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A TW0-01:\IE~SIONAL DIFFUSION LI:\IITED SYSTEM FOR CELL CROWTH 

Lynn Hlatky 

ABSTRACT 
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A new cell_ system, which we call the "sandwich" system, was developed to supplement multi­

cellular spheroids as tumor analogues. Sandwiches preserve many of the crucial features of 

spheroids, but have important differences that allow new experimental approaches to ques­

tions of diffusion, cell cycle effects and radiation resistance in tumors. In this thesis we dis­

cuss the method for setting up sandwiches; we characterize the system theoretically and exper­

imentally; and we report on its response to x-ray irradiation. 

In the sandwich system cells are grown in a narrow gap between two glass slides. Because of 

this sandwiching of cells, nutrients and· waste products can move into or out of the local 

environme~t of the cells only by diffusing through the narrow gap between the slides. Due to 

the competition between diffusion and consumption of the cells, self-created gradients of 

nutrients and metabolic products are set up. The result is a layer of cells which is, roughly 

speaking, like a living spheroid cross section. Sandwiches show the standard spheroid pattern . 

of a· cycling outer region, a slowly proliferating middle region and a necrotic center. Howe~er, 

sandwiches differ from spheroids in several important ways. Unlike the cells of the spheroid, 

cells in all regions of the sandwich are visible. Therefore, the relative sizes of the regions and 

their time-dependent growth can be monitored visually without the fixation and sectioning 

necessary in spheroids. In sandwiches there is no three-dimensional cell to cell contact. The 

oxygen and nutrient gradients can be "turned off" at any time without disrupting the spatial 

arrangement of the cells by removing the top slide of the assembly, and subsequently turned 

back on if desired. Removal of the top slide also provides access to all the cells, including 

those near the necrotic center. of the sandwich. The cells can then be removed for analysis 

outside the sandwich system. 
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DNA labelling studies and tlow cytometry along with visual observation were used to charac-

terize the system. Our experiments show that the observed cell necrosis, similar to that found 

in spheroids, is due to diffusion limitations. The results observed are ccmsistent with the idea 

that oxygen deprivation stops cell cycling and, when extreme and prolonged, leads to necrosis. 

The possibility that substances other than oxygen are involved is not excluded by the data. 

We also report on the x-ray irradiation of 9L sandwiches immediately following removal of 

the top slide. In this way we determine if cells near the necrotic center of a sandwich have a 

different radfation sensitivity than those near the nutrient supply apart from hypoxia con-

siderations. Our data indicates that cells near the necrotic region have an increased radioresis- · 

tance, even when they are irradiated in the presence of oxygen. This increased resistance can 

not be explained by hypoxia, three-dimensional cell contact, or even two-dimensional cell 

confluence. One explanation may be that the cells are out of replication cycle, due to nutrient 

deprivation, and therefore have more time to repair their damage before reaching some· criti-

cal event in the cell cycle. This idea of nutrient deprivation inducing a state where there is 

more time to repair was checked by irradiating nutrient depri,·ed 9L cells grown in mono­

layer. These ~ells also show an increased radiation resistance as compar~d to monolayer cells 

grown in complete medium. 

.. 

.. 

. ... 
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INTRODUCTION 

I. TUMORS 

A. Salient Features of Tumor Growth ,. 

Cells in different parts of a tumor usually have different properties owing, inter alia, to limita-

tions on the diffusion rates for nutrients and metabolic products. In poorly. vascularized 

tumors, such diffusion gradients often result in necrotic regions, in regions of hypoxic cells, in 

a reduced fraction of proliferating cells as the tumor ages and thus a progressive slowing of 

the overall growth rate, and in various other phenomena which affect the tumor's radiation 

response. 

B. Diffusion Limitations 

As early as 1942, Caspersson and Santesson suggested three possible causes for the develop-

ment of necrosis in tumors. These were lack of oxygen, lack of glucose, or the toxic effect of 

high concentrations of lactic acid. The first of these, lack of oxygen, gained popularity as the 

favored hypothesis. 

The work of Thomlinson and Gray ( 1955) supported the hypothesis that tumor necrosis 

might be a direct result of oxygen deprivation, in view of the agreement between the location 

of necrosis seen in tumor histological sections with the calculated oxygen diffusion distance, 

both being about I 50,um. 

A similar value for the oxygen diffusion length was estimated by Goldacre & Sylven ( 1962), 

who considered diffusion of a dye into the necrotic region of tumors and by Rajewsky ( 1965), 

who demonstrated that the depth of in vitro labelling of tumors with [ 3H]TdR depends on the 

oxygen tension of the medium. With the subsequent improvements in microe1ectrodes, 

regions of low· oxygen tension have been directly measured in various types of tumors (Vaupel 

et a/., 1973). 

In 1968, Tannock did an extensive study of the spatial relation of the necrotic regions in 

mouse mammary tumors to the tumor vascularization; his findings were also consistent with 
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the anoxia hypothesis. Tannock further suggested that limitations in oxygen may be what 

causes viable cells to leave the cycling population thereby reducing the growth fraction to less 

than unity. 

Several successful models of tumor growth have been proposed based on the idea that the rate 

of growth of a tumor is limited by nutrient diffusion (Burton, 1966; Greenspan, 1972). 

C. Cell Cycle Distributions 

Histological sections of labelled tumors examined autoradiographly exhibit varying regions of 

high and low labelling. Using [ 3H]TdR to label the tumors in vivo, a clear relationship has 

. been found bet~een the labelling index and the proximity of cells to a blood vessel. The label­

ling _index drops with distance from the blood vessel. For the case of mouse mammary 

tumors, cells in contact with the vessel had a labelling index of -74%, while those farthest 

from .. the vessel exhibited a labelling index of only 30% (Tanilock, 1968). Oxygen deprivation 

has . been suggested as a po_ssible cause for this drop in the labelling index. Similarly, for tis­

sue specimens labelled in vitro the labelling index has been correlated with the oxygen tension 

(Fabrikant, Wisseman & Vitak, 1969; Rajewsky, 1965). 

As cells located at too great a distance from the blood vessel leave the cycling popuiation they 

accumulate in the G 1 stage of the cell cycle (Harris, Meyskens & Patt, 1970). The increasing 

proportion of cells in the G 1 state means a decreasing tumor growth fraction. This loss of 

cells from the proliferating pool is a major reason for the slow-down in the growth rate 

observed in tumors (Steel, 1 977). An increase in the cell cycle time of the cycling cells would 

also slow down the tumor growth rate, but such an increase seems to be the exception rather 

than the rule for solid tumors (Tannock, 1968; Frindel, Malaise, Alpen & Tubiana, 1967). 

A certain amount of cell migration in tumors has been observed by following cells labelled 

with a single injection of [ 3H]TdR as they moved from regions of contact with the blood 

vessel to those regions furthest from the vessel (Tannock, 1968). 

D. IUdiation Response 
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There are two points of particular interest to us concerning the radiation response of tumors. 

The first is that tumors are more radioresistant if irradiated in vivo than if irradiated in as 

single cells in vitro (Steel, 1977; Rockwell & Kallman, 1973; Dawson et a/., 1973; Hill et a/., 

'" 1979; Wallen et a/., 1980). This phenomenon is consistant with the so called "contact effect" 

for spheroids (Durand & Sutherland, 1972), whereby growth of cells in three-dimensional con-
... 

tact confers an extra radioresistance. Once the tumor is dissociated into single cells the cells 

soon lose this capacity for extra resistance. The second point is that many tumors contain 

radiobiologically hypoxic cells (Rockwell & Kallman 1973). Hypoxic cells are found in 

regions too far from the vascularization to get an adequate oxygen supply. These cells are 

often adjacent to necrotic regions. The presence of hypoxic cells in tumors limits the 

effectiveness of radiotherapy. This limitation is due to the reoxygenation and subsequent 

regrowth of the tumor from the core of hypoxic cells that were preferentially resistant to the 

radiation due to their anoxic state. 

II. SPHEROIDS 

A. An In-Vitro Tumor Model 

Spheroids are spherically shaped non-clonal aggregates of cells grown in suspension culture 

(Yuhas, 1977). The spheroid system was developed by Sutherland, McCredie & Inch ( 1971) 

as an in vitro tumor model. In many ways spheroid growth mimics tumor growth, and 

spheroids have a histological pattern very similar to that of the poorly vascularized tumors . 

mentioned earlier. Like tumors, spheroids are subject to three-dimensional cell-to-cell contact 

and to diffusion limitations. Due to some combination of these factors, spheroids develop 

features similar to those of poorly vascularized tumors. When intermediate in size they begin 

to exhibit dynamic properties such as: a progressive slowing of the growth rate (Durand, 

1976), and a decreasing growth fraction accompanied by a shifting of interior cells into a G 1 

state. Upon reaching a critical size spheroids develop a necrotic center. Like tumors, many 

spheroids show a radiation resistant tail on survival curves, and an overall resistance when 

irradiated in the associated rather than the dissociated state. Recently spheroids of mixed cell 
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types have also shown a degree of differentiation. 

B. Diffusion 

In spheroidS the geometry is simpler than in tumors and the external environment is contrail-

able; thus a more detailed check of the oxygen diffusion hypothesis became possible. By the 

examination of cross sections of fixed spheroids good evidence was found to support the idea 

that oxygen deprivation plays a major role in the onset of necrosis in spheroids (Carlsson 

1979; Franko & Sutherland 1979a). But some of this same work suggests that in addition to 

oxygen some other factor (nutrient or toxin) may be important. It is also of interest to note 

that the literature (Koch et a/.; 1973; Balin et_a/., 1976; Born et a/., 1976; Franko & Suther­

land, 1978). is ambiguous wheQ_.it tomes to the question, can hYJ,oxia alone cause massive 
- .':-

cell necrosis? 

More recently work has been done to see what role glucose deprivation plays in the onset of 

necrosis (Mueller-Klieser eta/., 1983). An attempt to model the glucose distribution of the 9L 

spheroid, with respect to the viable and necrotic zones, was published by 'Li in 1982. 

C. Cell Kinetics 

Tpe cell cycle distribution of spheroids closely resembles that of the poorly vascularized 

tumors we discussed earlier. Small spheroids exhibit a different cell cycle distribution than do 

large spheroids. In small spheroids most of the cells are cycling, resulting in nearly exponen-

tial growth. As the size of the spheroid increases more and more cells leave the cycling popu-

lation thereby reducing the growth fraction. This reduction in the growth fraction is a major 

determinant in slowing down the spheroid growth rate (Durand, 1976; Yuhas & Li, 1978), 

just as was seen for the case of tumors. When the spheroid reaches a large size there are 

essentially three populations of cells: a population of actively cycling cells which is found 

close to the nutrient source~ a population composed of primarily noncycling cells which is 

further from the nutrient source; and a population of necrotic cells furthest from the source of 

nutrients. The cells in this second, noncycling, population are mostly in the G 1 stage of the 

cell cycle (Allison et ai., 1983). A cross section taken from a large labelled spheroid reveals 
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these populations (Durand, 1976). 

D. Radiation Response 

There are several features of the radiation response of spheroids that are characteristic of 

most spheroid systems, although it has been shown (Durand, 1980) that details of the radia-

. ., tion response vary depending on the cell line and the actual growth conditions. Spheroids of 

many cell lines show a radioresistant tail on their survival curves (Sutherland & Durand, 

1976; Franko & Sutherland, 1979b; Dettinger & Hulser, 1981). This is presumably due to the 

region of hypoxic cells surrounding the central necrotic core. Sutherland & Durand ( 1973) 

made the first estimate of the proportion of hypoxic cells in a spheroid on· the basis of this 

radiation resistant tail. Attempts have also been made to isolate cells from different regions of 

the spheroid in order to check the regional radiation response with individual cells rather 

than trying to infer it from survival curves done on "whole" spheroids. One method used for 

separating cells in spheroids is that of sequential trypsinization (Freyer & Sutherland, 1980; 

Giesbrecht, Wilson & Hill, 1981). More recently the method of fluorescence-activated cell 

sorting. which utilizes the diffusion gradients of spheroids, has been used (Durand, 1982). 

Durand's data ( 1983) suggests that, when hypoxia considerations are eliminated, the inner 

spheroid cells are slightly more sensitive to radiation than the outer cells. 

Apart from the radioresistant hypoxic cells found in spheroids, most cell lines grown as 

spheroids show an increased radioresistance over cells of the same cell line grown in mono-

layer. This resistance is primarily seen in the shoulder region of the survival curve (Durand & 

Sutherland, 1973), but for some cell lines (e.g. 9L) the slope is modified without significant 

change in the extrapolation number (Rodriguez & Alpen, 1981 ). The effect is analogous to 

the increased resistance seen for solid tumors when irradiated in the associated rather than 

· dissociated state. The hypothesis was put forth (Durand & Sutherland, 1972) that the 

increased radioresistance may stem from the three-dimensional intercellular contact during 

spheroid growth. Populations of cells grown as spheroids, but irradiated after spheroid disso-

ciation show that this elevated resistance decays with time after dissociation. Although many 
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investigators have confirmed the existence of the so called "contact effect", no explanation of 

this phenomenon has yet emerged (Olive & Durand, 1985; Dertinger, Hinz & Jacobs, 1982; 

Rasey, 1983). 

Ill. SANDWICHES 

This thesis describes a new, two-dimensional, diffusion limited system for cell growth, which 

we have come to call the "sandwich" system. Sandwiches were developed to supplement .. 

spheroids as models for tumor growth. Sandwiches preserve many of the crucial features of 

spheroids, but have important differences that allow new experimental approaches to ques-

tions of diffusion, cell cycle effects and radiation resistance in tumors. 

The sandwich system is, roughly speaking, a living cross section of a spheroid in which all the 

cells are visible. Sandwiches show the standard spheroid pattern of.a cycling outer region, a 
."-.. 

slowly proliferating middle region and a necrotic center .. The relative sizes of these ·regions 

and their time-depen_dent growth can be monitored visually with~~t ,the fixation and section-

ing necessary in spheroids. The geometry is such that the width of these regions in the 

sandwich is greatly enlarged compared to those in spheroids. This enlargement proves useful 

in many cases, for example when looking at the gradient of labelled cells. 

Another difference from spheroids, beside the visibility and amplification of the three regions, 

is that one has access to the cells in all regions of the sandwich. One advantage of this access 

is that the radiation response of cells in the different individual regions of the sandwich can 

be studied in a clean and easy way. That is, one can irradiate the whole sandwich and then 

separate out the subpopulations for individual plating. Exploiting this advantage of the 

sandwich system, x-ray studies were performed to determine if cells near the necrotic center 

of a sandwich have a different radiation sensitivity than those near the nutrient supply. Our 

data suggests that cells near the necrotic region have an increased radioresistance, even apart 

from considerations of hypoxia. This is possibly explained by the fact that these cells are out 

of cycle and therefore may have more time to repair their damage before reaching some criti-

cal event in the cell cycle. 
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In the sandwiches diffusion processes are in effect one dimensional. We can therefore use the 

diffusion equation in one dimension with an appropriate consumption 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 lim­

itations 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 consumption or production of this substance 

by the cells. Our results are consistent with oxygen being this substance, although they do not 

exclude the possibility of other substances or of cooperative effects. 

_As was se~ti in the case of tumors and spheroids, labelling studies on sandwiches indicate that 

_cells awayfrom the nutrient source progressively go out of cycle. Flow cytometry indicates 

that these cells pile up in the G 1 state. 

This thesis characterizes the sandwich, system and points .out how aspects of its growth paral­

lel those of spheroids and tumors. we also point out the ways in which sandwiches differ 

from spheroids. These differences offer possibilities for new approaches to old questions of 

tumor growth and tumor response to radiation and chemicals. With further experiments it 

may be possible to make the sandwich system yield a large amount of information about 

diffusion, consumption, the radiation response of hypoxic cells, and the actions of various 

substances in circumstances similar to those in a three-dimensional vascularized tumor sys­

tem. Indeed the sandwich system should be applicable in many other situations where 

diffusion is the critical factor. 

,_ 
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MATERIALS AND METHODS 

I. CELL CULTURE 

9L cells from a rat gliosarcoma were used for all experiments. The 9L cell line originated 

from an N-nitrosomethylurea induced tumor in a CD Fisher rat. The tumor was then 

developed as an in vivo-in vitro tumor model. One characteristic of this cell line is that the 

variation of radiosensitivity with age is anomalously flat, apart from the sensitive periods of 

G 2 and mitosis (Kimler & Henderson, 1982; Keng & Wheeler, 1980). Our laboratory 

obtained the initial stock culture from D. Deen (Brain Tumor Research Center, Univ. of Cali­

fornia School of Medicine, San Francisco, Ca). 

All cultures were grown in Eagles MEM with Earle's salts (Gibco), supplemented with glutam­

ine, 11% newborn calf serum (Gibco), and 4% fetal calf serum (Irvine Scientific); bicarbonate 

buffer was added. The oxygen concentration of the air-saturated medium at 37°C was meas­

ured to be 0.28±0.04mM using an oxygen electrode (Transidyne General). Cultures were 

incubated at 37°C in a humidified atmosphere of 5% C02 in air. 

Stock mpnolayer cultures were grown in 75 cm 2 Oasks (Coming) and were passaged twice a 

week. These.stock cultures were renewed from early-passage frozen stock after .. 40 passages in 

vitro. The cells used for the radiation studies discussed in this text are from a different frozen 

stock than those used for the rest of the experiments discussed. As a consequence, the length 

of the cell cycle is different and a growth curve for each case is given in the Results section 

with the appropriate experiments. 

The glucose and lactic acid concentrations of the medium were measured spectrophotometri­

cally using enzymatic assays (Sigma). The pH was measured by standard electrometric 

methods. These same measurements were always made on the medium of monolayer or 

sandwich cultures at the time of experiments in order to characterize the medium. 

II. SANDWICH SYSTEM 

.. 

.... 
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In the sandwich system, cells are grown in a narrow gap between two glass microscope slides. 

The cells are grown in a monolayer on the bottom slide. Medium fills the narrow gap 

between the slides and separates the cells from the top slide. Because of this sandwiching of 

cells, all nutrients and waste products can move into or out of the local environment of the 

,,; cells only by diffusing through the narrow gap between the slides. Cells for both the 

sandwiches and the control monolayers were seeded at 1 x 105 cells/slide, on 1 x 3 inch, 1 mm ... 
thick autoclaved glass slides (Coming). The slides had been placed in 3.5 x 3.5 inch integrid 

\ 

petri dishes (Falcon), three slides per dish. When pipetting cells 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 37oC and 5% C02 for 24 hr. After the 24 hr incubation the slides 

were removed and placed in new dishes. Two slides per dish. were held in place using spe-

cially designed plexiglass holders and 14 ml 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, :::::8x 103cells/cm2• 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 addition of a top slide resting on 

spacers, sandwiching the cells between slides (Fig. 1 ). Spacers were of several types: glass, 

teflon or wire and ranged in vertical spacing dimension from 60 ~m to 300 ~m. This range of . 

spacer sizes proved an appropriate one for the 9L cell line. The top slides were autoclaved 

and treated with prosil-28 (PCR Research Chemicals Inc.), an organosilane nonstick surface 

coating. This facilitated easy removal of the top slide for the labelling studies and the x-ray 

studies. Spacers and prosil treated slides were tested and found to be nontoxic to our mono-

·layer 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 that. 
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Note on the Fig. I that the x direction is parallel 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 Z8 is considerably larger than the height of a single cell layer. 

Since medium fills the gap above the cells, one i:night presume that the culture would resem-
.. 

ble a monolayer culture rather than a spheroid. However, it is clear that the total transport of 

oxygen, nutrients, or metabolites in the x direction is much less than it would be if Z8 were 

as large as the height of medium above a typical monolayer. Thus, as discussed in more 

.detail below, the competition between diffusion and consumption in a sandwich is quite simi-

lar to the same competition in a spheroid. As long as the gap height is small compared to the 

thickness Xb of the viable border the main effect of having medium in the gap above the cells 

is merely to decrease the effective number of consuming cells per unit volume, which in tum 

decreases the steepness of the diffusion gradients. 

III. MEASUREMENTS OF THE VIABLE CELL BORDERS IN SANDWICHES 

Integrid Petri dishes containing sandwich cultures were placed directly on the microscope 

stage and regions of dead cells were identified visually. This visual identification technique 

for live and dead cells was verified by Trypan blue exclusion. The width of the viable border, 

Xb, was measured in situ. using a Zeiss inverted phase microscope. These measurements were 

made at least once a day in order to observe the time dependence of the border. At the time 

of measurement it was also noted whether the cells were normal looking or had an· altered 

morphology; regions of elongated cells were recorded. 

IV. THYMIDINE LABELLING INDEX (TLI) IN SANDWICHES ·, 

Sandwich cultures grown at several gap sizes, Z8 , were pulse-labelled at various times after 

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 disturbing the crucial spatial arrangement of the cells; of course the microen-

vironment of the cells changes once the glass top is removed. In this way we were able to get 

a labelling index for each region of the slide, reflecting the influence of pre-existing media 
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gradients. We used short labelling times; therefore it is unlikely that the cell cycle distribu-

tion alters during the labelling process. 

Sandwich and monolayer slide cultures were labelled using [ 3H]TdR (6. 7 Ci/mmol, New 

England Nuclear) at a concentration of 0.5$£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 the sandwich cultures without disturbing ·the cells attached to the bottom slide. 

Prewanned conditioned media containing the label was added to the dishes holding the slides. 

After preliminary studies, 15 min of 37oC 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 and dipped in Kodak NTB-3 emulsion. After four days of exposure 

the slides were: developed (Kodak D-19); fixed; and stained with hematoxylin. 

The labelling index at different x, distances, into the sandwich was obtained by division of 

the viable border into 500$otm strips ·and a thymidine labelling index (TLI) for each of these 

strips was determhted. This division of the entire viable border into 500$o&m 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 

pve 500$otm 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. 

V. FLOW CYTOMETRY MEASUREMENTS IN SANDWICHES 

In preparation for flow cytometry, cells were removed from the slides. In the case of the con-

trol monolayers, cells were trypsinized off the slides and pipetted repeatedly to achieve a sin-

gle cell suspension. In the case of the sandwich cultures the removal of the cells involved 

several steps. First, the top slide was removed. Thereupon cells and cell debris from the visu-

ally identified necrotic area floated into the medium and could be flushed off the slide. The 

cells in the viable border, including those with altered morphology, were undisturbed. These 

remaining cells were then trypsinized off and were pi petted into a single cell suspension. 
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Once the cells were in a single cell suspension, both control monolayer and sandwich cells 

were treated following the procedure of Vindelov et a/ ( 1983) in order to obtain a propidium . 
iodide stained nuclear suspension, as follows. To isolate the nuclei the unfixed cells were dig-

ested, using a 10 min treatment in trypsin plus sperminetetrahydrochloride (Sigma) in citrate 

buffer. The sperminetetrahydrochloride stabilizes the nuclei against disintegration by the 
. 

trypsin. After this 10 min treatment, trypsin inhibitor plus 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 50~m mesh. 

A ow cytometry was performed with a F ACS IV (Becton Dickinson) using the 488nm line of . 

an argon laser. 100,000 fluorescent nuclei were collected per histogram. Analysis of the his-

tograms was done using a current version of the Dean & Jett ( 1974) program. In order to 

evaluate the change in the cell cycle distribut~on due to sandwich age, sandwiches and their 

corresponding control monolayers were analyzed at several different times after setup. 

VI. X-RAY EXPERIMENTS 

A. Irradiation Procedure . 

X-ray studies were done on monolayer and 150 .u.m gap sandwich cultures using a 150 kYp 

Phillips x-ray machine, with 1 mm AI and 0.5 mm Cu filtration. Preliminary experiments 

were done both at 37"C and at o·c with no significant change in the results detected between 

the two temperature conditions. We chose to do the irradiations on ice in order to have easily 

reproducible temperature conditions, and to slow down repair during the irradiation pro-

cedure. The dosimetry was also done on ice. An NBS calibrated Victoreen condenser R-meter 

was used for the dosimetry. The monolayer flasks and petri dishes containing the sandwich 

cultures were on a rotating platform 23 em below the aperture during the irradiation. At this 

distance there was no measurable variation in the dose rate over the area of interest. The 

. dose rate was ... 1 00 rad/min as measured by the Victoreen. In the case of cells irradiated on 

glass, there was an additional dose from the glass backscatter, the increase was dose 

' .. 
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multiplying and was estimated to be 50% using cell survival as a biological dosimeter. See 

Fig. 2. 

When irradiating on ice, the cells were placed on the ice 5 min prior to irradiation and kept 

on ice until trypsinization. 

Monolayer cultures, both those on glass and plastic, were trypsinized and plated in the stan-

dard way following the irradiation. The sandwich cultures were treated in a manner described 

below, in accordance with the procedure of the particular experiment. 

No feeder cells were used in any of the x-ray experiments. For each dose two to three dilu-

tions were seeded, four replicate flasks per dilution. The flasks were incubated at J7•c for at 
. : . .·· 

least ll. days. They were then stained with methylene blu~. air dried and 'c()~~ted. The cri­

terion for a viable colony was 50 cells. 

B. Measuring the Radiosensitivity of Interior Versus Exterior Border Cells 

In order to examine the radiation sensitivity of sandwich cells ap:::rt from any hypoxia con-

siderations, the top slide was removed just prior to the irradiation., As a result all the cells . 

:were oxygenated at the time of irradiation. We looked for differences between the radiation 

sensitivity of cells in the outer half (by width) of the sandwi~h border and cells in the inner 

half. The sensitivity of the entire border population was also measured for comparison. 

Cultures were irradiated on ice. The top slide was removed at the same time the petri dish 

containing the culture was put on ice, i.e. 5 min prior to irradiation. After irradiation, the 

medium was drawn off and the slides were rinsed with fresh medium in order to flush the 

slides of dead cells and debris. 

At this point, if we were interested in the whole border population rather than separating the 

border into an exterior half and an interior half, the procedure was as follows: rinse with 

EBSS-EDTA (Earle's Basic Saline Solution w/o ca• and Jfg• (Gibco) with .002 gil EDTA 

added); trypsinize cells off the slide: pipette into a single cell suspension: and plate. If we 

wished to look separately at the cells from the exterior half of the border and those from the 



interior half, we followed the procedure outlined in Fig. 3. Two replicate sandwiches were 

used for each dose point, one for the exterior and one for the interior border cells. The cells 

from that half of the viable border that was not to be collected were scraped off with a spatula 

and allowed to float into the medium. ·This separation was done under the dissecting micr~ 

scope, and the width of the portion being scraped off was measured using the graticule in the 

microscope ocular. The medium with the floating cells was then drawn off and the slide 

rinsed with EBSS-EDT A. The only cells remaining on the slide were those in the region of 

interest. These cells were trypsinized off the slide, pipetted into a single cell suspension and 

plated. 

C. X-Ray Experiments on Unfed Monolayen 

The x-ray survival of monolayer cultures, whose medium was never replenished, was followed 

for ten days. This was done as follows. A large number Of monolayer cultures were set up at 

1 x 105 cells per 25~m 2 flask (Falcon), with 5ml of colt1plete medium. Each day, for a period 

of 10 days in all, a subset of these monolayer cultur~s was x-rayed. The medium in the flasks 

was not changed or supplemented prior to the irradiation. The cell number, and the glucose 

and lactic acid concentration of the medium, were monitored daily. Flow cytometry was also 

performed on these cultures to follow the progression of cells as the population shifted from a 

cycling to a noncycling one, due to nutritional deprivation. In addition, a parallel set of stu­

dies on unfed monolayers grown on glass slides were also conducted. For these experiments, 

the cells were set up in the same manner as the sandwich cultures described above but never 

covered with a top slide. 
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THEORY 

This section discusses some of the theoretical calculations needed to interpret our results. It 

includes several calculations of diffusion relevant to the sandwich system, including the ques-

tion of local depletion of the medium at the edge of sandwiches. Convection in sandwiches is 

also considered . 

I. DIFFUSION IN SANDWICHES 

It is believed that necrosis in spheroids results from diffusion limitations on some key sub-

stance. The substance most often considered is oxygen. Various mathematical models have 

been used to describe diffusion limitations in spheroids (Burton 1966; Greenspan 1972; 
. . ~- .· 

Franko & Sutherland 1979a). We shall need sandwich analogues of such models. A basic 

model of this kind and then some variations will now be presented . 

. All models that we have compared to the data involve some form of'the diffusion equation 

Here f is the concentration of the key substance. D is the diffusion constant, n is the 

number of cells per unit volume, and Q is a consumption rate, which could depend on f. 

We first discuss the simplest model of this kind, which will be called the "ba51c 'moder. 

A. An Oxygen Limited Model 

In the basic model the key substance is taken to be oxygen; thus D =2x w- 5cm2/sec ~ There 

are now four time scales to be considered. The first is the "gap diffusion time· Tg , i.e. the 

time required for oxygen to diffuse vertically from the top of the gap through the medium 

down to the cells. Tg = Z/ I D. For a gap width Zg =60~m this gives Tg==2 sec. Next is the 

"border diffusion time· Tb =X, 2 I D required for oxygen to diffuse horizontally from the out-

side to the necrotic region. For X, =2x 103~m this gives T,== 1h hr (we give times appropriate 

for a 60 ~m gap width). Third is the "consumption time· T, during which the cells consume 

a significant fraction of the oxygen in their own immediate vicinity, T, = f /Qn. For example, 

if f=0.28mM, Q=I0- 13moUcell-hr, n:ol07/cm3 we get T,==l/4 hr. Note that T, and T, 
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being of the same order of magnitude is consistent with having a measurable oxygen gradient. 

Finally there is the time for Qn to double due to cell growth and similar processes; we may 

take th.is to be approximately the doubling time of our cells Td:::::l3hr. 

We now can list a number of assumptions for the basic model. We assume the term involv-

ing time derivatives in the diffusion equation above is negligible compared to the term involv-

ing space derivatives. Of course a[ ;at cannot be strictly zero. However in our experiments 

Td 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 a[ ;at =0 is appropriate. 

In the basic.model n is taken independent of x andy in the region where n is non-zero. We 

further take Q to be spatially constant. This assumption is made even for those cells which 

are viable but, presumably due to low oxygen in their immediate neighborhood, are not 

cycling. Also f is independent of y; this merely refers to the directly observed absence of 

significant edge effects (the very ends of the slides were excluded when making measure-

ments). Furthermore, we assume that cells die whenever the oxygen concentration drops to a 

critical value fc; interaction terms due, for example, to cooperation between low oxygen and 

high lactic acid or other substances are neglected in the basic model. 

Finally, one needs an assumption about the z dependence of the oxygen concentration. In 

subsection C below we shall see that if the oxygen concentration in the medium directly 

above the cells is different from the oxygen concentration in the volume where cells are 

present the difference can be neglected provided diffusion from the top of the gap to the cells 

below is very rapid. Specifically one needs Tg « Tb and Tg « Tc. In our case these inequali­

ties hold. Therefore we can assume f to be independent of z and, as the model of subsection 

C below shows, we may replace n by N /Zg , 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(x) of x alone and one must merely solve the ordi-

nary differential equation !" = k where the constant k is ( QN I DZg) for O<x <Xb and is zero 
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otherwise. The boundary conditions are the following: at x =Xb, f'=O; at x =0, f has the 

ambient value fa =0.28±0.04mM. 

The solution for f thus has the form ( 

(1) 

in the region O<x<Xb and/ is constant in the region where the cells are dead (Fig. 4). Solv-

ing Eq. 1 for Xb we get 

(2) 

The basic model just described is the one we use to interpret our data. For e;~tample we shall 

vary Z8 to check the proportionality of Xb and Z8 '
12

• For completeness, later sub,sections 

describe how the model is changed when some of its assumptions are modified . 

. B. Variable Consumption or Density 

Suppose, to be more realistic, that the cell growth rate and/or oxygen consumption rate is not 

spatially constant, but depends on the local environment. Then a modification of the basic 

model arises in which the term Qn becomes a function of x. We remark that, while Eqs. (1) 

and (2) then no longer hold, the proportionality of Xb and Z8 'It is valid under rather general 

assumptions. In fact, suppose that,. as discussed above, the time derivative term in the 

diffusion equation is negligible Cadiabatic steady-state· assumption). Suppose further that x 

does not appear explicitly in any of our governing equations and d I dx appears nowhere 

except in the diffusion equation.Ciocal environment· assumption). Finally, suppose ("initial 

homogeneity· assumption) that the initial density N at t =0 can be regarded as independent of 

x, i.e. that we can neglect the effects due to a finite x dimension of the slide and are careful 

to seed uniformly. Then one can rescale via x -xI Z8 'lz and all the governing equations of 

the system remain invariant. Thus the solution will remain invariant, and this implies Xb 

proportional to Z8 ~~z. Roughly speaking, if the scaling does leave the equations invariant, cells 

at a "corresponding place· will always have the same environment, and thus all cells will have 

the same history. 



C. Local Depletions 

In the case of spheroids it has been shown that there can be substantial oxygen depletion in 

the microenvironment surrounding spheroids. It is therefore necessary to examine the local 

oxygen depletion of the medium just outside the sandwich. Specifically, we shall show that 

for typical values of the parameters, the oxygen concentration at the edge of the sandwich (i.e. 

at x =0) is at least 90% of the value Ia =0.28mM it has at the medium-air interface. Fig. 5 

shows the relevant geometry; the arrows indicate the direction of the oxygen flux F (units: 

moles cm· 2sec- 1) caused by the oxygen gradients: In a steady state the flow of oxygen 

through the surface x =0 balances the consumption in the sandwich. Therefore at x =0 we 

have QNIXb =FIZg.=(Dal lax)IZg, where I is a dimension in the y direction. Thus 

a1 I ax Jx .o = QN Xb I DZg. Now on the outside of the sandwich we can assume as an approXi-

mation that the flux is radially inward in the region outside the smallest semicircle (of radius 

Z1 12) shown. For steady state we then have 

(3) 

where 'Y is determined by a1 larJz,12=QNXbiD1rZg. Let R be the average distance from the 

entrance x =0, z =Zgl2 of the sandwich to the medium-air interface. Integrating Eq. 3 gives 

for the decrease~~ in 1: tJ.I='Y ln(2RIZg). Assume, as will be shown to be consistent in a 

moment, that to zeroth order we can use Eq. 2 with lc negligible compared to Ia. We now 

get 

(4) 

Here R is about 0.25cm and, since the dependence on R is logarithmic, it need not be 

specified too precisely. For Zg =60"'m and Xb the corresponding observed value of about 

IJOO"'m Eq. 4 gives ~111==0.065. Similarly for Zg=l50, Xb=2000"'m we get .liii==0.08. 

Thus at x =0 I is within 10% of fa and our use of Eq. 2 to zeroth order was valid; the fact 

that lc «Ia will be discussed in detail later in the thesis. Thus our estimates are self con-

sistent and give at most a I 0% correction for local depletions just outside the sandwich. 

.. .. 
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A check on the above calculation is given by the following argument. In the region outside 

the sandwich the concentration f obeys Laplace's equation. We can introduce elliptical coor-

dinates (J~., 8) centered at x =0, z =Zgl2 in the (x ,z )plane (Morse and Feshbach 1953). Then 

the line JI.=O in this plane (a ·degenerate ellipse" ) can be identified with the line x =0 at the 

entrance to the sandwich. By separating Laplace's equation in elliptical coordinates one can 

find a solution for f appropriate to our situation, approximating the air-medium interface as 

an ellipse. The answer for il/ If comes out the same as in Eq. 4 except that In 2R I Zg is 

replaced by ln4RIZg (Morse and Feshbach 1953); because the change is merely in the loga-

rithmic factor our above estimates are not affected significantly. 

It would probably be fairly easy to measure the value and the Zg dependence of ~! in Eq. 4 

using oxygen probes. This has not yet been done but should eventually provide a further 

check on the overall model. 

A similar calculation applied to the z gradient of oxygen within the sandwich gives a gradient 

aj I az:==NQ I D and thus a change in f from the top of. the sandwich to the bottom of 

~! ==2/a Zi I Xl This change is negligible except perhaps for the region just next to the 

necrotic region. Vertical gradients are analyzed from a different point of view in the next 

subsection. 

D. Vertical Ditfusioa 

To show that vertical diffusion (i.e. diffusion in the z direction) can actually be treated as 

instantaneous, as was done in subsection A above, we shall analyze a generalization of the 

basic model where the concentration does depend on z and show that this z dependence does 

not affect the results in a crucial way. 

Suppose that for Osz sz" where Z 1 represents the height of the cell layer, we have one con-

centration of oxygen, / 1(x), and that for Z 1 ~z~Zg=Z 1 +Z2 we have another, /~(x) (see Fig. 

6). Each one of the functions / 1 and / 2 obeys the diffusion equation, with an extra term that 

accounts for the flow of oxygen from the upper medium to the cells. We take the diffusion 

constant D to be the same in both regions (generalizing still further. to the case where the two 
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diffusion constants are different, is straightforward but will not be discussed here). Thus the 

equation d 2f !dx2=k of the basic model above is replaced by the two equations 

Zt dlftldx 2 +(1/H)ifr/t) =a 

Z2 d2f2!dx 2 -(l/H)ifr/1) = o. 

(5) 

(6) 

Here the constant H has the dimensions of a distance and its order of magnitude is the gap 

height Z1 . a=kZ1 so a=QN I D for x<Xb and a=O in the necrotic region x>Xb. The boun­

dary conditions are that at x = 0 both f 1 and f 2 equal fa, that necrosis occurs at x =Xb when 

f 1 = fc and that both f 1 and f 2 remain bounded as x approaches oo. 

Eqs. 5 and 6 can be solved exactly by taking appropriate linear combinations. Adding the 

equations we find u"=a where u is defined by 

(7) 

Solvi"ng this differential equation for u with the appropriate boundary conditions gives in the 

region xSXb 

u = (a/2)(x 2-2xXb) +Z1fa· 

Now define ~=!2-/ 1 • Combining Eqs. 5 and 6 gives 

~"-~~:2.il = -a/Z 1 

(8) 

(9) 

where" is defined by ~~: 2 =(l/H)[(l/Z 1 )+(l/Z2)]. Since .il(0)=0 the solution to Eq. 9 has the 

form ~ = (a/ ~~: 2 Z 1 )(1 - cosha + A sinha) in the region x <Xb; here A is an integration con­

stant. For x>Xb, a=O and only the decaying solution proportional to e-u is allowed. Insist­

ing that the solutions and their derivatives match at x =Xb gives A and the form we shall 

need for ~. namely 

( 1 0) 

Combining the definition of ol with Eqs. 7, 8 and 10 now gives 

/1 = (k/2)(x 2-2'(Xb) +fa - (Z2k/Z 1 ~~: 1)(1-e-u -e-.x~sinh~~:x). (11) 
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Now the fact that / 1 = fc at x =Xb gives us a transcendental equation for Xb, r.1amely 

( 12) 

Using H==Z1 and the numerical values quoted in our discussion of the basic model we find 

":Xb >> 1 and HZ 2
2 I Z1 <<Xb 2• Thus Eq. 12 simplifies to fa- fc =kXb 2/2, which is equivalent to 

Eq. 2. Similarly, the function / 1(x) in Eq. 11 does not differ significantly from f(x) for the 

basic model. Thus taking into account vertical diffusion gradients changes the basic model 

only via small correction terms. 

E. Substances Other Than Oxygen 

There is some evidence (Carlsson, 1979; Franko & Sutherland 1979a; Mueller-Klieser & Suth-

erland, 1981) that oxygen is not the only substance controlling necrosis in spheroids. We now 

consider modifications of the basic model in which one other substance plays a critical role, 

either alone or in combination with oxygen. 

Any other substance by itself, whether it is a nutrient like glucose or a toxic metabolite can be 

substituted for oxygen in the basic model by simple modifications. For the case of a nutrient 

we need merely make the following changes: (a) use the appropriate diffusion constant D; (b) 

use the correct consumption rate Q; (c) replace Ia above by the nutrient concentration in the 

medium outside the sandwich at any one time (we assume this concentration varies slowly 

compared to the border diffusion rate Tb and consumption rate T,); (d) and, finally, replace 

f, above by the appropriate critical concentration. For example in the case of glucose we find 

with D =6x 10·6cm 2 /sec, Q =6x 10-tJ moVcell-hr, N /Z1 = 107/ml, fa-6x 10·6 moVml and 

!c-o that xb = 2000~m. 

A single toxic metabolite is hardly more difficult to handle. The main difference is that the 

consumption rate Q in the diffusion equation and in Eq. 2 is negative, and k in Eq. 1 is 

correspondingly negative. Eq. 2 still holds, with the ambient concentration fa now smaller 

than the critical toxic concentration fc. Because Eqs. 1 and 2 still hold there are many calcu-

lations and heuristic arguments where we can substitute "excess· (of a toxin) for "lack" (of a 



nutrient) without changing anything essential except for a sign. 

One can also consider a situation where there are two critical nutrients, e.g. oxygen and glu-

cose, with cell death resulting if either drops below its own critical concentration. Assuming 

our adiabatic steady state hypothesis such models give nothing new at any one instant: instan-

taneously, one of the two nutrients is the critical one. The only novel feature of such models 

is that in general there may be a specific time at which the formerly critical nutrient becomes 

non-critical and vice-versa. This slight gain in generality is paid for by an increase in adju-

stable parameters which the experiments are presently too limited to determine. 

II. CONVECTION IN SANDWICHES 

To estimate whether convection plays an imponant role in sandwiches we make two order of 

magnitude calculations. First, if, within the incubator, the sandwich is slightly tilted and 

there are some temperature gradients there may be a steady convection current. Our esti-

mates indicate that in order to get a significant effect one needs a tilt and/or temperature gra-

dient much larger than normally occurs. Second, we esti.nate how much the medium between 

slides moves when a sandwich is handled. We shall see that, even if the handling is quite 

careful, normal hand motions set up enough convection to move the medium between the 

slides distances of the order of the width of the viable rim. 

In the first estimate, we assume there is a temperature difference ~T between two opposite 

edges of the sandwich slides, accompanied by a height difference H (Fig. 7). We check 

whether currents are set up which move at speeds comparable in order of magnitude with the 

diffusion rates. 
--

For a fluid with coefficient of viscosity 11 between glass plates a distance Zg apart the average 

speed v of viscous flow for a pressure difference jJ' in distance L is of order 

( 13) 

If jJ' corresponds to a temperature difference ilT accompanied by a height difference H for a 

fluid with a thermal coefficient of expansion /3, we have jJ'=.lpgH ilT={JpgH ilT. The 
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~ondition that convection effects be small compared to diffusion effects is v«XhiT~t=D!X~t. 

i.e. (Zg l1X/t <<4.,DL 1 pgH !3~T. The values for water are tj=2 x I0- 4K- 1, p= I gem -3, g =I 03 

em sec -1• 11= 10-4 dyne em -l sec , D =2 x w-s em 2 sec -I. Fora tilt of 2" or less, UH is at 

least 30. Finally, temperature differences of more than I o-2
o K at distances L ::::2.5 em apart 

in the incubator would not be sustained. Substituting even these extreme values gives as our 

criterion z,ZXb«6xlo-s cm 3• The inequality holds for typical values Zg=I0- 2cm, 

Xb = 10- 1cm. Thus for less extreme values of H and/or ilT, convection while the slide is 

within the incubator is negligible. 

On the other hand, suppose the slide is subjected to an acceleration a(t) due to being moved 

by hand. To accelerate the medium and cells between the slide we require a viscous force 

corresponding to. the pressure difference in Eq. (13), i.e. F=4v.,Loy/Zg=ma=pZgLoya. 

where v is the average velocity of the medium with respect to the slide. This gives 

v=pZg2a!4rt. Integrating both sides gives ox=pZlV!4rt==V/4 where ox is the displacement of 

medium relative to the slide and V is the final velocity of the slide relative to the lab. Even 

for quite slow velocities V::::l em sec- 1 we get ox==l/4 em =2500#m. After handling, dis-

placements of this order of magnitude are sometimes observed in sandwiches of large gap 

size, - 300pm, for the loose debris of the necrotic region. After such a displacement it takes a 

time of order T,::::l/4 hour before the medium returns to its normal state. Thus, handling of 

the sandwiches disturbs the medium gradients in a significant way and this should be recog-

nized and minimized when designing experiments the results of which would depend critically 

on the details of these gradients. None of the experimental results discussed here would be so . 

affected, and the convection acts in a way analogous to slowing down the gradient formation . 
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RESULTS 

I. DOUBLING TIME AND OXYGEN CONSUMPTION IN MONOLA YERS 

To interpret our sandwich results some background data on monolayers is needed, specifically 

the doubling time and the oxygen consumption. No difference was found for the doubling 

time, Td, 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 Td of 

13.1 hr was observed over the range of exponential growth (Fig. 8) for the 9L subculture used 

in all studies except the -radiation studies. The cells used for the radiation studies are from a 

different frozen stock a~d the Td for these cells is 16 hr (Fig. 17). The glucose consumption 

per cell, ~G, and lactic ·acid production per cell, ~u over this range were computed from the 

cell number measurements_ and concentration measurements Figs. 8 and 9. The average 

values were ~G=6.2±1 xi0- 13 moVcell-hr, in agreement with li's (1982) value for the same 

cell line, and ~L-. = 1.0±0.2 x 10" 12 moVcell-hr. Similar values can also be obtained from t'Je 

data of Fig. 17. The oxygen consumption rate Q over this range was calculated assuming that 

all glucose not appearing 'as lactic acid goes completely through oxidative phosphorylation, i.e. 

Q =6(>-G - 1/z~L .. ). w~ -fdund Q = 7.2±1 x to- 13moles/cell-hr. 

II. THE TIME AND GAP DEPENDENCE OF THE \'lABLE BORDER 

As in spheroids, the sandwiches developed three distinct regions: a normal-looking (and 

shown to be cycling) outer region, a morphologically altered (and almost non-proliferating) 

middle region, and a necrotic center; the first two regions constitute the viable border. We 

visually studied the time development of this pattern including changes in cell density and the 

onset and growth of the necrotic region. We also measured the size Xb of the viable border. 

Sandwiches of different gap sizes all showed qualitative similarities, provided we kept the gap 

size within the workable range for our cell line. 

After setup all cells go through one to several doublings (the number depending on gap size). 

Then a central necrotic region appears abruptly and a sharp demarcation between live and 

.. . 
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dead ~:ells is obsened. At this time one observes a gradient in the cell density (cells/area) 

over the viable border: cells are more dense at the outer edge of the sandwich and less dense 

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 

necrotic region expands (i.e. Xb decreases; see Fig. 1 0) and the density of cells in the viable 

border increases. About 4 days after set-up the outer cells become confluent; at about this 

time a final viable border size is reached. 

Fig. 10 shows the time dependence of Xb for the case of a 75p.m gap. It also shows the time 

dependence of the distance from the outside of the slide to the start of the stressed (i.e. mid-

. die) region. We will call this distance Xs; in other words Xb - Xs is the width of the stressed 

region. The initial time dependence of Xs was fit by linear regression on a semi-log plot. This 

fit is analyzed in the discussion section. 

Cells always form a single layer on the bottom slide. The viable border width is uniform to an 

accuracy of about 10% between different slides of the same gap size and within one slide the 
. . 

border width 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 qualitative 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 p.m gap sandwiches 

the necrotic region did not appear until 50-60 hr after setup, in contrast to the 60 p.m gap 

preparations where the necrotic center appeared at 10 hr. 

Despite differences in the details, the sandwiches all approached a near-equilibrium situation 

when the cell density was about N =8.0%1.5x 104/cm2• 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 Ia is 0.28:0.04 mM, the concentration of 0 1 in the air 

saturated medium at 37"C. In our calculations we take f.- to be negligibly small. a.lthough 



some sphl!roid work (Carlsson et a/.. 1979: Franko & Sutherland, 1979a) found values 

corrl!sponding to I 0-40 mm Hg. for this quantity. Even setting fc equal to 40 mm Hg. in our 

calculations would have only a minor influence on our calculated final border sizes. The 

diffusion constant of 02, D =2x 10-scm2/sec. In choosing a value of Q, we should not naively 

use the consumption rate for exponentially growing cells since many of the cells are quiescent, 

and it has been shown for spheroids that the inner cells have a lower oxygen consumption 

rate (Carlsson era/., 1979). Freyer.et a/. ( 1984) found in spheroids that the average value of 

Q was l/4 that for exponentially growing cells. In our sandwich system we expect that, as is 

the case in spheroids, the average Q should be less than the average Q for exponentially 

growing monolayers. If we adopt the factor of 1/4, a,_nd use the consumption rate for · 

e:<ponential growth given in the earlier section describing control monolayer results, our con-
. 

sumption rate Q becomes Q = 1.8:0.2 x 1 o- 13moUcell hr. For the case of Z8 =601Lm this gives 

XI!= 1300.:tl001Lm compared to an observed value which is also 1300±1001Lm. The values for 

the three other gap sizes tested also show this close agreement between prediction and obser-

vation. This analysis remains valid even if, as suggested by some of our observations, there is 

a lag between the time the oxygen concentration reaches fc and the onset of necrosis (in gen-

eral, time lags should be easier to observe in sandwiches than in spheroids). 

The observed values of the final, near-equilibrium border widths are shown in Fig. 11. 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. If we take the 

more realistic view that Q is not constant, i.e. is not x independent in the final situation, -a 

slope of approximately 0.50 is nonetheless predicted by the theory, as discussed in subsection 

I. B of the Theory section above. 

Ill. L\BELLI~G INDEX IN SANDWICHES 

The two main qualitative results of the labelling experiments were the following: all 

sandwiches show a decrease in labelled cells as one moves inward on the slide: moreover. the 

details of this decrease depend on the sandwich gap size. One experiment is shown here to 

. .-
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~x.~mplify these findings. which extend to all our labelling experiments. Sandwiches of 60 ~m. 

180 ~m. and 290 ~m gap heights were labelled 48 hr after setup. At this time the region over 

which live cells were found varied greatly in width for sandwiches of different gap sizes. 

Those of 60 ~m and 180 ~m gaps showed viable borders approximately 30001'm and 52001'm 

respectively. The 290 I'm gap sandwiches had no necrotic region after 48 hr. live, attached 

cells were found across the whole slide. At 48 hr none of the borders had reached confluence. 

The absence of confluence enabled us to look at changes in the Tll due to media gradients 

without the complication of cells leaving cycle due to confluence. 

The cells held their place well on the slide through the entire process of autoradiography. In 

fact. after labelling, the distance to the region where no cells remained on the slide was 3000 

~m and 5000 ~m for the 60 I'm and 180 ~m gap slides respectively, in good agreement with 

the observation of viable borders. Visually, it was possible to notice a definite gradient of 

labelled cells over the entire viable region of the sandwiches. Control monolayers showed no 

such gradient. Fig. 12 shows the Tll versus distance into the sandwich. Note that at the 

outer edge, x =0, of all sandwiches the Ttl is roughly the same, corresponding to the Ttl of 

45% that was seen in control monolayers. All sandwiches show a steady decrease in the Ttl 

to essentially 0% as one moves from the outside edge of the slide to the inner necrotic region, 

that is from x =0 to x =Xb. Although 290 I'm gap sandwiches do not develop a necrotic 

region until 50-60 hr, the labelling index drops to 0% at 7000 I'm. The smallest gap shows 

the steepest gradient of labelled cells and the iargest gap has the least steep gradient. 

The curves shown are least square fits to quadratic functions, the slope of which is con-

- strained 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 ~m gap an additional phenomenon was observed. For dis-

tances x greater than 3500 ~m the average number of grains per labelled cell decreased. This 

may be due to differences in the intracellular nucleotide pools. That is. before the lid is 

removed. redistribution of nucleotides from the breakdown of cells in the central region could 
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occur; these nucleotides might be available to the salvage pathway of nearby cells, diluting the 

effect of the added [ 3H]TdR. 

IV. CELL CYCLE DISTRIBUTIONS IN SANDWICHES 

Using flow cytometry the cell cycle distributions in sandwiches are found to be between those 

for exponential and confluent mono layers, and the percentage of cells with a G 1 DNA content 

is found to increase as the sandwich ages. Similar results have been reported for spheroids 

(Allison et a/ 1983). 

At setup, slides with an exponentially growing cell population (Fig. 13a) are divided into two 

groups; the san~wiches and the controls. In time the cell cycle distribution for sandwiches 

then deviates from the exponential pattern (Fig. 13b). Analysis of this FACS data (as dis-
,. ::-. 

·cussed in the methods section) gave the results in Table 1. We also include the data for 60"m 

gap sandwiches at 22.5 hr and that for confluent cultures for purposes of comparison. The 

decrease in S observed for the sandwiches is not a confluence effect. The 39 hour sandwiches 

. exhibit no visible confluence. Moreover, at 39 hours the control monolayer5 are still in the 

exponential growth phase (Fig. 8) and exhibit an exponential cell cycle distribution when 

analyzed by flow cytometry. The fact that 24% of the cells are in S for 60"m sandwiches at 

39 hr appears consistent with the labelling indices shown in Fig. 12 for the 60"m sandwiches 

ct 48 hr. 

V. RADIOSENSITIVITY OF INTERIOR VS. EXTERIOR BORDER CELLS IN 

SANDWICHES 

When examining the radiation sensitivity of the cells in different regions of the sandwich after 

removal of the top slide, it was found that the cells near the necrotic center are more 

radioresistant than those near the nutrient source. That is, the interior border cells show an 

increased radioresistance compared to the exterior border cells. (Fig. 14), even though these 

cells are oxygenated at the time of irradiation. The onset and time dependence of this 

increased resistance was checked by irradiating sandwiches at different times after setup. as 

described in more detail below. 
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Sandwiches of different gap sizes were irradiated at various times after setup, but always after 

the necrotic center had become established. At the time of irradiation, the interior portion of 

the viable border was less dense than the exterior portion of the viable border. Following the 

irradiation the interior border cells were separated from the exterior border cells, in the 

manner described earlier (Methods section). When survival curves for the interior and exte-

rior cell populations of the viable border were examined, it was found that the radiation 

response depended on the age of the sandwich. The radiation resistance and plating efficiency 

of the two populations was similar if they were irradiated shortly after the onset of the 

necrosis. With time, the resistance of the interior cells increased and their plating efficiency 

dropped. Fig. 14 shows this increased survival of the interior border cells. At still later times, 

the plating efficiency of the exterior border cells dropped somewhat and their resistance 

increased, following the trend seen for the interior population. To check these results, the 

survival of the whole viable border population was also examined. The survival curves for 

the whole border population always fell between the survival curves of the interior and exte-

rior border populations. 

An experiment was done to determine whether the increased radioresistance seen for the inte-

rior of the sandwich could be due to the selection of a resistant subpopulation. This was done 

as follows: after irradiation and separation into the two populations in the manner described 

above, the cells were plated into flasks and allowed to grow colonies for the time normilly 

given in a radiation experiment, 11 days. The surviving colonies were then irradiated, plated, 

and'incubated for another 11 days. Colonies from this second irradiation were counted and 

the survival calculated. No increase in radiation resistance was seen for the cells that were 

derived from interior border cells as compared to those derived from exterior border cells; 

both cases now had the radioresistance and plating efficiency of an exponential monolayer. 

Therefore, it can be concluded that the original interior border cells exhibiting increased sur-

vival were not from a resistant subpopulation. 
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VI. X-RAY RESPONSE OF UNFED MONOLA YERS 

In order to see if the increased resistance observed for the interior of sandwiches was a condi­

tion brought about by nutrient deprivation, the radiation response of nutritionally deprived 

non-sandwich monolayer cells was examined. 

As described earlier (Methods section), cells were grown in monolayer for up to 10 days 

without supplementing or changing the medium. As a result, the cells became progressively 

more and more starved. Every day a batch of these monolayer flasks was irradiated. In this 

way, a series of survival curves was obtained, from survival curves for exponentially growing 

cultures through those for nutrient starved plateau cultures. 

There is little change in the surviv,al curves of the unfed cells for the first 5 days. However, at 

the 6th day the survival curves begin to shift toward the direction of increased survival. Sur­

vival for the later days, days 7-10, appears to be increased by a factor of"' 1.5 over that of days 

2-5. This can be seen in Fig. 15, which shows the average survival for the early days (2-5), 

and the average survival for the late days (7-10). Each point shown represents the average sur­

vival at that dose for the four day period under consideration. Between three and five experi­

ments were done for each of these 8 days, therefore the plotted points represent an average of 

12-20 experimental values. Two linear-quadratic fitting curves have been drawn through 

these average points. 

We see that, like cells in the interior of the sandwich, monolayer cells which were nutrionally 

deprived, days 7-10, showed an increase in cell survival when compared with their non­

starved counterpans. But, unlike cells in the interior of the sandwich, these nutritionally 

deprived monolayer cells were not in a depleted oxygen environment prior to irradiation so 

hypoxia considerations seem irrelevant to understanding this phenomenon. 

Along with the radiation resistance the plating efficiency of the unfed monolayer cells remains 

fairly constant for the first 5 days; the plating efficiency is about 58% during this period. 

Then. at about the same time one sees the beginnings of a rise in the radiation resistance of 

the cells. a drop in plating efficiency is observed (Fig. 16). The plating efficiency drops quite 
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dramatically after day 6. 

In view of the low plating efficiencies, one might wonder whether the high survival may be 

due to a radiation resistant subpopulation which also plates well. In the previous section 

(Results V} we described experiments which indicate that the increased survival seen for cells 

.. in the interior of the sandwich is not due to selection of a resistant subpopulation. That type 

of experiment was not repeated on these unfed monolayers because we were reasonably 

satisfied that the experiments on sandwich cultures also addressed the monolayer case. 

To better visualize the connection between radiation resistance and nutrient deprivation, the 

glucose and lactic acid concentrations of the medium were plotted as a function of time in 

culture for these irradiation experiments, Fig. 1 7. Also shown in the same figure are the 

number of cells per flask versus time in culture and the plating efficiency of the cells versus 

time in culture. Note that at thetime the glucose is essentially exhausted from the medium, . . 

105 hrs, the number of cells per flask levels off at ... 3 x 106 and exponential growth ceases. At 

this time the cells are visually confluent. Somewhat after this, at -140 hrs, the plating 

efficiency drops, and we know from Fig. 16 that the increased radioresistance develops at 

about this time. Aow cytometry studies show that almost all of the cells are in a G 1 state 

during the later days, days 7-10. 

In these experiments, the plateau phase of the cultures is brought on by the state of. the 

medium (e.g. by a shortage of glucose, see Fig. 17), rather than by contact inhibition. By 

changing the medium the cells can be brought back into cycle; indeed, during the early stages 

of the plateau phase, even shaking the cultures for a number of hours brought them back into 

cycle. Moreover, on day 8 many of the cells appear rounded up and by day 9 massive cell 

.. death occurs. The cells surviving at this and later times are consequently far from confluence . 

To further demonstrate that the increased survival was not a result of cell confluence we put 

medium depleted of glucose and lactic acid on low density exponentially growing cultures. 

The plating efficiency of these cultures dropped and the radiation resistance rose, as is con-

sistent with the data for the unfed monolayer cultures. 
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The error in surviving fraction for these x-ray experiments was calculated by taking the stan-

dard deviation of replicate experiments done at different times, and is represented by the 

error bars in Figs. 15 & 16. The error was also calculated by taking the standard deviation of 

9 replicate samples done in rapid succession on the same day. In this case the standard devia-

tion was found to be 13%. 

. -
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DISCUSSION 

I. CELL CYCLE KINETICS AND DIFFUSION IN SANDWICHES 

In order to better underst~nd the cell cycle distribution and the development of a necrotic 

center in poorly vascularized tumors, we developed a two-dimensional, diffusion-controlled 

system for cell .growth. The system complements the spheroid system, a three-dimensional in 

vitro tumor 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 1979a; Yuhas 1978) of 

tumors. Spheroids are thought to mimic tumors with respect to both the nutrient diffusion 

gradients and the three dimensional cellular interactions; of course, spheroids have no vascu­

larization. Phenomena that are observed in tumors and spheroids alike, but not in conven­

tional monolayer cultures, are thought attributable to either diffusion gradients, three­

dimensional contact or some combination 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. 

The sandwich system is in this respect less like a tumor than is a spheroid, but it has the 

advantage that it gives optimal information on diffusion effects in growing cell populations. 

The amplification of the viable border by a factor of ten, compared to viable rims in 

spheroids of the same cell line, points to the increase in cell kinetic information available 

from labelling studies on sandwiches. That is, since the gradients .. ~( 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. Thus one can 

check the causal relationship between diffusion and necrosis in a way not available in the 

spheroid system. We varied the sandwich gap height and observed different final border 

widths (Fig. II) for the same cell line under the same initial conditions. That necrosis is the 
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result of diffusion limitations seems clear from the 0.53 slope observed. Not only the 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 lnXb= 1hlnZ1 +A, where A is 

independent of Z1 . 

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

Ia =0.28±0.04mM, fc =0, D =2x w-5cm2/sec, N =8.0±1.5 X 104/cm2 already discussed. Using 

the best fit line in Fig. 11 to average, we get Q =2faDZ1 / NXb 2= 1.65±0.3x - 13moUcell-hr. 

Since this is indeed about (l/4) the value of Q found for exponential growth, just as in 

spheroids (Freyer et a/. 1984) the oxygen assumption is consistent. This value of Q should 

be regarded as an average for the sandwich cells; x dependent variations presumably occur, 

but are masked by the averaging process (compare I.B in the Theory section). 

Several investigators (Mueller-Kleiser et a/. 1983; Li 1982) have sugp,ested that glucose, as 

well as oxygen may be a critical factor in the onset of necrosis under certain conditions. A 

calculation similar to that just given for the case of oxygen determines the glucose consump­

tion >..G needed to account for the observed border widths if glucose alone were the limiting 

factor. ln contrast to the spheroid case we can use the glucose diffusion constant for medium, 

without considering cell packing density. We find >..G==l0- 12moUcell hr, i.e. about twice the 

value found in exponential monolayer growth for our cell line. Since glucose utilization is 

often higher at lower oxygen concentrations this may be a reasonable value. We can therefore 

not eliminate glucose deprivation as a contributory factor in the formation of necrosis, and 

we are currently doing further experiments to investigate its role. These experiments utilize 

the substitution of a plastic, oxygen permeable top slide for the glass one which is imperme­

able to oxygen. In this way oxygen gradients are eliminated and one has a method of separat­

ing glucose effects from oxygen effects. This method is not available in spheroids or in the 

tumors themselves. 

The increase observed in non-cycling cells as the sandwich ages parallels the findings of non­

cycling cells in large spheroids (Allison ec a/. 1983; Carlsson 1979; Durand 1976) and in 

• 
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poorly vascularized tumors (Tannock 1968). Moreover, as in spheroids, the cells not only go 

out of cycle in time but also in distance. There is the typical decrease of cells in S as we move 

away from the nutrient source, reaching 0% near the necrotic region. This is shown directly 

by [ 3H]TdR labelling experiments (Fig. 12). In examining Fig. 12 it is worth noting that the 

dependence of labelling index on the distance x into the slide can be analyzed much more 

closely in sandwiches than is possible in spheroids because the viable borders in sandwiches 

are ten times larger than the viable rims in spheroids and one need not· section the sample to 

estimate the labelling index. Due to this extra sensitivity it makes sense to see how well our 

da:ta 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 1; see Koch et 

~a/. 1973 and also Loffier et a/. 1978). Olivotto & Paoletti (1981) found that certain quies­

cent tumor cells could not be brought back into cycle unless oxygen was available. With this 

in mind let us returi:no our basic oxygen model and assume that at a given x the labelling 

index is simply proportional to f(x)-fc, the amount by which the oxygen concentration 

exceeds the critical value for necrosis. Then the labelling ·index should depend quadratically 

on x; the curvature (i.e. the coefficient C of the term 112Cx2) should be inversely proportional 

to the gap width (compare Eq. 1). In Fig. 12 we have given least square quadratic fits under 

the constraint that the slope go to zero at an appropriate point near the necrotic center. The 

corresponding values of C, namely 4. 7 for Zg = 601lm, 3.0 for Zg = 1801lm and 0. 79 for 

Zg =2901lm indeed decrease as the gap height increases. The lack of a direct proportionality to 

1 1 Zg may be due to the fact that labelling is not precisely proportional to the oxygen excess 

or may be an artifact reflecting the marked sensitivity of our fit to the exact choice of con­

straints. Because the borders are so wide it should be comparatively easy to supplement the 

data in Fig. 12 and investigate this question more closely. 

Visually, the middle region of the sandwiches (between Xs and Xb) contains cells showing an 

altered morphology. This phenomenon of "visible stress" and that of cell quiescence are 

presum~bly closely related, though by· no means identical. Thus we should also try checking 



the hypothesis that cells become visibly stressed due to low oxygen. More specifically, sup­

pose that cells show this altered morphology wherever the oxygen concentration falls below a 

certain value fs, possibly after a time lag t1, and 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 behavior of X.s by replacing fc and Xb with fs and Xs respectively. This 

gives lnXs(l)=:... 1!z/n(QN)+K where K is time-independent and QN is evaluated at t-t1• For 

N=N0ea1 with a=/n2/13hr and Q constant we have lnXs=-13(t-t1)+constant with 

13=/n 2/26hr. Plotting lnXs versus time in Fig. lOwe can find the empirical value of the slope 

/3. From the fitting curve, which uses only the first three points to avoid any confluence 

effects, we obtain 13=/n 2/32hr. The agreement between calculated and empirical slopes is rea­

sonable 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 quiescent ones, might 

be explainable by an oxygen deprivation hypothesis~ 

Evidence for the increase in quiescent cells as the sandwich ages is given by the F ACS data. 

This data, which gives results integrated over all the cells, from the outer cells to the ones 

nearest the necrotic center, appears consistent with the labelling data. The FACS data also 

shows that the decrease of cells in S is accompanied, as expected from spheroid work (Allison 

et a/. 1983; Sutherland et a/. 1971 ), by an increased fraction of cells in G0/G 1• 

In summary, our picture of the response of a sandwich to diffusion gradients is the following. 

When the top slide is put in place, gradients of oxygen, nutrients and metabolites form. These 

gradients offer different local environments for cells in different regions of the sandwich; the 

consequence is a spatial variation in the cell cycle distribution. As the cells multiply the gra­

dients become larger. Cells in the center die, presumably 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. 

We see that despite the change in geometry there are many salient features which are similar 

in sandwiches and spheroids but which don't appear in normal monolayer cultures. Such 
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features can be considered as consequences, direct or indirect, of diffusion gradients. 

II. RADIATION RESPONSE 

The special features of the sandwich. system, such as the access to cells in all regions, make 

possible alternative approaches to investigating the radiation response of cells which are 

hypoxic due to diffusion limitations and to investigating the cell contact effect. After removal 

of the top slide, the different cell populations ca[l be separated under the microscope. This 

circumvents the more indirect approaches of sequential trypsinization or fluorescence­

activated cell sorting of populations. The top slide can be removed after an experiment to 

simply allow the investigator access to cells for ~paration purposes, or it can be removed 

(and replaced -if desired) during_ the course of an experiment as a means of turning off the 

diffusion gradients, as we did in our x-ray experiments. In this second case the time of remo­

val becomes another controllable parameter not available in tumors or spheroids. In our 

experiments we abolished the gradients, inch1ding that of oxygen, just prior to irradiation. 

Our sandwich x-ray studies show that cells in the interior -half of the viable border are more 

radioresistant than those found in the exterior halfof the viable border, even when irradiated 

in the presence of oxygen. The resistance appears after the necrotic center has set in, and 

labelling studies show that most of the interior border cells are out of cycle at this time. 

These results suggest to us two main conclusions: that the radioresistance is due to the out­

of-cycle cells having extra time to repair their damage; and that the increased radioresistance 

of the 9l spheroids, which is often attributed to the cell contact effect, may be due, at least 

partially, to the effects of a more radioresistant noncycling subpopulation. We next discuss 

the first of these two implications. 

This idea that cells utilize extra cell cycle time to repair their damage is an explanation often 

given for the increased survival after delayed plating in potentially lethal damage (PLD) 

repair experiments. In these experiments the cells are prevented from normally cycling for a 

number of hours after the irradiation. Such PLD studies have recently been done on 9L cells 

(Rodriguez and Alpen, private communication). There are similarities between the results of 



these PLD experiments, our results for sandwiches and our results for starved monolayers. 

The similarities suggest that a single interpretation· may well apply to these various sets of 

data, despite the fact that our cells, unlike those in the PLD experiments, were in depleted 

medium prior to irradiation and were plated immediately afterwards. 

In the Rodriguez-Aipen PLD experiments 9L cells from spheroids and from monolayers are 

held in depleted medium, for 5-24 hours after irradiation. Cells which were not held in 

depleted medium, but rather immediately plated, were examined as controls. The survival 

curves for the delayed platings from spheroids and monolayers are similar to each other 

despite the fact that spheroids show extra radioresistance in the immediate plating experi­

ments. Moreover, these survival curves are similar in shape and values to the survival curves 

we obtained, using the same cell line, for both the sandwich interiors and the day 7-10 starved 

monolayers (figs. 14 & 15). Thus, we see that the survival in different experiments is similar 

under conditions that lead to increased cellular radioresistance. So perhaps the high survival 

seen for the sandwich interiors and the day 7-10 monolayers is due, like that seen in delayed 

plating experiments, to having extra time to repair. This extra time to repair is conjectured to 

arise in cells which were blocked in G 1• Such cells are presumed to undergo a lengthening of 

G 1 by several hours upon resumption of cycling brought on by plating in fresh medium. 

There is a ·substantial amount of literature attesting to the fact that for many cell lines noncy­

cling cells from "starved" plateau cultures accumulate primarily in G 1 and that once cycling 

resumes G 1 is indeed several hours greater than in normally cycling cells (Nelson, Todd & 

Metting, 1984; Brooks, 1976). Note here that our cells should be compared t,o "starved" pla­

teau monolayers rather than ones whose growth is contact inhibited, since neither the interior 

of our sandwiches nor our monolayer cultures are fully confluent at the time of maximum 

radioresistance. 

The idea that the radioresistance we see stems from the cells being out of cycle and therefore 

having more time to repair is supponed by the fact that the literature shows plateau cultures 

to be more radioresistant. This is true even for cell lines in which G 1 is not the most 

.. 
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radioresistant part of the cell cycle, so the increase in resistance is probably not attributable to 

just synchronization in G 1, but rather the elongation of the cell cycle before some critical 

event. In our own experiments on unfed monolayers, exponential growth ceases shortly 

before the radiation resistance of the cells begins to rise (figs. 16 & 17), lending credence to 

the idea that being out of cycle correlates with time to repair. 

Time to repair seems a good working explanation for the phenomena of extra radioresistance 

in our experiments. If the explanation is valid it presumably applies more generally to the 

interior cells of spheroids and tumors of other cell lines. However, it is possible that the 

increased survival we see may not be a generalized finding, but rather be specific for the 9L 

cell line. 

Indeed, by pushing all the adjustable parameters to the limit, we might just explain the 

increased resi~unce as due to cell cycle effects, despite the fact that the age respcmse of 9L 

cells is comparatively flat. Using the 9L age· response data from Kimler & Hendersop., 1982, 

· ·and the cell cycle parameters from Sweigert, 1984, we can make the follo~ing estimates for an 

exponentially growing 9L cell population: about 10% of the cells are in a very radiosensitive 

M state (essentially no survival, even at a dose of 400 rad); about 70% are in ~ s_tate some­

what less resistant than the maximally resistant state (about 1.4 as many deaths as·for cells at 

the maximum survival part of the cell cycle); and the remaining 20% of the cells are in the 

maximally resistant state, which occurs during G 1• Now suppose that all the starved cells are 

blocked not simply in G It but in the most resistant part of G It which is the middle part of 

G 1• Then the survival rate for starved cells is 1 /[0.2 x 1 + 0. 7 x (l I 1.4) + 0.1 x 0]::::: 1.4 times 

the survival rate for an exponentially cycling cell population. While our data indicate a 

discrepancy factor of 1.5 rather than 1.4, empirical inaccuracies might well account for the 

balance. But we must remember that to get a factor of 1.4 we had to assume all the cells were 

blocked in the most resistant half of the G 1 state and we have no evidence that this is the 

case. If the cells were actually blocked in early or late G 1 survival should be no greater than in 

an exponentially growing cell population, as a corresponding calculation shows. 
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Another indication that the effects may be specific to the 9L cell line are the results of Durand 

( 1983). He labelled whole V79 spheroids with Hoechst 33342, a nontoxic fluorescent stain, 

and then using flow cytometry separated interior cells from exterior cells according to their 

uptake. The survival curves for these two populations show the interior cells more sensitive to 

irradiation when considerations of hypoxia have been eliminated. 

This brings us to our second conclusion, that the increased radioresistance seen for 9L 

spheroids and attributed to the "cell contact effect" may actually be due to a more radioresis­

tant noncycling subpopulation. 

As is well known, in many cases tumor and spheroid cells show an increased radioresistance 

when the tumor or spheroid is irradiated intact rather than in a disassociated state (Steel, 

1973; Wallen eta/, 1980; Rockwell & Kallman, 1973; Durand & Sutherland, 1973; Rasey, 

1983). It has been hypothesized that this increased resistance stems from three-dimensional 

cell to cell contact, perhaps being due to cooperative effects between the cells (Durand & 

Sutherland 1972; Durand & Sutherland 1973; Dertinger, Hinz & Jacobs 1982). 

Our sandwich results seem to indicate that in 9L spheroids an increased radioresistance due 

to three-dimensional cell contact, if it occurs at all, is smaller than previously thought. That 

is, in light of our data it appears that the increased radioresistance seen for 9L cells irradiated 

as intact spheroids (Rodriguez & Alpen, 1981) is at least partially due to a more radioresistant 

noncycling subpopulation. In our x-rayed sandwich cultures we saw an increased resistance 

for the interior border cells. These cells did not have three-dimensional cell contact or even 

strong two-dimensional contact. If one assumes that such a radioresistant subpopulation also 

occurs in the 9L spheroid by virtue of a like cause, diffusion gradients, this line of reasoning 

sheds doubt on the importance of three-dimensional contact in the radioresistance of 9L 

spheroids. 

One of course needs to check other cell lines to see if our finding has a more generalized 

significance. Work on spheroids of the 814 line (Dertinger & Hulser; 1981) has shown that 

the "contact effect" is not due to a noncycling subpopulation in that cell line, since even cells 

from the outer proliferating layer of the spheroid show the "contact effect". In any case, it 

seems likely that use of the sandwich system will help clarify the role of the "contact effect". 

.. 
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GLOSSARY 

We list some key words and symbols, together with a reference in brackets to the place or 

places where more detailed information on each can be found. 

Border; Viable border. After a sandwich has developed a necrotic region, the regions in 

which the cells are still alive is referred to as the viable border, analogous to the viable rim of 

a spheroid. [Materials and Methods I; Fig. 1 ]. 

D. Diffusion constant, usually that for oxygen in water. [Theory I.A]. 

Exterior; Exterior border cells. The outside part of the viable border, usually about 112 of the 

viable border in width. [Materials and Methods VI.B; Fig. 3]. 

f. The concentration of some key substance, usually oxygen, in the sandwich medium. 

[Theory I; Fig. 4]. 

fa. The ambient oxygen concentration. More specifically, the oxygen concentration of the 

medium just outside the sandwich. [Theory I.A; Fig. 4]. 
·~ ,. 

f,. The critical oxygen concentration, theoretically low enough that cells become necrotic. 

[Theory I.A; Fig. 4]. 

fs. An oxygen concentration, theoretically low enough that cells become visibly stressed. 

[Discussion 1]. 

Gap. The region between the two glass slides of a sandwich. [Materials and Methods II). 

Interior; Interior border cells. The part of the viable border next to the necrotic region; usu-

ally about 112 of the viable border in width. [ Materials and Methods Vl.B]. 

AG. The glucose consumption rate. [Results I; Fig. 9]. 

AL4 • Lactic acid consumption rate. [Results I; Fig. 9]. 

n. Number of cells per unit volume. [Theory I.A). 



N. Number of cells per unit area. [Theory LA]. 

Q. Consumption rate of some substance, usually oxygen. [Theory LA]. 

Setup; setup time. The time at which the top slide of a sandwich is added; the origin t=O in 

the graphs is usually taken as the setup time. [Materials and Methods II; Fig. 3]. 

TLI. Thymidine labelling index. {Materials and Methods IV]. 

T b. The time for oxygen to diffuse a distance equal to the distance from the outside of a 

sandwich to the necrotic region. [Theory I.A]. 

Tc. The time for a cell to consume all the oxygen in its own "allotted space", assuming no 

replenishment. [Theory I.A]. 

T d. The cell doubling time. [Theory I.A]. 

Tg. The time for oxygen to diffuse a distance equal to the gap height of a sandwich. 

[Theory I.A]. 

Viable border. See border. 

x. Distance into a sandwich, going from the region where cells have free access to nutrients 

toward the necrotic center. [Materials and Methods II; Fig. 1 ]. 

Xb. Width of the viable border. [Materials and Methods III; Fig. 4]. 

Xs. Width of that part of the viable border that does not appear visually stressed. [Results 

II; Fig. 1 0]. 

y. The distance along a sandwich. Normally all quantities are y independent, except for 

end effects. [Materials and Methods II; Fig. 1 ]. 

z. Vertical distance; perpendicular to the plane of the slide. [Materials and Methods II; 

Fig.1]. 

Zg. The height of the gap between the top slide and the bottom slide in a sandwich. [Fig. 

1 ). 
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LEGENDS 

Fig. I. 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 enas. Note the 

axes. The shaded region in the lower sandwich 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. X- ray survival curves for 9L monolayers irradiated on plastic • and on ·glass 0 . The 

·effective dose on glass is 1.5 x the dose on plastic. 

Fig. 3. The procedure used to oxygenate sandwiches and to separate their interior from their 

exterior border cells during the radiation experiments. 

Fig. 4. Theoretical oxygen concentration as a function of distance x into the sandwich. fa is 

the concentration at the edges of the slide (e.g. ~t x =0). Note that the oxygen profile is flat in 

the necrotic region, where there are no consuming cells. 

Fig. S. Geometry used in calculating the local oxygen depletion near the edge of a sandwich. 

Oxygen flux is indicated by arrows. 

Fig. 6. Geometry used to estimate vertical diffusi~n rates in sandwiches. Z 1 is the height of 

the cell layer, Z 1 + Z 2 is the total gap height Z1 . The oxygen concentration is taken to be f 1 

for OSz <Z 1 and taken to be f 2 in the upper part of the gap Z 1 Sz ~z,. 

Fig. 7. Geometry used in the calculation estimating convection in sandwiches. We assume a 

slight tilt and a slight temperature gradient while the slide is in the incubator. Arrows indi-

cate possible direction of the convective currents. 

Fig. 8. The growth curve. of 9L cells. The points in the exponential region were fit by linear 

regression. This plot reflects three experiments. The standard deviation was within the plot-

ted points. 



Fig. 9. Glucose ( 0 ) 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. 10. Border widths Xb ( 0 ) and Xs ( e ) as functions of time. The first three points for 

Xs were fit by linear regression. 

Fig. 11. Final border -width as a function of gap size. Each point represents 15 replicate sam-

pies. 

Fig. 12. Labelling index versus distance into the sandwich for 60"m ( 0 ), l80"m ( + ) and 

290"m ( 0 ) gap sandwiches, all at 48 hr. Arrows indicate the start of the necrotic region for 

the 60"m and 180~-'m cases. At 48 hr the 290"m sandwiches show no necrotic center. The 

standard deviations were within the plotted points. 

Fig. 13. Representative DNA histograms for (a) exponentially growing cells and (b) 60"m gap 

sandwiches at 39 hr. Each histogram represtnts a total of 105 cells. The coefficients of varia­

tion were less than 4%. 

Fig. 14. Survival curves for interior and exterior border cells in an oxygenated sandwich. 

Each point reflects experiments done on five different days. The doses shown are those actu-

ally measured by the Victoreen and 'not corrected for the extra dose from the glass back-

scatter. 

Fig. IS. Survival curves for unfed monolayers. The lower curve is an average for monolayers -, 
during days 2-5; the upper curve shows the corresponding data for days7-10. The curves are 

computer generated linear-quadratic fits. In comparing to Fig. 14 the factor of 1.5 between 

-plastic and glass should be taken into account. 

Fig. 16. The upper graph shows% survival at 400 rads, normalized by the appropriate plating 

efficiency, vs. time for unfed monolayers. The curves at doses higher than 400 rads have the 

same general shape. The lower graph shows the plating efficiency vs. time for unfed 
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monolayers. 

Fig. 17. Data for unfed monolayers during the ten day period. If no error bar is shown the 

error is within the plotted point. Note that the cells reach plateau phase and the plating 

efficiency begins to drop at about the same time the medium is depleted of glucose. 

Table 1. Cell-cycle distributions; based on DNA content analysed by flow cytometry . 
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