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ABSTRACT

A series of subpopulation lines derived from a single mouse
mammary tumor were tested for their ability to interact with each
other in metabolic cooperation assays in three-dimensional col

lagen gel cultures. Inhibition of growth in the presence of selec
tive drug (6-thioguanine or 2-fluoroadenine) of two 6-thioguanine-
resistant cell lines, 66cl4 and 44FTO, as well as a 2-fluoroade-
nine-resistant line, 168FAR, occurred in the presence of other
sensitive cells, demonstrating the transfer of drug sensitivity to
drug-resistant cells. Transfer of drug resistance was shown by
using selective medium containing hypoxanthine, aminopterin,
and thymidine plus ouabain in which mutual metabolic coopera
tion between line 66cl4 (also ouabain resistant) and "wild-type"

lines is required for growth. Effective communication leading to
the transfer of drug resistance and ultimate survival of both cell
types occurred in mixtures containing as little as 10% of either
cell type. The requirement for mutual metabolic cooperation in
hypoxanthine, aminopterin, and thymidine plus ouabain medium
prevented line 66 from overgrowing line 66cl4 to the extent that
it did in control medium. The ranked abilities of lines 66, 410.4,
and 168 to promote growth when mixed with line 66cl4 in
collagen cultures in hypoxanthine, aminopterin, and thymidine
plus ouabain medium were correlated with the ranked cell den
sities required for these same cell lines to inhibit growth of line
66cl4 by metabolic cooperation in the presence of 6-thioguanine

in monolayer cultures. These ranked abilities may be related to
the effectiveness with which each of these cell lines is able to
form communicating junctions with line 66cl4.

INTRODUCTION

We are interested in the interactions which occur between
mammary tumor subpopulations and between tumor cells, pre-

neoplastic mammary lesions, and normal mammary tissue. Inter
actions affecting growth, drug sensitivity, and hormone sensitiv
ity have been demonstrated in vivo (1-5). Some interactions

have also been demonstrated with monolayer cultures in vitro
(5-7). However, because cell shape as determined by the extra
cellular matrix has been found to have a significant influence on
mammary cell differentiation and function (8-11), it may be that

only cells allowed to grow in a certain type of extracellular matrix
or with a three-dimensional multicellular level of organization are
fully capable of producing or responding to control signals for
growth or differentiation. Both normal mammary cells and human
and mouse mammary tumor cells produce three-dimensional
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outgrowths with characteristic morphologies when embedded in
a collagen gel matrix (12-15). We have chosen this culture

system to investigate interactions between mammary tumor
subpopulations.

Many cells have been shown to pass various metabolites as
well as fluorescent and radioactively tagged small molecules to
other cells with which they are in contact, probably through gap
junctions between cells (16,17). The phenomenon of "metabolic
cooperation", the modification of a cell's phenotype by contact

with other cells, is an example of this type of cell-cell communi

cation (18). Loewenstein has suggested that communication
between cells via intercellular communication channels may be
the means by which molecules necessary for growth control are
transmitted between cells (17). Intercellular communication has
recently been shown to be necessary for normal differentiation
in frog embryo (19, 20). We report here the characterization of
intercellular communication determined by metabolic cooperation
between tumor subpopulations growing in a three-dimensional

array in collagen gel.

MATERIALS AND METHODS

Cell Lines. Cell lines 66, 168, and 410.4 were isolated from a single,
spontaneously arising mammary tumor of a BALB/cfC3H mouse, either
from the first passage of the original tumor (21), or from a lung nodule
which arose in a syngeneic mouse bearing the tenth in vivo passage of
the original tumor (22, 23). The thioguanine, ouabain-resistant cell lines

66cl4 and 44FTO were isolated from line 66 or 410.4, respectively, after
mutagenesis with EMS3 and selection of individual clones resistant to 3

mwi ouabain, followed after several passages by selection of a clone
resistant to 60 MMTG. The second selection was accomplished after a
second mutagen treatment with EMS in the case of 66cl4 but EMS was
not used a second time before selecting 44FTO. The 2-fluoroadenine-
resistant line 168FAR was isolated from line 168 after sequential step-
wise selection in 2,6-diaminopurine (2.5 to 50 pg/ml), followed by se
quential stepwise selection in 2-fluoradenine (1 to 20 ng/m\).

Monolayer Cultures. Lines 168 and 410.4 were grown in monolayer
in a 5% CO2-air atmosphere in Waymouth's Medium MB752/1 supple

mented with 2 mM glutamine, penicillin (100 units/ml), streptomycin (100
jig/ml), and 10% fetal calf serum. Lines 66, 66cl4, 44FTO, and 168FAR
were grown in DME supplemented as above, with additional mixed
nonessential amino acids (0.1 HIM). Cell lines in continuous culture were
routinely replaced by cells from liquid nitrogen stocks at approximately
every 40 passages (150 doublings), or whenever any evidence of phe-

notypic change appeared. All lines were found to be free of mycoplasma
contamination by the Hoechst staining method (24). Drug-resistant cell

lines were periodically (about every tenth passage) rechecked for resist
ance by passing them once at low plating density in selective medium.

Media and Selective Drugs. Fetal calf serum was low endotoxin
serum purchased from Hyclone-Sterile Systems, Inc., Logan, UT. Other

culture media were purchased from Grand Island Biological Company,
Grand Island, NY. Ouabain, TG, and 50-fold concentrated HAT mixture

3The abbreviations used are: EMS, ethyl methanesulfonate; DME, Dulbecco's

modified Eagle medium; TG, 6-thioguanine; HAT, hypoxanthine, aminopterin, thy

midine.
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were purchased from Sigma Chemical Co., St. Louis, MO. The final
concentration of selective drugs used was as follows: for HAT medium,
hypoxanthine, 100 /tMiaminopterin, 0.4 /iM:thymidine, 16 /IM; for TG
medium, 60 /IM; for medium containing ouabain, 3 mw.

Collagen Gel Cultures. The system used is a modification of Yang ef
al. (25) and has been previously described (26). Briefly, collagen stock
prepared from rat tail fibers dissolved in dilute acetic acid was diluted
with concentrated DME, neutralized with NaOH, and 0.5 ml of this
collagen mixture was placed in each well of a 24-well cluster plate

(Coming Glass Works, Coming, NY) and allowed to gel. All suspensions
were centrifugea to form a pellet, suspended in collagen mixture at 10s

cells/fjl, and 1 /ulof cell suspension was placed on the gel surface. This
cell bolus was overlaid with 0.4 ml collagen mixture, then with 0.9 ml
supplemented DME medium containing 2-fold concentrated selective

drug. Culture growth was monitored over 7 to 9 days by planimetry of
the projected image of the expanding cell bolus (26). Growth rate was
expressed as the slope of the regression line found by plotting (area of
the cell bolus)1'2 versus day (26) during the period of linear growth

(usually days 2 to 8).
Cloning from Collagen Cultures. After 7 days, overlaying medium

was removed from collagen cultures. The collagen plug in each well was
rimmed with a needle to break the collagen-plastic seal and transferred
to a 15-ml centrifuge tube containing collagenase type III, 2 mg/ml
(Cooper BiomÃ©dical, Malvem, PA) in Waymouth's medium. The tubes

were incubated in a shaking water bath for approximately 1 h at 37Â°C

until the collagen was completely digested. The cell boluses were har
vested by centrifugation and resuspended in protease Type IX, 20 mg/
ml (Sigma) in serum-free Waymouth's medium (3 ml/tube). After 10 to

20 min incubation with shaking at 37Â°C, the cell bolus was again

harvested by centrifugation, rinsed twice in supplemented DME, then
broken apart into a single cell suspension by pipetting up and down with
a 10-ml plastic pipet followed by several passes through a 22-gauge

needle. Cells were counted by hemocytometer and diluted in supple
mented DME for cloning in 35-mm tissue culture plastic dishes. Some

portions of each cell suspension were plated in medium containing HAT
and other portions in medium containing thioguanine.

RESULTS

In one series of metabolic cooperation assays in collagen
cultures, we mixed a drug-resistant line with sensitive cells in
various ratios and embedded cell boluses from the mixture in
collagen. In these experiments, a constant number of drug-
resistant cells was embedded in each bolus. In Chart 1 is shown
a representative experiment in which line 66cl4 cells (TG and
ouabain resistant) were mixed with cells of lines 66, 410.4, or

0.12

â€”

O.06 -

10 'xNumber Sensitive Cells Added

Chart 1. Effect of added TG-sensitive cells on growth of line 66d4 in collagen.

Various numbers of cells from lines 66 (â€¢),410.4 (O), or 168 (D) as shown were
mixed with 105 66cl4 cells/bolus and embedded in collagen gel. Growth in the
presence of TG-medium was determined over 8 days by planimetry. Points, means;
bara, SD (n = 5).

168, embedded, and treated continuously with TG. The growth
rate of the cell boluses decreased as the number of sensitive
cells increased. This would be expected if the TG-sensitive cells
increased the sensitivity of line 66cl4 to TG by metabolic coop
eration. In Chart 2 is shown a similar experiment in which line
44FTO (TG resistant) was grown in mixed boluses with the same
three sensitive lines. The effects of added sensitive cells on the
growth of 44FTO were not as profound as those seen with 66cl4
in this experiment; growth rates decreased up to a point with
increasing numbers of sensitive cells, then appeared to level off.
In Chart 3 is shown an experiment in which line 168FAR (2-
fluoroadenine resistant) was grown in mixed boluses, also with
lines 66, 410.4, and 168, in the continuous presence of 2-
fluoroadenine. In this experiment as well the growth rate de
creased then appeared to level off as the number of sensitive
cells increased. In Table 1, pooled data from 1 to 3 experiments
with each paired combination of cell lines indicate that there is a
reproducible decrease in the growth rate of each resistant cell
line in the presence of increasing numbers of sensitive cells.
However, the variability between experiments makes it difficult
to determine whether different sensitive cell lines had differential
abilities to decrease the growth rate of a given resistant line.
Therefore we devised a second more stringent method of mea
suring metabolic cooperation, one which utilized the transfer of
drug resistance rather than sensitivity as an end point.

10"*x Number Sensitive Cells Added

Chart 2. Effect of added TG-sensitive cells on growth of line 44FTO in collagen.
The method was the same as in Chart 1, using 10s 44FTO cells mixed with the

same three sensitive lines. â€¢,line 66; O, line 410.4; D, line 168; points, means;
oars, SD (n = 5).

10*xNumbÂ«r Sensitive Cells Added

Charts. Effect of added 2-fluoroadenine-sensitive cells on growth of line
168FAR in collagen. Various numbers of cells from lines 66 (â€¢),410.4 (O), or 168
(D) as shown were mixed with 105168FAR cells/bolus and embedded in collagen
gel. Growth rate in the presence of medium containing 2-fluoroadenine(5
was determinedover 8 days by planimetry.Points, means;bars, SD (n = 5).
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METABOLIC COOPERATION IN THREE-DIMENSIONAL CULTURES

Table 1
Effect of drug-sensitive cells on growth rate of resistant cell lines in collagen gel cultures

Cells (10s) of the resistant line were mixed with various numbers of sensitive cells embedded as a bolus in collagen and incubated for 7 to 9 days in the presence of

selective drug as shown. Growth was monitored by planimetry. Each value represents the mean of a single experiment.
Growth rate of mixtures as % of growth rate of 105RaloneR'Une66d466d466d444FTO44FTO44FTO44FTO168FAR168FAR168FAR168FARS

une66410.416866410.41686766410.416867DrugTGTGTGTGTGTGTGFA(5Mg/ml)FA(5Mg/mOFA(5Mg/ml)FA(5Mg/ml)106R+104S82,6384,7281.82,9373909310083,

37,7586,
103,6975,
78,6685,
78, 70105R

+5x104S87,5174,5178,

38,986760817257,21,5245,84,5261,45,5362,

76, 55lO'R

+IO'S66,1640,5551,30,466758726537,

17,4518,53,4647,

37,4842,
78. 27lO'Satone3,00,016,0,0NDNDNO0NONONOND

R, resistant; S, sensitive; ND, not done; FA, 2-fluoroadenine.

Line 66cl4 cells were mixed in various ratios with cells from
lines 66, 410.4, or 168, embedded as a constant total number
of cells per bolus in collagen, and overlaid with medium contain
ing HAT plus ouabain. In this medium, line 66cl4, which is
hypoxanthine-guanine phosphoribosyl transferase (EC 2.4.2.8.)

deficient (27), cannot grow because of its inability to salvage
purines required by aminopterin's block of de novo synthesis.

Lines 66,410.4, and 168 cannot grow in the presence of ouabain,
which inhibits the active transport of Na* out of the cell via the
Na* :K' pump (28). However, mixtures of the two cells should be

able to grow if they can undergo mutual metabolic cooperation
(Chart 4). That this is the case is shown in Chart 5. Growth
(expressed as a percentage of growth of the same mixture in
supplemented DME without drugs) was seen for mixed cell
boluses of lines 66cl4 plus 66 but not for boluses of either line
alone. Extensive growth was achieved in boluses which were
formed with widely different ratios ranging from 1:10 to 10:1
between the two cell lines. Mixed boluses of lines 66cl4 plus
410.4 also grew, although their growth was slower than mixtures
of lines 66cl4 and 66. Mixed boluses of lines 66cl4 and 168 grew
scarcely at all.

In a similar experiment, cell boluses formed from a 1:1 mixture
of 66cl4 and 66 were suspended after 7 days' growth in collagen

and cloned in medium containing HAT and in medium containing
TG in order to show that both cell lines were actually present in
the mixtures (Table 2). In this experiment, we suspended cells
from boluses which had been grown in either DME or HAT-

ouabain medium and cloned them in selective medium (either
HAT or TG medium) to determine the cellular composition of the
bolus. As shown in Table 2, although the expansion of 66cl4 cell
boluses was completely suppressed by HAT-ouabain medium

and the cell number recovered on day 7 was much less than
that from boluses treated with DME, the cloning efficiency after
suspension on day 7 was not much reduced (21 versus 27%) in
TG medium. Because the number of cells recovered from HAT-

ouabain treated boluses was approximately the number em
bedded, the HAT medium appeared to be cytostatic rather than
cytotoxic for 66cl4 cells in the boluses. As expected, these cells
did not form colonies on plastic in HAT medium. Likewise line 66
boluses did not grow in HAT-ouabain medium, but cell suspen

sions from these boluses had similar cloning efficiencies (16
versus 12%) in HAT medium compared to boluses grown in
DME. As expected, these cells did not form colonies on plastic

CELLS ALONE:

TG*. Qua* Cell (Wild Type) TGr. Qua' Cell

Result: Neither cell can grow

WITH COMMUNICATION :

Result: Both cells can grow
Chart 4. Effect of metabolic cooperation between TG-resistant If) ouabain (Oua)-

resistant, and "wild type" cells in HAT-ouabain medium, s, sensitive.

in TG medium. Because line 66 cell boluses grew faster than did
line 66cl4 cell boluses in DME, it is not surprising that cell boluses
formed from 1:1 66cl4:66 mixtures and grown in DME appeared
to be primarily line 66 on day 7 (the cloning efficiency of the cells
from "mixed" boluses was high in HAT medium and low in TG

medium). In this experiment, as in the experiment of Chart 5, the
mixed boluses grew in HAT-ouabain medium, although not as

rapidly as in DME. The composition of the boluses on day 7, as
determined by the ratio of cloning efficiencies in HAT medium
and in TG medium, was different in boluses grown in HAT-
ouabain medium and in DME. Cells from boluses grown in HAT-
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Chart 5. Growth of mixtures of 66cl4 (A)and hypoxanthine-guaninephosphori-

bosyl transferase positive ouabain sensitive cells (B) in HAT-ouabainmedium, une
66cl4 Å“lls were mixed with line B cells, either line 66, 410.4, or 168, in various
ratios as shown. Mixtures as well as 66cl4 cells alone and line B cells alone were
embedded in collagen at 10s total cells/bolus. Growth rates in the presence of
HAT-ouabainmedium (5 replicate boluses/group) and in DME medium (5 replicate
boluses/group) were determined over 9 days by planimetry. Data are expressed
as percentageof growth in DME by dividing the growth rate of each individualcell
bolus by the growth rate of the same cell mixture in DME (mean value of group).
Bars, SO.

ouabain medium had a significantly higher cloning efficiency in
TG medium (1.4 versus 0.2%), indicating that they contained a
higher percentage of line 66cl4 than did DME-grown boluses.

DISCUSSION

The data presented above show that mammary tumor sub-

population lines from a single tumor can interact metabolically
with each other in three-dimensional collagen gel cultures to
affect sensitivity to drugs. We have previously demonstrated in

monolayer cultures, with line 66cl4 as the recipient cell line, that
these donor lines (as well as others) could be ranked as strongly
cooperative (line 66), moderately cooperative (line 410.4), or
weakly cooperative (line 168) on the basis of the cell density of
each that is required to reduce or block line 66cl4 colony for
mation in the presence of thioguanine (27). This ranking was
unrelated to plating efficiency, cell size, amount of hypoxanthine-
guanine phosphoribosyl transferase activity, or death rate in the
presence of thioguanine (27), and so appears to be related to
the ability to form communication junctions with line 66cl4. In
collagen cultures, we were not able to rank consistently the three
donor lines in ability to increase the sensitivity of any recipient
line to the selective drug. However, the ranked ability of the three
"wild type" lines to cooperate with line 66cl4 in mixed cell boluses

in medium containing HAT plus ouabain was the same as that
seen in monolayer culture in thioguanine medium (27).

In the collagen gel assay, effective communication leading to
survival of both cell types can be demonstrated in mixtures
containing as little as 10% of either one or the other cell types.
Lower ratios were not tested. This demonstrates the efficiency
with which metabolic cooperation can occur in a three-dimen

sional cellular array.
When cell boluses formed from a mixture of lines 66 and 66cl4

at a starting ratio of 1:1 were grown in DME for 7 days, cloning
assays in selective medium indicated that line 66 had overgrown
line 66cl4. However, in boluses grown in HAT-ouabain medium,
the percentage of line 66cl4 in the resulting mixture, although
still low, was considerably higher than in DME-grown boluses. It
appears that the requirement for metabolic cooperation between
the two cell lines in HAT-ouabain medium prevented line 66 from
overgrowing line 66cl4 to the extent that it did in DME-grown

boluses.
Individual subpopulations isolated from tumors can be shown

to be differentially sensitive to cytotoxic drugs (22, 29-32).

However, the drug sensitivity measured in an isolated subpopu
lation may not be that expressed by the same cells when they
are in the presence of other tumor subpopulations, as would be
the case within the tumors. Interactions between tumor subpopu
lations affecting their drug sensitivity have been described in
tumor cells grown as spheroids (33) and in monolayer cultures
(5). In addition, there may be various nontumor cells such as

Table 2
Cloning from cell bo/uses grown in DME or HAT-ouabain medium

Cell boluses were embedded in collagenoverlaid with either DME or HAT-ouabainmedium as shown and growth was monitored by planimetry for 7 days. On day 7,
cells were dispersed with collagenaseand protease, counted, and cloned on plastic in either HAT mediumor mediumcontainingTG.

Embedding
Cells embeddedmedium66cl4

DMEHAT-ouabain66

DMEHAT-ouabain66CI4/66

mixture (1:1) DMEHAT-ouabainGrowth

rate (mm/day)
(no. of replicates,4)0.1

5Â±0.02Â°00.44

Â±0.0300.50

Â±0.020.19

Â±0.0110"5X

cell number/

cell bolus on day 7
(no. of replicates,4)2.9

Â±1.80.79

Â±0.067.9

Â±1.30.18

Â±0.108.1

Â±1.23.4Â±1.2Cloning

mediumHATTGHATTGHATTGHATTGHATTGHATTGCloning
efficiency (%)

(no. of replicates,8)<OMb27

Â±3<0.0421

Â±212Â±2<0.0416Â±6<0.0415Â±40.2

Â±0.117Â±41.4

+ 0.7"

' Mean Â±SD.
* No colonies formed (2400 cells plated).
c Significantlydifferent from cloning efficiency in TG medium of cells from similar boluses grown In DME, at P < 0.001 by Wilcoxon two-sample test.
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host stremai elements and other remnants of normal tissue as
well as various infiltrating host cells in close enough proximity to
any tumor Å“il to interact metabolically with it. Metabolic coop
eration between cells of different sensitivities to a given drug
may be one means by which cells interact to affect the measured
sensitivity of the total population to that drug.

Metabolic interactions may affect not only the drug sensitivity
of tumor cells but may also be essential in maintaining the
integrity of normal tissues through the transmission of signal
molecules controlling growth and differentiation. Potter et al. (34)
hypothesized that intercellular communication was responsible
for the transfer of signals controlling embryonic development;
this hypothesis is supported by recent data confirming that
interference with intercellular communication via gap junctions
causes defects in development of the embryo (19, 20). Loew-

enstein (17) has suggested that the loss of competence in
intercellular communication via communication channels might
be one mechanism by which cancer cells evaded normal growth
control signals. Some tumor cells have been shown to lack
effective or specific communication ability (17, 35, 36), although
others appear to retain normal communication ability (17, 27,
37). Indirect support for this concept is shown by the fact that
agents known to be active as promoters have been found to
disrupt intercellular communication (38).

Assessment of metabolic cooperation in three-dimensional
cellular arrays using tumor cell lines with drug resistant pheno-

types subject to modification by passage of small molecules from
cell to cell may be a useful method to study the importance of
intercellular communication in growth interactions between tu
mor subpopulations or between tumor cells and normal or pre-

neoplastic tissues.
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