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ABSTRACT 

Cell kinetic parameters, including population doubling-time, cell 

cycle time, and growth fraction, were measured in 9L gliosarcoma 

spheroi ds (an..:!!!. vit ro tumor model). These parameters we re studi ed as 

the spheroids grew from 50 )Jm to over 900 )Jm in diameter. Experiments 

relati ng 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 c), 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 of cycling 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 growth of a cell population. 

The technique of pulse-labelled mitoses (PLM) was used to estimate 

Tc in exponential monolayers, 400 )Jm and 800 )Jm diameter spheroids. 

Values obtained were, respectively, 16.6 hours, 24 hours and 28 hours. 

Growth fractions (GFs) were detennined 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 G2 + M + G + 2 hr. Second, by 
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using the values of Ts, Tc,· and the pulse-label ling-index from the 

PLM data. The GF declined from 0.86 in spheroids <150 ~m to 0.5 ih 

500 ~m spheroids; GF remained approximately 0.5 in spheroids up to 850 

~m in diarreter. 

TO'S (spheroid doubling-tirres) were determined from a curve of 

number of cells per spheroid vs. days in culture, by estimating 

tangents to the curve at. points corresponding to various spheroid 

sizes. Overall, the growth curve could be divided into three regions. 

Below 200 ~m, growth was exponential with TO = 19 hours. Asharp 

increase in Toto 28 hrs at 225-250 ~m marked the beginning of the 

'middle ' region of growth, where TO increased more gradually to 54 

hours in 500-600 ~m spheroids. The 'late ' region was -marked by. another 

rel ?ti vely sharp increase in TO, to 91 hours in 700 ~m spheroids. 

Beyond this TO continued to increase, reaching 139 hours at 900 ~m. 

Growth rate patterns in the three regions could be correlated with the 

kinetic parameters. In the early region, GF was high, and growth was 

exponential, similar to exponential growth in monolayers. In the 

middle region (200-600 ~m) the progressive increase in TO is 

ascribed to a decreasing GF and lengthening of Tc (cell cycle time), 

with relatively little cell loss. The late region (beyond 600 ~m 

diameter) is marked by a sharp increase in cell loss due 

to cell death (see belON) and a further lengthening of Tc, with 

little change in GF between 500 ~m and 800 ~m. 

Lr 
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Cell loss factor ~ was calculated from the relation ~ = KLlK p, 

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

cell production. The rate of cell sheddi ng was measured and compared 

to the KL calculated from the other kinetic pararreters. ~ was <0.15 

for spheroids of diameter ~500 ~m; in this range cell loss was largely 

accounted for by cell shedding. For. 800 ~m spheroids, cj 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 

spheroi d. 

All of the results described above were obtained in cultures in 

which the cell density (in terms of number cellslml rredium) was kept 

at 1.5 x 105 cellslml in order to avoid changes in the overall 

amount of nutrients available per cell. In a comparative study of TO 

in cultures where cell density increased with spheroid growth and 

exceeded 105 cellslml by size 450 ~m, the onset of the 'late ' region 

occurred earl ier, at a diameter of 400-450 ~m. Growth in the early 

and middle regions was indistinguishable from that of the density

controlled cultures. No kinetic pararreters other than TO were 

studied for the 'high-density' cultures. 

Radiosensitivity of noncycling cells was studied in 800 ~m 

spheroids using a "suicide" technique, whereby cycling cells were 

killed by 16-20 hours exposure to high-specific activity 3H-thymidine. 

Following suicide treatrrent, spheroids were irradiated, dissociated 

and plated for the colony-formation assay of clonogenic survival. 
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Radiation survival of suicide-treated spheroids was compared to that 

of untreated spheroids; no significant difference was found.. 

The final studies compared radiation~induced division delay (RIDD) 

-;n 9L spheroids (800 urn) and monolayers, using the technique of pulse-

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

was approximately twice as long in spheroid cells as in monolayers for 

equal doses: 4.3 hours vs. 2 hr. for 500 rad, 5.2 hr vs. 2.9 hr. for 

800 rad doses. This increased RIDD for spheroids is not related to 

increased cell killing, since spheroid cell survival was greater than 

that for monolayer cells at each dose. In light of the current notion 

thatRIDD represents a period of cell recovery, it is suggested that 

the longer RIDD in spheroids may be a factor in the enhanced radiation 

survival of 9L spheroid cells as compared to monolayers. 

r .f 
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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 

~ 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 blood vessels (2,3). Intermediate 

between the necrotic zone and the periphery of actively cycling cells 

is a region of slowly proliferating 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 eventually (300-400 um diameter), a necrotic 

core (1,4). Overall there is a shift of cells into G1 or a Gl~like 

quiescent state; this redistribution can affect both the radiation 

response and growth rates (4). The cell population doubling time, 
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TO (as distinguished. from the cell cycle time for individual cells, 

abbrev. Tc ), increases to as much as 5-45 times the TO of an 

exponentially growing monolayer. Tumors in vivo have a similar 

progressive slowing of the growth rate (5). This retardation of growth 

rates is due to the 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 resistant if irradiated as i'ntact spheroids instead of as 

exponential cultures (4). Tumor cells are also more resistant if 

irradiated in vivo than if· irradiated as single cells in vitro (6,7). 

Spheroids, like tumors, may contain a subpopu1ation of hypoxic cells, 

which are quite radioresistant compared to oxic cells. In addition, 

many assays which are used to study tumor radioresponse ~. 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 cu1tur~s. Spheroid 

cell populations differ in many respects from monolayer populations. 

A spheroid contains an oxygen gradient, nutrient gradients and probably 

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

inner regions. Monolayer 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 ~ vitro culture systems. However, 

the host immunological and hormonal factors (which can complicate the 

interpretation of ~ 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). 
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Central to the study of cell proliferation kinetics is the 

G1-S-G2 model of the intermitotic cell cycle. This model was 

introduced by Howard and Pelc, based on_their autoradiographic studies 

of· the incorporation of 32p 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' (G2 ) between the end of synthesis and 

the onset of mitosis. Following mitosis, there is another 'gap' (G1 ) 

before the start of a new round of DNA synthesis. The durations of the 

phases can be determined by the technique of pulse-labelled mitoses 

(PLM), which is a refinement of the Howard and Pelc experiments. Cells 

are 'flash-labelled' for 10 to 30 minutes with tritiated thymidine, 

which is incorporated only into the DNA of cells in S phase. At 

i nterva ls thereafter, samp les are harvested and prep ared for· auto

radiography. The percent of labelled mitoses is scored for each sample 

and plotted vs. time after pulse-label. Typically, the resulting curve 

is like that shown on the next page. 

The durations of the phases can be estimated from it errpirically 

or by corrputer-fit"ting methods (5). The G1-S-G2-Mitosis model of 

the cell cycle has been confi rmed in nearly all eukaryotic systems so 

far studied. A few notable exceptions have been found; in these cases 

the cells lack the G1 phase and begin DNA synthesis inmediately 

following mitosis. In multicellular organisms, a G1-l ess 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 mammals (30). V79 cells in exponential 

growth have an extremely short (-1 hr) G1 phase (31), but as the 

cells become confluent, the G1 phase lengthens. 

In ~act,'Gl is the most variable period of the cell cycle. Among 

individual cells of a horrogeneous poulation the length of S+G2+M is 

quite constant, but the length of G1 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 G1 

variability has not been discovered, but it may be related to the 

observation that ~ vivo and in certain culture conditions ~ vitro, 

many cells are subject to a reversible arrest of indeterminate length 

in G1 (or a state with G1 DNA content). This G1-arrest will be 

discussed in detail further on. 

The G1-S-G2 model is simply a description of the pattern of DNA 

synthesis in the cell cycle, with the two IgapSI defined as 

intermitotic periods during which no DNA synthesis is occurring. 

However, these gaps are not periods of cellular inactivity. During 

G1, there is continuous transcriptional activity and accumulation of 

RNA and proteins: the spectrum of proteins synthesized differs from 

that seen in S phase or G2• Similarly, there are biochemical markers 

for G2, most notably the synthesis of proteins needed for mitosis 

(30,32). The existence of cell systems lacking a G1 phase suggests 

that either G1 functions are not required for initiation of S phase 
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and progress through mitosis, or that these functions can in some 

situations be performed continuously or in G2 (30)'. Taken as a 

whol e, the evi dence presented so far suggests that the primary rol e of 

G1 may be in the regulation of the rate of cell proliferation within 

tissues. 

B. Quiescent Cells 

Nearly all animal tissues ~ vivo tumors and most normal tissues 

~ vivo contain cells whicharenoncycling (30-34). Noncycling cells 

can be demonstrated by labelling with tritiated thymidine for a period 

several times longer than Tc (the individual cell cycle time): 

unlabelled nuclei are either noncycling or very slowly cycling. In 

practice, it is difficult to distinguish between these two 

possibilities. Although slowly cycling cells may differ from 

noncycling cells in clonogenicity and other properties, for purposes 

of sirrpl icity I have chosen to lump them together under the terms 

noncycling or quiescent cells. 

Noncycling cells can be divided into several categories depending 

upon the stage of the cell cycle in which they are arrested and their 

capacity to re-enter a proliferating state. Some are terminally 

d iffe rent i ated and have lost the capacity to di vi de; these will not be 

discussed futher as it is unlikely that such cells exist in tumors. 

Lajtha (34) introduced the term 'GO' to describe noncycling cells 

wi th a G1 DNa 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 

,f/' 
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and the initiation of DNA synthesis; the duration of this lag depends 

both upon cell type and stimulus. A classic examp·le of 'GO' 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 G2 state, as has been 

convincingly demonstrated by Gelfant (35) in mouse ear epidermis. 

There is also evidence that cells may block near the G1/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 turror cells, which are known to be aneup loid (40). In 

most systems, Quiescent cells in G2,. S and at the Gl/S border are 

far outnumbered by those in a G1-GO state. The remainder of this 

section will focus on Quiescent G1-GO type cells. 

Some information is available concerning subcellular and 

biochemical differences between Quiescent cells and G1 cycling cells. 

Quiescent cells have reduced rates of uptake of many low-molecular

weight nutrients, including phosphate, uri dine, hexoses and some 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 status (37). Quiescent cells have lower fluxes of 

monovalent cations, and the transition to proliferating state is 
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accorrpanied 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 cells have high levels of cyclic 

AMP corrpared to proliferating cells (32,37). Ca++ and cAMP are 

implicated in the mechanisms of action of many hormones, and many 

studies have suggested a significant role for a cAMP in regulation of 

cell growth in late G1 (37,38). Recently it was reported that 

changes in the level of calmodulin (an intracellular Ca++ receptor 

which is involved in the mediation of many of the Ca++-regulated 

events in eukaryotic cells) correlate strongly with changes from 

nonproliferative to proliferative states in CHO-Kl cells ~ vitro (39). 

Qu iescent lymphocytes have di st i nct ly lower RNA content than G1 

cycling lymphocytes; similar obs~rvations have been made for quiescent 

3T3 cells ~ vitro (32,40). Interestingly, G2-arrested cells also 

had Significantly lower RNA content than their cycling counterparts 

(40). When quiescent cells are stinulated·to proliferate, their rRNA 

levels increase (40), as does cytoplasmic mRNA (37). Evidence from 

flow cytorretric studies, in which DNA and RNA distributions can be 

compared in individual cells indicates that cells may have to reach a 

cri tical RNA content before entry into S-phase (40). The authors 

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

activi ty. There are differences between the mRNA species found in 

IGOI liver and in regenerating liver. Furthermore, the chromatin of 

IGOI cells appear to be more condensed than that of cycling cells and 

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

fJ" 
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that quiescence is associated with changes in gene expression. 

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

to G1 cycl ing cells, but rather compare IGOI 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 GO and G1-quiescent cells exist. Some authors view 

GO as a distinct out-of-cycle phase (32,47). In Baserga l s scheme, 

there is a cri tical point in mi d-G1 at which cells enter the GO 

state instead of proceeding to the G1/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 

G1-qu iescent cells have a lower RNA content than G1-cycling cells. 

Also consistent with a distinct out-of-cycle GO was the finding of 

Augenl icht and Baserga (41) and others (42) that the longer cells were 

kept in a quiescent state, the longer the delay before entrance into 

S-phase. A contrasting view of G1 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-G1 , 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 cell would really be considered 

quiescent. 
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A thi rd 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 noncyclingstate to cope with varying nutritional 

conditions, but did not specify the nature of the noncycling state 

(45). Other possibilities are that cells are simply arrested at a 

cri tical point in, G1 for indefini te periods of time, or that some 

,cells are, progressing steadily but extremely slaNly through Gi 

(30,32). All of the models for quiescent cells except the latter share 

the idea of a critical point partway thro~gh G1 , thi s is because 

there are markers ,between this point and the onset of S-phase similar 

to those observed in cycling cells in late G1 (32,37). 

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

cells are usually concentrated in poorly-vascularized regions, and may 

be quiescent due to hypoxia, nutritional deficiencies, build-up of 

metabolic wastes, or a combination of these (3). Dethlefsen (46) 

suggests that cells which are qU,iescent because of growth in an 

unfavorable milieu are not properly tei1ned 'Gal cells; instead he 

uses the term IQI cells to designate the noncycling population (which 

may include IGO' cells). The noncycling population contains more 

hypoxic cells (48), and may in some cases have a lower plating 

efficiency (18) than the proliferating population. However, in some 

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 

tt 

.' 
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tumor cells on the basis of density shows 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 

popul ations themsel ves consi derabl e heterogeneity wi th respect to 

nutritional status, oxygenation, cell size, density, nuclear 

morphometry, etc. (46). Furthennore, 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 mi grat ion • 

.!!!. vi tro cultures of qu iescent 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 confluent, 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 G1 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 G1 (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 ce.lls are certainly nutrient-deprived. 

Despite this, their kinetic parameters and plating effieincy are 

similar to those of fed plateau cultures {53). Exponentially growing 

cells can be rendered quiescent by growth in medium deficient in 

certain amino acids or having lON (~0.5 percent) serum content 

(43,45,56-57). The cells are arrested with a G1 DNA content after 

48 to 72 hours; they can be st; mul ated to prol iterate by changi ng to 

comp lete medi um. 

Multicell spheroids, an in vitro tumor model, develop a 

su bpopul at ion of noncyc 1 i ng cell s once they reach radii >100-150 l.Im 

(approximately the limit of O2 diffusion in tissue [2,3,l1J). Growth 

in low oxygen tension caused mono]ayers of Chinese hamster fibroblasts 

to ente r plateau-phase (61,62); the lON pO 2 in sphe ro i d cores may b~ 

a factor in the development of noncycling cells. Direct electrode' 

measurements of P02 in spheroids show that the inner 10 1 cells of 

spheroids >400 l.Im are subject to oxygen tensions as low as 0-10 mm Hg 

(59,60). 

(2,11) • 

For comparison, the venous p02 in tissues is 20-40 mm 

pH has also been shown to affect cell growth rates, but no 

data concerning the pH within spheroids is available yet. 

The noncycli ng cells in spheroids are concentrated in the inner 

regions, and most techniques for separation of P and 0 cell fractions 

rely on this physical localization (18,58,127). Some authors report 

that inner (presumptive 10 1) cells have lONer clonogenicity than outer 

(IPI) cells (18,58); others report equal clonogenicity for 0 and P 
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fractions (46,50). The inner IQI cells in spheroids arise under 

constraints on oxygenation; nutrient supply, and removal of metabolic 

wastes similar to those in poorly-vascularized turoors. Thus, IQI 

cells in spheroids are probably the best in vitro model for IQI cells 

in turoors. 

C. Kinetic Parameters of Cell Popul ations 

In discussions of cell populations it is common to use the terms 

Ice 11 agel and I cell age di st ri but i on I or I age st ructure. I 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 

probabi 1 i ty of findi ng a cell at age T versus T (5). In growi ng 

populations, there are always roore young cells than old (5). 

The simplest case is that of an exponentially growing 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; 

all cells have the same intermitotic cycle time (Td. The equation 

which describes this type of growth is 

where b = ln2/Tc. This type of population, termed Itype AI by Steel 

(5), has an age distribution where the probability of finding a 
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newly-di vi dedcell i s exactly twice that of fi ndi ng a cell just about 

to divide (e.g. in late (G2 ). Mammalian cell cultures..!..!!. vitro, 

when growing at appropriately low density, are a good example of this. 

However, tissues and tumors ~ vivo contain subpopulations of 

noncycling cells •. In this case the age distribution becomes more 

complex, and the age distributions of proliferating and nonproliferat

ing cells must be considered separately. Cell loss, which is also 

widespread in..!..!!. vivo populations, adds a further complication~ 

Nonetheless, models ·of age-distributions can help in interpretation of 

empirical cell kinetic data. For a more corrplete discussion of the 

theory of cell age distributions, see Steel (5). 

Growth Fraction. The tenn 'growth fraction I (abbrev. GF) was 

introduced by Mendelsohn to describe the .fraction of proliferating 

cells (33); it varies between a and 1.0. The exact meaning tif the 

term depends upon the definition (experimental or theoretical) of a 

proliferating cell (5) •. Experimentally, there are two methods 

corrrnonly used to estimate GF.' The first uses pulse-labelling with 

3~thymidine and the relationship 

GF L. I. 
= (L. 1. ) pro 1 if. 

where L.I. (labelling index) = the fraction of labelled cells in the 

entire population and (L·I.)prolif. = 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 

~I 

Jr 

." 
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(L.I·)prolif can be estimated as Ts/Tc (greater accuracy can be 

achieved if mathematical modelling of the PLM data is used [5J). 

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 to 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 prol iferati ng cell s. It shoul d be 

noted that pulse-label techniques are insensitive to 

slowly-proliferating subpopulations. 

Growth fraction can also be estimated by continuous-label ling 

techniques. Sorre authors label for periods much longer than Tc (3-5 

times) and take the proportion of labelled cells as the measured GF 

(21,63). This is based on the assurrption that a plateau has been 

reached where all proliferating cells are labelled and nonproliferating 

cells are not. As pointed out by Steel (5), this assurrption is 

incorrect and can lead to overestimates of the growth fraction; 

labelled cells that divide produce labelled daughters, sorre 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 eventually 

tend to 100 percent 1 abel ling. Better estimates can be obtained by 

extrapolating back to the end of G2 from the slONly-rising component 

of continuous-labelling curve, or by use of mathematical modeling (5). 
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Cell Loss Factor. In addi tion to havi ng GF < 1 turror cell 

populations are also subject to cell loss. This loss can be due to 

migration of cells out of the turror, to cell death and to cell 

maturation (the cell differentiates sufficiently so that it is not 

recognizable as a turror cell) (5). The relative proportions of cells 

lost by each of these mechanisms varies with turror type. Cell death 

can be due growth in an unfavorable (e.g., hypoxic, nutrient starved, 

etc.) envi ronment; death may also occur by the process known as 

apoptosis, in which isolated cells within otherwise healthy 

well-nourished regions self-destruct. The cell loss factor ~ (66) is 

gener~lly used to quantitate cell loss: 

KL = rate constant for cell loss; Kp = rate constant for cell 

production. ~ can also be expressed 

If the total cell population is increasing exponentially with a 

doubling time of TO. Tpotential can be calculated if Tc and the 

growth fraction are known; thus, if TO is known, rj. can also be 

calculated. Alternatively, ~ can be measured directly by monitoring 

. the loss of 125 1 from turrors labelled with 1251udR (67,68). 125 1 . 

is superior to 3H for this purpose because it is not re-uti1ized by 

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

to therapeutic regirrens. 

o. Cell Proliferation in Spheroids 

Spheroid growth curves have an initial exponential region which 

starts to bend over when the spheroid reaches a diarreter 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 turoors (5); 

that is, the cube-root of the volurre increases linearly with time. 

(For a spherical volume like that of a spheroid, the diarreter is 

proportional to the cube-root of the vo1urre; thus, a curve of diameter 

vs. time which is linear, also represents Icube-rootl 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/turoor is proportional to its surface area (5). A variety of 

models for spheroid and turoor growth have been proposed, some based on 

oxygen/nutrient diffusion, sorre on observations of kinetic pararreters 

such as GF, cell loss, and/or thickness of the dividing layer 

(20,69-71). 

The progressive slo.ving 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. Yuhas and L i have reported that for 

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

doubling tirre (TO) correlated with growth fraction, but not with 
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Tc (19). Durand observed that as V79 spheroids grew from 30 ~m to 

800 ~m, their growth fraction decreased from 0.93 to 0.35 (63). At 

the same ti me, the cell los s factor inc reased from 0.2 to 0.88. 

Although there was a slightlengtheningof Tc, it could not account 

for the increase in TO from 10 hr (l-day old spheroids) to 450 hr 

(25-day old spheroids). These results are in general agreement with 

results from turror studies (5,69,72) • 

. Factors associated with the development of quiescent cells 

(decreasing growth fraction) have already been discussed but not those 

involved in cell loss. In spheroids, cell loss is due to shedding from 

the surface as well as to cell death. In SOrIE cell lines (notably 

EMT6) most of the cell loss may be due to shedding (73). The she·d 

cells are >90 percent mitotic and the process may be similar to that 

in which tissue culture cells 'roundup' and detach during mitosis. 

The rate of shedding depends on spheroid surface are'a,but not on the 

stirring speed of suspension cultures (73). Shedding of cells by 

spheroids may model the' first,step in metastasis, the shedding of 

turror cells into the blood or lymphatic system. 

Necrosis develops in the core of spheroids ~400 \.1m diameter, 

probably due to hypoxia, nutrient-starvation, build-up of rlEtabolic 

wastes, or SOrIE combination of these (4,59,60). The cells die and 

disintegrate into si~le diffusible materials which eventually roove 

out (65). Cells may also die by apoptosis (a process observed in 

tumors by Kerr et al [74J), 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 has 

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 determine the age of cells being lost. In 

tumors, there is evidence that cell loss occurs mainly from the oldest 

nonpro1iferating subpopu1ation (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). 

B ioc hemi cal Factors in Sphe ro i d Growt h. The thi c knes s of the 

viable rim does vary with 02 tension in the medium (59,75). Ho.vever, 

be low 5 percent 02 and above 20 percent 02 (i n t he gas phase 

equ i 1 i brated wi th the medi um) varyi ng the 02 tension does not affect 

the viable rim (75). Growth in 95 percent 02 increased the viable 

rim only a little, and did not change the spheroid growth rate (59). 

Hypoxic cells in mono1ayers 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 02 tensions (within spheroids) 

ranging from ° 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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5 percent O2, a 3xnonnal concentration of glucose (3g/1) increased 

the viable-rim thickness by a small but consistent amount (75). In 

EMT6/Ro, no necrosis was seen in spheroids grown in 16.5 Il'tv1 glucose 

(3g/1) even though the p02 in the core was only 3-5mm Hg; whereas 

spheroids grown in 5.5 mM glucose (normal concentration) and 5 percent 

O2, which had a core p02 of 57 mmHg, did develop necrosis (77). 

Altogether these results suggested that glucose has a significant role 

in controlling the onset of necrosis. Li, based on studies of 

monolayer growth rates in different glucose concentrations, suggested 

that in 9L spheroids the rad.ial depthof the proliferating shell 

corresponds to the depth at which the glucose level drops below 0.07 

mg /ml (78). 

Besides oxygen and glucose diffusion, other factors may be at work 

in causing quiescence and death in inner regions of spheroids. pH can 

drastically affect the cell population doubling time, (79) and also 

cause cell death (12). Accumulation of wastes such as lactic acid, 

which is fonned by cells wich metabol ize glucose under hypoxic 

conditions (81) ,is another possibility. Investigation of the effects 

of lactic acid is currently underway in our laboratory (Hlatky, 

preliminary data). 
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II 1. RADIOBIQOGY 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 

kill 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, crosslinks, or chemical damage to the base and sugar 

cOfll)onents. The amount and spect rum of DNA 1 es ions can be affected by 

a number of envi ronrnental factors, i ncludi ng 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 rejoinings, 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

fonnation assay, which measures the loss of proliferati·ve 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 curves have been 

developed, which vary in their treatment of both the initial (low-dose) 

region and the high-dose 'terminal' region of the curve. A complete 

discussion of survival curves is beyond the scope of this thesis. 
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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 ionizations occur in the surrounding (aqueous) cellular medium, 
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highly-reacti ve 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 

rad iat io n. 

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 rrediuin to form 

longer-lived radical corrpounds which can themselves damage the cell. 

Since the original free radicals disappear within about 10-5 

seconds, oxygen must be present during irradiation to exert its effect. 

In terms of biological endpoints, survival curves for hypoxic 

cells have reduced terminal slopes compared to those 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 corrparison, the venous oxygen tension in tissues J.!!. vivo is 

typically 20-40 mm Hg [llJ.) 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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turoors by X-irradiation; following a dose which kills the oxic cells, 

many hypoxic cells survive, are reoxygenated and can proliferate so 

that the turoor regrows (2). 

Radiation Quality. The spectrum Of lesions and the biological 

effect produced by a given dose of ionizing radiation can vary greatly 

among different types of radiation. Linear energy transfer (LET) is 

the quantity often used to compare different radiations: it is defined 

as the· amount of energy deposited (through ionizations and 

e~citations) per unit length along the track of an ionizing particle. 

Photon radiations such as cobalt-60 y-rays or 250 kvp x-rays have a 

rather sparse pattern of ionizations~. and are considered low-LET 

radiations. They cause damage primari ly through the pathway of 

indi rect action; thus the amount of damage depends also on whether 

oxygen is present. Heavy charged particles, on the other hand, 

produce tracks of densely clustered ionizations, and may have LET 

values up to 1000 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 can 

be used in clinical radiotherapy to circumvent the radioprotective 

ef fect of hypox i a in tumo rs. 

High-LET radiations are also more effective in cell killing per 

unit dose than low-LET radiations. The relative birilogical 

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 yiel.d the same biological effect. Survival 
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curves for high-LET radiations have a much-reduced or absent shoulder 

as cOfTlJared to lOll-LET survival curves, implying that damage produced 

by high-LET radiation is not repairable. Because of this difference 

in shoulder between 1011- 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 offer 

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 accurrulate sublethal damage (SLD). Since by 

definition Isublethal l damage does not cause cell death, it is only 

detectable by split-dose experiments like those pioneered by Elkind 

and Sutton (85). Ifa 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. 

If 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 Inormall survival curve. 
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A second type of repair occurs when, under special post-irradiation 

conditions, cells can repair damage which would ordinarily lead to cell 

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

most in vitro survival assays, exponentially growing cells are 

irradiated, then irrmediately trypsinized and seeded for colony

formation. If instead the cells are i'rradiated and then held in a 

stationary state for up to 24 hrs before trypsinization, cell survival 

is increased over that resulting from immediate trypsinization. Thus, 

post-irradiation holding allOiled cells to repair potentially lethal 

qamage (PLD) injury which otherwise would cause cell death. The cells 

are held in a stationary phase as confluent (and quiescent) monolayers, 

so the measured increase in survival is not due to any effects of 

proliferation within the population. If a corrplete survival curve is 

done under conditions allowing maximum PLD repair, the slope is found 

to be decreased over that for a 'nonnal' (no post~irradiation holding) 

surviva 1 curve. 

Both SLD repair and PLD repair have been demonstrated in vivo as 

well as i.!!. vitro (11). SLD repair is thought to account for most of 

the sparing effect on normal tissues of the multiple-fraction treatment 

schedules corrmonly used in clinical 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 

DNA lesions. 
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Cell Age Response. It has been well-estab 1 i shed 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 

sensitive._ Cells with a long G1 period may have a peak of 

intermediate resistance in late G1 (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 

turrorcells can be maximized (11,86). This partial synchrony is due 

to the preferential survival after the first dose of cells in the most 

resistant phase of the cycle as well as to the effects of 

radiation-induced G2-del aye 

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 drastic drop in mitotic index followed by recovery to 

normal levels, as a lengthening of the time it takes labelled cells 

(labelled just before or during irradiation) to reach mitosis, or by 

flow cytometry as a piling-up of cells in G2 • The length of the 

delay is dose-dependent and cell-age dependent, typically about 30 min 
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to 1 hr. per 100 rads of x-r~ys in cells that were in G2at 

irradiation (100,101). Cells in G1 and S are delayed less than G2 

cells, thus they may 'catch up' with G2 cells. The G2 del ay is 

strictly transient, and once irradiated cells have passed through 

mitosi.s· their cycle returns to normal (97,98). The leSion(s) causing 

radiation-induced division delay appear to be distinct from those 

involved in cell killing; however, the target is in the nucieus 

(102-106). There is some evidence suggesting that the nuclear 

membrane is involved (103), but 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 nuch smaller degree 

than forG 2 (92,108). High-LET radiations produce a much longer 

G2-delay than x-rays (per unit dose). 

C. Radiation Response of Spheroids 
, ' 

For many cell lines, survival is greater if cells are irradiated 

as spheroids than if they are irradiated as exponentially-growi ng 

monol ayers (4,15,21). It is not due to a difference in the amount of 

initial DNA damage measured as single-strand breaks between spheroids 

and monol ayers (109-ll0). Spheroid cells are in 3-dimensional 

cell-cell contact and this plays a significant role in spheroid 

radioresistance (13,15,111). In addition, spheroid survival curves 

reflect the effects of cell-cycle redistribution and hypoxia, and may 

be multiphasic (4,112). As cell-age distribution and fraction of 

hypoxic cells vary with the size of the spheriods, so do spheroid 

survival curves. 

.' 
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Cell-Cell Contact. Growth and irradiation as multicell spheroids 

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

been terrred contact-effect. In V79 cells contact-effect has been 

demonstrated in very small (30-60 lJm diarreter) spheroids, in which the 

potential complications of hypo~ia 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 SOnE cases, including 9L, the 

shoulder is not affected but the tenninal slope is decreased (15,21). 

Contact-effect has also been demonstrated in rodent turrors in vi vo 

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

ExperinEnts in which spheroids are dissociated at various 

intervals prior to 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 Tc or less, back to the sensitivity of 

monolayer cells (4,111). V79 (111) and other, spheroid cells (15) 

deroonstrate sorre residual effect, as do KHT turrors ~ vivo (7); 

however, cells from human turror xenografts di d not (16). In KHT turror 

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). HOHever, 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 mechani sm of contact-effect is not yet known, but it has been 

speculated that gap-junctions are involved (15). Gap junctions allON 

the passage of molecules of up to 1000-2000 daltons which, however, 

probably excludes any DNA repair enzymes (116-118).·A cOrT11Unly-used 

indicator for the presence of gap-junctions is the degree of ionic 

coupling, measured as intercellular irrpedance. The degree to which a 

given cell line shows contact-effect in spheroids appears to correlate 

with the degree of ionic coupling present in its monolayer cultures 

(15). However, when coupling was measured in the outer-layers of 300 

urn spheroids, itwas found to be lcwer than in monolayers and to 

decrease further as the spheroid increased in size (14). 

A 'feeder-cell effect', which may be rel ated to the contact 

effect, has been observed in the 9L cell line (119). Survival levels 

of cells from9Lmonolayers are strongly dependent on the feeder-cells 

(total cell nu'ntJer/dish) bel ON about 5 x 104 cells/25 cm2 flask, 

with a plateau in survival between 5 x 104 and 1 x 105 cells/flask. 

Cells grown as spheroids have the same survival regardless of total 

cell nuntJer (belcw lOS/dish). Thus, growth as a spheroid can 

apparently substitute for the survival-enhancing affects of feeder 

ce 1 1 s . 

Hypoxic Cel]s in Spheroids. Once the spheroid reaches a dia~ter 

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

corrpetition between O2 diffusion and 02 consurrption by the outer 

cell layers (126). As previously ~ntioned. hypoxic cells are quite 

radioresistant corrpared to oxic cells. Presence of a radiobiologically 

~' 
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hypoxic subpopulation is indicated by a Itail I of decreased slope on 

the survi val curve; the fraction of hypoxic cells can be estimated by 

extrapolating the Itaill back to the y-axis. Although the presence of 

fully (radiobiologically) hypoxic cells in tumors is well-documented 

(6,11,96), the situtation in spheroids is less clear~ut. 600 ~m V79 

spheroids had an anoxic fraction of 5-7 percent, but larger 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 ~R was the same 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 also showed that if spheroid density is properly 

controlled, EMT6 spheroids do contain anoxic cells having the same 

radiosensitivity as anoxic cells in EMT6 tumors. Some spheroids may 

genuinely lack hypoxic cells. 9L spheroids had d percent detectable 

hypoxic cells (21,119). This observation is supported by evidence 

that 9L tumors ~ 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 temperature, whether the culture is stirred and culture density, as 

well as by dissociation technique (112). Particular care is necessary 

in the planning and interpretation of spheroid radiation survival 

experi ments. 

Cell-Cycle Effects in Spheroids. ForV79 cells, the age-response 

of cells in spheroids is qualitatively similar to that of monolayer 

cells, but the spheroid cells are more resistant in each phase than 

their monolayer counterparts (4,125). Since S-phase is by far the 

most resistant, as cells begin to shift into GO/G1 (at a spheroid 

diameter of about 150\.im) the radioresistance of the spheroid as a 

whole actually decreases compared to that of smaller spheroids (125). 

No such comparison of spheroid vs. monolayer cell-age response has 

been reported for other cell lines. Shifting of cells out ofS phase 

maybe less important in a cell line such as 9l, which shows little 

variation in radiosensitivity with cell age in monolayer cultures 

(93,94). As spheroids mature, they developregibns of quiescent 

cells. A possibility w.hich has not been ruled out is that 'GO' 

cells are more radioresistant than G1 cells. It has been suggested 

that qui~scentcells in turmrs may be radioresistant, accounting 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 turmr cells, it would have significance for the 

planning of radiotherapy protocols. 
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I v. RATIONALE 

Clinically, turrors of glial origin are highly malignant and 

difficult to treat successfully by conventional techniques. The 9L 

rat gliosarcoma was developed as an ~ vivo-~ 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 2!!. vivo turrors, which are lost in monolayer 

cultures, it was a natural step to culture 9L cells as spheroids. 

This was first done by Deen et ale (21) and the technique adapted for 

use in our laboratory, by Rodriguez and Alpen (119,l30). 9L spheroids 

are being used to study the effects of anti-turror drugs (21,l31) and 

radiation, including heavy ions (l30). Since spheroid properties can 

vary significantly among different culture conditions (60,112), 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 monolayer and spheroid 

cultures 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 'GO' 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 radiation (93,94), so it is possible to 

study the radiat.ion response of G1- qu iescent cells without the 

complicating factors of radiobiological hypoxia and variations in 

radiosensi ti vi ty through the cell cycle. One approach would have been 

to use fractionated dissociat.ion techniques to separate the outer 

layer of cycling cells from the core of noncycling cells, then to 

plate those frac'tions separately for ·colony formation. This rrethod 

assurres that all cycli/1g cells are confined to the outer layer and all 

noncycli ng cells to the inner region; we know that this i san over

sifllJlification. Mitotic figures have been observed quite deep in 

spheroid cross-sections (59) and the labelling index (indicating 

proportion of S-phase cells) in the outer layers of spheroids may be 

as 1 itt 1 e as 60 pe rceht of that seen in an exponent ia 1 growi ng 

monol ayer (where all cells are cycling) (18). Instead, I modified the 

'suicide' technique, originally used to investigate the cell 

age-response to radiation, in which cells are treated with 

high-specific-activity tritiated thymidine to kill S-phase cells (132). 

I extended the period of treatment so that only quiescent or very 

slOi/ly cycling cells would escape the incorporation of 3f1.-thymidine • 

. Then, the survival of these quiescent cells coul d be compared to the 

radioresponse of the enti re spheroid cell population. 

If G1-quiescent cells are more resistant than cycling cells, one 

would expect larger spheroids with greater proportions of such cells 

to be more radioresistant than smaller spheroids. HCMever, 9L 

spheroids rangi ng from 150 IJm to 500 IJm in diarreter 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 G1- qu iescent cells for spheroids 

of varying sizes. Cell loss rate can be measured using 125rUdR or 

calculated from a knowledge of other cell kinetic parameters. r chose 

the 1 atter approach since it was also of interest to correl ate 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 be studi ed 

~ vivo by present methods; information from spheroid systems may have 

valuable applications to cancer treatment. Therefore, I measured 

Tc, growth fraction, TO (doubling-time of the spheroid cell 

number), and used these figures to calculate the cell loss factor. In 

addition, I measured cell shedding, a corrponent 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 rnonolayers (128,129). This 

conclusion was based on flON cytofluorimetry (FW) data. The FW 

technique yields a histogram of the DNA content of a cell population; 

it may be insensitive to changes 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 mitoses, 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 experiments were perfonnedon 9L rat brain tUlTOr cells. The 

9L cell line, a mixed gliosarcorila, orginated as an N-nitrosomethylurea

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

.l!!. vivo-l!!. vitro brain turoor model (124); and is now in use in several 

laboratories around the country. Our initial stock of cells was 

obtained from Dennis Deen of the Brain Turror Research Center, Univ. of 

California School of Medicine, San Francisco. 9L cells may be grown 

either l!!. vivo as a solid turror orin vitro as a monolayer, single-cell 

suspension or as spheroids. Most experiments described herein were 

done on sphe roi d c u ltu re s. 

Stock cultures were maintained as roonolayers in 75 'cm2 flasks to 

provide cells for the initiation of spheroid cultures. Since it is 

believed that over long periods of in vitro culture the9L cells may 

undergo changes, including loss of turrorigenicity, stock cultures were 

renewed from early-passage frozen stocks every 3 months. Culture 

medium for both monolayers and spheroids consisted of Eagl e's MEM with 

Earle's Salts (Gibco, made from autoclavable pONder) supplemented with 

12.5 percent newborn calf serum (heat-inactivated), 2.5 percent fetal 

calf serum, and glutamine. Spheroid culture medium contained 

gentamicin. Monolayers were maintained in exponential growth by sub

culturing twice a week, seeding two flasks: one in medium with 

antibiotic and one in medium without antibiotic. Monolayers were kept 

in incubators at 37°C with a humidified 5 percent CO2 atmosphere. 

Monolayer stock cultures were pe"riodically tested for mycoplasma. 
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B. Spheroid Culture 

Spheroids were initiated by seeding 7.5 x 105 cells/dish into 

12 ml of medium in Integrid bacteriological plastic dishes. Few 

cells attach to these dishes; most remain in suspension and form small 

aggregates within a day or two. After one to two days' incubation, 

the contents of four dishes were filtered through 50 \.1m or 100 \.1m 

nylon mesh, to remove outsize and branching clumps, and the filtrate 

transferred to a spinner jar (Bellco, Inc.) with 100 ml fresh medium 

(totally 150 ml of spheroid suspension per jar). The spinner jars 

ware kept in an 1ncucover at 37°C, with magnetic stirring, and were 

gassed continuously with a humidified 5 percent CO 2-95 percent air 

mixture. Beginning two days after transfer to the spinner jar, the 

spheroids were fed daily. The spheroids are allOt/ed to settle out of 

the medium, 125 ml of the medium is aspi rated, and 125 ml of fresh 

pre-warmed medium is replaced. This feeding technique removes most of 

the shed cells, to prevent small new spheroids from developing. 

Preliminary experiments indicated that at spheroid diameters greater 

than 400 \.1m, 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 exceeded 2.5 x 105 

cells/ml. 

Spheroid Sizing. Spheroid diameters were measured on a Zeiss 

Opton inverted ph~se microscope with objectives containing calibrated 

reticules. Two orthogonal measurements were taken of each spheroid 

and the spheroid diameter calculated as (d1d2)1/2. Spheroid 
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cultures had CV's ranging from 8 percent to 16 percent, averaging 

around 11 percent (n = 30). 'Samples of spheroids for various, 

experiments were selected by eye using a Pasteur pipette and checked 

under the microscope for accurate sizing. 

In some cases, spheroid populations were sorted using a spheroid 

separator modeled after the one described by Wigle, Freyer, and 

Sutherland (80). S'asically it is a 19 sedimentation column, with 

layers of precision-woven nylon mesh (Tetko, Inc.) which can be varied 

to select a popu.lation of the desired size. However, due to the 

somewhat elliptical shape of many 9L spheroids, separations achieved 

by this means still had CV's of 7 to 9 percent. Particularly for 

experiments involving larger spheroids" where fewer spheroids were 

needed to yield a sufficient number of cells, the by-hand selection 

technique proved sif1l)ler and more accurate. 

Dissociation of Spheroids. Type IX neutral protease (Sigma) was 

used for dissociation of spheroids to single cells. Type IX protease 

has been found to give superior c~ll yi~ld and viability in dissocia

tions of tumors (154). The working solution consisted of 10 mg/ml 

protease in spinner-MEM (Earle's salts, modified for suspension 

'culture, Gibco) supplemented with 5 percent calf serum. Working 

solution was prepared from frozen concentrate no more than 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. 

.' 

r 
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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 11m 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 ml 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 quanti ties 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 determined by 

daily measurement of the number of cells per spheroid in a culture as 

it grows from an average diameter of 80 11m to over 900 11m (about 25 

days). For each measurement, a representative sample of spher"oids was 

removed and deposited in drops of about 0.1 ml on plastic culture 

dish. Under the microscope, the total number of spheroids in the 

sa~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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Counter, and the number of cells per spheroid was calculated. The 

number of spheroids per sample ranged from 100 (for spheroids 750 \.1m) 

to as many as 1000 (for 80 \.1m spheroids). 

Cell Shedding. A known quantity of spheroids was rinsed 

thorough ly to remove any loose cell s, then tran sferred to a cl ean, 

siliconized spinner jar with fresh !TEdium. Part of the sample was 

sized under the microscope. The spheroids were placed in the incubator 

under usual. growth conditions. After an interval of 2 to 4 hours, the 

spheroids were allowed to settle out and 90perceht of the !TEdium was. 

removed. Fresh medium was added back to the jar, and after a second 

incubation interval, the medium was ,again rerooved. 

The samples were pelleted for 20 minutes at 1000 rpm in 50 ml 

cent rifuge tubes (Corning). The !TEdium wasaspi rated 'with care not to 

disturb the pellet. Although the shed cells were primarily singlets, 

the pelletihg process resulted in some aggregation. The pellet was 

therefore dissociated using EBSS-EDTA and protease.' An aliquot was 

counted, and t he number of cell s shed per spheroi d per hour was 

calculated for each collection interval. The total number of shed 

cells per interval was typically 1-2 x 105. 

C. Tritium-tabelling 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 105 

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 ~Ci/ml 

3H-TdR (6.7 Ci/mmol, 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) 

and 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. 

All 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 ~Ci/ml. 

Cultures were labelled for 30 minutes to allON 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 clean 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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1 abel was washed out. The spheroids were put in a T ,-25 flask with 

1-2 ml fresh medium and irradiated at room temperature. They were put 

on ice imrTEdiately after irradiat.ion and kept there until they could 

be transferred to a pre...:equil ibrated clean spinner jar. A control 

experiment in which the spheroids were labelled in fresh medium and 

then replaced in the original (llconditioned") growth medium (as was 

done with the monolayers) indicated that this did not alter the 

results. 

Two slides per sample were dipped in Kodak NTB 2 emulsion at 

42°C. The slides were air~ried, then transferred to light-tight 

boxes containing desiccant capsules and exposed at 4°C. Exposure 

times were determin~d by trial and error: monolayer PLM slides were 

exposed for 1day,'spheroid PLMslides for 3 days. The slides were 

developed for 6 minutes in Kodak D-170developer, fixed and stained 

wi th 5 percent Giems a for 10 to.15 mi nutes. 100 mi toses per point 

were scored (except ina few instances where the mi tot ic yi el d was too 

lOt\', in which case 50 mitoses were counted). Mitoses with >10 grairis 

were scored as 1 abelled. 

The threshold of 10 grains/mitosis was chosen because it yielded 

the best and most repr09ucible results for both spheroid and monolayer 

experillEnts. As shown by Shackney et al. (153) the choice of 

appropriate threshold varies according to exposure time, so that 

basically the sallE PLM result is obtained for a variety of combinations 

of threshold and exposure time. Curves obtained with low counting 

thresholds, where the signal-to-noise ratio is 1 Ot\'est, are much rrore 

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 rredium, 3H-TdR (6.7 

Ci/mmole) was added to a concentration of 0.1 ~Ci/ml. To prevent 

significant depletion of label over periods of 12 or rrore hours, 

unlabelled thymidine was added sufficient to make the total (labelled 

+ unlabelled) thymidine concentration 2.5 x 10-6 M with a final 

specific activity of 42 mCi/mmole. After 12 hours, a sample of 

spheroids was rerTKJved, dissociated and prepared for autoradiography as 

previously described. A baseline experiment was also perforrred in 

which samples were harvested at suitable intervals up to 22 hours. 

Autoradiography was done _as described earlier, and slides were exposed 

for3 days. Background was d 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 tenn 'suicide'-treatment as 

used here refers to the killing of cells through uptake of 

high--specific-actiVity 3H-thymidine. Sufficient 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 3 H beta-ray 

is quite short, the tritium must essentially 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 experirrents, approximately 200 splieroids of diarreter 

800 j.Jm were placed in 100 ml medium in a spinner jar and treated with 

100 j.JCi of JH-TdR (20 Ci/mmole, NEN) for 16 hours. After the first 

ten hours, the label in the rredium was· replenished. 80ml of medium 

was removed from the jar and discarded, then replaced with 80 ml of 

. fresh pre-warmed medium and 80 j.JCi 3H-TdR. At the 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-well cluster plates (Costar, 

Cambridge, Ma) in 1 ml medium per well. Alternate marked wells in 

each dish contained untreated control spheroids (these were 'siblings' 

of the treated spheroids: both carre from the sarre initial batch of 

spheroids, which had been split two or three days prior to the 

experirrent). The spheroids were irradiated in the dishes, then 

immediately transferred to test tubes and kept on 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 flasks. 

D. Colony Formation Assay 

All colony formation assays were carried.out using feeder cells: 

one day i nadvance, (1 ask s were seeded with heavily-i rradiated 9L 

cells. The nurTber of feeder cells was adjusted as as to give a total 

number (feeder + test cells) of 7.5 x 104 cells per 25 cm 2 flasks; 

this number of feeder cells was previously found to be in the optimal 

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 colonies 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 rTEthylene blue, air-dried 

and counted. The criterion for counting was 50 cells/colony, <1/3 

giant cells. 

E. Irradiations 

All irradiations were carried out using alSO kVp Phillips x-ray 

machine, with 1 rrrn Al and 0.5 mm Cu filtration. DosirTEtry was done 

wi th a V ictoreen r-meter. All irradiations I'lere done at room 

temperature, and cells were placed on ice immediately afterward. Two 

irradiation georTEtries 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 an bel ON the aperture. The dose 

rate was over 200 rad/min, with no measurable variation across the 

diarTEter of the wells. 

For the studies of radiation-induced mitotic del ay, the technique 

of pulse-labelled mitoses used on monolayers necessitated a different 

set-up. 25 an2 flasks containing the pulse-l abel led monol ayers were 

irradiated in groups of four, arranged in an open square on the 

rotating platform, 25 urn bel ON the aperture. The dose-rate was 50 to 

60 rad/min, and varied by as much as 4 rad/min between the outer and 

inner edges of the flask. 
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RESULTS 

I. SPHEROIOGROWTH KINETICS 

. A. Spheroi d Growth Rates 

Figure 1 shows spheroid growth curves, measured as the number of 

cells per spheroid; beginni ng 1 day after transfer from agar dishes to 

spinner jars. The growth curves were measured under two growth 

conditions in parallel cultures. In one flask, the cell density was 

kept around 1.5 x 105 cells/ml medium and never allOtled to exceed 

2.5 x 105 cells perml; in the sibling culture, cell density was not 

controlled, increasing to over 106 cells/ml as the spheroids grew 

beyond 400 llm in diarreter. Looki ng ·first at the controlled-density 

curve, it can be seen that in the early region (spheroid diarreters 
, 

from 80-200 llm approx. } spheroid growth fits on exponential with a 

doubling time of about 19 hours. This doubling time is only a little 

longer ·than the monolayer doubling time of 16 hrs. (data not shown). 

Beyond about 4 days (200 llm diarreter), the doubling-tirre increases 

sharply and no longer fits an exponential; rather, t . .he curve is now 

continuously bending. Ooubiing-times in the continuously-bending 

portion were obtained by e·stimating tangents to the curve at points 

corresponding to various spheroid sizes. Between 250 llm and 500 llm 

diameter (from day 5 to day 13 approximately), the TO increases by a 

factor of 2, from 28 hr to 54 hr. Beyond 600 llm, the doubl i ng-time 

increases sharply to -90 hours at 700 llm, then roore gradually to 110 

hours at 800 llm and 139 hr at 1000 llm. 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 ~m diameter, and a 'late ' region 

beyond 600 ~m. Although the distinction between the 'middle ' and 

'late ' regions of the growth curve may seem arbitrary, it is supported 

by the data on Tc , growth fraction, and cell loss factor c/J. 

Looking at the growth 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 cuitures entered the 'late ' 

growth region several days sooner than the low-density spheroids, just 

beyond 400 ~m in diarreter. The 'late ' region of growth for the two 

culture conditions is essentially the sarre except for the earlier 

onset in the high-density cultures. All cultures were started from 

the same number of cells; ini tial densities (1-2 days of culture) were 

typically 2-4 x 104 cells/ml. In the density-controlled cultures, 

rerooval of spheroids (to keep the cell number per ml at -1.5 x 105) 

began after about 1 week in culture (d -250~m). In the uncontrolled 

cultures, cell density generally exceeded 106 cells/ml by about ten 

days (d -350 ~m). After that it generally stayed in that range, due 

to the daily rerroval of samples (data not shown). For spheroids grown 

at high density the shift into the 'late ' region occurred about four 

days after the densi ty exceeded 2.5 x 105 cells/ml. 

Figures 2a and 3b di splay the increase in spheroid diarreter vs. 

time and the number of cells per spheroid vs. spheroid volurre, 

respectively. As can be seen, spheroid diameter increases linearly 

beyond about 300 ~m 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 reproducibi 1i ty of the cell number and vol urre measurements, and 

second, to see if anything could be learned about cell packing in 

spheroids as they matured. For spheroids between 200 and 800 ~m the 

plot is linear. Below 200 ~m and about 800 ~m, the plot deviates from 

the central linear portion. In the region above 800 ~m the total 

number of spheroids per jar is now -100-150, so samples must be 

limited to about 50 spheroids; thus,. the data points in this region 

a res ubject to somewhat larger sampling errors. 

B. Ce 1 1 C yc 1 ePa rarre te rs 

Figure J displays pulse-labelled mitoses curve for 9L monolayers, 

400 ~m and 800 ~m spheroids. It is immediately obvious that there is 

a significant increase in Tc of 9Lspheroids over that of monolayers. 

Monolayers have a Tc of about 16.6.hours, with G2 + 1i2M of 

approx. 2.3 hr, S -9.4 hr, and G1 -4.5-5 hr. Tc of spheroids is 

24 hours for 400 ~m and 28 hr at 800 ~m, an increase of nearly 70 

percent. G;z and S phase are nearly unchanged; all of the lengthening 

is in the G1 'portion of the cycle. Since the doubling-tirre o~ very 

small spheroids is 19 hr (Fig. 1) the Tc of such spheroids'cannot be 

more than 19 h and it is likely to be the same as in monolayer. Over 

1/2 of the increase in Tc takes place during a period of about five 

days, from 200 to 400 ~m diarreter. The remainder occurs over about· 

eight or nine days growth and another doubling of diarreter. The 

spheroid PLMs also show fading of the second PLM peak, which can be 

due to artefacts, toa 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-label ling with low specific

activity tritiated thymidine for 12 hours. By this method, exponential 

monol ayers have a GF of 0.97. For spheroids, the GF decreased from 

0.86 at 100-150 Ilm diameter to 0.40 at 800 Ilm. Most of the changes in 

GF takes place between 150 Ilm and 400 Ilm; 400 Ilm 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-thyrnidine. 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 Tc are known, L.r. (proliferating) 

is approximately equal to Ts/Tc. (Ts and Tc for 400 Ilm and 

800 Ilm 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 1 ength of G1 + G2 + M and the assulJl)tion 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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G1 'period may be much longer than in monolayers. In fact, for 800 

).lm spheroids the length of G1 is 15 hours, significantly longer than 

the 12 hour labelling time. Thus, the continuous-labelling GF values 

are underestimates for spheroids greater than 300 ).lm diameter; this 

accounts in part for the difference between GF obtained by continuous 

labelling and by pulse-labelling. This discrepancy, along with a 

method for correcting for the fraction of cycling cells missed by the 

12 hour-labelling protocol, will be given further attention in the 

Discussion. 

D. Cell Shedding 

Measured rates of cell shedding for spheroids of three sizes are 

shown in Table II.. The rates of shedding are given in absolute values 

(number of cells/spheroid-hour) and in tenns of percent of spheroid 

cell number per hour. There is a considerable amount of variability 

among experi ments and even between consecutive samp les in the same 

expe ri ment. 

l1. SPHEROl D RADlA TI ON RE SPONSE 

A. Suicide Experiments 

Figure 4 corrpares the survival of 'suicide'-treated spheroids and' 

untreated spheroids given various doses of x-rays. The 

, su ic ide' -t reated sphe ro ids were t reate d wit h hi g h-spec i f i c-act i vi ty 

3H-thymidine to kill cycling cells prior to X-irradiation (see 

Materials and Methods). Radiation survival of suicide-treated 

spheroids is corrected for cell-killing due to the suicide treatment. 
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As can be assessed 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. De spite some va ri at ions 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 hours treatment with 

3H-thymidine killed approximately 40 percent of spheroid cells (data 

not shown), about equal to the GF value obtained for 800 ~m spheroids 

(Table 1). Subsequently, the PLM studies showed that the length of 

G1 in 800 ~m spheroids is -15 hours, raising the possibil ity that 

not all cycling cells were killed by the 16-hour suicide treatment. A 

control experiment was 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 and untreated 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-thymidine, 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 as for a pulse~labelled mitoses 

curve. Similar e~periments were done on exponentially growing 

monolayers. For doses of 500 rad (-50 percent survival) and 800 rad 

(-20 percent survival), the results are shown in Figs. 5 and 6, 

'respectively. Iii both spheroids and monolayers, irradiation delayed 

the entrance of labelled cells into mitosis. In addition, the mitotic 

index of samples dropped drastically (unpublished observation). At 

500 rad, spheroid cells were delayed 4.3 hours, as cOfllJared to 2.3 hr 

for monolayer cells (Fig. 5). Similarly, at 800 rad spheroid cells 

were delayed 5.1 hr versus only 2.9 hrfor rmnolayer cells (Fig. 6). 

A repeat of the SOaR eXperiment in spheroids (samples taken only 

through 12 hr post-frrdiatibn) yielded the sallE result as the original 

trial (data not shown). 

.. 
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DISCUSSION 

I. SPHEROID CELL POPULATION KINETICS 

A. Meas ure d K i neti c P aramete rs 

Spheroid Growth Rates. The doubling-time of the spheroid 

lengthens progressively as the spheroid increases beyond 200 ~m in 

diameter (4-5 days old), reaching 140 hours when the diameter is 

900 ~m (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 rrore sensitive 

method than diameter or volume for purposes of kinetic analysis. For 

example, the slope of diameter increase vs. time is shallONer for 

spheroids <300 ~m than for those above 300 ~m (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 diarneters above 400-600 ~m 

(depending upon cell line) a significant volume of acellular necrotic 

matter may be present. Thus, volume is not necessarily proportional 

to cell number. Of course, for studies of turrors ~ 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 TD increases continuously, and a late region 

demarcated by a sharp increase in TO 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 kept at approximately 1.5 x 105 , and high-' 

densitycultures in which the cell number exceeded 106 /ml by day 11 

of culture. (The density referred to herein is culture density in 

terms of number of cel'ls per ml of medlum.) HOI/ever, t~ 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 

of TO in the late region are the same (within experimental limits) 

as those for the late region of low-density culture spheroids. 

Spheroid growth in.the early and middle regions is not significantly 

al tered by growth under high density (i t shoul d be noted that the two 

culture types are initiated at equal densities; in the cultures where 

cell density is not controlled, cell density exceeds the control 

den si ty by a factor of 4 by about days 11-12). 

The data most directly comparable to those presented here are 

those of Durand for V79 cells (63). In that report, a plot of cell 

number per spheroid versus time shows three regions analogous to those 

just described for 9L cells. For V79 cells, however, TO increases 

more drastically in that late region, reachi ng 490 hours by day 25 

(approx. 700 \.1m). 

The three regions of the 9L spheroid growth curve can be 

correl ated wi th changes in several kinetic parameters (GF. Tc , cJ) 

for which values were obtained over the enti re range of growth. A 

discussion of such correlations will appear follOt'Jing the sections on 

individual kinetic parameters. 
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The rate of diallEter increase for 9L spheroids is linear at 

approximately 55 IJm/day over the range from 300 to 1000 IJm (Fig. 2a). 

This is quite close to the rate of 50 IJm/day reported for EMT6 

spheroids (70), double that reported for V79 spheroids (63), and in 

the middl e of the range of diallEter growth rates reported for seven 

lines of mouse marrrnary tumors (19). 9L spheroids grown by Deen et al. 

had a rruch slower rate of increase in diallEter (21). The difference 

between their results and mine are almost certainly due to differences 

in the IlEthods of culture, especially in terms of feeding schedules. 

There are also discrepancies between the values of kinetic parallEters 

obtained for 9L cells here and those reported by Deen et al.; the 

possible reasons for these discrepancies will be fully discussed in a 

later section. 

The 1 ineari ty of the diallEter vs. time curve for 9L spheroids is 

also found for other spheroid types (see above; 19-21,70) as well as 

for many turrors ~ vivo (5). Such linearity can be accounted for by 

the model of Conger and Ziskin (20), which is based on the assumption 

of a constant thickness of the dividing layer. However, other models 

for spheroi d and tumor growth also predi ct 1 i near increase in diallEter 

(5,70,71). 

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

spheroids undergo a considerable lengthening of the cell cycle time as 

corrpared~to the cell cycle time of monolayer cells. In the data 

presented here, the lengthening is from 16.6 hr (monol ayer T d to 24 

hr (400 IJm spheroids) to 28 hr (800 IJm 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 to 600 ~m diameter, there was no significant -change in 

cell cycle parameters from those of monolayers (21). In my PLM 

curves, the lengthening takes place entirely in the G1 phase; Sand 

G2 are the same as for cells in monol ayer. Artefacts which could 

result in an apparent lengthening Of the Itroughl of the PLM include 

underexposure of autoradiographs from later time points and/or a 

too-high threshold for counting cells as labelled •. However, doubling 

the exposure time or decreasing the threshold produced noisy and 

inconsistent counts in the trough region with no convincing evidence 

that the. 2nd peak is located earl ier than as shown in Fig. 3c (data 

not shown). 

Cells in V79 spheroids also undergo a lengthening of Tc, but the 

degree of change is less, from -16 hr in monolayers to 20 hr in 700 ~m 

spheroids (63). In solid tumors it is generally found thatTc 

remains the same over a wide range of tumor growth, and is the same as 

for J!: vi tro monol ayers. However, there are exceptions to the rul e of 

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

Cell S in the center of a rat rhaboomyos arcoma had a T c of about 26 

hours as cOfllJared to T c of 18 hours for cells near the peri phery 

(69). Similar studies of KHJJ and EMT6 tumors also reported that 

cells in nutritionally-deprived regions had an elongated Tc, but the 

degree of elongation was not so large (136). Mouse ascites tumors, 

whi c h have been adapted by repeated pas sage in the peri tonea 1 cavi ty 

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

turrors the elongation appears in Sand G2 , as well as in G1; in 

the other cases described above lengthening is confined to the G
1 

phase. As yet no measurements of Tc in 9L tumors have been 

pub 1 i shed. 

The lengthening of Tc in solid tumors is associated with the 

location of cells in nutritionally deprived regions; inadequate 

nutrition has also been ifTlJlicated as a factor in the elongation of 

Tc in ascites tumors (5). The elongation in Tc reported here is 

unlikely to be due to inadequate nutrition, particularly for 400 \.1m 

spheroids in which Tc is already considerably increased. Nor is 

growth under lew Jil 2 likely 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 \.1m sphero.ids., The first peak is quite high and the trough 

quite lew: this suggests that there is little variability in G2 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 terrred '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 bel ieved 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 1 ~Ci/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 ~Ci/ml, 6.7 Ci/mmole would cause the degree of fading seen here. 

Aside from these artefacts, there are two possible biological 

explanations for fade. First, there may be a significantvariability 

in Tc;it has been found that Tc in 9L monolayers, while having an 

average value of 19.5 hr, varies from 11 to 35 hours (124). This 

variability would be expected to lo,yer and spread the second peak. 

Second, if cells which were nonproliferating during the pulse-label 

now re-enter the proliferating compartment, fade of the 2nd peak would 

result. One or both of the above phenomena may occur in 9L spheroids~ 

The method of pulse-labelled mitoses is generally considered as 

providing the best characterization of cell cycle phase and Tc; 

however, the PLM technique primarily measures the parameters of the 

most rapidly proliferating cells. It is insensitive to slo,yly-cycling 

subpopulations, and other (TEthods of kinetic analysis may give 

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

been reported that PLM data from a mouse carcinoma underestimated the 

mean Tc by a factor of 2 compared to other techniques (137). The 

finding was supported by independent evidence comparing values of cell 

loss factor derived from PLM data vs. direct m~asurement by 125 1_ 

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 turror kinetic pararreters deri ved 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 

1 abel incorporated by the parent, they are counted as prol iferating 

even though they are themselves nonproliferating. Under conditions 

where the oldest nonprol iferating (unlabelled) cells are being steadily 

lost, the continuous-labelling curve will eventually tend to 100 

percent labelling (5). If cell loss is very slo.v, the curve will 

appear to plateau at a level below 100 percent; some authors (for 

example, Oeen et al. [21]), have taken the plateau level as the growth 

fraction, but we believe this to be an inappropriate rrethod. A valid 

estimate of growth fraction can be obtained from the continuous 

labelling curve by extrapolating the slowly-rising component, back to 

the y-axis (5) or by fitting the data to an appropriate model (63). 

Instead, I attempted to develop a less cumbersome continuous

labelling technique for GF measurement: to label for a period equal to 

G2 + M + G1 + 4 hr. Such a labelling tirre should allo.v 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 labelling index. Since 

there was reason to bel ieve, from the data of others, that the spheroid 
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cell cycle pararreters would be the same as for monolayer, the 

labelling time used for all GF experiments was 12 hours. In 9L 

monolayers, this labelling-time gave a GF value of 0.97, the same as 

that previous ly reported for 9L monol ayers (21). 

Subsequent P LM expe ri ments on spheroi d s, however, i ndi cated that 

the G1 period in spheroids may be much longer than in monolayer. 

So, the GF measurements for spherold sizes over 250 ).1m are prObably 

underestimates of the true values. Still, the values in Table 1 show 

a steady decline from 0.86 for 150 ).1m spheroids to 0.40 at 800 ).1m, 

with over two-thirds of the drop in GF occuring by 400 11m diarreter. 

An alternate measurement of GF is available for spheroids where 

T c, Ts (the duration of S-phase) and pulse-labelling index 'are 

known~ The growth fraction is equal to the ratio of L.I. of the 
.. 

entire cell population to L.r. of the proliferating cells (5). L.I. 

proliferating can be estimated as Ts/TC; then L.r. population/Ts/Tc 

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

from the PLM experirrents on 400 ).1m and 800 ).1m spheroids; the GF values 

obta ined from these data are indeed sorrewhat higher than those from 

the 12-hour continuous-labelling. 

It is possible to estimate the fraction of cycling cells 'missed' 

by the 12-hour labelling time, given a knowledge of the actual cell 

cycle pararreters. For exarrple, in 400 11m spheroids where G1 = 

11.6 hr, the cycling cells which are in G2 + M at the time of 

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

The fraction of G2 + M cells in the total cycling population can be 
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estimated as TG
2

+MITc: for 400 ~m 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 ~m spheroids, not on ly G2 + M cells but cells in the first 3 

hours of G1 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 labelling corrected for 

'missed' cells, and fromPLM-L.I. data. For 225 ~m, 300 ~m, and 

500-600 ~m spheroids, where no direct measurement of Tc 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 

give n. 

Regardl ess 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 ~m in diameter. Most of the change in GF occurs 

between 150 ~m and 500 ~m; a decline from 0.86 to approximately 0.50. 

These changes are simil ar to those reported for V79 spheroids in which 

GF gradually declined from 0.93 at day 1 to 0.39 at day 25 (-800 ~m 

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 ~m (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 Ilm and then remains 

roughly con~tant from 500 Ilm to 800 Ilm at about 0.5. This value is 

similar to the GF observed for 9L intracranial turrors in vivo. The 

decreases in 9L growth fraction are not due to hypoxia, since 

radiobiological studies indicate that there are <3 percent hypoxic 

cells in 9L spheroids (21,119,130). Thus, other factors, possibly 

including build up of toxic byproducts, inadequate penetration of 

glucose or other essential nutrients, and pH effects, must be involved 

i.n causing cells to enter a donnant state. The 9L data reported here 

differ from the data of Deen et al. on 9L spheroids; this is probably 

due to differences between the methods of i ni ti ati on and rna inten ance 

of 9Lspheroids 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 presented here.and the V79 data of Durand) 

are in agreement with the constant-crust riDdel for spheroid· 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 ale (21) and those 

presented here for growth rate, Tc 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 Tc 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 Tc 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 unstabl e, the possibil ity 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 thawi ng from 

the ir frozen stock. Samp les were then prepared and frozen, sti 11 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 ale (124) to avoid changes in 

the cell population. The possibil ity that such changes did occur 

cannot, however, be ruled out. 

The differences in growth rate are more 1 ikely to be due to the 

differences in spheroid culture methods between Deen et ale and myself 

than to differences in the serum content or lot; spheroid growth rates 

were insensi ti ve to serum content from 5 to 20 percent under the 

culture conditions of Deen et ale (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 elJllloyed by Deen etal. and by myself are, 

however, quite pronounced. Deen et al. started their spheroids as 

single-cell suspensions in spinner flasks; after 3 weeks populations 
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of mean .diarreter 200 Ilm arid 300 Ilm were selected (from an initial 

popul ation that inc luded spheroids over 500 Ilm diarreter) for use in 

experiments. In our laboratory, spheroid cultures are initiated by 

the method of Yuhas and Li (140), in which cells are seeded into 

agar-coated dishes and incubated for two days, unti 1 small aggregates 

(generally ~50 Ilm diarreter) are formed. These aggregates are then 

transferred to suspension culture, and by 3 weeks after initiation are 

over800 Ilm in diarreter. Thus, the spheroids used in the experiments 

of Deen et al., are rruch older in terms of days in culture than 

spheroids of equivalent size studied here. Furthermore, the feeding 

. schedule followed by Deen et a L was once every 3-4 days beginni ng one 

week after seeding 3x106 cells/250 ml medium in spinner jars. 9L 

spheroids in this study were initiated at slightly higher cell 

densities, but were fed daily beginning two days after tran·sfer to 

spinner jar. If the feeding schedule, even in the first week of 

spinner culture, were reduced to every 3-4 days, the spheroid growth 

rate showed a significant drop (data not shown). Similarly, if 

spheroid cell cultures were allONed to reach high cell densities, a 

condi tion partially analogous to a reduced feedi ng schedul e); the 

spheroids entered the 'late' region of growth at a smaller size. One 

might speculate then that the culture rrethods used by Deen etal. 

produced 9L spheroids which were more 'mature' in terms of kinetic 

properties at small sizes as compared to spheroids characterized in my 

work. Thi s wou 1 d account for the differences in GF and sp hero i d 

growth rate between 9L spheroids of Deen et al. and myself. However, 
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the lengthening of Tc in 9L spheroids observed here but not by Oeen 

et ale is not satisfactorily accounted for by either the differences 

in culture methods or serum content. 

B. ESTIMA.TION OF CELL LOSS FACTOR 

The rate-constant for cell loss (KL) 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 O, Tc and GF; the 

formula used for the calculation and its derivation are given in 

Appendix A. Values of ~ and of cj 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 ~m and 800 11m spheroids, 

upper and l~er values for rJ based on the upper and l~er limits for 

Tc are given for spheroids of other sizes. For spheroids <200 11m, 

there is essentially no cell loss. For spheroids from 220 11m to 

500 11m, 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 11m the rate of cell loss increases sharply, with rJ = 

0.5 for 800 11m spheroids. At this point, then, the number of celh 

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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rate of cell sheddi ng (a factor of 3 or IIDre) , so that it seems 1 ikely 

that most of the increase in cell loss is due to cell death. The 

values of the cell loss factor found here for 9L spheroids are rather 

1 es s than those reported for V79 sp hero ids, where r$ is about 0.5 by 

daY 6 (300 um). By Day 25 (700 um), _ is nearly 0.9, so that cell 

pro du c t ion i s ne a r 1 y b a 1 an c e d by c ell los s (63). 

For tUlIDrs ..!..!!. vivo, reported values of _range from 0.1 to 0.9. 

Many of these estimates of rJ are calculated from PLM and TO values. 

The precision of estimates of _ is notor~ously low, but in'general 6 

increases with tUlIDr size and tUlIDr-doubling time (5), as is reported 

. here for spheroids. Recently, it has been reported that PLM data, 

which primarily reflect the kinetic properties of the fastest-cycling 

cells, may underestimate the mean value of Tc by as rruch as a factor 

of 2 carll> are d to T~ va'l ues from at he r techn i ques (13 7) • One 

impl ication of this findi ng is that values of cJ obtained usi ng PLM 

data may be too high by a factor of 2. In lIDuse carcinoma NT tUlIDrs, 

there is evidence that values of cJ obtained by PLM data were about 

twice as great as values obtained by measurement of the rate of loss 

of 125IUdR (138). It should be kept in mind that measurement of 

cell loss by the 125IUdR technique may be subject to several 

potential artefacts, including re-utilization (of label released by 

dead cells within the tUlIDr or from rapidly turning-over host tissues 

such as the gut) and influx of labelled host cells. Any of these 

artefacts could lead to artificially lew values of cell loss rate. 

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

,-
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influence on 125 1 measurements in EMT6 and KHJJ turrors, but not for 

RIF-1 (141). It is generally thought that re-utilization of 1241 

label occurs at very low efficiency, with little effect on rates of 

125 1 loss (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 sarre turror line) that 

0-values derived from PLM data differ from rJ-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 cj obtained from PLM data may be greatly 

overestimated for many turror or spheroid systems. The PLM data 

persented here c~rtainly indicate that under some conditions the Tc 

of 9L turror cells can be greatly lengthened. In terms of the values 

for r$ 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 cj. A 

second source of potential error is the possibility that in 9L 

spheroids there is a.significant fraction of slowly-cycling cells 

whose Tc 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 earl ier, the PLM curves obtained here can 

be interpreted as evidence for substantial variation in Tc aroong 9L 

spheroid cells or that there is moverrent from the nonproliferating 
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state back to a prol iferati ng state. If thi sis the case, then it 

would be more accurate to consider the values of rJ and GF as 

reflecting the average properties of the 9L spheroid cell population. 

The rate of cell shedding in 9L. spheroids (Table 2) is far less 

than that of EMT6 spheroids,where sheddi ng reduces the rate of 

increase in diarreter by up to 50 ~m per day (73). 

c. Summary: Dynamics of 9L Spheroid Growth 

The data on kinetic pararreters collected over an extended period 

of culture allow one to draw a detailed picture of the dynamics of 

spheroid growth. In the early stage «200 ~m), growth is exponential 

andsim,ilar to that of exponential monolayers, with a high growth 

fraction and virtually no cell loss. Since the TO is 19 hours, it 

is sensible to assume that the average cell cycle time does not exceed 

19 hours and is probably very similar to the monolayer Tc of 16.6 

,hours. Just beyond 200~m, the doubling-tirre increases sharply to 28 

hours. This increase in TO is due to a drop of 17 percent in growth 

fraction and a sli.ght increase in cell loss, both of which occur in 

the 200-250 ~m growth range. Probably Tc is beginning to increase, 

too, though I have no data specific to this point. The oxygen 

diffusion distance in tissue is approximately 100 ~m, and proliferative 

zones in tumors 2!!. vivo generally extend about 100 ~m from capillaries 

(2,3). Thus, the changes in GF and rJ 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 

tumor s. 

", 
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Between 200 ~m and 600 ~m, 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 lo.v and constant during this period; most of 

the cell loss can be accounted for by shedding from the spheroid 

surface. Beyond 600 ~m, TO again increases sharply, to 91 hours at 

700 ~m and 110 hours at 800 ~m. In this region, the increased TO·is 

not due to further decrease in GF or to the slight further increase in 

Tc. Therefore, the increased TO must be largely due to an increase 

in cell loss factor, which is shown by calculation to be 0.5 at 800 ~m, 

much higher than for spheroids ~600 ~m. 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 belo.v 600 ~m in diameter. The 

plot of cell number per spheroid versus volume is linear from about 

300 to 700 ~m; above 700 ~m it becomes rrore shallo.v, 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 TO to 

110 hr) sooner than spheroids cultured at low density. No kinetic 

measurements aside from TO were done on these high-density cultures 

but by analogy to the late region in the well-characterized low-

densi ty-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. I tseems logical that under conditions of greater 

nutritional deprivation such as those arising in very high density 

cultures, the inner cells in spheroids may begin to die at smaller 

sp~eroidsizes. 

The usefulness of the 9L spheroid system is proportional to the 

degree that 9L spheroids mimic the properties of 9L tumors ..:!!: vivo. 

The results reported here, particularly the lengthening of T . c, 

shoul d be verified in vi vo. No report of PLM data in 9L tumors has 

yet been published. However, the growth fraction in 9L tumors 

weighing60-BO mg has been reported to be 0.47, similar to the value 

reported here for spheroids ~500 ~m (21,124). The observation that 

significant cell death in 9L spheroids occurs only at diameters above 

600 ~m is consistent with the. observation that very little necrosis is 

present even 2!!. vivo in 9L tumors weighi ng up to 2 grams (114). With 

the exception of the increases in Tc seen in these 9L spheroids, the 

progressive changes in GF and rj seen here are qualitatively similar to 

kinetic patterns in many tumors. 

The data acquired in this study have not been fitted to any models 

of spheroid or turror growth. However, the data appear consistent with 

several rrodels. The constant-crust model of Conger and Ziskin (20) 

predicts a linear rate of increase in diameter and a progressively 

decreasing growth fraction; both features are found in the 9L data 

reported here. The rrodel 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 rrode1 

based on parameters of crust thickness and cell shedding may also fit 

9L spheroid growth (70). 

II. SPHEROID RADIATION STUDIES 

A. Radiation Sensitivity of Quiescent Cells 

The radiosensi ti vi ty of qu iescent 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 subpopu1ation cannot account for the radioresistance of 9L 

spheroids corrpared to mono1 ayers. 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 ~Ci, 20Ci/mmo1e 

3H-thymidine. The experiment was perfonned in 800 ~m spheroids, 

which have approximately equal proportions of cycling and noncyc1ing 

ce 11 s (T ab 1 e 3, GF = 0.50). As sumi ng a 11 of the cyc 1 i ng ce 11 s are 

killed by the suicide treatment, a difference in radiosensitivity 

between cycling and noncyc1ing cells of a factor of 2 or rrore 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, within experiments the 

s urvi va 1 s of t he two s amp 1 es a re not s i g nif i cant 1y dif ferent. 

Furthermore, fitti ng of survival curve parameters to the compiled data 
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for the two samples indicates that both conform to the pararreters of 

the radiation survi val curve, Do, n, and Oq previous ly reported 

for 9l spheroids in this laboratory (119,130). 

The 16-hour interva.l for 3H-thymidine treatment was chosen 

because prel imina ry experirrents showed that 16 hours of t reatrrent was 

sufficient to yield a survival level in treated spheroids equal to, 

I-GF. However, as previously discussed, theGF values obtained after 

12 hr-continuous labelling were underestimates. Thus, up to 15 

percent of the cyclingcells may have survived the treath'k;nt, further 

reducing the potential resolution of·the experiment. A subsequent 

experiment indicated that 20 hours of thymidine treatrrent resulted in 

a surviving fraction of .• 53 which was not further reduced by 

additional treatment up to 24 hours. One radiation and suicide 

experiment (No. 414) was done using a 20-hour treatment; the resulting 

data still indicated no difference between the radiati.on survival of 

quiescent cells and that of the spheroid as a whole. 

A further potential complication was the possibility that the 

quiescent cells, presumably concentrated in the inner region of the 

spheroid, might have a lCMer plating efficiency than the cycling cells 

which were concentrated in the outer well-nourished lone. A control 

experiment in which a two-step dissociation of spheroids designed to 

separate the outer 50 percent of cells from the inner 50 percent was 

done, and the two fractions tested separately for colony-forming 

efficiency. CFE's of the outer and inner cells were nearly identical 

(0.49.z 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 radiosensitivity is consistent with the fact that 9L spheroids 

from 150 to 600 ~m 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 lo.ver for 

monolayers than for spheroids (data not shown). This finding contrasts 

with reports that radiation-induced delay in V79 spheroid cells is less 

than delay in V79 monolayer (128,130). For V79 spheroids and mono-

1 ayers tr:eated wi th 60-Co y-rays, data from posti rradi ation cell

counting experiments were fitted to a mathematical rrodel; 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 time-lapse cinematography, and 

yield of mitotic cells by sequential mitotic shake-off. These two 
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rrethods are obviously unsuitable for spheroids; the rrethod chosen for 

this study of RIDD in 9L spheroids and monolayers was that of 

pulse-l abelled mitoses, which provides i riformation about the 

progression of cells irrad.iated in S-phase into mitoses. 

The rretho'dused for the initial V79 studies of RIDD were cell 

count measurements made at 96 hours post-irradiation. One might 

expect such measurerrents to be rather insensitive to delays of 10-lS 

hours or less which could be expected over ITDst of the dose-range (T c 

of V79 cells ~18 hr). Dose-response curves for 96 hr post-irradiation 

cell-counts closely paralleled that for cell killing in 300 um 

spheroids,whichwould be consistent with the idea that 96-hr post

irradiation cell counts mainly reflect cell~killing and not 

radiation-induced delay. 

Studies of V79 spheroids and monolayer cells irradiated with heavy 

ions and analyzed by flow cytofluorirretry (FW) also indicated that 

outer spheroid cells were blocked less than roonolayer cells fot the 

same dose (127). In the latter study, a fractionated trypsinization 

was used on spheroids so that the kinetic response outer (presurred 

mostly cycling) cells and inner (noncycling cells) could be analyzed 

separately •• The authors hoped by t~is means to avoid an artefact 

whereby the presence of a large noncycling population of cells with 

G1-D'lA content might mask the post-irradiation buildup of cycling 

cells in the G2 +M conpartment. In fact, FW analysis of the inner 

cell fraction did indicate that no significant kinetic changes took 

place until 100 hours or roore follcwing irradiation (127). With 
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regard 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 smaller kinetic response of the spheroid cells as compared to 

monolayer cells (128). In any case, FMF histograms do not yield 

infonnation about the progression of individual cells within the 

population. For example, FMF histograms of 800 lim 9L spheroids at 

various times following irradiation showed almost no changes 

(Rodriguez, unpublished data). Thus, the reports of reduced 

G2-delay in V79 spheroids are not entirely conclusive. 

It is generally thought that radiation blocks cells in G2 , but 

the data presented here do ~ot distinguish between a block in late 

S-phase and a block in G2 • The data points for only two doses each 

in spheroids and monolayers do not provide sufficient basis for a 

comparative dose-response analysis. H~ever, 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 

G2 (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 G2 • 

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 

rel ated to differences in cAMP between spheroids and monol ayers. 

Cycl ic AMP is known to playa role in several aspects of cell cycle 

progression (32,37); it has been shown that activity of adenyl cyclase 

(an enzyme which plays a role in the control of cellular cAMP levels) 

is significantly lONer in spheroids than in monolayers (14). Although 

a direct role for cAMP in rrodification of RIDD'has been ruled. out 

(152,156), one recent report presents evidence that the ratio of cAMP 

to cGMP may be significant (152) •. Two other hypotheses have been 

suggested, based on the rel ationship between the magni tude of RIDD and 

the degree of x-ray cell killing observe,d in AT cells, caffeine-treated 

nonnal cells and untreatednonnal cells (145,148). Thes.e hypotheses 

will be discussed under the heading ~'Delay and Cell SurvivaL 

In a purely empirical way the longer RIDD observed in tells grown 

as spheroids has illl>lications for the clinical radiotherapist. If the 

radiation age-response and partial synchrony induced by a previous 

radiation-dose are to be exploited, knowledge of the RIDD kinetics is 

important. The comparison of RIDD in 9L spheroids and monolayers 

reported herein suggest that RIDQ may be significantly longer in 

tUlOOrs ~ vivo than in monolayers ~ vitro. Of course, this result 

shou 1 d be conf i nne din sp he ro i ds and turro rs of othe r ce 11 1 i nes. As 

to previous studies of RIDD in tUlOOrs, I could find only one such 

study, done on Erl ich Asci tes turrors (99). This' study di d not compare 

~ vivo and ~ vitro monolayer delays, but the length of x-ray induced 

G2 delay was much longer than that reported for PLM studies of other 

'" 
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cell lines in vitro about 1 hour/lOO 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 turmrs corrpared to monol ayers; such studies should 

be un de rtaken. 

C. .§;>-Del ay and Cell Survi val 

The G2-del ay has been hypothesized by several authors to be a 

period of cell recovery (145,146,149,155). If the G2-delay induced' 

by radiation does have an influence on cell survival, the finding ma.de 

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 corrpared to' monolayers. The 

longerG2_delay in spheroid cells may allcw 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 

el iminates radiation-induced G2 del ay whil e synergistically 

enhancing cell killing (145,149,152,155). Caffeine enhancement of 

cell killing appears to occur only in G1 and G2, and to a nuch 

greater degree in G2 (149). Caffeine must be present continuously 

to have this effect; it allcws the damage leading to G2-delay to be 

bypassed but apparently also prevents repair of the damage. The 

1 atter is inferred from the observation that when caffeine is removed 

a G2-delay of the duration normally expected is manifested (145). 
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Furtherevi dence for therol e of G2-del ay in cell survival comes 

from studies of ataxia telangiectasia (AT) cells. AT is a heritable 

syndrome which has an abnonnally high radiosensitivity as one of its 

primary characteristics. AT cells exhibit little or no G2-de'lay in 

response to radiation, but high radiosensitivity, compared to normal 

cells (146,147). The 1 ack of radiation-induced G2-del ay in AT cells 

has b~en suggested as a reason for their abnormal radiosensiti vity 

(148). The mechanism(s) involved in the reduction of G2-del ay and 

simultaneous enhancement of cell killing in AT cells and caffeine-

treated normal cells is unknown, but two possibil ities have been 

suggested. First, that G2.,..del,ay'and inhibition of DNA synthesis are 

the result of damage to (,or changes in) chromatin configuration due to 

irradiation; AT cells are postulated to have some defect in chromatin 

coiling and caffeine to act upon lesions affecting chromatin 

configuration in irradiated normal cells so as to mimic the defect in 

AT cells (145,148). Second, that poly(ADPR) synthesis is involved; 

caffeine is a strong inhibitor of poly (ADPR) synthetase, and AT cells 

may be deficient in synthesis of poly (ADPR) following irradiation 

(145). Studies of G2-delay in 9L spheroids and monolayer cells may 

help in elucidating the mechanisms governing RIDD. 

Results of recent studies COrTllaring PLD repair in 9L spheroids and 

monolayers are consistent with the idea that the longer G2 delay in 

spheroid cells may be a factor in their enhanced survival. It has 

been found that if 9L monolayers are allCMed to repai r 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 lack 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 spheroid cells and monolayers in immediate-plating experiments. 

The speculation advanced here is that the longer G2 delay in 

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

post-irradiation holding period. 
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APP ENOl X A: Cell Loss Factor 

As defined by Steel, 

KL 
Q = K where KL = rate constant of cell loss 

p 

. Kp = rate constant for cell production 

Simple exponential growth: 

dN 
dT = AN 

1n2 
A = T 

c 
Tc = cell cycle time for individual cells 

Equation modified for growth fraction d and cell loss: 

1) dN GF ·N - N Cit = A y where GF = growth fraction 

kp KL 

2) N(t) = N e(A GF-y)t _~ 3) slope = AGF - y = ~ where 
o. 10 

Rearrangi ng 3) 

TO= doubling time of spheroid cell 
popu1 ation 

4) y = A GF - .~~3 where A, GF, and TO are all measurable 
quanti ti es 

5) A = GF = K ) 
P 
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FIGURE LEGENDS 

Fig. 1. 

Fig •. 2a. 

Fig. 2b. 

Fig. 3. 

Rate of increase of spheroid cell number over 24 days in 

spinner culture. Open symbols: cells/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 conditions, beginning at day 2 of culture. TD 

. in hours for spheroids of various diameters obtai ned by 

estimating a tangent to the curve at points corresponding 

to the appropriate spheroid diameter. 

Rate of increase of spheroid diameter over 24 days in 

spinner culture. Data points from cell density controlled 

cu ltures on ly. 

Relationship of spheroid cell number to spheroid volume. 

Data points from all experiments shown in Fig. 1 plus 

additional experiments. 

Pulse-labelled mitoses curves. 

Fig. 3a. PLM curve for 9L cells grown as monol ayers. 48 hours 

after seeding, with 1 x 105 cells, replicate 25 cm2 

flasks were pulse-labelled for 15 minutes with 

3H-thymidine, then harvested at subsequent intervals. 

Fig. 3b PLM curves for 9L cells grown as spheroids. b. 400~m 

and 3c spheroids pulse-labelled for 20 minutes. c. 800 ~m 

spheroids pulse-labelled for 30 minutes. 

• . 
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Fig. 4. 

Fig. 5. 
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Radiation survival of noncycling cells in spheroids 

corrpared to that of the whole spheroid cell population. 

Closed symbols: spheroids treated with high-specific 

activity 3H-thymidine to kill all cycling cells prior to 

irradiation, corrected for killing by the suij;ide 

treatment. Open symbols: spheroids not given 

3H-thymidine prior to irradiation. Different symbols 

refer to different radiation doses. Error bars indicate 

standard deviations of the mean. 

Radiation-induced Division Delay, 500 rad. 

Fig. 5a. Pulse-labe.lled mitoses curves for 9L monolayes given 0 rad 

and 500 rad x-rays, respectively. Dashed line shows 

control (0 rad) curve from Fig. 3a. 6G2 is the . 

difference in the length of time requi red for curves from 

irradiated and uni rradiated cells to reach the half-height 

of the first peak of labelled mitoses. 

Fig. 5b. PLM curves for 800 lJm 9L monolayers given a rad and 500 

rad of x-rays, respectively. Dashed line represents 

control (0 rad) curve from Fig. 3c. 6G2 defined as for 

Fig. 5a • 
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Fig. 6. Radiation-induced division delay, 800 rad. 

Fig. 6 a. PLM curves for 9L monpl ayers gi ven a rad and 800 rad of 

x-rays, respectively. Dashed line shows control (0 rad) 

curve from Fig. 3a. 6G2 is the difference in time 

requi red for curves from 'i rradiated and unirradiated cell s 

to reach the half-height of the first peak of 1 abel led 

mi toses. 

Fig. 6b. PLM curves for 800 \.1m 9L spheroids given a rad and 800 rad 

x-rays, respecti vely. 6G2 defined as for fig. 6a. 

~ . 
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Table I. Measurements of spheroid grown fraction for spheroids of 

various sizes. Left hand column: labelling-index after 12 

hours of continuous labelling 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. popu1ation/L.I. proliferating cells, 

where L.I. proliferating = Ts/Tc. 

Table I I. Rate of sheddi ng 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). 

Table III. COfTl)i1ed kinetic parameters of spheroids. GF 1 = growth 

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

(from Table I)). GF 2 = GF's derived from PLM experiments 

(also from Table I)., GF est = GF s estimated from the 12 

hr continous labelling data corrected for the fraction of 

'missed' cells (see Discussion). TO's estimated by 

tangents to growth curve (see Fig. 1). Tc: estimated 

from PLM curves for mono1 ayer, 400 um and 800 um spheroids, 

only. For spheroids of other sizes, the upper and lONer 

limits of Tc are given. For spheroids 100-150 um, Tc 

is assumed to be the same as for mono1ayers. c, cell loss 

factor: calculated for several estimates of GF and Tc 

(see Appendix). Upper and lower 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 Diameter vs. Time 
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Monolayer, 800 R 
---Control curve from Fig.2 
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Table I 

Growth Fraction 

Spheroid Size 12 hours .. continuous label from PLM data 

~ 

150 I'm .86 + .046 
w 

,l' 

220 .. 250 I'm " .69 + .073 

300 I'm .57 ± .04 

400450 I'm .49 + .03 .67 

500 .. 600 I'm .43 + .03 

800-850 I'm .40 + .03 .50 + .059, 

Monolayer ' 0.97 .89 ± .05 
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Table II 

Rate of Cell Shedding 

Spheroid Percent of Spheroid 
t Size Expt -# Cellsjsph-hour per hour 

• 3.97 t, 

300lLm 10-14 5.2 + 1.73 .07%jhr 
6.42 

12-9 3 

34.5 
SOOlLm 10-14 . 34 + 0.71 .113%jhr 

33.5 

15.4 
11-12 14.7 + 1 .05%jhr 

14.0 

184 
800 ILm 10-21 226 + .59 .19%jhr 

268 

145 
5-5 122 ± 33 .10%jhr 

99 
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Table ilL 
Compiled Kinetic Parameters of Spheroids . 

Diameter GF1 . GF2 GFest. To Tc KL 

-1'· 

100-150 I'm .86 + .046 19 h 16.6 hr (' 
), 

220-250 #Lm .69 ± .073 28 h 16.6 h 0.14 
24 h <0 

3OO#Lm .57 + .04 34 h 24 h <-0 
.65 24 h <0 

400-450 I'm .49 + .03 42 h24 h <0 
.67 24 h .15 .2%jhr 

.56 - 24 h' <0 

500-600 #Lm .43 + .03 54h 24 h <0 
.56 28 hr ;07 .1%jhr 

800-850 I'm .40 + .03 110 h 28 hr .36 
.50 ± .06 28 hr ... 51 

.51 28 hr .500.7%jhr 
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