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A two-dimensional diffusion limited system for cell growth

L. Hlatky & E.L. Alpen
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Abstract. A new cell system, designed to supplement multicellular spheroids as
tumour. analogues, was analyzed theoretically and experimen.tally. Th';s
"sandwiéh" system is a's_ingle layer of cells, subject to self-created gradients of
nutrients and metabolic products. Due-to these; gradients the sandwich system
develops. a border of viable cells and an ihner region of necrotic cells
corresponding to the viable rim and the necrotic center of a spheroid. How-
ever, sandwiches differ from spheroids in several ways. All the cells in the
sandwich can be microscopically viewed during the _entire vexperiment.v__ In
sandwiches there is no three-dimensional cell to cell }_c":c.n.atact. Also, the grd-_' _
dients ére less steep in our sandwich system so the wi'df.‘h'of the viable region in
a sandwich is about ten times as large as thé width of the viable rim in a
‘ spheroid. Indeed, in sandwiches the experimenter has some control over the
steepness of the gradieﬁts and can thus vary the width of this viable border. We
used DNA labelling studies and flow cytometry along with visual observation to
analyze the system. Our experiments show that the observed cell necrosis, simi-
lar to that found in spheroids, is due to difflusion limitations. The results are
consistent with the idea that oxygen ‘deprivatiqn stops cell cycling and, when
extreme and prolonged, leads to necrosis. The possibility that substances other
than oxygen are involved is not excluded by thfe data. The data also sugg.ests

that in the final, near-equilibrium state the average overall oxygen
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consumbtion rate for the viable sandwich population may be about one-quarter

of that for an exponentially growing population of the same cell line.

INTRODUCTION

The work of Thomlinson and Gray (19.55) suggested that the necrosis in tumours
might be a direct result of oxygen deprivation, since necrosis appears at a
depth in a tumour consistent with the oxygen diffusion distance. Tannock
(1968) did an extensive study of the spatial relation of the necrotic regions in:
mouse marn'rnary. tumours to the tumour vascularizatign; his findings were con-
sistent with such én anoxia hypothesis. Tannock further suggested that limita-
tions in oxygen may also cause viable cells to leave the cycling population
thereby reducing the growth fraction to less than ﬁnity, as 1s frequently

observed in tumours.

Shortly after Tannock’s work the spheroid system was developed as an in vitro
. tumour model (Sutherland et al. 1971). In spheroids the geometry is simpler
and the external environment is controllable; thus a more detailed check of the
oxygen diffusion hypothesis became possible. By the examination of cross sec-
tions of fixed spheroids good evidence was found to support the idea that oxy-
gen deprivation plays a major role in the onset of necrosis in spheroids (Carls-
son 1979; F'ranko‘ & Sutherland 1979). In addition this same work also suggests

some other factor (nutrient or toxin) may be important.

The pgesent paper describes a new, two-dimensional system, which we have
come to cail the "sandwich" system. It is, roughly speaking, a living cross sec-
tion of a spheroid in which all the cells are visible. Sandwiches show the stan-
dard spheroid pattern of a cycling outer region, a slowly proliferating middle
region and a necrotic center. However, the geometry is such that these regions
are greatly magnified. Another difference from spheroids, beside the visibility

and amplification of the three regions, is that one has access to the cells in all
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regions of the sandwich. One advantage of this access is that in the course of
radioactive labelling studies the cells in all parts of the sandwich can be

labelled at once, thereby eliminating questions about label diffusion.

In the sandwiches diffusion processes are in effect one dimensional. We can
therefore use the diffusion equation in one dimension with an appropriate con-
sumption term to analyse our data, rather than using the three-dimensional
equation appropriate to spheroids. This change in dimensionality provides a
way to evaluate the current hypothesis that oxygen diffusion limitations cause
necrosis. Previous work apart, the results of our sandwich experiments do
strongly indicate that necrosis is due to the competition between diffusion of
some nutrient or toxin (e.g. oxygen, glucose, lactic acid,...) and the consump-
tion or production of this substance by the cells. Our results are consistent
with oxygen being this substance, though they do not exclude the possibility of
cooperative effects.

We also used the diffusion equation to check the hypothesis that oxygen
deprivation causes the increase in quiescent cells that is seen as the sandwich
ages. Our results are consistent with this hypothesis but at present the accu-
racy of the measurements is not sufficient to confirm it. Since this is a new sys-

tem, considerable improvements in accuracy can be anticipated.

With further experiments it may be possible to make the sandwich system yield
a large amount of information about diffusion, consumption, and the actions of
various substances in circumstances similar to those in a three-dimensional
vascu.larized tumour system. Indeed it should be applicable in many other situa-

tions where diffusion is the critical factor.

MATERIALS AND METHODS



Cell culture

9L célls from the rat gliosarcoma were used for all experiments. The 9L cell line
originated from a N-nitrosomethylurea induced tumouf in a CD Fisher rat. The
tumour was then developed as an in vivo-in vitro tumour model. Our laboratofy
obtained the initial stock culture from D. Deen (Brain Tumor Research Center,

Univ. of California School of Medicine, San Francisco, Ca.).

All cultures were grown in Eagles MEM with Earle's salts (Gibco), supplemented
with glutamine, 11% newborn calf serum {Gibco), and 4% fetal calf serum (Irvine
Scientific); bicafbonate buffer was added. The oxygen concentration of the air-
saturated medium at 37°C was measured to be 0.28+0.04mM using an 'oxygen
electrode ) (Transidyne' Géneral). Cultures were incubated at 37°C in a

humidified atmosphere of 5% CO; in air.

Stock monolayer cultures Were_passaged twice a week. Gluco‘se and lactic acid
were measured spectrophotometrically using enzymatic assays (Sigma). The pH
was measured by standard electrometric methods. These same measurements
were always made on the 1:nedium of monolayer or sandwich cultures at the time

of experiments in order to characterize the medium.

Sandwich system ) .
In the sandwich system, cells are grown in a nafrow gap between two glass
microscope slides. The cells are grown in a single layer on the bottom slide. A
thin larygr of medium fills the gap between the slides and separates the cells
from the top slide. This sandwiching of cells caused all nutrients and waste pro-
ducts. to move into or out of the local environment of the cells by diffusing
through the narrow gap between the slides. Cells for both the sandwiches and
the control monolayers were seeded at 1x10° cells/slide, on 1x3 inch, 1mm

thick autoclaved glass slides (Corning). The slides had been placed in 3.5x3.5

inch integrid petri dishes (Falcon), three slides per dish. When pipetting cells



-5-

onto the slides an effort was made to distribute the cells uniformly. The slides
were then covered with 10 ml of complete medium and incubated at 37°C and
5% CO;p for 24 hr. After the 24 hr incubation the slides were removed and placed
in new dishes. Two slides per dish were held in placevusing specially designed
plexiglass holders and 13 mi of fresh medium was added to cover the slides.
This amount was more than enough to insure that the gap between slides was

completely filled in all cases.

At this point the density of cells on the slide is still low, ®8x103cells/cm?. One
fourth of the slides were taken to be control monolayer slides and were placed
back in the incubator. From the remaining slides.. sandwich cultures were
formed by the additionlof a top slide resting ‘:c“m spacers, sandwiching the cells
between slides (Fig. 1). Spacers were of several types: glass, teflon or wire and
ranged in vertical spacing dimension from 40 um to 300 um. The top slides were
treated with prosil-28 (PCR Research Chemicals Inc.), an organosilane nonstick
surface coating. This facilitated easy removal of the top slide for thymidine or
other labelling studies and similar purposes. Spacers and prosil treated slides
were tested and found to be nontoxic to our monolayer cultures. The time of
transferring the slides and adding top slides to the sandwiches is referred to as
the "setup” time. The age of sandwiches and of their respective control mono-
layers is measured relative to it.

Note on the figure that the z direction is paralle'l to the short dimension of the
slide, the y direction is parallel to the long dimension, and the z direction is
perpendicular to the slide. The gap height Z; is considerably larger than the
height of a single cell layer. |

Since medium fills the gap above the cells, one might think that the culture
would resemble a monolayer culture rather than a spheroid. Howekver, it is

clear that diffusion in the z direction is much slower than it would be if Zg were
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as large as the height of mediuﬁ above a typical monolayer. Thus, as discussed
in more detail below, the competition between diffusion and consumption in a
sandwich is quite similar to the same competition in a spheroid. As long as the
gap height is small compared to the thickness X, of the viable border the main
effect of having medium in the gap above the cells is merely to decrease the
efflective number of consuming cells per unit volume, which in turn decreases

the steepness of the diffusion gradients.
Measurements of viable cell borders

Integrid Petri dishes containing sandwich cultures were placed directly on the
microscope stage and regions of dead cells were identified visually. This visual
identification techniqu;e for live and dead cells was verified by Trypan blue
exclusion. The width of the viable border, X,, was measured in sifu, using a
Zeiss inverted microscope. These measurements were made at least once a day
in order to observe the time dependence of the border. At the time of measure-
ment it was also noted whether the cells were normal looking or had an altered
morphology; regions of elongated cells were recorded.

Thymidine labelling index (TLI)

Sandwich cultures grown at several gap sizes, Z;, were pulse-labelled at various
times aftef setup along with unsandwiched glass slide monolayers. Cells were
labelled with the cover slide removed, and then were fixed and developed in
place on the slides. Thus labelling was done without dis‘turbing‘v the crucial spa-
tial arrangement of the cells; of course the nﬁcroenvironméﬁt of the cells
changes once the glass top is removed. In this way we were able to get a label-
ling index-for eaéh region of the slide, reflecting the influence of pre-existing
media gradients. We used short labelling times; therefore it is unlikely that the

cell cycle distribution alters during the labelling process.
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Sandwich and monolayer slide cultures were labelled using [3H]TdR (8.7
Ci/mmol, New England Nuclear) at a concentration of 0-.5p,Ci/ml. At the time of
labelling the media was drawn off the cultures and aliquots from each culture
were sampled for the pH and the nutrient state, as discussed under cell culture
methods above. The top slide was removed from tﬁe sandwich cultures without
disturb‘ing the cells attached to the bottom slide. Prewarmed conditioned
media containing the label was added to the dishes holding the slides. After
preliminary studies, 15 min of 37°C incubation was chosen as the labelling time.
Slides were then washed three times in PBS, fixed in 3:1 ethanol:acetic acid,
rinsed three times in 70% ethanol, air dried anci dipped in Kodak NTB-3 emul-
sion. After four days of exposure the slides weré: developed (Kodak D-19); fixed;

and stained with hematoxylin.

The labelling index at different z distancesintoj the sandwich was obtained by
division of the viable border into 500um strips and a thymidine labelling index
(TLI) for each of these strips was calculated. This division of the entire viable
border into 500um strips was fine enough in the sense that almost no labelled
cells were found in the innermost region and coarse enough that there was a
measurable difference between strips. In control monolayers five 500um strips
evenly spaced across the slide were counted. A total of one thousand cells was

counted in each strip. A cell was scored as labelled if it had at least ten grains.

Flow cytometry studies

In preparation for flow cytometry, cells were removed from the slides. In the
case of the control monolayers, cells were trypsinized off the slides and pipet-
ted repeatedly to achieve a single cell suspension. In the case of the sandwich
cultures the removal of the cells involved several steps. First, the top slide was
removed. Cells and cell debris from the visually identified necrotic area thereu-

pon floated into the medium and could be flushed off the slide. This left the cells
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in the viable border undisturbed, including those with altered morphology. The

cells were then trypsinized off and pipetted into a single cell suspension.

Once the cells were in a single cell suspension both control monolayer and
sandwich cells were treated following the procedure of Vindelov et al (1983) iﬁ
order to obtain a propidium iodide stained nuclear suspension, as follows. To
isolate the nuclei the unfixed cells were digebsted, using a 10 min trypsin plus
sperminetetrahydrochloride (Sigma) in citrate buffer treétment. The sper-
minetetrahydrochloride stabilizes the nuclei against being disintegrated by the
trypsin. After this 10 min treatment, trypsin inhibitor p[ﬁs Ribonuclease
(Sigma) in citrate buffer is added; after another 10 min the propidium iodide
(Sigma) in citrate buffer is added. The nuclear suspension is then kept in the
dark and on ice for at least 30 min. Immediately before flow cytometric

analysis the suspension is filtered through a 50um mesh.

Flow cytometry was performed with a FACS IV (Becton Dickinson) using the
488nm line of an argon laser. 100,000 flourescent nuclei were collected per his-
togram. Analysis of the bhistograms was done using a computer program
obtained from Lawrence Livermore Laboratory. The program is the current ver-
sion of the Dean & Jett (1974) method. In order to evaluate the change in the
cell cycle' distribution dué to sandwich age, sandwiches and their corresponding

control monolayers were analyzed at several different times after setup.

The oi'y

We shall need a sandwich analogue of the mathematical models used for
spheroids (Burton 1966; Greenspan 1972; Franko & Sutherland 1979). All
models that we have compared to our data involve some form of the diffusion

equation

af /0t = DV3f +@n
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Here f is the concentration of- some key substance such as oxygen, D is the
diffusion constant, n is the number of cells per unit volume, and & is a con-
sumption rate, which could depend on f. We now discuss the simplest.rnodel of
this kind, which we will call the "basic model”. In the basic model the key sub-
stance is taken to be oxygen; thus D=2x10"%cm?/sec . There are now four time
scales to be considered. The first is the "gap diffusion time" Ty . ie. the time
required for oxygen to diffuse vertically from the top of the gap through the
medium down to the cells. Tg=Zgz/ D. For a gap width Z; =60um this gives
T,~2 sec. Next is the "border diffusion time" T, =X,2/ D required for oxygen to
diffuse horizontally from the outside to the necrotic region. For X,=2x103um
this gives T,~% hr (we give times appropriate for a 60 um gap width). Third is
the "consumption time"” T; during which the cells consume a significant fraction
of the oxygen in their own immediate vicinity, Tc=f/Qn. For example, if
f =0.28mM, @=10"'3mol/cell-hr, n=107/cm® we get T,~1/4 hr . Note that T,
and T, b.eing of the same order of magnitude is‘ consistent with having a
measurable oxygen gradient. Finally there is the time for @n to double due to
cell growth and similar processes; we may take this to be approximately the

doubling time of our cells Ty~13hr.

We now can list a number of assumptions for the basic model. We assume the
term involving time derivatives in the diffusion equation above is negligible com-
pared to the term involving space derivatives. Of course df/df cannot be
strictly zero. However in our experiments 7; is large compared to the other
times of interest. We can thus regard the system as being in an "adiabatically
changing steady state"” and taking 8f /9t =0 is appropriate.

In the basic model n is taken independent of z and y in the region where n is
non-zero. We further take @ to be spatially constant. This assumption is made

even for those cells which are viable but, presumably due to low oxygen in their
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immediate neighborhood, are not cycling. Also f is independent of y; this
merely refers to the directly observed absence of sig_niﬁcan'rj edge effects (th‘e
very ends of the slides were excluded when making measurements). Further-
more, we assume that cells die whenever the oxygen concentration drops to a
critical value f,; interaction terms due, for example, to cooperation between
low oxygen and high lactic acid or other substances are neglected in the basic

model.

Final_ly, one needs an assumption about the z dependence of the oxygen con-
centration. By analyzing a model in which the oxygen concentration in the
medium directly ab;)ve the cells is diﬁerentv from the oxygen concentration in
the volume where cells are present it was‘ found that the difference decays
exponentially in time, and that the decay is rapid compared to other times of
interest provided diﬁusion from the top of the gap to the cells below is very
rapid. Specifically one needs 7, <7, and Ty K T.. In our case these inequalities
hold. Therefore we can assume f to be independent of z and we may replace n
by N/ Z, , where N is the number of cells per unit area (a constant at any one
time by the assumptions above). In this sense varying the gap width Zg merely

corresponds to changing the cell density.

Under these assumptions f is a function f{(z) of z alone and one must merely
solve the ordinary differential equation f “=k where the constant k& is (@N/ Zg)
for 0<z <X, and is zero otherwise. The boundary conditions are the following:

atz=X,, f'=0; at 2=0, f has the ambient value f,=0.28+:0.04mM.
The solution for f thus has the form
F=fcthe(z—X,)? (1)

in the region 0<z <X, and f is constant in the region where the cells are dead (

Fig. 2 ). Solving Eq. 1 for X, we get
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Xo=[2(fa~fc)Zy D/ QN T | (2)

The basic model just described is the one we use to interpret our data. For
example we shall vary Z, to check the proportionality of X, and Zg*. Of course
modifying any of the above assumptions leads to different models. For example
a model was considered in which n depends on z. This model did not lead to an
improved fit with the data, mainly because most of our results refer to com-
paratively late times while the x dependence of n is most pronounced at early
times. Similarly, we considered a model in which cells die only if they have both
too little oxygen and too much lactic acid. The oxygen concentration was again
described by Eq.1. The concentration of lactic acid was modeled taking into
account the fact that lactic acid production is higher when the oxygen concen-
tration is small (anerobic glycolysis). But the rﬁodel has too many adjustable

parameters to be tested critically by the presentv data.
RESULTS

Doubling time and oxygen consumption in monoiayers

To interpret our sandwich results we needed some background data on mono-
layers, specifically the doubling time and the oxygen consumption. No
difference was found for the doubling time, 7;, or the utilization of glucose and
lactic acid by the 9L cells when they were grown conventionally in monolayer on
plastic petri dishes or in monolayer on glass slides. A T; of 13.1 hr wés
observed over the range of exponential growth. The glucose consumption per
cell, Ag, and lactic acid production pef cell, Ay4 over this_range were computed
from the cell number measurements and concentration measurements (Figs. 3
and 4). The average values were A\;=6.2+1x107¥ mol/cell-hr, in agreement with
Li's (1982) value for the same cell line, and ALA=i.O;i:0.2x10“2 mol/cell-hr. The

oxygen consumption rate @ over this range was calculated assuming that all
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glucose not appearing as lactic acid goes completely through oxidative phos-

phorylation, i.e. @=6{\g—¥A;4). We found ©=7.2+1x10"3moles/cell-hr.

The time and gap dependence of the viable border

Like.spheroids, the sandwiches developed three distinect regions: a normal-
looking (and 'cycling) outer'region, a morphologically altered (and_ almost non-
proliferating) middle region, and a necrotic center; the first two regions consti-
tute the viable border. We visually studied the time development of this pattern
including changes in cell density énd the onset and growth of the necrotic
region. We .aiso measured the size X, of the viable border; Sandwiche_s of

different gap sizes all showed qualitative similarities, as follows.

After sétup all cells go through one to severaludolublings (the number depending
on gap size). Then a central necrotic region appears abruptly and a sharp
demarcation betweeﬂ live and dead cells is obé’erved. At this time one sees a
gradient in thé cell density (cells/area) over thé viable border; cells are more
dense at the outer edge of the sandwich and less de»nse near the necrotic
center. Cells adjacent to the necrotic region become elongated, appear pig-
mented and are presumably stressed; these cells form the middle region. With
time the necfotic region eipands (i.e. X, decreases; see Fig. 5) and the density
of cells in. the viable border increaées. About 4 days after set-up the outer cells
become confluent; at about this time a ﬁﬁal viable border size is reached. This
final border size persists for several days without media changes. Although we
did not do sd for ahy of the experiments dicussed in this paper, one can keep

the sandwiches alive for several weeks by changing the medium twice weekly.

Fig. 5 shows the time dependence of X, for the case of a 75um gap. It also
shows the time dependence of the distance from the outside of the slide to the
start of the stressed (i.e. middle) region. We will call this distance X;; in other

words X, —X; is the width of the stressed region. The initial time dependence of
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X; was fit by linear regression on a semi-log plot. This fit is analyzed in the dis-

cussion section.

Cells always form a single layer on the bottom slide regardless of the gaé size.
The viable border width is uniform to an accuracy of about 107 .between.
different slides of the same gap size and within one slide is independent of y to
an even higher precision. Visually necrotic cells remain in place and observable

during the course of experiments as long as the top slide is not removed.

Although, as stated above, the qﬁalitative features are the same regardless of
the gap size, the details can be quite different. The overall effect of increasing
the gap size was to spread out effects in space and slow down the onset of
necrosis. For example, in 290 um gap sandwiches the necrotic region did not
appear until 58 hr after setup, in contrast to the 60 um gap preparations where

the necrotic center appeared at 10 hr.

Despite differences in the details, the sandwiches all settled down to a near-
equilibrium situation when the density was about N=8.0£1.5x10%/cm? With
this N the final border sizes can be estimated theoretically by using Eq. 2.
These theoretical values can then be compared to the observed values. The
value of f, is 0.28+0.04 mM, the conceﬁtration of O, in the air saturated
medium at 37°C. In our calculations we take J. to be negligibly small, although
some spheroid work (Carlsson ef al., 1979; Franko & Sutherland, 1979) found
values corresponding to 10-40 mm Hg. for this quantity. Even using 40 mm Hg.
would have only a minor influence on our calculated final border sizes.
D=2x10"%cm?/sec. In choosing a value éf &, we should not naively use the con-
sumption rate for exponentially growing cells since many of the cells are quies-
cent. Freyer ef al. (1984) found in spheroids that the average value of @ was
1/4 that for exponentially growing cells. Our system should be similar to

spheroids in this respect; that is the average @ should be down. If we adopt the
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factor of 1/4 and use the consﬁmptiori rate for exponential growth given in the
section on background rnonola_-yer studies our consumption rate § becomes
©=1.8+0.2x10"mol/cell hr. For the case of Z,=60um this gives
X, =1300+100um compared to .an obéerved value which is alsc 1300+100um.
The values for the three other gap sizes tested also show this close agreement
between pre:dic"t'.ion and observation. This analysis remains valid even if, as sug-
gested by some of our observations, there is a lag between the time the oxygen
concentration reaches f, and the onset of necrosis (in geheral, time lags

should be easier to observe in sandwiches than in spheroids).

The observed values of the final, neaf-equilibrium border widths are shown in
Fig. 6. The solid curve is a linear regression fit on a logarithmic scale for ease
of later comparison with Eq. 2. The slope is 0.53 compared to the slope of 0.50

predicted by Eq. 2.

N

Labelling index as a function of gap height and of distance =

~ The twp main qualitative results_ of the labelling experiments were the following:
all sandwiches show a decreasé in labelled cells as one moves inward on the
slide; moreover, the details of this decrease dep‘eAnd on the sandwich gap size.
" One experiment is shown here to exemplify these findings, which extend to all
our labelling experiments. Sandwiches of 60 um , 180 um , and 290 um gap
heights were labelled 48 hr after setup. At this time the 1“egion over which live
cells. were;found varied greatly in width for sandwiches of different gap sizes.
Thos.'e' of 60 um and 180 um gaps showed viable borders approximately
3000um and 5200um .respectively. The 290 um gap sandwiches had no necrotic
region aftér 48 hr: live, attached cells were found across the whole slide. At 48
hr none of thevborde'rr's had reached confluence. The absence of confluence
enabled us to look at changes in the TLI due to media gradients without the

complication of cells leaving cycle due to confluence.
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The cells held their place well on- the slide through the entire process of autora-
diography. In fact, after labelling, the distance to the region where no cells
remained on the slide was 3000 um and 5000 ym for thé 60 um and 180 um ge;p
slides respectively, in good agreement with the observation of viable borders.
Visually, it was possible to notice a definite gradient of labellea cells over the
entire viable region of the sandwiches. Control monolayers showed no such
gradient. Fig. 7 shows the TLI versus distance into the gandwich. Note that at
the outer edge, z=0, of all sandwiches the TLI is roughly tﬁe same, correspond-
ing to the TLI of 457% that was seen in all regions of the control monolayers. All
sandwiches show a steady decrease in the TLI to essentially 0% as one moves
from the outside edge of the slide to the inner necrotic region, that is from z =0
to z=X,. Although 290 um gap sandwiches do not deveiop a necrotic region
until 56 hr, the labelling index drops to 0% at 7000 yum. The smallest gap shows
the steepest gradient of labelled cells and the largest gap has the least steep

gradient.

The curves shown are least square fits to quadratic functions, the slope of
which is constrained to be zero at the point where there are no more live cells.
This choice of fitting curves is suggested by the model of the preceding section

and is discussed in the next section.

For the sandwiches with a 290 um gap an additional phenomenon was observed.
For distances x greater than 3500 um the average number of grains per
labelled cell decreased. This may be due to differences in the intraéellular
nucleotide pools. That is, before the lid is removed, redistribution of nucleo-
tides from the breakdown of cells in the central region r;ould occur; these
nucleotides might be available to the salvage pathway of nearby cells, diluting

the effect of the added [ 3H]TdR.
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Cell cycle distributions

Using flow cytometry the cell cycle distributions in sandwiches are found to be
between those for exponential and confluent monolayers, and the percentage of
cells with a G4/ G, DNA content is found to increase as the sandwich ages. Simi-
lar results have been reported for. spheroids (Allison et al 1983).

At éetup, slides with an exponentially growing cell popﬁlation (Fig. 8a) are
divided into. two groups - sandwiches and controls. In time the cell cycle distri-
bution for sandwiches then deviates from the exponential ﬁattern (Fig. 8b).
Analysis of this FACS data (as discussed in the methods secvtion) gave the |
results inA Table 1. We also include the data for 60um gap sal;xdwiches at 22.5 hr
and that for confluent cultures for purp'osesrnof comparison. The decrease in S
observed for the sandwiches is not a conﬁuence effect. The 39 hour sandwiches
exhibit no vis:ib'le confluence. Moreover, at 39 hours the control monlayers are
still in the exponential growth phase (Fig. 3) and exhibit an exponential cell
cycle distribution when analyzed by flow cytometry. The fact that 24% of the
cells are in S for B80um sandwiches at 39 hr appears consistent with the label-

ling indices shown in Fig. 7 for the 80um sandwiches at 48 hr.
DISCUSSION

In order to better understand the cell cycle distribution ‘and the development
of a ne‘crot:ic center in poorly vascularized tumours, we developed a two-
diménsiohal, diffusion-governed system for cell growth. QOur system comple-
ments t‘he spheroid system, a three-dimensional in wifro tumour model.
Spheroids have been. widely used during the last ten years as models for the
cellular kinetics (Durand 1976), the radiation response (Sutherland & Durand
1976; Durand 1980), and the growth dynamics (Franko & Sutherland 1979;

Yuhas 1978) of tumours. Spheroids are thought to mimic tumours with respect
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to both the nutrient diffusion gradients and the three dimensional cellular
interactions; of course, spheroids have no vascularizatioﬁ. Phenomena that are
observed in tumours and spheroids alike, but.not in conventional monolayer
cultures, are thought attributable to either diffusion gradients, three-
dimensional contact or some combinatioﬁ of these. If these phenomena are also
observed in sandwich cultures they should be viewed as a result of gradients,
since the sandwich system does not have the three-dimensional cellular

interactions present in spheroids.

Our sandwich system is in this respect less like a tumour than is a spheroid, but
it has the advantage that it gives optimal information on diffusion effects in
growing cell populations. The ambliﬁcation of t;'.he viable border by a factor of
ten, compared to viable rims in spheroi_ds of tﬁe same cell line, points to the
increase in cell kinetic information available from labelling studies on
sandwiches. That is, since the grédients of diffusing substances are less steep,
there are many more cells within a given concentration range and one can

separate out sub-populations more easily.

One also has control over the border width by simply varying the gap height.
This allowed us to check the causal relationship between diffusion and necrosis
in a way not available in the spheroid systerﬁ. We varied the sandwich gap
height and observed different final border widths (Fig. 8) for the same cell line
under the same initial conditions. That necrosis is the result of diffusion limita-
tions seems clear from the 0.53 slope observed. Not only our basic model, in
which the key substance is oxygen, but also any other simple diffusion limited
model predicts a 0.50 slope for that curve since Eq. (2) implies InX, =$InZ; + A4,

where 4 is independent of Z,.

If the key substance is oxygen we can obtain a value of @ using Eq. 2 and the

values f,=0.28+£0.04mM, f,=0, D=2x10"%cm?/sec, N=8.0£1.5x10%/cm? already
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discussed. Using the best fit line in Fig. 6 to average, we get
Q=2f,DZ;/ NX,*=1.65+0.3x"1®mol/cell-hr. Since this is indeed about (1/4) the
value of @ found for exponential growth, just as in spheroids (Freyer et al.

1984) the oxygen assumption is consistent.

Several investigators (Mueller-Kleiser ef al. 1983; Li 1982) have suggested tﬁat
glucose, as well as oxygen is a critical factor in the onset of necrosis under cer-
tain conditions. A calculation similar to that just given for the case of oxygen
determines the glucose consumption A; needed to account for the observed
border widths if glucose alone were the limiting factor. In contrast to the
spheroid case we can use the glucose diffusion constant for medium, without
considering cell packing density. We find Ag~10"'2mol/cell hr, i.e. about twice

the value found in exponential monolayer growth for our cell line.

The increase observed in non-cycling cells as the sandwich ages parallels the
findings of non-cycling cells in large spheroids (Allison ef al. 1983; Carlsson
1979; Durand 1978) and in poorly vascularized tumours (Tannock 1968). There
is the typical decrease of cells in S as we move away from the vnutrient source,
reaching 0% near the necrotic region. This is shown directly by [ ®H]TdR label-
ling experiments (Fig. 7). In examining Fig. 7 it is worth noting that the depen-
dence of labelling index on the distance z into the slide can be analyzed much
more closely in sandwiches than is possible in sphe}oids because the viable
borders in sandwiches are ten times larger than the viable rims in spheroids
and one does not need to section the sample to view the labelling index. Due to
this extra sensitivity it makes sense to see how well our data fits the hypothesis
that cells stop cycling due to low oxygen. There is indeed evidence that cells
become quiescent when exposed to low oxygen (hypoxia blocks in G,; see Koch
et al. 1973 and also Loffler et al. 1978). Olivotto & Paoletti (1981) found that

certain quiescent tumour cells could not be brought back into cycle unless
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oxygen was available. With this in mind let us return to our basic oxygen model
and assume that at a given =z :t.he labelling index is éimply proporticnal to
J (z)—~f:, the amount by which the oxygen concentration exceeds t_hev critical
value for necrosis. Then the labelling inflex should depend quadratically on z;
the curvature (i.e. the coefficient C o; the term %Cz?) should be inversely pro-
portional to the gap width (éompare Eq. 1_). In Fig. 7 we have given least square
quadratic fits under the constraint that the slope go to zero at an appropriate
point near the necrotic center. Tir:e corresponciing values of C'. namely 4.7 for
Zy=60um, 3.0 for Z;=180um and 0.79 for Z; =290um indeed decrease as the gap
height increases. The lack of a direct propc;.rtionality to 1) Zy may be due to the
fact that vlabelling is not precisely proportional:: to the oxygen excess or may be
an artifact reflecting the marked.sensitivity o:t; our fit to the exact choice of
constraints. Because the borders are so wide it.~shod1d be comparatively easy to

supplement the data in Fig. 7 and investigate this question more closely.

Visually, the middle region o.f the séndwiches (b\etween X, and X, ) contains cells
showing an altered morphology. This' phenomenon of "visible stress” and that 6f
cell quiescence are presumably closely felated. though by no means identical.
Thus we should also try checking the hypothesis the;f. cells become visibly
stressed due to low oxygen. More speciﬁcally, suppose that cells show this
altered morphology wherever the oxygen concentration falls below a certain
value fs, possibly after a time lag f;, aﬁd that the consumption by cells in the
middle region is negligible compared to consumption by cells in the outside
region. Then we can use Eq. 2 to evaluate the behavoir of X; by replacing f,
and X, with f; and X; respectively. This gives InX;(t)=-%In(@N)+K where K is
time-independent and @N is evaluated at £—t,." For N=Nye% ';«rith a;_-an/ 13hr
and Q constant we have InX;=-8(¢ —tt)+constdnt with g=In2/26hr. Plotting

InX; versus time in Fig. 5 we can find the empirical value of the slope §. From
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the fitting curve, which uses only the first three points to avoid any confluence
effects, we obtain g=in2/ 32hr. The argreement between éalculated and empiri-
cal slopes is reasonable and the discrepancy could be due to the fact that Q
decreases in time rather than being constant. Thus the presence of visibly
stressed cells, like that of qulescent ones, might be explainable by an oxygen

deprivation hypothesis.

Another example of the increase in quiescent cells as the sandwich ages is given
by the FACS data. This data, which gives results integrated over all the cells,
from the outer cells to the ones nearest the necrotic center, appears con-
sistent with the iabelling data. The FACS data also shows that the decrease of
cells in S is accompanied, as expected frorri spHeroid work (Allison et al. 1983;

Sutherland ef al. 1971), by an increased fraction of cells in Go/ G-

In summary, our picture of a sandwich after sétup is the following. When the
top slide is put in place, gradients of oxygen, nutrients and metabolites form.
These gradients mean 'diﬁerent local environments for cells in different regions
of the sandwich; the consequence is a spatial variation in the cell cycle ,distri-
bution. As the cells multiply the gradients become larger. Cells in the center
die, perhaps from lack of oxygen. Cells adjacent to this central ‘necrotic region
appear visibly altered, go out of cycle, and ultimately also die. The size of the
necrotic region expands and the density of cells in the viable border increases,
until a neér-steady state is reached. We see that despite the change in
geometry there are many salient features that dare similar in sandwiches and
spheroids but don’t appear in normal monolayer cultures. Such features can

be considered as consequences, direct or indirect, of diffusion gradients.
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LEGENDS

Fig. 1. Schematic of sandwich system. {(a) Top view, showing two sandwiches in a Petri dish,
with holders (cross-hatched) and spacers (solid black) at the left and right ends. Note the
axes. The shaded region in thé lower sand.wich denotes the necrotic center; the dashed line
divides the viable border into the two visibly different regions. (b) Edge view, showing the

medium-filled gap between slides and cells attached to the bottom slide.

Fig. 2. Theoretical oxygen concentration as a function of distance z into the sandwich. f, is
the concentration at the edges of the slide (e.g. at z=0). Note that the oxygen profile is flat

in the necrotic region, where there are no consuming cells.

Fig. 3. The growth curve of 9L cells. The points in the exponential region were fit by linear
regression. This plot reflects three experiments. The standard deviaticn was within the plot-

ted points.

Fig. 4. Glucose (= ) and lactic acid ( X ) concentrations for the exponential and confluent
growth of 9L cells in monolayer. When no error bar is shown the standard deviation lies

within the plotted points.

Fig. 5. Border widths X, (O ) and X, ( ®) as functions of time. The first three points for X,

were fit by linear regression.

Fig. 6. Final border width as a function of gap size. Each point represents 15 replicate sam-

ples.

Fig. 7. Labelling index versus distance into the sandwich for 60um ( O ), 180um ( + ) and
290um ( = ) gap sandwiches, all at 48 hr. Arrows indicate the start of the necrotic region for
the 80um and 180um cases. At 48 hr the 290um sandwiches show no necrotic center. The

standard deviations were within the plotted points.

Fig. B. Representative DNA histograms for (a) exponentially growing cells and {b) 60um gap

sandwiches at 39 hr. Each histogram represents a total of 10% cells. The coefficients of
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variation were less than 4%.

Table 1. Cell-cycle distributions; based on DNA content analysed by flow cytometry.
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System studied G,/G, S G,/M
Exponentially growing | 42% 45% | 13%
monolayer

Sandwich: t =225 hr | 60 30 10
Sandwich: t = 39 hr 68 24 8
Confluent monolayer 86 9 5

Table 1
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