival curve is
intermediate between that for fully-oxic and fully hypoxic cells
(50,120). Based on the observation that hypoxic cells in spheroids
die very quickly, it has been suggested that the inner cells in some
spheroid types may die before reaching full radiobiological hypoxia
(76). Recently, Durand (121) used a cell-sorting technique to
demonstrate that the OER was the samé in all regions of spheroids.
Another recent study showed that the apparent absence of fully hypoxic
cells in spheroids may be an artefact caused by growing spheroids at
high density, then transferring to low density before irradiation
(122). The authors qlso showed that if spheroid density is properly
controlled, EMT6 spheroids do contain anoxic cells having the same
radiosensitivity as anoxic ce]lé in EMT6 tumors. Some spheroids may
genuinely lack hypoxic cells. 9L spheroids had <3 percent detectable
hypoxic cells (21,119). This observation is supported by evidence
that 9L tumors in vivo also lack a hypoxic fraction (114,123).
Spheroid radiobiological response (and especially the detection of

hypoxic cells) is strongly influenced by irradiation conditions such
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as temperatufe,vwhether the culture is stirred and ;u]ture density, as
wg]] as by dissociation techniﬁué (112). Particular care is nécessary
in the planning and interpretation of spheroid radiation survival
experjments.’ '

Cell-Cycle Effects in Spheroids. For V79 cells; the age;fesponse

of cells in’sphéroidé iélqua]itatively similar to that of monolayer
cells, but the spheroid cells ére more resistant iﬁ each phase than
their mono]ayer counterpértsv(4,125). Since.S-phaSe is by fah the'“
most résfstadt,,as'ceTls begin to shift into GO/GI_(ét a sphéroidVA
diameter of about 150 um) the radioresistance of the spheroid as a
whole actually decreasesvconpared to that of smaller spheroids (125).
No such comparison of.spheroid vs. monolayer ce1]¥age response.has
beeﬁ'reported for dthervcell']ineé. Shifting of cells out of:S.phase
may'be Tess ihportant 15.3 cell line such as 9L, thch shbws‘liffle
variation in radiosensiti?ity with céli ége in monolayer cuitukes
v(93,94). As spheroids mature, they develop regions of quiescent
ce]]s° A possibility which has not been ruled out is that l'GO-
cells are moré.radiorésistant_than G1 cells. It has been suggested
that quigscent-ce]]s in tumors may be radioresistant, accountihg for
“the difficulty of sterilizing them by irradiation (2,11).

It has been reported that spheroid cells are less susceptible to
radiation-induced division delay than monolayer cells (128,129). If
this is also true of tumor cells, it would have sigﬁificance for the

planning of radiotherapyvprotocols.
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IV. RATIONALE
Clinically, tumors of glial origin are highly malignant and
difficult to treat successfully by conventional techniques. The 9L

rat gliosarcoma was developed as an in vivo-in vitro model of such

tumors, in order to better study their properties and to search for
more effective treatment modes (124). Since the spheroid culture
method offers advantages of simplicity and speed, while retaining many
.of the properties of in vivo tumors, which are lost in monolayer
cultures, it was a nétura] step to culture 9L cells as spheroids.

This was first done by Deen et al. (21) and the technique adapted for
use in our laboratory, by Rodriguez and Alpen (119,130). 9L spheroids
are being used to study the effects of anti-tumor drugs (21,131) and
radiation, including heavy ions (130). Since spheroid properties can
vary significantly among different culture conditions (60,i12), cell
lines (4,15,21,73), and even among different sublines (112), each
spheroid system needs to be characterized individually.

As has been found for many other spheroid systems, 9L cells
irradiated as spheroids are more radioresistant than 9L cells
irradiated as monolayers (21). The reasons for this are not yet
understood. - Since one major difference between mondiayer and spheroid
cu]fures is in their cell population kinetics, I decided to try to
evaluate their influence on the radiation response of spheroids. One
possibility was that quiescent or 'Gy' cells were more radioresistant
than cycling cells. 9L spheroids as well as tumors in vivo contain

very few (<3 percent) hypoxic cells (21,114,130); also, 9L cells have
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a very flat age-response to fadiation (93;94),_50 it is possible to
study the radiation response of Gy_quiescent cells without the
cpmp]iéating factors of radiobiological hypoxia and variations in
radiosenéitiyity through the cell cycle. One approach would havebbeen o
to use ffactiqnated dissociation teChnidUes'td separate thé oufef |
[qyervof cycling cells from'theHCOrevof’noncyc]ing ce]]s,nthen to
pTatevtﬁose fractions-Separate]y far-co]ony formation.. This néthdd
assumes that all cyclidg cells are confihed to'the outer layer ahd-a]]
noﬁcyc]ing cells to the inner region; we know that this is an over-
siﬁb]ification, Mitotic figdres have been'obsgrved5quité~deep in
spherdid’cfoss-sections (59) and thé 1abe1]ing indéx (ihdicating'
’ proportioﬁ bf S—bhase'ce]lé) in the'oﬁter layers of spheroids may be
as‘little as 60 bercent bfvthat seen in an exponential grbwing
'monolayér (wherétall cells are cycling) (18). Instead, I;modified the -
'suicide’ technique;-driginally used to investigate the cell .
‘ age-response to Eadiation, in.which cells aré treated with
high-specific-activity tritiated thymidine to kill S-phase cells (132).
1 extended the period of treatment so that only gquiescent or very
s]ow]y_cyc]ing cells would escape thevincorporatioﬁlof 3H;thymidine.
-Then, the survival of these quiescent cells could be compared to the
radioresponse of the entire spheroid cell population..

If Gl-quieéceﬁt cells are more resistant than cyc]ihg‘cells, one
would exbect larger spheroids with greater proportions of such cells
to be more radioresistant than smaller spheroids. However, 9L

spheroids ranging from 150 um to 500 ym in diameter do not differ in
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radiosensitivity (130). An alternate explanation is that the rate of
cell loss is much higher in large spheroids than in small ones,
resulting in similar proportions of G;_quiescent cells for spheroids
of varying sizes. Cell loss rate can be measured using 1251ydR or
ca]cuiated from a knowledge of other cell kinetic parameters. [ chose
the latter approach since it was»also of interest to correlate the
contributions of various cell kinetic parameters with the overall
growth rates of spheroids at different stages. The region of growth
from 5-10 cells aggregates to diameter of ~1 mm may resemble the early
stages of metastatic foci. Such early stages cannot bé studied
in vivo by present methods; information from spheroid systems may have
valuable applications to cancer treatment. Therefore,_I measured
Te, growth fraction, Tp (doubling-time ofrthe spheroid cell
number), and used these figures to calculate the cell loss factor. In
addition, [ measured cell shedding, a cénponent of the total cell loss.
Finally, I also compared the length of radiation-induced division
delay in spheroids and monolayers. It has been reported for V79 cells
that RIDD is less in spheroids than in monolayers (128,129). This
conclusion was based on flow cytofluorimetry (FMF) data. The FMF
technique yields a histogram of ghe DNA content of a cell population;
it may be insensitive to bhanges in a population which contains a
large proportion of quiescent cells (which have a G1 DNA content).
So I decided to use the technique of pulse-labelled mitoées, which
directly measures the movement of cycling cells (specifically, S-phase

cells) through the cell cycle.
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MATERIALS AND METHODS

A. 9L Cells and Stock Cultures

All éXperiments were performed on 9L rat brain tumor cells. The
9L cell line, a mixed gliosarcoma, orginated as an N-nitrosomethylurea-

induced tumor in a CD Fischer rat. The tumor was then developed as an

in vaoiiﬂ vitro brain tumor model (124), and is now in use in several
1§borat0ries éroUnd the country. Our initial stock of cells was
obtained from Dennis Deen of the Brain Tumor Reseércthehfe;, Univ. of
California éChOO] of Medicine, San Eranciséo. 9L cells may be grown

either in vivo as a solid tumor or in vitro as a monolayer, single-cell

suspensfon.pr as spheroids. Most experiments des;ribed héréih were
'done-bn spheroid cultures.

Stock cultures were'maintained as hbnd]ayers iﬁ,75fcm2 fia§ks to
provide cells for the initiation bf spheroid cu]tureg; Since-if is

~‘believed that over long periods of in vitro culture the 9L cells may.

' ,undergq.changes, inc]udingilos$ of tdmorigenicity,:stock cultures were
reneWed from early-passage frozen stocks every-3 mohths. Culture
medium for.both monolayers and spheroids consisted of Eagle's MEM wftH

Earle's Salts (Gibco, made from éutoc]avable poWder)'suppleménted with-
12.5 .percent ﬁewborn calf serum (heat-inactivated),'é;S pércentvfetal
‘calf serum, and glutamine. Sphéroid culture medium contained
.gentamicin. Monolayers wére,maintained in exponential growth by sub-

‘ éulturing thice'a_week, seeding two flasks: one in medium_With

~antibiotic and one in ﬁediQm without antibiotic. Monolayers were kept

in incubators at 37°C with a humidffjed 5.percent CO, atmosphere.

Monolayer stock cultufes were periodically tested for mycoplasma.
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B. Spheroid Culture

Spheroids were initiated by seeding 7.5 x 10° cells/dish into
12 ml1 of medium in Integrid bacteriological plastic dishes. Few
cells attach to these dishes; most remain in suspension and form small
aggregates withjn a day or two., After one to two days' incubation,
the contents of four dishes were fi]teredrthrough 50 Qm or 100 um
nylon mesh, to femove outsize and branching clumps, and the filtrate
transferred to a spinner jar (Bellco, Inc.) with 100 m1 fresh medium
(totally 150 m1 of spheroid suspension per jar). The spinner jars
ware kept in an lnéucover at 37°C, with magnetic stirring, and were
gassed continuously with a humidified 5 percent C02_95 percent air
mixture. Beginning two days after transfer to the spinner jar, the
spheroids were fed daily. The spheroids are allowed to settle out of
the medium, 125 m1 of the medium is aspirated, and 125 ml of fresh
pre-warmed medium is replaced. This feeding technique removeg most of
the shed cells, to prevent small new spheroids from developing.
Preliminary experiments indicated that at spheroid diameters greater
than 400 um, spheroid growth rate was influenced by culture density.
Therefore, at each feeding the number of spheroids per jar was
reduced, to ensure that the culture density never exceéded 2.5 x 100
cells/ml. '

Spheroid Sizing. Spheroid diameters were measured on a Zeiss

Opton inverted phase microscope with objectives containing calibrated
reticules. Two orthogonal measurements were taken of each spheroid

and the spheroid diameter calculated as (dldz)l/z- Spheroid
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Cu]tures_had CV's ranging from 8 percent to 16 percent, averaging
around 11 percent (n = 30). ~Samp1es of spheroids for various .
expefiments‘weré ée]ected by eye using a Pasteur pipette and checked
under tﬁe microscope for accurate sizing. |

In some cases,'spheroid popu]afions were sorted using a Spheroid
éepérator modeled after the one destribed'by Wigle, Freyer, and
'Sﬁfherlahd (80). .Basiéa]]y it is évlg'Sedimentation column, with
layers of preCisiOn—vaen hy]on mesh_(Tefko, Inc.) which can be varied
" to Se]ecfva popu]atfon of the desired size. Hdwever, due to the
- sonewhatbe11ipt1ca1 shape of many 9L sphefoids, separations achieved
by this means still had CV's of 7 to O percent. Particularly for |
experiments involviﬁg ]argef'spherOids; wheré fe&erzgﬁhekoids were
needed tO'yield a sufficient'numbér of cells, the by-hand.selection

'techniquevbroved simpler and more accurate.

Dissociationmbf Spheroids.' Type IX neutﬁé] protease (Sigma) was
“used for dissociation of spheroids to single ce]]s. Type IX protease
has been.fouhd télgive superior ¢é11 yie]d and viabi]ity_in diééqcia-
tions>of tumors (154). The working solution cbnsisted of 10 mg/ml
protease in spinnerfMEM (Ear]e'é salts, mdified for suspension
“culture, Gibco) Suppleﬁented with 5 percent calf serum. Working
solution was prepared from frozen concentrate no more fhan one day in.
advance of use, and kept refrigerated or on ice at all times except
during spheroid dissociations. All incubations of spheroids with

protease were done at 37°C.
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Dissociation procedures varied somewhat with the size of the
spheroid, but all involved a pre-treatment with EBSS-EDTA (Earle's
Basic Saline Solution w/o Ca™ and Mg*, Gibco; with .002 g/1 EDTA
added) at room temperature, followed by incubation in 10 mg/ml
protease at 37°C. For spheroids less than 300 um diameter, 300 to
1100 spheroids were pelleted (5 minutes at 1000 rpm). The medium was
aspirated and the spheroids resuspended in 5 ml of EBSS-EDTA for 5
minutes. The spheroids were pelleted again, the EBSS-EDTA aspirated,
and the spheroids resuspended in 2 to 10 ml1 protease solution. The
spheroids were then incubated at 37°C, with vortexing at 5 minute
interals, until fully dissociated (5 to 15 minutes). For larger
spheroids, larger quantities of EBSS-EDTA and protease and longer
incubation times were required. All cell suspensions prepared from
spheroids were examined microscopically to ensure that spheroids were
indeed fully dissociated with no remaining 'cores' of undissociated.
cells.

Spheroid Growth Rates. Spheroid growth rates were determmined by

daily measurement of the number of cells per spheroid in a culture as
it grows from an average diameter of 80 um to over 900 um (about 25
days). For each measurement, a representative sample of spheroids was
removed and deposited in drops of about 0.1 ml on plastic culture A
dish. Under the microscope, the total number of spheroids in the
samp le was counted; the first forty were sized. The entire sample was

then dissociated to single cells, a portion counted on the Coulter
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'Codnter, énd the number of cells per spheroid was cd]cu]ated. The
'numbér of spheroids per sample ranged from 100 (for spheroids 750vum)
to'as many as 1000 (for 80 um spheroids).

Cell-Sheddng, A known quantity of spheroids was rinsed

thoroughly torremove any loose cells, then transferred to a c]éan,
si]i;onized spinner'jar wjth fresh.nedium.' Part of the sample was
sized under the microscope. The spheroids‘were-placed in the incubator

under usuaf.grbwth conditidns; After an ‘interval of 2 to 4 hours, the
spheroids were a]fowed to settle out and’90*p§rcent of fhe’medium Was:
removed. Fresh medium was added back to the jar, andiéfter a second
1ncubétibn interval, the medium was again removed.

The samples were pelleted for 20 minutes ‘at 1000 rpm in 50 ml
centrifuge tubes (Corning). The medihm Was.aspiréted-With_care not to
disfurb the pe]]et; Although:the Shéd cells were primarily singlets,

‘the pelleting process~resu1ted in QOme aggregation. The pellet was
theréfore dissociated using EBSS—EDTA and protease. An aliquot was
cdunted, and the number of cells shed'per Spheroid per hour was
calculated for each collection interval. The total number of shed
cells per interval was typically 12 x 105.

C. Tritium-Labelling Experiments

Several types of experiments were done using tritiated thymidine
(3H-TdR) to label or kill DNA-synthesizing cells.

Pulse-labelled Mitosis Curves: monolayers: 48 hours before

labelling, T-25 culture flasks (Falcon) were seeded with 1 x 10°

cells each. Media was removed from the flasks, pooled in a sterile
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jar and kept at 37°C. 2 ml of prewarmed medium containing 1 uCi/ml
3H-TdR (6.7 Ci/mm1, New England Nuclear) was added to each flask,
and the flasks were incubated at 37°C for 15 minutes. The labelling
medium was then removed, and the monolayers were rinsed twice with
EBSS. 5 ml of the reserved original medium was replaced in each
flask, and the flasks were returned to the incubator. At one to two
hour intervals thereafter, flasks of cells were trypsinized to
single-cell suspensions, fixed in Carnoy's (3:1 methanol-acetic acid)
anq dropped on slides for subsequent autoradiography. For some
experiments, the flasks of cells were irradiated after the pulse-label
had been washed out. Flasks were irradiated in groups of four at room
temperature, then placed on ice until -all irradiations were completed.
A1l flasks were then returned to the incubator and later harvested as
above. A trial experiment indicated that holding at room temperature
or below caused a block in cell progression, which was reversed with
no perturbing effects as soon as the cells were returned to 37°C.
Spheroid cultures were pulse-labelled by adding 3H-TdR (6.7
Ci/mmole, NEN) spinner jar to the final concentration of 1 uCi/ml.
Cultures were labelled for 30 minutes to allow sufficient penetration
into the center of the spheroid. The spheroids were then transferred
from the labelling jar‘to a test tube and rinsed 3 times with EBSS.
The rinsed spheroids were placed in a cliean jar in pre-equilibrated
fresh medium. Samples were removed at intervals, reduced‘to single-
cell suspension, fixed in Carnoy;s and dropped on sides as for

monolayers. In some cases, the spheroids were irradiated after the
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label was washed out. The spherbids were put in'a_Te25 flask with

1-2 mi-fresh medium andvirfadiatéd;at room température. .They_Wérevput
on ice immediately after irradiation énd kept there untif they could
»be‘transferred toua pre-equilibrated cléah Spinnef jar. A control
experiment-in'which the sphefoidsvwere labelled in fresh medium énd
then rep]aced in the original ("cpnditioned") growth.mediﬁm (as was
~done Qﬁthvfhe mdno]ayers)'indicated thaf this did notia]ter the-
“results. | o

Two §1ides pervsamplé'were dibped-in Kodak NTB 2 emu]sion:af

42°C. 'The slides were aif;dkied, then transferred to 1ight-tight
 boxes'contéining desiccant capsu]esvand exboséd at 4°C. Exposufe
times were determined by trial and error: mono1ayér'PLM sl{des were
_AeXposed‘for 1.day,lspherpivaLMvs1ide§ for 3 days. The - slides were
-developed for 6 minutes in Kodak D-170 ‘developer, fixed and stained
with 5 percent Giemsé for'ldlto,ls minutes. 100 mitoses pér point
were scored (exCept[inba fewiinstancés where the mitotic yield was too
low, in which case 50 mitoses were counted). Mitoses with >10 grains
| were scored as labelled.

The threshold of 10 grains/mitosis was chosen because it yfelded
the best and most.réproducible results for both spheroid énd mono]ayer
‘experiments. As shown by Shackney et al. (153) the'choice of
appropriate threshold varies accordﬁng to exposure time, so that
basically the same PLM result is obtained for a variety of combinations
of thréshold and exposure time. Curves obtained with low counting
threshofds, where the signal-to-noise ratio is lowest, are much more-

subject to random fluctuations (144,153).
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Continuous-Labelling Experiments: this technique was used to

measure the growth fraction in spheroids of varying sizes. To a
spinner jar containing spheroids and growth medium, 3SH-TaR (6.7
Ci/mmole) was added to a concentration of 0.1 uCi/ml. To prevent
significant depletion of label over periods of 12 or more hours,
unlabelled thymidine was added sufficient to make the total (labelled
+ unlabelled) thymidine concentration 2.5 x 10-® M with a final
specific activity of 42 mCi/mmole. After 12 hours, a sample of
spheroids was removed, dissociated and prepared for autoradiography as
previously described. A baseline experiment was also performed in
which samples were harvested at suitable intervals up to 22 hours.
Autoradiography was done .as described earlier, and slides were exposed
for 3 days. Background was <1 grain per cell, so a cell was scored as
'labelled' if it had >5 grains. 1000 cells were scored per sample.

Suicide-Labelling Experiments: The term 'suicide'-treatment as

used here refers to the killing of cells through uptake of
high-specific-activity 3H—thymidine. Suf ficient uptake of
3H-thymidine into the nucleus results in killing of the cell by
radiation toxicity of the tritium. Only cells in S-phase incorporate
3H—thymidine into the nucleus; since the range of the 3y beta-ray

is quite short, the tritium must essentia]ly.be in the nucleus in
order to cause cell killing (132). In the spheroid, then, only cells
which passed through S-phase during the treatment with 3H-thymidine

would be killed.
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In these expe}fments; approximately ZOO:spheroids of diameter

v800 Qm were p]aced in iOO ml medium in a spinner jar and treated with
100 uCi of 3H-TdR (20 Ci/mmole, NEN) for 16 hours. After the first
ten hou{«.s,-the label in the medium was replenished. 80 ml of medium
was.remqved from the jar and discarded, then replaced with 80 ml of
"fresh~pre-Warmed medium and.80 uCi 3H-TdR. Atvthé end of-treatment,
the spheroids were transferred to'a test tube and rinsed three times
with EBSS. - The spheroids were then divided into groups of 10 and
placed in the center‘wells of 24;we]1>c1ustér plates (Costar , '
Cambridge, Ma) in_llm]vmedium per Well. Alternate marked‘WelJS-in.
, eaCh'dish'containéd-uhtreated control spheroids (these'wéfe>'sib11ng$'
of Ehe'tfeatéd:SDhefofds; both came from the same initial batch_of '
sbheroids, which had been sp]fﬁ two or three day§vprior.to the
e.xpe.r'iment).,:v. The spheroids were irradiated in the dishes, then
immediately transferfed to test»tubes and keptboh ice until | -
_dissociation.' Control and suicide-treated spheroids were dissociated
in parallel to single-cell suspension, then'counted,'diluted and
seeded for colony formation in 25 cm2 f]aéks.

D. Colony Formation Assay-

All cd]ony formation assays were carriedfout using feeder cells:
one day in ‘advance, flasks were seeded with heavily-irradiated 9L |
cells. The number of feeder ce]]s.was adjusted as as to gfve a total
number (feeder + test ce]]s)vof 7.5 x 104 cells per 25 cm? flasks;
this number of feeder cells was previoué]y found to be_in the dptima]

range for CFE in 9L cells (119). - For each sample, two dilutions of
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test cells were seeded (five replicates per sample dilution) so as to
yield 100 coloﬁies and 50 colonies per flask, respectively. The
flasks were incubated at 37°C for nine to eleven days depending upon
radiation dose. They were then stained with methylene blue, air-dried
and counted. The criterion for counting was 50 cells/colony, <1/3

giant cells.

E. Irradiations

A1l irradiations were carried out using a 150 kVp Phillips x-ray
machine, with 1 mm Al and 0.5 mm Cu filtration. Dosimetry was done
with a Victoreen r-meter. All irradiations were done at room
temperature, and cells were placed on ice immediately afterward. Two
irradiation geometries were used. For the suicide experiments, all
spheroids were in the center wells of Costar 24-well plates. The
plates were on a rotating platform 9 cm below the aperture. The dose
rate was over 200 rad/min, with no measurable variation across the
diameter of the wells,

For the studies of radiation-induced mitotic delay, the technique
of pulse-labelled mitoses used on monolayers necegsitated a different
set-up. 25 cm® flasks containiﬁg the pulse-labelled monolayers were
irradiated in groups of four, arranged in an open square on the
rotating platform, 25 um below the aperture. The dose-rate was 50 to
60 rad/min, and varied by as much as 4 rad/min between the outer énd

inner edges of the flask.
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RESULTS

I. SPHEROID GROWTH KINETICS

'A. Spheroid Growth Rates

| Figure.l shows sphehoid gfowth cprvés, measured és the nqmber of
cells pér spheroid, beginning 1 dayvafter transfer from agar dishes to
_spjnnerijars._‘Thg growth curves were measured under-two grthhv
'conditionslin parallel Cu]tures.’ In one f]ask, thé cell density was
» kept around'l;S X 165 ce]]s[mlvmedium‘and never é]]owed to exceed

{ 2.5 x 105 cells per-ml; in the sib]ing-tu]turé, cell density was not
cohtrol]ed, increasing to over 100 cells/ml as thé spheroids .grew
beyond 400 um in dianéter.'_Lookihg7fifst at the'contfolléd—dénsity
‘curvé; it ;anibe seéﬁ tﬁat in the'earTy_hegion (spheroid.dianEters
froﬁ 80—200.uh approx.) -spheroid growth fits'on'exponentia1'with a
"doub 1ing fime of about 19 hours. This.doublﬁng time is only a lﬁttié
]onger:than the'mono]ayer»doub1fng time df 16 hrs. (data‘not shown).v"
Béyond.about 4 days’(ZOO'uﬁ diameter), the doub]ing—tfme increases
sharply and no longer fits an expohéntia]; rather, fhe'curve is now
ICOntinuoﬁsly bending. Doubiing-times in.the continuously-bending
portion’were obtainéd by éstimating tangents to the curve at points
corfespdnding to various.spheroid sizes. Between 250 um and 500 um
diameter (from day 5 to day 13 approximafeTy), t he TD increases by a
factor of .2, from 28 hr to 5 hr. Beyond 600 pm, the doubling-time
increases sharply to ~§O hours at 700 um, then more gradually to 110

hours at 800 um and 139 hr at 1000 um. The growth curve can be

roughly divided into three regions: the early exponential region, a
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'middle' region between 200 and 600 um diameter, and a '1até' region
beyond 600 um. Although the distinction between the 'middle' and
*late' regions of the growth curve may seem arbitrary, it is supported
by the data on T. growth fraction, and cell loss factor ¢.

Looking at the gfowth curve for spheroids growing under conditions
of uncontrolled, high density, it can be seen that the early and
middle regions are essentially the same as for the density-controlled
cultures. However, the high-density cultures entered the 'late’
growth region several days sooner than the low-density spheroids, just
beyond 400 pym in diameter. The 'late' region of growth for the two
culture conditions is essentially the same except for the earlier
onset in the high-density cultures. All cultures were started from
the same number of cells; initial densities (1-2 days of culture) were
typically 24 x 104 cells/ml. In the density-controlled cultures,
removal of spheroids (to keep the cell number per ml at ~1.5 x 105)
began after about 1 week in culture (d ~250um). In the uncontrolled
cultures, cell density generally exceeded 106 cells/ml by about ten
days (d ~350 um). After that it generally stayed in that range, due
to the daily removal of samples (data not shown). For spheroids grown
at high density the shift into the 'late' region occurred about four
days after the density exceeded 2.5 x 10% cells/ml.

Figures 2a and 3b display the increase in spheroid diameter vs.
time and the number of cells per spheroid vs. spheroid volume,
respectively. As can be seen, spheroid diameter increases linearly

beyond about 300 um diameter. The number of cells per spheroid was
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plotted vs. spheroid volume for two reasons: first, to give an idea

- of the reproducibility of the cell number and volume measurements, and

second, to see if anything could be learned about cell packing in
spheroids as they matured. For sphérdids'between 200 and 800 um the

plot is linear. Below 200 um and about 800 um; the plot deviates from

the central linear portion;_ In the region above 800 um the total
ndmbef of spheroids per jar is now ~100f150, SO samp]eélmust be
1imited to about 50 spheroids; thus,-the.ddta'pointéxin this regionv.
aré sgbjeét to someWhat 1afger sémpling errors. -

B. Cell Cyc]e»Parametérs

Fjgure 3‘displayS'pu1se—Iabe1led mitoses curve'forIQL monolayers,
'-400 uym and 800 um spheroids. It is immediafe]y dbvioué that theré is
a_sighfficant increase i”vTc of 9L spheroids over that of monol ayers.
| Monolayers'have?av T. of about 16.6 -hours, with Gy + 1/2 M of
‘approx: 2.3 hr, S ~9.4 hr, and 6| ~4.55 hr. T, of spheroids is

24 hours for 400 um and .28 hr at 800 um, an increase of nearly 70
percen;. Gy and.S phase ére'nearly Unchanged; all of the lengthening
s in the G, ‘portion of the cycle. Since the doubling-time of very‘
small spheroids is 19 hr (Fig. 1) the Te of.such spheroids‘tanhot be
more than 19 h and it is .1ikely to be the same as in monolayer. Ovef
1/2 of the increase in T. takes place during a period of about five
dayé, from 200 to 400 um diameter. The remainder Qccurs over about-
eight-or nine days growth and another doub]in§ of diameter. The
spheroid PLMs also show fading of the second PLM peak, which can be

due to artefacts, to a progressive loss of labelled proliferating
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'cells, or to the presence of a slowly-proliferating subpopulation.
These possibilities will be discussed further in Chapter 4.

C. Growth Fraction

Growth fraction measurements for spheroids of various sizes and
for exponential monolayers are given in Table I. The first column
shows values obtained by continuous-labelling with low specific-
activity tritiated thymidine for 12 hours. By this method, exponential
monolayers have a GF of 0.97. For spheroidé, the GF decreased from
0.86 at 100-150 um diameter to 0.40 at 800 um. Most of the changes in
GF takes place between 150 um and 400 um; 400 um spheroids have a GF
of 0.49. Thereafter the decline in GF is more gradual.

An independent determination of GF was made by taking the
labelling index of a sample harvested 1 hour after a pulse-label of
high-specificity 3H-thymidine. The growth fraction is determined by

taking the ratio of L.I. (population)/L.I. {proliferating cells); if

Ts (the length of S phase) and T, are known, L.I. (proliferating)

Is approximately equal to To/T.. (T4 and T. for 400 um and

800 um spheroids were presented in the previous section.) Values for
GF obtained by the pulse-labelling technique are given in the>second
column.of Table I.

The choice of 12 hours as the continuous-labelling time was based
on the length of Gy + G, + M and the assumption that the cell
cycle parameters in spheroids would be the same as in monolayers.
Subsequent estimation of the spheroid cell cycle parameters by means

of pulse-labelled mitoses experiments showed that in spheroids, the
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G; period may be much longer than iﬁ monolayers. In fact, for 800

pm spheroids the Tength of Gy is 15 hours, significantly longer than
the inhour 1abe111ng time. Thus, the continuous-labelling GF values
- are underestimates fOr‘spheroids gfeatef than 300 um dia@eter; this
accounté in part for the difference between GF obtained by continuous
labelTing and by pulse-Tabelling. This discrepancy, along with a
method for-correcting forvthe'fractionjof cycling ce]iskmissed by the
12 h0ur-1abe11ingjprotoco1; will be gi?én further attention in!the
'Dfscuésioh._ | | o

D. Cell Shedding

Measufed rates‘of céli sheddihg forvspheroids of:thfeé sizes.are
shown in Table II.. The rates of shédding-are gi?en in absolufé'va]ues'
‘(number of'cells/spheroid~hour) and in terms of percent of spheroid
cell number pérvhour.. There is a cohsiderablevamoﬂnt'Of variabi]ify

among experiments and even between consecutive samples in the same

experiment.

11. SPHEROID RADIATION RE SPONSE -

A. Suicide Experiments

Figufe 4 ¢ompares the survival of ;suicidef-treated'spheroids and
untreéted spheroids gfven various doses of x-rays. The
'suicide' —treated sphefoids were treated with high-épecific—activity
'3H—thymidine to kill cycling cells prior to X-irradiation (see
Materials and Methods). Radiétion survival of suicideftreaféd

spheroids is corrected for cell-killing due to the suicide tfeatment.
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As can be assesséd from the chart, survival of suicide-treated
spheroids is not different than that of untreated spheroids, over a
range of doses from 200 to 1400 rad. Despite some variations in
survival between experiments, within experiments, and within the
limits of detection, survivals are the same for the two groups.of
spheroids.

Preliminary experiments indicated that 16 houré treatment with
3H—thymid1ne killed approximately 40 percent of spheroid cells (data
not shown), about equal to the GF value obtained for 800 um spheroids
(Table I). Subsequently, the PLM studies showed that the length of
G, in 800 um spheroids is ~15 hours, raising the possibility that
not all cycling cells were killed by the 16-hour suicide treatment. A
control experiment wés then performed in which cell killing by
suicide-treatment alone was studied for treatment times from 12 to 24
hours. Results of the latter experiment indicated that the maximum
amount of cell killing by 3H—thymidine was 53-55 percent, and was
constant for 18 to 24 hours of 3H—thymidine treatment. A repeat of
the suicide-plus-irradiation experiment using a 20-hour suicide
treatment yielded the same result (no difference in radiosensitivity
between suicide-treated andAuntreated spheroids) as the previous>
16-hour experiments (expt. No. 414 in Fig. 4).

B. Post Irradiation Cell Cycle Progression

Spheroid cultures which had been given a 30-minute pulse-label
with 3H—thwnidine, were split into two parts. One sample was

irradiated, the other not; both samples were returned to the incubator
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in separate jars and samples taken.és for a pulse-labelled mitoses
-Cufve._ Sfmi]ar.experiments were done on e*ponentia]]y growing:
monolayeré. For doses of 500 rad (~50 percent survival) and 800 rad
(~20 percent survival), the results are shown in Figs. 5 and 6, |
reépectively; In both spheroids and monolayers, 1rkadié£ion de]ayed
the entrance of labelled cells into mitosis.‘ In addition, the mitotic
indeX of samples dropped drastica]ly_(unpub]isﬁed'observation). At
500 rad, spheroid cells were deTayea 4;3,hours; as compared to 2.3 hr
for monolayer cells (Fig. 5). Similarly, at 800 rad spheroid cells
were de]ayed 5.1 hr versus only 2.9 hr for monolayer cells (Fig; 6).
’”A'rebeat of'the_SOOR éxPériment in.Spheroids (sambles takén-on]y
througﬁ 12 hr post-irrdiation) yielded the s ame reéu]t as the originaT

‘trial (data not shown).
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DISCUSSION

I. SPHEROID CELL POPULATION KINETICS

A. Measured Kinetic Parameters

Spheroid Growth Rates. The doubling-time of the spheroid

lengthens progressively as the spheroid increases beyond 200 um in
diameter (4-5 days old), reaching 140 hours when the diameter is

900 ym (21 days). This is in general agreement with findings in other
spheroid systems, most of which have been reported in terms of
diameter or volume measurements (19-21,70). The method used here was
to enumerate cells per spheroid versus time, which is a more sensitive
method than diameter or volume for purposes.of kinetic analysis. For
examp le, the slope of diameter increase vs. time is shallower for
spheroids <300 um than for those above 300 um (20; Fig. 2a), even
though the cell population doubling rate is faster for the smaller
spheroids. In the early stages of spheroid growth, the volume of
individual cells is decreasing; at diameters above 400-600 um
(depending upon cell Tine) a significant volume of acellular necrotic
matter may be present. Thus, volume is not necessarily proportional
to cell number. Of course, for studies of tumors in vivo, volume
measurement is the only practical method.

The spheroid cell population growth curve for 9L cells has three
distinct regions: an early region of exponential growth, a middle
region where the T, increases continuously, and a late region
demarcated by a sharp increase in TD between days 14 and 16 of

growth. This 3-stage growth pattern was observed for both culture
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types: controlled low-density cultures in which the number of cells
per ml of medium was}kepf at appfoximéte1y 1.5 x 105, and high-
density cultures in which the cell numbér exceeded 106/m by day 11
of culture. (Thevdensity referred to hefein'is culture density jn
~ terms of nuhber of ceTls per ml ofvmedium.) Howevef,_the growth curve
for spheroids grown under conditiOns of high cell density shows a
distinctly earlier onset of the late region of growth, but. the values
bf’TD in the late region are the same (within experimental limits)
as those for the late region of'low;density ¢U]ture spheroids.
Spheroid growth-in-the early and middle regions is not significantly
altered by growth under high density (it should be noted that the two
“culture fypes are initiated at equal densitieé;’in the cultures where
cell density is not controlled, cell density exceeds the control
density>by a factor of 4 by about days ll-lZ)Q v

The déta most directly comparable to those presented here are
those of Durand for V79 cells (63). In that report, a p]otlof cell
number. per spheroid versus time shows three regions analogous to_those
just described for 9L cells. For V79 cells, however, TD increases
more dréstica]]y'in that late region, reaching 490lhours by day 25
(approx; 700 um). |

The three regions of the 9L spheroid growth curve cén be
correlated with changes™ in several kinetic parameters (GF; TC, d)
for-whichvvalues were obtained over the entire range of growth. A
d1§CUssion.0f such correlations will appear fo]]owing the sections on

individual kinetic pdrameters.
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The rate-of diameter increase for 9L spheroids is linear atv
approximately 55 um/day over the range from 300 to 1000 um (Fig. 2a).
This is quite close to the rate of 50 um/day reported for EMT6
spheroids (70), double that reported for V79 spheroids (63), and in
the middle of the range of diameter growth rates reported for seven
lines of mouse mammary tumors (19). 9L spheroids grown by Deen et al.
had a much slower rate of increase in diameter (21). The difference
between their results and mine are almost certainly due to differences
iﬁ the methods of culture, especially in terms of feeding schedules.
There are also discrepancies between the values of kinetic parameters
obtained for 9L cells here and those reported by Deen et al.; thé
possible reasons for these discrepancies will be fully discussed in a
later section.

The linearity of the diameter vs. time curve for 9L spheroids is
also found for ofher spheroid types (see above; 19-21,70) as well as

for many tumors in vivo (5). Such linearity can be accounted for by

the model of Conger and Ziskin (20), which %s based on the assumption
of a constant thickness of the dividing layer. However, other models
for spheroid and tumor growth also predict linear increase in diameter.
(5,70,71).

Cell Cycle Parameters. My results indicate that cells in 9L

spheroids undergo a considerable lengthening of the cell cycle time as
compared.to the cell cycle time of monolayer cells. In the data
presented here, the lengthening is from 16.6 hr (monolayer TC) to 24

hr (400 um spheroids) to 28 hr (800 um spheroids); nearly a factor of 2.
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These data contrast with those of Deen et al., who reporteed that for
9L spheroids up tb SOO’um diameter, theré was no significaﬁtmchange in
cell cycle pafameters frdm‘those of mohoTayers (21). In my PLM
curves, the lengthening takes place entirely in the Gy phase; S and
GZ are the samé as for cells in monolayer. Artefacts whith téﬁld
result in an apparent lengthening of the 'trough' of the PLM include
underexposure'of.autoradiographs from later time pofnts and/br a
too;high:thresho1d for counting cells as labelled. However, doubling
the exbosﬁrevtime or'decreésing fhe'thresho]d produced hoisy and
inconsistent counts in the_trough region'with no convincing evidence
that the 2nd peak is located earlier than as shown in Fig. 3c (data
not shown). _ ‘ o
Cells in V79 spheroids also undergo a lengthening of T Sut the
degree of change -is less, from ~16 hr in monolayers to 20 hr in 700 um
sphéroids (63). _in solid tQmofs it is generally found that,fC
remains the same over a wide range of tumor growth, and is the same as

for in vitro monolayers. However, there are exceptions to the rule of

similar TC for tumors and in vitro cultures of the same cell line.

Cells in the center of a.rat rhabdomyos arcoma had a TC of about 26
hours as compared to T. of 18 hours for cells near the periphery
(69). Similar studies of KHJJ and EMT6 tumors also reported that
cells in nutritionally-deprived regions had an elongated T. byt the
degree of élongation was not so large (136). Mouse ascites tumors,
which have been adapted By repeated passage in thé peritonea]_tavity

to growth under rather unusual conditions, consistently show a
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lengthening of T. with time after implant (5). However, in ascites

tumors the elongation appears in S and Gy, as well as in Gy; in
the other cases described above lengthening is confined to the Gy
phase. As yet no measurements of TC in 9L tumors have been
published.

The lengthening of T. in solid tumors is associated with the
location of'cg11s in nutritionally deprived regions; inadequate
nutrition has also been implicated as a factor in the elongation of
Tc in ascites tumors (5). The elongation in T. reported here is
unlikely to be due to inadequate nutrition, particularly for 400 um
spheroids in which T_ is already considerably increased. Nor is

growth under Tow p0, 1ikely to be the cause, since 9L spheroids

contain <3 percent hypoxic cells (21,119,130). Other factors may be
involved: for example, growth in altered pH environments has been
reported to increase the doubling-time of monolayers (61,62,79).
Further inferences concerning the cycling cell population in 9L
spheroids can be drawn from a closer examination of the PLM curves for
400 and 800 um spheroids.. The first peak is quite high and the trough
quite Tow: this suggests that there is little variability in G, or S
and that label did sufficiently reach all cycling cells. However, the
second peak is only about 60 percent as’high as the first peak; this
phenomenon has been termed ‘fading'. Fading can be the result of the
artefacts already mentioned: inadequate exposure of late-time
autoradiographs or too-high threshold for counting. As previously

mentioned, neither of those is believed to be the case here. Fading
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can also occur if heavily-labelled cells accumulate sufficient
radiation damage to prevent their further entry into mitosis (5).
‘However, since 16 hours of labelling at l-uCi/ml, 20 Ci/mmole
3H—thymidine reduced cell survival by only 50 percent (suicide
experiments), it seems unlikely that 30 minutes of labelling at

1 wCi/ml, 6.7 Ci/mmle would cause the degree of fading seen here.
Aside from these artefacts, thefe.ake two possible biological.
explanations fdr-fadé. First,:thefe hay be a significant variability
in Tes it has'beén found that T. in 9L monolayers, whi]é having an
average>va1ﬁe of 19.5 hr,vvaries from 11 to 35 hours (124)." This
variability would be expected to 1owervand spread the second»peak.'
Second, if cells which Were'nbnproliferating during the pu1se-1abe]

. now.re-enter the proliferating compartment, fade of the 2nd peak would
" result. One or both of the’abQVe phenomena may occur in 9L Spherofdsi

" The method of pulse-labelled mitoses is genera]]y considefed as

providing the best characterization of ce]} cycle phase and Tc;
however, the PLM technique primarily measures the parameters of the
most. rapidly proliferating cells. It is insensitive to s]ow]y-éycling
subpopulations,.and_other_qethods of kinetic analysis may gjve

different results for mean T. than PLM curves. Recently, it has

been reported that PLM data from a mouse carcinoma underestimated the
mean TC-bybba factor of 2 conmpared to other techniques (137). The.
finding was supported by independent evidence comparing values of cell
loss factor derived from PLM data vs. direct méasurement by 1251

labelling (138). This insensitivity of the PLM method to slowly-
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proliferating subpopulations should be kept in mind in any discussion
of tumor kinetic parameters derived from PLM data.

Growth Fraction. Most of the measurements of growth fraction were

made using a continuous-labelling method, which may lead to over-
estimation of GF at very long labelling times (5). This artefact
arises when some of the daughters of labelled proliferating cells enter
the nonproliferating compartment prior to sampling. Since they contain
label incorporated by the parent, they are counted as proliferating
even though they are themselves nonproliferating. Under conditions
where the oldest nonpro]iferatfng (unlabelled) cells are being steadily
lost, the continuous-labelling curve will eventually tend to 100
percent labelling (5). If cell loss is very slow, the curve will
appear to plateau at a level below 100 percent; some authors (for
examp le, Deen et al. [21]), have taken the plateau level as the growth
fraction, but we believe this to be an inappropriate Uethod; A valid
estimate of growth fraction can be obtained from the continuous
labelling curve by extrapolating the s]oyly—rising component, back to
the y-axis (5) or by fitting the data to an appropriate model (63).
Instead, [ attempted to deve]op‘a less cumbersome continuous-
1abe1]ing technique for GF measurement: to label for a period equal to
Gy + M + Gy + 4 hr. Such a labelling time should allow all
actively-cycling cells time to enter S and incorporate sufficient label
for autoradiographic detection, yet minimize the contribution of
‘labelled-nonproliferating daughters to the lTabelling index. Since

there was reason to believe, from the data of others, that the spheroid
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cell cycle paranetérs would be the same as for monolayer, the
- labelling time used for all GF experiments was 12 hours. 1In 9L
monq]ayers, this 1abe11ing—tiﬁe gave a GF value of 0.97, the same as
that previously reported for 9L ‘monolayers (21).
Sgbsequént PLM experiments oh_sbheroids, howevef, indicated that
the G, period ‘in spheroids may be much 1bngervthan in moﬁo]éyer.
' :So, the GF-measurements for spheroid sizes over 250 um are probably
underestimates of the true values. Still, the values in Table 1l éhoﬁ
a steadyvdec1ﬁne from 0.86 for 150 um spheroids to 6.40 at 800 um,v
 with over two-thirds of the drop in GF occuring by 400 um diameter.
An alternate measufemént of GF is avai]abie’for spheroidsvwhefe.
"Té, TS‘(thé duratfonvof S-phase) and'ph]se—]abe1ling index‘arev
Kknown. The growth fraction is equal to the ratiq of L.I. of the
entire cell population to L.I. of fhe proiifeféting'cells (Sj.v L.I.
- ﬁro]iferating=can be estimated as-TS/TC; then L.I. pbpulatibn/TS/Tc

equals GF. The data on T, T. and L.I. population are available

from the PLM experimenﬁsvon 400 um and 800 um spheroids} the GF values
obtained from these data are indeed somewhat higher than those from
the 12-hour continuous-labelling.

It is pqssible.td estiméte the fraction of cycling cells 'missed’
by the lé-hour labelling time, given a knowledge of the actual cell
cycle parameters. For example, in 400 uym spheroids where Gl =
11.6 hr, the cycling cells which are in G, + M at the time of

addition of label will not yet have become labelled after 12 hours.

The fraction of G, + M cells in the total cycling population can be
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estimated as TGZ+M/TC: for 400 um spheroids 3h/24h = 12.5
percent missed cells. Now, the 12 hr-L.I. = 0.49 = 87.5 percent of

the 'true' value and by a simple proportionality the 'true' value of
GF would be 0.56. This is still somewhat below the estimate of 0.67
from the PLM-L.I. data, but within the various errors of estimation.
For 800 um spheroids, not only G, + M cells but cells in the first 3
hours of Gy are 'missed' by the 12 hr labelling time.. Calculations
as described above yield a corrected GF of 0.51 (as compared to the
value from PLM-L.I. data of 0.49). Table 3 displays values of GF
obtained from 12 hr-labelling, from 12 hr ]abe}]ing corrected for
‘missed' cells, and from PLM-L.I. dafa. For 225 um, 300 um, and
500-600 um spheroids, where no direct measurement of T. is available
(the latter is necessary for correcting the 12 hr GF as well as
calculation of GF from PLM-LI) upper limit values for corrected GF are
given.

Regardless of which GF method is used, it is clear that there is a
progressive decrease in growth fraction of 9L spheroids as they grow
from 100 to 900 ym in diameter. Most of the change in GF occurs
between 150 ym and 500 um; a decline from 0.86 to approximately 0.50.
These changes are similar to those reported for V79 spheroids in which
GF gradually declined from 0.93 at day 1 to 0.39 at day 25 (~800 um
diameter). However, Deen et al., reported that for 9L spheroids the
growth fraction was constant at approximately 0.5 over the range from

200 to 500 um (21).
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In summary, then, the growth fraction studies indicate that GF
decreases over the range of growth from 150 to 500 um and then remains
roughly constant from 500 um to 800 um at about 0.5. This value is

similar‘to_the‘GF_obSErved for 9L intracranial tunbrs iﬂivivo. The

~decreases in 9L growfh fraction afe not due to hypoxia, since
.radiobiq]dgjta] studiesvindicate that there are <3 percent hypoxic.
cells in 9L}spheroids-(21,119,130); Thus; ot her factoré, bossib]y
‘ih;]uding build ﬁp of toxic byprdducts, ihadequafé penétration of
glﬁcose'or other essential nutrients, and pH effects,vaSt;be_inVQ1ved
in'causing cells to_enter‘a donhant.state;. The 9L data reported here
differ from the data of_been et al. on 9L spheroids; this is probably
due.to differences bet&een the methods of initiation and maintenance
bf 9L 'spheroids used by Deen’et al. and those'employed here. The .
‘pattern of decreaSing GF -and the range of GF values found here for 9L
| cells is similar to those reported for V79 spheroids (63). These
findings (both the 9L data‘prégented here and the V79 data of Durand)
are in agreement with the c0nstant—crusf nnael forlspheroid‘growth
(20). This model, based on the assumption of a constant thickness of

the dividing layer, predicts a decreasing growth fraction.

DiScrepancies‘Between the Data of Deen et al. and Myself

The discrepancies between the data of Deen et al. (21) and those
presented here for growth rate, T. and GF in 9L spheroids is
probably due to differences in culture methods and/or serum content of

the medium. For example, 9L monolayers grown in 20 percent fetal calf

serum had a T. of 12-1/2 hr (139); 9L monolayers grown in 10 percent
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fetal calf serum by Deen et al. had a T. of 19.5-20 hr. 9L monolayers
used in these experiments were grown in 15 percent total serum (12.5
percent newborn calf, 2.5 percent fetal calf) and a TC (from PLM
data) of 16.6 hours, which agreed well with the monolayer doubling-time
of 16 hours (data not shown). With the 9L tumor line, which is known
to be rather unstable, the possibility of differences between 9L-SF
~cells and mine must be considered (124). The cells used here were
initially obtained from Deen at an early passage after thawing from
their frozen stock. Samples were then prepared and frozen, still at
passage 5-6 or less; subsequently my 9L cells were renewed every 3
months from these secondary frozen stocks. Stock cultures were
maintained as described by Wheeler et al. (124) to avoid changes in
the cell population. The possibility that such changes did occur
cannot, however, be ruled out.

The differences in growth rate are more likely to be due to the
differences in spheroid culture methods between Deen et al. and myself
than to differences in the serum content or lot; spheroid growth rates
were insensitive to serum content from 5 to 20 percent under the
culture conditions of Deen et al. (21). In this laboratory, growth
rates of 9L monolayers differed by only an hour or two for cells grown
in 10 percent FCS, 12.5 percent NCS-2.5 percent FCS, or different
serum lots (Sweigert, unpublished data). The differences between
spheroid culture methods employed by Deen etal. and by myself are,
however, quite pronounced. Deen et al. started their sphéroids as

single-cell suspensions in spinner flasks; after 3 weeks populations
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‘of mean diameter 200 um and 300 pum were selected (from an initial
popu]ation_that‘inc]uded'spheroids over 500 um diameter) for use inv
experiments., In our laboratory, spheroid cuitures-are initiated by
theVmefhod of Yuhas and Li (140), in whi;h'cells are seeded into
‘agar-coated dishes and incubated'for_thzdays, until smé]i aggregates
(generally <50 um dianeter)‘are formed. The§e aggregates ére then
tfanéferred to suspension culture, and by 3.weeks affér fnitiatioﬁ are
oveEvSOO um in diameter. fhué, the Spheroids used in the experiments
of Deen et al., are much older in terms of days in culture than
‘spheroids of equiVa]ent size studied here. FUrfhennore, the Feeding
’écheduTe followed by Deén et als waé oﬁce every_3~4‘days.beginning bne
week after seeding 3X106'cells/250'm] medium in spinner jars. 9L
spheroids in this study were {nitiated at»siightly higher cell
dehsfties,,but were fgd daily beginning tWo days after transfer to
‘spinner jar. If the feéding schédu]e, even in'the first week of |
v spinnér'éu]ture, were reduced to every 3-4 days, the spheroid growth
rafe showed é significant .drop (data_not shown). Similarly, if
spheroid cell cultures were a]]o&ed to reach.high cell densities, a
condition partiaTiy analogous to a reduced feeding schedule), the
spheroids entered the 'late’ regionxof growth at a smaller size. One
might speculate then that the culture methods used by Deen et’él.
produced 9L spheroids which were more ‘mature' in terms of kinefic
properties af small sizes as compared to spheroids characterized in my
work . This‘would account for the differences in GF and spheroid

growth rate between 9L spheroids of Deen et al. and myself. However,
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the lengthening of T. in 9L spheroids observed here but not by Deen
et al. is not satisfactorily accounted for by either the differences
in culture methods or serum content.
B. ESTIMATION OF CELL LOSS FACTOR

The rate-constant for cell loss (K ) and the cell loss factor ¢
(defined as KL/Kp, where Kp = rate constant for cell production)
for spheroids of different sizes were calculated from measurements of
the kinetic parameters already discussed--T, Tc and GF; the
formula used for the calculation and its derivation are given in
Appendix A. Values of K and of ¢ are for spheroids of different
sizes are shown in Table III. Since the continuous labelling GF
measurements were underestimates of the true GF, the PLM-L.I. values
and/or GF estimates corrected for the fraction of 'missed' cells were
used in the calculations of cell loss. Furthermore, since TC was
not constant and was measured only for 400 um and 800 um spheroids,
upper and lTower values for ¢ based on the upper and lower limits for
Tc are given for spheroids of other sizes. For spheroids <200 um,
there is essentially no cell loss. For spheroids from 220 um to
500 um, there is some cell loss, with upper limits of about 0.15 for
_¢; the true value is probably somewhat less. The rate of cell loss in
this range is similar to the measured rate of cell shedding; thus,
most of the cell loss is probably due to shedding and not to cell
death. Above 600 um the rate of cell losé increases sharply, with ¢ =
0.5 for 800 um spheroids. At this point, then, the number of cells
lost per unit time is equal to one-half the number of new cells

produced. The rate of cell loss is also considerably higher than the
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réte of ce11 shedding (a factor of 3 or more),,sovthat it Seems ]ike]y
that most of the increase in cell loss is due to cell death.  Thé
values of the cell loss factor found here for 9L spheroids are rather
.]ess than those reported for V79 sphefojds, where ¢ is about O.vay.
day 6 (300 um). By Day 25 (700 um), @ is nearly 0.9, so that cell
production is nearly balanced by cell loss (63).

| For tumors in vivo, reported values of ¢ range from 0.1 to 0.9.
Many of these estiqates of.d are.calcu1ated from PLM and TD Qa]pés.
.The precisibn 6f'est1mates of ¢ is notoribqs]y low, but inféenera] [}
“increases with tumor size and tunnr;dpub]ing_tihe (5); ésvis reported
'hé(e fdr spheroids. Recently, it has been: reported that»PLMbdata,
whicﬁ primarily reflect the kinetic properties bf thé fastést-cyc15ng
céljs,.may underestimate the mean vafue ofvTé by_AS'much as a factor
: dvavconpared to T . values from other technidueé (137). One
fmp]ication of this findﬁhg is that vaihes of ¢ obtained usihg PLM
data may be too high by a factor of 2. In mouse carcinoma NT fumors,
_there i§ evidence that values of ¢ obtained by PLM data werevabout
twice as great as values obtained by measurement of the rafe of loss
of'125IUdR (138). It should be kept in mind that measurement of
cell loss by the 125 1yaR technique may be subject to several
potential artefacts, inc]udihg're—uti]ization (of label released by |
dead cells within the tumor or from rapidly turning-over host tissues
such as the gut) énd influx of Tabelled host cells. Any of these
artefacts coﬁld lead to artificially 16& values of cell loss rate.

Influx of labelled host cells has been shown to be a significant

Y
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inf Tuence on 125 measurements in EMT6 and KHJJ tumors, but not for
RIF-1 (141). It is generally thought that re-utilization of 1241
lTabel occurs at very low efficiency, with little effect on rates of
1251 10ss (68), but it has not been entirely ruled out.

Nonetheless, the discrepancy between Tc's obtained by PLM or by
other techniques and the evidence (for the same tumor line) that
¢-values derived from PLM data differ from g-values obtained by direct
measurement in the way predicted by the difference in Tc may be very
significant. Since the PLM tchnique is insensitive to slowly-cycling
subpopulations, estimates of ¢ obtained from PLM data may be greatly
overestimated for many tumor or spheroid systems. The PLM data
persented here certainly indicate that under some conditions the TC
of 9L tumor cells can be greatly lengthened. In terms of the values
for ¢ derived from these PLM data, two potential sources of error
exist. First, some of the GF values are based on PLM data; these are
similar however to estimates based on continuous-labelling data which
should be more sensitive to slowly-cycling cells. Therefore, the GF
values are not likely to be causing error in the estimates of ¢g. A
second source of potential error is the possibility that in 9L
spheroids there is‘a.significant fraction of slowly-cycling cells
whose T is even longer than that derived from the PLM data. Then,
the rates of cell production and accordingly of cell loss may be
overestimated. As discussed earlier, the PLM curves obtained here can
be interpreted as evidence for substantial variation in T. among 9L

spheroid cells or that there is movement from the nonproliferating
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state back to a proliferating state. 1If this is the case, then it
would. be more accurate‘to consider the values of ¢ and GF as
ref]ectihg the average properties of the 9L spheroid cell population.

The rate of cell sheddingjih 9L spheroids (Table 2) is far 1es§
than that -of EMT6 spherofds,-wherevshedding reduceﬁvthe rate of

increase in diameter by up to 50 um per day (73).

C. Summqry: Dynamics of 9L Spherdid Growth

The data on kinetic paramefers collected over an extended period
of cu]ture'aliow_one to.dfawva-detéi1ed picfure of the dynamics of
sbheroid'grdwth. In the early stage (<ZOO um), grdwth is exponential
'iand‘simiTarvto that of»exponehtia1 monp1ayersi with a.h1gh growth
fractiOnvéndFVirtually no cell_ioss,' Since the Tj js 19 hours, it
is sensible to aséume thét_the'averagevcell cycle tihe does_not exceed
19 hours and 1% probably very similar to the monolayer T, 6f 15;5
4hoﬁrs.. Just_béyond 200 um, the doubling—timé increases sharply to 28
hours. This increase in fD 1s'due to a droﬁ‘of 17 percent in growth
fraction and a slight increase in cell loss, both of which occur in
the ZQO-ZSO um growth range. Probably T. fs beginning to increase,.
too, though I have ndqdata specific to this point. The oxygen
diffusfon distance in fissue is approximately 100 pym, and pro[iferative
zone§ in'tuans in vivo generally extend about 100 ym from capillaries
(2,3). Thus, tﬁe changes in GF and ¢ which occur as the spheroid
increases beyond 100 um radius are probably related to the same
conditions of inadequate nutrition and oxygenation which occur in

tumors.
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Between 200 uym and 600 um, the doubling-time increases
progressively to 54 hours, due primarily to further decreases in the
growth fraction and lengthening of the cell cycle. The cell loss
factor remains relatively low and constant during this period; most of
the cell loss can be accounted for by shedding from the spheroid
surface. Beyond 600 um, T, again increases sharply, to 91 hours at
700 um and 110 hours at 800 um. In this region, the increased Tp'ig
not due to further decrease in GF or to the slight further increase in
T.. Therefore, the increased Tp must be largely due to an increase
in cell loss factor, which is.shown by calculation to be 0.5 at 800 um,
much higher than for spheroids <600 ym. Cell shedding here accounts
for only 15 to 30 percent of the total cell loss; the remainder is
presumably due to cell death within the spheroid.

One implication of these findings is that cell death is not
occurring to a large extent in spheroids below 600 um in diameter. The
plot of cell number per spheroid versus volume is linear from about
300 to 700 um; above 700 um it becomes more shallow, which would be
consistent with an increase in the amount of acellular necrotic
material in the core. Spheroids cultured at very high‘densities enter
the 'late' region of growth (as defined by a rapid increase in TD to
110 hr) sooner than spheroids cultured at low density. No kinetic
measurements aside from T were done on these high-density cultures
but by analogy to the late region in the well-characterized low-
density-culture spheroids, cell death is probably the reason for the

earlier shift into the mature phase of growth of the high=-density
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spheroids. it-seems ]ogiéal that under condifions of greater
nutritional deprivation such as thosé arising in very high density
‘cultures, the inner cells in spheroids may begin to dieAat sma11ér
sphefoid_sizes. _ | | | |
| The uséfulness of the 9L spheroid systeﬁ'is:proportjonal to the
degreé_thgt 9L'spheroids mimic_the properties of 9L tumors iﬂ.!ilg-
Thé_resu]ts réportéd hére, pafticu]ar]y,the.]engthening_of Tc:
- véhpqu be verified in iixg;.fNo'report of PLM data in 9L tumors has
yet been published. Hdwever; the growth fraction in 9L tumors
weighing 60-80 mg has been reported to be 0.47, similar to the value
o reported here for spheroids 3500 um (21,124).'The observation that -
'significanf cell deatﬁ in 9LvSpheroids-0¢curs;on1y at'diameteré;above
600.um is consistent with the observation thét véfy TittTé_necrosis is
presént even in vivo in 9L tumors Wéighing:up'to:Z grams (114); With
“the exception of the intféases in T, seen in these 9L spheroids, the
progreSsive:changes in GF aﬁd ¢ seen'here~are qualitatively similar to
- kinetic patterns in-many tumors. |
The data acquired in-this study have not been fitted tp any models
v_ of spheroiduor tumor growth. However, the data appear consistent with
several models.  The constant-crust modél of Conger and Ziskfn (20)
' predfcts a linear rate of increase in diémeter and a progressively
decreasing growth fraction; both features are found in the 9L data
reported here. The model of Curtis based on kinetic parameters is

likely to fit these 9L data, and could also produce a framework for
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studying post-irradiation proliferation in spheroids (69). A model
based on parameters of crust thickness and cell shedding may also fit
9L spheroid growth (70).

IT. SPHEROID RADIATION STUDIES

A. Radiation Sensitivity of Quiescent Cells

The radiosensitivity of quiescent cells in 9L spheroids appears to
be the same as that of the cell population of 9L spheroids as a Whole,
within the limits of the experimental data. The presence of a
quiescent subpopulation cannot account for the radioresistance of 9L
spheroids compared to monolayers. It was possible to ascertain this
in 9L spheroids because they contain a negligible fraction of hypoxic
cells and because the radiation response curves are not complicated by
a pronounced cell age-response.

In these experiments, quiescent cells are defined by their failure
to be killed by 16-20 hours of exposure to 1 puCi, 20Ci/mmole
3H—thymidine. The experiment was performed in 800 um spheroids,
which have approximately equal proportions of cycling and noncycling
cells (Table 3, GF = 0.50). Assuming all of the cycling cells are
killed by the suicide treatment, a difference in radiosensitivity
between cycling and noncycling cells of a factor of 2 or more should
be detectable in these experiments (calculation not shown).

Although there is variability in survival to a given dose between
experiments, particularly at low doses, Qithin experiments the
survivals of the two samples are not significantly dif ferent.,

Furthermore, fitting of survival curve parameters to the compiled data
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for the two samples indicates that both conform to the parameters of
the radiation survival curve, D -, 365 Dq previous 1y repoéted
for 9L spheroids in this laboratory (119,130).

The I6-hour interVa] for.3H—thwnidine treatment was chosen
because_preliminafy experiments showedvthat_16 hours of treatmentiwas
;sUfficient to yield a survival Jevel.in treated spheroids equal to.
1-GF. waever, as previoUs]y discussed, the-GF values obtajned after
12 hr-cdntiﬁuous 1abe11ing~were underestimafés. .Thus, up to.15
‘percent of the cycling cells may have survived the treatment, further
réducing the potentia]vreédlution of‘the'experiment. A subsequent
_experimént indicated that 20 héurs of thymidine treatment kesu]ped in
é surviving fraction of .53 which wég not further réduced by’ |
édditiona]ltreatment up to 24 hours. One radiationbénd.suicide
-exbefimentv(No. 414) waS-dbne using a 20-hour treatment; the reéulting
data sﬁil] indicated no difference between fhe radiation survival of
-qUiesCent‘cel]s and that of the spherofd as a whole. o

A farther potential complication was the possibi]ity that the
quiescent cells, presumably Concentrated.in the inner region of the
spheroid, might have a lower plating efficiency than thé cycling cells
which were concentrated in the outer well-nourished zone. A control
experimentvin which a two-step dissociation of spheroids designed to
separate tﬁe outer 50 percent of cells from the inner 50 percent was
done, and the two fractions tested separately for colonyéforming
efficiency. CFE's of the outer and inner cells were nearly identical

-(0.49 + 0.58 vs. 0.46 £ .029). Although it has been reported that
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inner cells in EMT6 spheroids have a reduced CFE (18), inner cells in
V79 spheroids have the same CFE as outer cells (50,120).

The finding that cycling and noncycling cells in 9L spheroids have
the same radiosensitivfty is consistent with the fact that 9L spheroids
from 150 to 600 um yield the same radiation-survival curve (130),
despite the wide variaton of GF over this size range. In V79
spheroids, radiation cell survival vs. depth in the spheroid has been
carefully studied (121). The innermost 10 percent are most resistant
but this is probably due to hypoxia (ibid).

B. Radiation-Induced Division Delay

‘The results of PLM experiments on X-irradiated monolayer and
spheroid cells clearly show that 9L cells grown as spheroids experience
a radiation-induced division delay (RIDD) twice as long as that of
cells grown as monolayers (Figs. 5 and 6). This longer delay is not
the result of greater damage sustained by spheroid cells, since under
the same irradiation conditions survival was a factor of 2 lower for
monolayers than for spheroids (data not shown). This finding contrasts
with reports that radiation-induced delay in V79 spheroid cells is less
fhan delay in V79 monolayer (128,130). For V79 spheroids and mono-
layers treated with 60-Co y-rays, data from postirradiation cell-
counting experiments were fitted to a mathematical model; the results
showed that delay was less in spheroid cells than in monolayers by
nearly a factor of 3). The methods most often used to quantitate
radiation-induced division delay are fime-]apse cinematography, and

yield of mitotic cells by sequential mitotic shake-off. These two
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methods are obvidus]y unsuitable for sphereids; the method chosen for.
this study of RIDD in 9Lvspﬁeroids and monol ayers wae that of
pu]se—]abeTled mitoses, which'provides information about the
progression.of:eelis irradjated in S-phase into mifoees.

| The method usee for the initiai V79 studies of:RIDD were cell
count measurements made at 96 hours post—irradiation. One might
expeet such measurenenfs to be rathervinsensitive to delays of 10-15
hours or less which cod]d be expected over most of the dOSe—range (TC
of V79 cells <18 hr). Dose- reSponse curves for 96 hr post- irradfation
ce]] counts closely paralleled that for cell killing in 300 um
spher01ds wh1ch would be cons1stent with the idea that 96 hr post—
»'1rrad1at1on ceil counts mainly reflect cell= k1]11ng and not '
‘ rad1at1on-1nduced delay.

| Studfeé of V79 epherbids and monolayer cells irradieted'with‘heaVy
jons and»analyzed byvf1ow cytof luorimetry (FM) also Tn61Cated that
outer epheroidﬁCells were.b]OCked;1ess than mono1ayer cells for the
same dose (127). In the latter study, a fractionated trypsinization
was used on spheroids so that the kinetic response outer (presumed
mostly cycling) cells and‘inner (noncycling cells) could be analyzed
separately. .The authors hoped bylthis means to avoid an artefact

whereby the presence of a large noncycling population of cells with

G;—DNA content might mask the post—irradiation buildup of cycling
cells in the G,+M compartment. In fact, FM analysis of the inner
cell fraction did indicate that no significant kinetic changes took

place until 100 hours or more following irradiation (127). With
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regérd to the decreased blockage of outer spheroid cells as compared
to monolayers, it could not be ruled out that contamination of the
outer cell fraction by noncycling cells was the cause of the quanti-
tatively sma]]er kinetic response of the spheroid cells ‘as compared to
monolayer cells (128). In any case, FMF histograms do not yield
information about the progression of individual cells within the
population. For example, FMF histograms of 800 um 9L spheroids at
various times following irradiation showed almost no changes
(Rodriguez, unpublished data). Thus, the reports of reduced

Gz-delay in V79 spheroids are not entirely conclusive.

[t is generally thought that radiation blocks cells in GZ, but
the data presented here do not distinguish between a block in late
S-phase and a block in G,. The data points for only two doses each
in spheroids and monolayers do not provide sufficient basis for a
comparative dose-response analysis. However, the durations of RIDD
for 9L spheroid and monolayer cells are both somewhat less than those
reported for various cell lines using techniques other than PLM
(97,98,100,101). Since the length of RIDD is dependent upon the cell
age at irradiation, and less for cells irradiated in S-phase than in
G, (101), it is difficult to compare quantitatively the results
obtained here by PLM method and those obtained using other techniques,
most of which reflect mainly the delay of cells irradiated in G,

The mechanism for the enhanced RIDD in 9L spheroids compared to
monolayers is unknown. Most evidence suggests that the target for

RIDD is in the DNA or some structure very closely related to DNA
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(97,101-104,106). One‘possibility is that the difference in RIDD is
related to differences in cAMP between spheroids and monolayers. |
Cyclic AMP is known to play a role in,Severalbaspects of cell cycle
prdgréssion (32,37); it has been shown that activity of adenyl cyclase
(an:enzyme which p]ays.a role in the contro]-of cellular cAMP levels)
is significantly 10wef in spheroids than in monolayers (14). A]though
-a direct role for cAMP'in wbdification'of RIDD'has been ruled out
(152,156), one recent report presents evidence that the'rafio of CcAMP
. to cGMP'hay”be significant (152). .Two otherihybotheses have been
suggested,'based on thé relationship between thé hégnitude of RIDD and
the deéree of X=ray cell'killing observed in AT‘cells, caffeine-treated
ndrma] cells and untfeatéd hormal:ce11s (145,148). These hypotheses

In a pukeiy empirical way the longef RIDD observed in cells grown
‘as spheroids has implications for the clinical radiofherépist. If the
) radiétion ageéresponse and partial synchrony induced by a previous
vradiation-dose'ére to be eXp]oited, know ledge of the RIDD kinetics is
importaht. The. comparison of RIDD in 9L épheroids and monolayers
repOrtéd herein suggest that RIDD may be sfgnificant]y longer 1n.
tumors in vivo than in monolayers in vitro.. Of course, this result
.-should be confirmed in spheroids and tumors of other cell ]ihes. As
to previous studies of RIDD in tumors, Ilcould find only one such
study, done on Erlich Ascites tﬁmors (99). This study did not compare

- in vivo and'iﬂ vitro monolayer delays, but the length of x-ray induced

G, delay was much longer than that reported for PLM studies of other
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cell lines in vitro about 1 hour/100 rads (similar to values obtained
for 9L spheroids in this report). The significance of the extended
RIDD in 9L spheroids depends in large part on whether the phenomenon
is observed in 9L tumors compared to monolayers; such studies should
be undertaken.

C. G,-pelay and Cell Survival

The Gy_delay has been hypothesized by several authors to be a
period of cell recovery (145,146,149,155), If the G, -delay induced

by radiation does have an influence on cell survival, the finding made
here that 9L cells grown as spheroids have a greater RIDD than cells
grown as monolayers may provide an explanation for the greater

radioresistance of spheroid cells as compared to monolayers. The

tonger G,_delay in spheroid cells may allow them more time to repair

'potentially-lethal damage before it is fixed by passage through

mitosis.

Many studies show that at nontoxic levels caffeine reduces or
eliminates radiation-induced G2 delay while synergistically
enhancing cell killing (145,149,152,155). Caffeine enhancement of
cell killing appears to occur only in G1 and Gy, and to a much
greater degree in G, (149). Caffeine must be present continuously
to have this effect; it allows the damage leading to G,_delay to be
bypassed but apparently also prevents repair of the damage. The

latter is inferred from the observation that when caffeine is removed

a Gz-delay of the duration normally expected is manifested (145).
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Further evidence for thevro1e of Gy_delay in cell survival comes
from studies ofrataiia te]ahgiectasia (AT) cells. ‘AT is a heritable
syndromé which has an abnonnally high radiosensitivity as one of its
primary characteristicé. AT cells exhibit Tittle or no G,_delay in
response to radiation, but high radioéehsitivity, compared to normal
~cells (146,147). The lack of radiation—induced'Gé-de]ay %n AT cells
has been suggested as a reason for theirvabnormal radiosensitivity
(148); The=mechanism(s) involved in the reduction of'Gz_dé1ay and
simultaneous enhéncement of-cé]l;ki]]ing iﬁ AT cells and caffeine-
treated normal Ce11§ is unknown, but two ppssibi]itfeé have been
suggestgd. Ffrét, t hat szde[ay*and inhibition of DNA'synthesis are
the result of damage'fo (or changes in) chromatin configuration due to
irradiatidn;'AT cells are bostulated to have some defect in chromatin
vcbiling and caffeiné to act upon lesions affécting'chromatin
configuration in jrradiated normal cells so as to mimic the defect in
AT cells (145,148). Second, that poiy(ADPR) synthesis is involved;
caffeine is a strohg inhibitor of poly (ADPR) §ynthefase, and AT cells
may be deficient in synthesis of poly (ADPR) fo]]owing irrédiation
(145). Studies of Gy_delay in 9L spheroids and monolayer cells may
'he]p in elucidating the mechanisms governing RIDD.

Results of recent studies conparing.PLD repair in 9L spheroids and
mono]ayers.aré consistent with the idea that the longer G, de]éy in
- spheroid cells may be a factor in their enhanced survival. It has
been found that if 9L monolayers are allowed to repair x-ray induced

PLD, their survival approaches that of 9L spheroid cells., In contrast,
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9L spheroid cell survival was not enhanced by a post-irradiation
repair period (157). It seems unlikely that the Tack of increase in
x-ray cell survival in spheroids after post-irradiation holding is due
to an inability to repair PLD, since 9L spheroids (but not monolayers)
did exhibit PLD repair following high-LET irradiation (156). One
interpretation of the x-ray results is that under standard irradiation
plus immediate assay conditions, 9L spheroid cells can repair x-ray
induced PLD without any post-irradiation holding, and such PLD repair
can largely account for the difference in radiosensitivity observed
between spﬁeroid cells and monolayers in immediate-plating experiments.
The speculation advanced here is that the longer 62 delay in

spheroids may be a factor allowing spheroids to repair PLD without a

post-irradiation holding period.
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APPENDIX A: Cell Loss Factor
As defined by Steel,

K

<

I
]

¢ = — where K rate constant of cell loss

=
©

L

L K .
P

rate consfant for cell production -
Simple eXponentia] growth:

dN . n2

at = ANy A= - Te =.ce1] cyc]e»time for individual cells

Equation modified for growth fraction <1 and cell loss:

Y

1) g% =X GF N - yN ‘where GF =vgrowth'fractioh
ko KL
'b2) N(t) = Noe(x GF-v)t —> 3) slope = A GF - y = .693 where
: D
TD= doubling time of spheroid cell
population '
Rearranging 3) :
4) y = 1 GF - '?93 where A, GF, and TD are all measurable
D quantities '
N { - K- - - K
S)d_xGF (Y-KL . A_GF_Kp)
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~ FIGURE LEGENDS

- Fig. 1.

Rate- of increase of spheroid cell number over 24 days in
Spinnek culture. Opeh_symbo]s: ce]ls/ml of culture

medium controlled to be ~1.5 x 105 cells/ml. Closed

~symbols: cells/ml of medium not controlled, reaching

106 cells/ml :by day 11. Medium changed daily for both

culture cdndifions, beginning at day 2 of culture. T

.in hours for spheroids of various diameters obtained by

Fig. 2a.

Fig. 2b.

Fig. 3.

Fig. 3a.

Fig. 3b

and 3c

estina;ing»a tangeht'to the turve at -points corresponding
to the appropriéte spheroid diémeter;

Rate of increase of spheroid dﬁametér‘bver 24 days in
spinnerbcultUre;v Data points from»cell.density.contro]Téd

cultures only.

‘Relationship of spheroid cell number to spheroid volume. -

Déta_points from all experimehts shqwn in Fig. 1 blus
additional experiments.

Pulse-labelled mitoses curves.

PLM curve for 9L cells grown as mono]ayers. 48 hours
after seeding,.with 1 x 105 cells, replicate 25 émz
flasks were pulse-labelled for 15 minutes with
3H—thymidine, then harvested at subsequent inte}vals;
PLM curves for 9L ce]]s grown as spheroids. b. 400 um
spheroids pulse-labelled for 20 minutes. c. 800 um

spheroids pulse-labelled for 30 minutes.
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Fig. 4.

Fig. 5.

Fig. 5a.

Fig. 5b.
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Radiation survival of noncyc]fng cells in spheroids
compared to that of the whole spheroid cell pobu]ation.
Closed symbols: spheroids treated with high-specific
activity 3H-thymidine to kill all cycling cells prior to
irradiation, corrected for killing by the suicide
treatment. Open symbols: spheroids not given

3H—thymid1ne prior to irradiation. Different symbols
refer to different radiation doses. Error bars indicate
standard deviations of the mean.

Radiation-induced Division Delay, 500 rad.

Pulse-labelled mitoses curves for 9L monolayes given 0O rad
and 500 rad x-rays, respectively. Dashed line shows
control (0 rad) curve from Fig. 3a. 4Gy is the

difference in the length of fime required for curves from
irradiated and unirradiated cells to reach the half-height
of the first peak of labelled mitoses.

PLM curves for 800 um 9L monolayers given O rad and 500
rad of x-rays, respectively. Dashed line represents
control (0 rad) curve from Fig. 3c. AGy defined as for

Fig. 5a.



Fig. 6.

. Fig. 6a.
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Radiation-induced,division_deiay,'800 rad.

PLM curves for 9L monolayers given 0 rad and 800 rad of

| X-rays, respectiveiy. Dashed 1ine shows control (0 rad)

Fig. 6b.

curve from Fig. 3a. 86, is the difference in time

- required for curves from'irradiated and unirradiated cells

" to reach the half-height of the first peak of labelled

mitoséS;
PLM curves. for 800 gm gL Sphero¥ds given 0 rad and 800 rad

x-rays,‘reSpeCtiVGLY- AGZ-defined as for fig. ba.
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Table I.

Table II.

Table III.

103

Measurements of spheroid grown fraction fof spheroids of
various sizes. Left hand column: labelling-index after 12
hours of continuous Tabelling with 3H-thymidine: mean and
standard deviation of 3 to 5 experiments per point.
Right-hand column: GF derived from pulse-labelled mitosis
experiments: L.I. population/L.I. proliferating cells,
where L.I. proliferating = Ts/Tc-

Rate of shedding of cells from spheroids of 3 different
diameters. Expressed as number of cells per spheroid per
hour, and as percent of total spheroid cell number per hour
(farthest-right column).

Compiled kinetic parameters of spheroids. GF1 = growth

fractions (GF's) measured by 12 hours continuous Tabelling

(from Table 1)). GF, = GF's derived from PLM experiments

(also from Table I)., GF o, = GFg estimated from the 12

hr continous labelling data corrected for the fraction of
'missed' cells (see Discussion). TD'S estimated by
tangents to growth curve (see Fig. 1). T.: estimated

from PLM curves for monolayer, 400 um and 800 um spheroids,
only. For spheroids of other sizes, the uppef and lTower
limits of T. are given. For spheroids 100-150 wm, T,

is assumed to be the same as for monolayers. ¢, cell loss
factor: calculated for several estimates of GF and TC

(see Appendix). Upper and Tower limits given.

KL = rate of loss derived as in Appendix, expressed as

percent of total spheroid cell number per hour.
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- Spheroid Growth Rate

Days in spinner culture
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Spheroid Diameter vs. Time
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Percent labelled mitoses curves
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Hours following 3H-thymidine pulse and irradiation
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" Table |

Growth Fraction

Spheroid Size : 12 hours-continuous label from PLM data |
1_'50,unﬁ . 86+ .046 o

220250 um 8% 073

300 um o 57 + 04

400450 pm - 4908 61
500600 um 4 x0
800850 um 4003 50+ 059

Monoayer 097 . 89+ 05

o

EAS



Spheroid

Size

. 300 um

800 um

11
Table Il

Rate of Cell Shedding
Percent of Spheroid

Expt # Cells/sph-hour
3.97
10-14 5.2 + 1.73
6.42
12-9 3
34.5 '
10-14 - 34 = 0.71
33.5
15.4
11-12 147 + 1
14.0
184
10-21 226 + .59
268
145

55 122 + 33

per hour

07%/hr

113%/hr

.05%/hr

.19%/hr

.10%/hr



| Compiled Kinetic

112
Table Hil.

Parameters of Spheroidé f

| Digmeter CGF, . GF, GF, Tp T ¢ K.
100-150 um .86 + .046 19 h 16.6 hr
 220-250 ym .69 + .073 28h166h  0.14
| o : 24h <0
300um 57 + .04 | 34h2sh <O
o . 65 2dh <O
400-450 um 49 + 03 . 42h24h <0
- 67 24h 15 2%/hr
- - .56 24h° <0
£ 500-600 um .43 + .03 54h24h <0 |
- 56 28 07 A%/hr
800850 um .40+ .03 - 110h28hr 36
-  50+06  28hr 51 |
. 51 28hr 50 0.7%/hr

%
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