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ABSTRACT

An in vitro line of transformed BALB/3T3 mouse fibroblasts was
exposed to a 100 mM increase in the NaCl concentration of its growth
medium. The rate of growth, as measured by the incorporation of tritiated
thymidine, decreased almost 100-fold during the first 24 h of exposure
to the hyperosmotic medium and then increased approximately 10-fold
during the second 24 h of exposure. Cell counts of cultures passaged in
medium with excess NaCl revealed a gradual increase in growth rate over
a period of several weeks. The early kinetics by which salt tolerance
developed in this cell line indicated a process of physiological adaptation
rather than selection of preexisting variants in the control population.
( louai I) derived populations exposed to excess NaCl all showed a similar
response. Cultures which tolerated a 100 m\t increase in NaCl also grew
well in medium containing 200 HIMsucrose, indicating that their tolerance
was not specific for NaCl. Although the initial response of cultures
exposed to excess NaCl appeared to be one of physiological adaptation,
tolerance for salt became hereditary after continued passage in hyperos
motic medium. Cultures that were returned to control conditions after
prolonged exposure to excess NaCl inherited a high level of tolerance for
salt which persisted for several hundred generations without selection.

INTRODUCTION

A tumor may generate a variety of distinct cell populations
during progression to malignancy. Rous and Kidd (1) recog
nized the progressive nature of tumor development, and Foulds
(2) later defined progression as "development of a tumor by

way of permanent, irreversible qualitative change in one or
more of its characters." The factors which influence progression

are poorly understood, in part because progression is often a
very slow process and a tumor's environment is so complex. In

vitro culture of mammalian cells offers an attractive alternative
to in vivo studies for examining the dynamics by which variant
populations are generated. In vitro systems are easy to manip
ulate and observe, and the responses of a cell line to changes in
an in vitro environment may parallel the responses of a tumor
to changes in an in vivo environment, in particular, one can use
in vitro studies to investigate whether the response of a popu
lation to new conditions reflects the selection of preexisting
variants or the adaptation of cells to an altered environment.

The roles of selection and adaptation in progression are
unclear, but it has been suggested that progression may reflect
the stepwise selection of mutants in a tumor population (3, 4).
Alternatively, it has been proposed that many of the steps in
tumor initiation and progression should be viewed as aberrant
adaptations of cells to perturbations in their environment (5,
6). According to this viewpoint, progression reflects an imbal
ance in the homeostatic interactions operating in an organism
and mutations may be as much an effect as a cause of this
imbalance.
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In the experiments reported here we have examined the
response of an in vitro cell line to a simple, straightforward
manipulation: a 100 mM increase in the NaCl concentration of
its growth medium. An earlier study found that evaporation in
an incubator kept at subsaturation humidity could significantly
increase the solute concentration of medium in unwrapped
tissue culture dishes (7). To determine the tolerance of cells for
osmotic stress, we exposed a line of transformed BALB/3T3
mouse fibroblasts to medium with excess NaCl. A high level of
osmotic tolerance developed in this cell line, and the tolerance
did not appear to result from the selection of preexisting salt
tolerant cells in the original population. We also found that
cultures which acquired osmotic tolerance inherited that toler
ance for several hundred generations after they were returned
to control conditions.

MATERIALS AND METHODS

Cell Lines and Culture Methods. The cells used in these experiments
were from the 14a line of transformed BALB/3T3 mouse fibroblasts.
The 14a line was isolated as a clone soon after a spontaneous transfor
mation occurred in a previously nontransformed line during routine
passage on plastic (8). The 14a line was passaged weekly or twice
weekly for several years before the cells were exposed to increased NaCl
concentrations.

Control medium was MCDB4 402 (9) supplemented with either 10%

calf serum or 10% fetal calf serum (Gibco, Chagrin Falls, OH). Medium
with excess NaCl was prepared by diluting a concentrated solution of
4.0 MNaCl in MCDB 402 with regular strength MCDB 402 and serum.
Unless otherwise noted, "high salt medium" refers to medium which is

identical to control medium except for a 100 mM increase in NaCl.
Regular strength MCDB 402 has a solute concentration of approxi
mately 145 mM, of which 109 mM is contributed by NaCl and another
14 mM is contributed by NaCO3. A 100 mM increase in NaCl almost
doubles the NaCl concentration and increases the total solute concen
tration approximately 65%. Ultrapure NaCl (99.998% pure; Aesar,
Seabrook, NH) was used to insure that the effects of the high salt
medium were not due to increased concentrations of trace elements.
Medium with added sucrose was prepared in the same manner as the
high salt medium by dilution of a concentrated stock solution. Ten
thousand units of penicillin, 50 mg of streptomycin, and 1 mg of
fungizone were added to each liter of growth medium. Cultures were
grown in incubators at 37"C in air supplemented with 5% CO2 to

maintain pH 7.2 to 7.4.
Cultures were transferred weekly or twice weekly after growing to

subconfluent densities in 60-mm diameter tissue culture dishes (Falcon,
Oxnard, CA). To transfer cultures, dishes were washed with isosmotic
Tris saline and then washed with 1 ml of trypsin (0.1% crystalline
trypsin plus 0.5 mM EDTA in Tris saline). Cells were resuspended in
medium after they detached and an aliquot was counted using a Coulter
Counter. Cultures were reseeded at densities ranging from 1,000 to
50,000 cells/dish in 6 ml of medium. Dishes were either wrapped with
parafilm or given a medium change every 2 days to minimize evapora
tion.

14a cultures which were passaged for several months in high salt
medium were identified as 14aS. 14aS cultures which were returned to
control medium were identified as 14aSX. The 14a line was passaged

4The abbreviations used are: MCDB, Molecular, Cellular, and Developmental

Biology (medium); CFEP,, colony forming efficiency on plastic; CFEâ€ž,colony
forming efficiency in agar.
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OSMOTIC TOLERANCE IN 3T3 CELLS

continuously during this series of experiments, but one line of 14aS
cells was frozen for a 3-month period after IS months of passage in
high salt medium. Prior to freezing the cells were trypsinized and
resuspended in MCDB 402 plus 20% calf serum plus 10% dimethyl
sulfoxide. The cell suspension was transferred to a cryotube and frozen
at â€”80'C.The cells were thawed rapidly by immersion of the cryotube
in a 37Â°Cwater bath.

Thymidine Labeling. Cultures assayed for thymidine incorporation
were given a medium change 18 to 24 h before labeling. The labeling
medium was MCDB 402 with [3H]thymidine (1 nCi/ml; 0.02 Ci/mol).

Duplicate dishes of each culture were labeled with 1 ml of the labeling
medium for 60 min. Each dish was then washed three times with cold
Tris saline and acid soluble material was extracted with cold 5%
trichloroacetic acid for 15 min. The dishes were then washed with cold
5% trichloroacetic acid and the precipitate was dissolved in 1 ml of 0.2
M NaOH. Radioactive decay was measured on a Beckman LS 7000
scintillation counter and the amount of protein was determined using
the method of Lowry et al. (IO).

Colony Forming Efficiency on Plastic. CFEP, was determined by
seeding cells in 2.0-cm2 tissue culture multiwells. Twenty-four to 48

wells were seeded with 0.5 to 20 cells/well and 1 to 2 weeks later the
CFEpi was calculated from the proportion of empty wells by Poisson
distribution.

Colony Forming Efficiency in Agar. Cultures assayed for CFEâ€žwere
given a medium change 18 to 24 h before they were seeded in agar.
Prior to seeding, each culture was trypsinized and resuspended in either
control medium or high salt medium. Agars were prepared using a
method described by Romerdahl and Rubin (11). High salt agars were
identical to control agars except for an increase of 100 mM NaCl. Each
cell suspension was seeded in duplicate dishes of agar. After 3 weeks of
incubation at 37Â°Ccolonies larger than 0.14 mm diameter were counted

using an ocular micrometer on an inverted microscope.
Isolation of Clones. Clones were isolated in either tissue culture

multiwells or agar. Clones isolated in tissue culture multiwells were
seeded at a density of one cell/well. Wells were examined 3 days later
and those which contained one focus of multiplying cells were assumed
to be clones and were transferred to 60-mm diameter tissue culture
dishes. Clones from agar were picked after a 3-week incubation. Colo
nies between 0.3 and 0.6 mm diameter were picked with a needle,
dispersed in a small amount of medium, and seeded on 60-mm diameter
tissue culture dishes.

Atomic Absorption Spectroscopy. Atomic absorption spectroscopy
was performed using the method of Sanui and Rubin (12) on a Perkin
Elmer 403 atomic absorption spectrophotometer. Cultures were grown
to a subconfluent density in duplicate 100-m in diameter tissue culture
dishes. Each dish was washed five times with an isotonic sucrose
solution at pH 7.0 (10 ml/wash). The cells were then suspended in
double distilled water and sonicated for 3 min. The potassium and
sodium content of each sample was determined by atomic absorption
spectroscopy and the protein content was determined by the method of
Lowry et al. ( 10).

RESULTS

Growth on Plastic in Excess NaCl. Cells in the 14a line of
transformed BALB/3T3 mouse fibroblasts grew rapidly in con
trol medium (MCDB 402 plus 10% serum), dividing approxi
mately twice each day. When this medium was supplemented
with 40 mM NaCl or less, the growth rate of cultures was not
affected. A larger increase in NaCl concentration inhibited
growth and the inhibition was proportional to the amount of
NaCl added. The response of 14a cells to medium supplemented
with 100 mM NaCl (high salt medium) is shown in Fig. 1. In
this experiment 14a cells were seeded in control medium at a
density of 5000 cells/dish. Six h later the cells in two dishes
were counted and the remaining dishes received a medium
change of either control medium or high salt medium. The
cultures which received control medium grew at the rapid rate
characteristic of 14a cells. The cultures exposed to high salt
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Fig. 1. Growth rate of 14a cells in control medium and high salt medium. 14a
cells were seeded in control medium at a density of 5000 cells/dish. Six h later
the dishes received a medium change of either control medium or high salt
medium. Cell counts were taken periodically during the next 10 days. Points,
average value of two dishes exposed to either control medium (O) or high salt
medium (â€¢).Dishes received a medium change every other day.

medium, however, showed no increase in cell number for 3
days, after which they began to grow at a slow rate.

The growth rate of 14a cells in high salt medium increased
gradually over a period of several weeks of passage in high salt
medium. After 1 week in high salt medium the doubling time
was approximately 80 h, after 3 weeks it was 50 h, and after 5
weeks it was 28 h. After 7 weeks of passage in high salt medium
the doubling time dropped to 22 h and remained steady at this
rate. In comparison, the cultures of 14a cells passaged in control
medium doubled every 12 to 14 h. 14a cultures passaged in
high salt medium for long periods were identified as 14aS to
distinguish them from the control line.

The gradual increase in growth rate during several weeks of
exposure to high salt medium argues against the selection of
preexisting salt tolerant cells in the control population. For
example, if one 14a cell of 1000 had a division time of 22 h in
high salt medium while the others had a division time of 100
h, the fast-growing cell would overgrow the culture in approx

imately 2 weeks. Instead, cultures did not reach a doubling time
of 22 h until 7 weeks of passage in high salt medium, suggesting
that the increase in growth rate reflects adaptation or multiple
step selection.

Changes in Morphology. Accompanying the increase in
growth rate during prolonged passage in high salt medium were
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some striking changes in morphology. During the first 12 to 48
h of exposure to high salt medium many cells rounded up.
Twenty % or more of the cells detached from the dish during
the first 96 h of exposure. After the initial period of shock,
however, cells began to flatten and grow in monolayer sheets.
After 48 h in high salt medium some cells with a flat morphol
ogy could be identified, and with continued passage in high salt
medium this morphology became characteristic of the entire
culture. Salt tolerant 14aS cells were flatter and less refractile
than the cells of the parental 14a line and, unlike 14a cells,
14aS cells did not grow in clumps.

Thymidine Incorporation. To examine the short-term re
sponse of 14a cells to high salt medium, cultures were labeled
with trinateci thymidine after various periods of exposure to
high salt medium. Fig. 2 shows the rate of thymidine uptake
per microgram protein for cultures exposed to high salt medium
for 0, 24, 48, and 72 h, and also for cultures which were
passaged in high salt medium for 5 and 52 weeks. This labeling
experiment shows that 14a cells in control medium (0 h) had a
very high rate of thymidine incorporation, but this rate dropped
approximately 100-fold after 24 h in high salt medium. During
the next 24 h the rate increased approximately 10-fold and the
rate at 72 h was more than 20-fold higher than the rate at 24
h. The increase in the rate of thymidine incorporation during
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DAYS OF EXPOSURE TO HIGH SALT MEDIUM

Fig. 2. Rate of thymidine incorporation per microgram protein after exposure
to high salt medium for various lengths of time. Duplicate dishes of cultures
exposed to high salt medium for different periods (0, 24, 48. and 72 h, 5 and 52
weeks) were labeled with tritiated thymidine for 60 min. The average ratio of cpm
3H per microgram protein is shown for each culture.

this time was too rapid to be due to selective overgrowth of the
culture by salt tolerant variants since 14a cells under optimal
conditions increase only 4-fold in 24 h. Instead it appears that
a large fraction of the population made a physiological adjust
ment during this period.

The increase in thymidine incorporation rate after 72 h in
high salt medium was gradual and cells which were passaged in
high salt medium for 1 year had a rate approximately 50%
lower than 14a cells in control medium. Although there was
significant thymidine incorporation after a 48-h exposure to
high salt medium, growth curve studies (Fig. 1) did not reveal
an increase in the cell count of cultures until more than 72 h of
exposure to high salt medium. The lag could be due to detach
ment of cells which would mask the slow rate of growth occur
ring in the culture as a whole.

Colony Forming Efficiency on Plastic. The CFEP, of 14a cells
seeded directly into high salt medium following trypsinization
was 3.5%. This was much lower than their CFEP, of 90% in
control medium, indicating that most 14a cells cannot tolerate
the shock of a 100 mivi NaCl increase. Although relatively low,
the CFEpi of 14a cells in high salt medium was too high to be
due to selection of rare mutants in the 14a population. Salt
tolerant 14aS cells had a CFEP, of approximately 60% in both
high salt medium and control medium.

Density Effects. In some experiments researchers have found
that cells grow better when seeded at high densities (13, 14),
perhaps because of cross-feeding between cells. CFEpi was not
density dependent for 14a cells in control medium and the same
was true of 14aS cells in high salt medium. Also, the adaptation
to high salt medium followed the same time course in 14a
cultures seeded over a 500-fold range of cell densities. These
results suggest that cross-feeding does not play a significant
role in the development of salt tolerance.

Growth in Soft Agar with Excess NaCl. The above experi
ments demonstrated that there were significant changes in
growth rate on plastic and thymidine incorporation rates in 14a
cultures exposed to high salt medium. Accompanying these
changes in growth in liquid medium were some striking changes
in CFEBg. 14a cultures passaged in control medium had a high
CFEag in control agar, but their CFEag in high salt agar was
more than 100-fold lower. Cultures passaged in high salt me
dium showed a large drop in CFEag in control agar but a gradual
increase in CFEag in high salt agar.

Table 1 summarizes the data from an experiment in which
changes in CFEag in control agar and high salt agar were
followed during a 7-week exposure of 10 14a clones to high salt
medium. The clones used in this experiment were picked from
a dish of control agar and grown in tissue culture dishes in
control medium for 1 week. They were then seeded in control
agar and high salt agar in parallel with an uncloned population
of 14a cells and an uncloned population of 14aS cells which
had been passaged in high salt medium for 19 months. After
the first seeding each clone and also the uncloned population
of 14a cells were separated into two groups; one group was
passaged in high salt medium and the other in control medium
for the next 7 weeks. Each group passaged in high salt medium
was assayed after 4 and 7 weeks in both control agar and high
salt agar. The groups passaged in control medium were assayed
in high salt and control agar 7 weeks after the first seeding.

As the data in Table 1 show, the clones grew poorly in high
salt agar and very well in control agar before their exposure to
high salt medium. After a period of 7 weeks the CFEag of the
groups passaged in control medium did not change significantly
in either control agar or high salt agar. Parallel groups from
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Table 1 CFE,, of cloned and uncloned populations of I4a during 7 weeks of passage in control medium and high salt medium
An uncloned population of 14a and ten 14a clones were passaged in control medium and high salt medium for 7 weeks.
CFEâ€žin control agar and high salt agar Â»ereassayed at 0 and 7 weeks for populations passaged in control medium and at 0. 4, and 7 weeks for populations

passaged in high salt medium. The average value for the clones Â±SE is shown for each assay. A line of 14aS cells passaged in high salt medium for 19 months was
assayed in control agar and high salt agar in parallel with the 14a populations.

CFEâ€žin control agar CFEâ€žin high salt agar

TreatmentPassaged

in control medium
14a uncloned (%)
Av. of 14a clones(Â±SE)Passaged

in high salt medium
14a uncloned (%)
Av. of 14a clones (Â±SE)
14aS uncloned (%)0

weeks41.0

29.8 Â±3.941.029.8

Â±3.9
3.014

weeksNot

done
Notdone0.76

3.15Â± 1.10
2.357

weeks51.8

31.9Â±5.50.82

5.38 Â±1.15
5.080

weeks<0.01

0.03<0.01

0.03
6.984

weeksNot

done
Notdone0.053

0.569 Â±0.228
6.407

weeks<0.01

<0.011.392.50

Â±0.62
7.90

the same clones passaged in high salt medium, however, showed
large changes in CFEag during this time. After 4 weeks of
growth in high salt medium their average CFEag in control agar
dropped almost 10-fold whereas their CFEag in high salt agar
increased more than 10-fold. After 7 weeks in high salt medium
the CFEag of the clones in high salt agar increased another
several-fold whereas CFEag in control agar remained low. There
was no change in the CFEag of the 14aS line during this time
in either control agar or high salt agar.

There was a fair amount of heterogeneity among the clones
in each assay, but despite these differences the overall trend for
each clone was the same. In each case passage in high salt
medium resulted in a decrease in CFEag in control agar and a
gradual increase in CFEag in high salt agar. None of the clones
was originally like the 14aS salt tolerant population, but with
continued exposure to high salt medium all of them developed
a striking degree of tolerance.

Growth in Medium with 200 HIMNaCl Excess. 14a and 14aS
cultures were exposed to medium with 200 HIMNaCl excess to
determine if they could withstand even higher salt concentra
tions. An increase of 200 mivi more than doubled the solute
concentration of the medium. 14aS cells which had been pas
saged in high salt medium (100 mivi NaCl excess) for 5 months
could be passaged for at least several months in medium with
200 mM NaCl excess, although their division timed increased
from 22 to 50 h in medium with 200 miviNaCl excess. 14a cells
growing in control medium, however, could not survive expo
sure to 200 mM NaCl excess. All 14a cells exposed to this very
hyperosmotic medium (five dishes containing 2 million cells/
dish) detached within 24 h.

Atomic Absorption Spectroscopy. The main focus of this work
was to describe the response of cultures to high salt medium at
the population level, and for this reason the mechanisms by
which cells might adapt to increased NaCl concentrations have
not been thoroughly investigated. It is possible, however, that
cells could adapt to high salt medium either by tolerating higher
intracellular sodium concentrations or by excluding sodium
more vigorously. To determine if exposure to high salt medium
changed the intracellular concentrations of potassium or so
dium, the levels of these ions were measured by atomic absorp
tion spectroscopy.

Table 2 shows the results of an experiment in which the ion
content was determined for cells exposed to high salt medium
for 0, 24, and 48 h and also for a 14aS culture passaged in high
salt medium for 28 weeks. The data indicate that there may be
changes in the sodium and potassium content of cells exposed
to high salt medium, but the changes are not proportional to
the 80% incease in extracellular sodium. Surprisingly, the level
of sodium per microgram protein was actually lower in cells
growing in high salt medium for 48 h or longer than in cells

Table 2 A'a* and K* content of cells measured by atomic absorption spectroscopy

for culture exposed to high salt medium for various lengths of time

Time in high
salt mediumOh

24 h
48 h
28 wknmol/ng

proteinNa+0.1

25 Â±0.008Â°

0.1 34 Â±0.020
0.1 06 Â±0.008
0.100 Â±0.018K*0.991

Â±0.079
1.070 Â±0.050
1.100 Â±0.010
1.030 Â±0.050K+/Na*7.93

7.99
10.4
10.3

" Mean Â±SE.

growing in control medium. The levels of potassium per micro-
gram protein, however, were similar in the salt tolerant and salt
sensitive cells.

Changes in cell volume were not taken into consideration in
this experiment and they may be significant. For example, if
cell volume decreased while the concentration of sodium in the
intracellular fluid remained constant, one might find a lower
sodium/protein ratio even though the concentration of sodium
was unchanged.

Growth in Medium with Added Sucrose. 14a and 14aS cells
were exposed to medium with added sucrose to determine if
the tolerance of 14aS cells was specific for NaCl or a general
osmotic tolerance. 14a and 14aS cultures were seeded in control
medium and high salt medium, respectively, at a density of
10,000 cells/dish. Twenty-four h later each dish was given a
medium change to one of three media: control medium (MCDB
402 plus 10% serum), high salt medium (control medium with
100 mM NaCl added), or high sucrose medium (control medium
with 200 HIM sucrose added). Cell counts for 14a and 14aS
cultures during a 5-day exposure to these different media are
shown in Fig. 3.

14a cultures increased in cell number in control medium
only. 14aS cultures increased in cell number in control medium
and high salt medium as well as in high sucrose medium. After
a few days of exposure to medium with added sucrose, 14aS
cultures grew at approximately the same rate in this medium
as in medium with excess NaCl. These cells cannot metabolize
sucrose and the ability of l4aS cultures to withstand high
concentrations of sucrose demonstrated that their osmotic tol
erance was not specific for NaCl.

Growth of 14aS Cultures in Control Medium (14aSX). Al
though 14aS cultures grew well in both high salt and high
sucrose media, Fig. 3 shows that their highest rate of growth
was in control medium. This result indicated that 14aS cultures
tolerated hyperosmotic conditions but did not require them.
Cultures of 14aS returned to control medium after months of
passage in high salt medium were identified as 14aSX to
distinguish them from 14a cultures which had been passaged
continuously in control medium. Fig. 3 shows that the growth
rate of 14aSX cultures increased soon after their exposure to
control medium. After 2 weeks of passage in control medium
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Fig. 3. Growth rale of 14a and I4aS cultures in control medium and high salt
and high sucrose medium. 14a (O) and 14aS (â€¢)cultures were seeded at a density
of 10.000 cells/dish in control medium and high salt medium, respectively.
Twenty-four h later (day 1) each culture received a medium change to one of
three media: control medium ( ), high salt medium ( ) or high sucrose
medium ( ). The growth of each culture in the different media was followed
for 5 days. Points, average value for two dishes.

the doubling time of 14aSX cultures decreased from 22 to 14
or 15 h and remained steady at this rate. The doubling time of
14aSX cultures was always 30 to 60 min longer than that of
14a cultures passaged in parallel. Although the difference in
doubling time between these two lines was not large, its per
sistence in repeated assays indicated that it had a hereditary
basis.

Growth of I4a and l4aSV Cultures in High Salt Medium. As
discussed earlier, changes in growth rate, CFEpi, CFEag, and
morphology distinguished 14aS cultures passaged in high salt
medium from the parental 14a line passaged in control medium.
To determine if these changes were heritable or strictly a
physiological response, 14aSX cultures were reexposed to high
salt medium.

Fig. 4 compares the growth of 14a and 14aSX cultures in
control medium and high salt medium. The l4aS\ line used in
this experiment had been growing in control medium for 24
weeks after 15 months of passage in high salt medium. 14a and
14aSX cultures were seeded at 10,000 cells/dish in control
medium, and 24 h later the cells in two dishes of each line were
counted. The remaining dishes received a medium change of
either control medium or high salt medium. Both cell lines
grew rapidly in control medium and both were initially inhibited
by high salt medium. The 14aSX cultures, however, adjusted
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Fig. 4. Growth of 14a and 14aSX cultures in control medium and high salt
medium. 14a (O) and 14aSX (â€¢)cultures were seeded at a density of 10,000 cells/
dish in control medium and were given a medium change of either control
medium or high salt medium 24 h later. Cell counts were taken periodically of
cultures exposed to control medium ( ) and high salt medium ( ). Points,
average value of two dishes. Dishes received a medium changed every other day.
The 14a line used in this experiment had been passaged continuously in control
medium; the 14aSX line had been passaged in control medium for 24 weeks after
15 months of passage in high salt medium.

quickly to the high salt medium and after 4 days of exposure
to this medium they were dividing at least once/day. This
14aSX line had grown in control medium for more than 250
generations, but it was able to "recall" the salt tolerance of

14aS cells after a brief exposure to high salt medium.
CFEp! in high salt medium also differed between 14a and

14aSX lines. After 24 weeks of passage in control medium,
14aSX cultures had a CFEP, of approximately 30% in high salt
medium, whereas 14a cells had a CFEP, of only 3.5% in high
salt medium. Both lines had a CFEP, in control medium of
approximately 90%.

Comparison of 14a and 14aSX Clones. To determine if 14aSX
cultures might be a mosaic of salt tolerant and salt sensitive
cells, five clones were isolated in control medium and their
response to high salt medium during a 48-h exposure was
assayed by labeling with tritiated thymidine. Five clones of 14a
were isolated at the same time to measure their response to a
brief exposure to high salt medium and to determine if their
response differed from that of 14aSX clones.

The 14a and 14aSX clones were exposed to high salt medium
16 days after cloning, as were uncloned populations of 14a,
14aSX, and 14aS. The 14aSX cultures used in this experiment
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had been growing in control medium for 44 days before they
were cloned, so that at the time they were reexposed to high
salt medium they had been growing in control medium for 60
days.

The response of the 14a and 14aSX cultures to high salt
medium, as measured by the rate of thymidine incorporation
per microgram protein, is shown in Fig. 5. All the 14a and
14aSX cultures, whether cloned or uncloned, showed a drop in
the rate of thymidine incorporation after 24 h of exposure to
high salt medium. The degree of inhibition, however, was
greater among the 14a cultures than among the 14aSX cultures.
For example, during the first 24 h of exposure to high salt
medium, the average rate of thymidine incorporation dropped
68-fold among the 14a clones, whereas the average rate among
14aSX clones dropped less than 9-fold. All the 14a and 14aSX
cultures showed an increase in thymidine incorporation during
the second 24 h of exposure to high salt medium, indicating
that all of the cultures were making some adaptation to the
hyperosmotic conditions. At the end of a 48-h exposure to high
salt medium, however, all the 14aSX cultures had rates of
thymidine incorporation which were higher than the rates of

1000 _,
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Fig. 5. Rate of thymidine incorporation per microgram protein in cloned and
uncloned populations of 14a and 14aSX during a 2-day exposure to high salt
medium. Cloned ( ) and uncloned ( ) populations of I4a (O) and I4aSX
(â€¢)were assayed for thymidine incorporation after 0, 1, and 2 days of exposure
to high salt medium. The average values Â±SE (bars) are shown for five clones of
14aSX and five clones of 14a (on day 0 the SEs were smaller than the size of the
symbols). The 14a cultures used in this experiment had been passaged continu
ously in control medium; the 14aSX cultures had been passaged in control
medium for 60 days after 18 months of passage in high salt medium. Clones were
isolated 16 days before the experiment. The rate of thymidine incorporation for
a 14aS culture passaged in high salt medium for 20 months (X) was assayed on
day 2 for comparison.

any of the 14a cultures. Even though these 14aSX cultures had
been passaged in control medium for 60 days, their rate of
thymidine incorporation after a 48-h exposure to high salt
medium was almost as high as the rate of a 14aS line passaged
in high salt medium for 20 months. The strong agreement
between the responses of cloned and uncloned populations of
14aSX suggests that salt tolerance was inherited throughout
this line until at least the time of cloning, which was 44 days
and several dozen generations after this 14aSX line was re
moved from high salt medium.

Although 14a and 14aSX cultures differed significantly in
the magnitude of their response to high salt medium, the
direction of their response was similar. Both lines showed a
sharp drop in the rate of thymidine incorporation during the
first day of exposure to high salt medium and then showed
significant recovery during the second day of exposure. The
rapid response of each line suggests that both made a physio
logical adjustment to the hyperosmotic medium. The most
important difference between 14a and 14aSX cultures may be
the higher baseline level of tolerance in 14aSX cultures prior
to exposure to high salt medium.

Effect of a Short Exposure to High Salt Medium. The 14aSX
cultures discussed in the preceding experiments were returned
to control conditions after months of passage in high salt
medium. Thymidine labeling, however, indicated that 14a cul
tures developed some tolerance for high salt medium after an
exposure as brief as 48 h. To determine if a short exposure to
high salt medium produced heritable changes similar to those
observed in 14aSX cultures, cultures of 14a were exposed to
high salt medium for various periods of time and then returned
to control medium.

Table 3 shows the results of an experiment in which CFEag
in high salt agar and control agar was assayed for 14a cultures
which had been passaged in control medium for 15 days after
2, 8, or 40 days of exposure to high salt medium. A 14a culture
passaged continuously in control medium and a 14aSX culture
passaged in control medium for 57 days after 18 months in
high salt medium were also assayed at the same time. 14a
cultures exposed to high salt medium for 2 and 8 days showed
neither an increase in CFEag in high salt agar nor a decrease in
CFEag in control agar relative to a culture which had never been
exposed to high salt medium. The culture exposed to high salt
medium for 40 days had a lower CFEag in control agar than the
other 14a cultures, but its CFEag in high salt agar was still low.
Exposure to high salt medium may have had a slight hereditary
impact on the culture exposed for 40 days; any effect of expo
sure to high salt medium in the cultures exposed for 2 or 8
days, however, was not evident after 15 days of growth in
control medium. In contrast, the 14aSX culture grown in con
trol medium for 57 days after 18 months of exposure to high
salt medium still showed some signs of tolerance, even though

Table 3 Hereditary effect on CFEâ€žof exposure to high salt medium for various
lengths of time

Cultures exposed to high salt medium for 2, 8, and 40 days were returned to
control medium for l S days before they were seeded in agar. The culture exposed
to high salt medium for 18 months was returned to control medium 57 days
before it was seeded in agar.

Time in high
salt mediumOdays

2 days
8 days

40 days
18 moCFEâ€ž

after return to control
medium(%)Control

agar48.5

49.5
47.1
21.1
33.6High

saltagar<0.03

<0.03
<0.03

0.08
0.52

6046

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2423823/cr04612p16041.pdf by guest on 19 M

ay 2023
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it had been out of high salt conditions almost four times longer
than the other cultures. This result suggests that the persistence
of salt tolerance depends on the length of exposure to high salt
medium. An exposure of a few days had no lasting effect, an
exposure of a few weeks had a mild effect, and an exposure of
several months or longer produced the long-lasting effects

observed in 14aSX cultures.

DISCUSSION

The experiments presented here describe the development
and inheritance of salt tolerance in the 14a line of transformed
3T3 mouse fibroblasts. An increase of 100 HIM NaCl in the
growth medium had a strong inhibitory effect on the growth of
14a cultures. Within 2 days of exposure to high salt medium,
however, some tolerance for hyperosmotic conditions devel
oped as evidenced by changes in the rate of thymidine incor
poration.

14aS cultures passaged in high salt medium differed in mor
phology, growth rate, CFEP,, and CFEag from the 14a line from
which they were derived. Salt tolerant 14aS cultures also grew
well in medium with added sucrose, demonstrating that their
tolerance was not specific for NaCl.

14aS cultures returned to control medium (14aSX) differed
from the 14a line by their persistent tolerance for high salt
conditions. A high level of tolerance was inherited in 14aSX
cultures during several months of passage in control medium,
and tolerance was observed in clonally derived populations of
14aSX.

Some of our results suggested that exposure to high salt
medium may select for a subpopulation within 14a cultures.
CFEpi of 14a cells in high salt medium, for example, was 25-
fold lower than their CFEp! in control medium. However, any
selection which occurred when cells were first exposed to high
salt medium appeared to be selection of cells with a capacity to
develop salt tolerance rather than selection of cells already
expressing salt tolerance. Several observations support this
interpretation: (a) the gradual increase in growth rate during
passage in high salt medium was too slow to be due to selection
of fast-growing variants in the original population; (/>) 14aS
cells returned to control medium (14aSX) divided slightly
slower than did 14a cells in control medium. Unless they are
generated with a high frequency, any variants in the original
population with the characteristics of a 14aS culture should be
overgrown within a few passages of the 14a line.

The results of thymidine incorporation assays indicated that
the initial response of 14a cultures to high salt medium was
one of physiological adaptation. The 10-fold increase in the
rate of thymidine incorporation between 24 and 48 h of expo
sure to high salt medium was too rapid to be explained as
overgrowth of variants in the 14a population; also, the similarity
of the responses of different clonally derived populations argues
against the selection of variants. The response appeared to be
strictly physiological and nonhereditary in cultures exposed to
high salt medium for only a few generations. For example,
cultures exposed to high salt medium for only 8 days and then
returned to control medium soon became indistinguishable
from cultures which were never exposed to high salt medium.
Cultures passaged in high salt medium for many months,
however, acquired a tolerance which persisted even after
hundreds of generations of growth in control medium.

A genetic basis for the adaptation of cultures to high salt
medium might be amplification of genes involved in osmotic
regulation. Gene amplification has been demonstrated in sev

eral developmental phenomena and it is associated with met h
otrexate resistance in mammalian cell lines (15). Methotrexate
competitively inhibits the enzyme dihydrofolate reducÃase,and
one way cells resist methotrexate is through amplification of
the dihydrofolate reducÃasegene. A similar increase in the copy
number of a gene or genes conferring osmolic lolerance mÂ¡glu
occur during Ihe gradual adaptation of ihe 14a line lo high sail
medium.

Waddinglon's (16) iheory of genelic assimilation offers an-

olher possibilily by which a phenolype such as osmolic toler
ance could be inherited. Waddinglon (16) and Bateman (17)
observed thai continued seleclion of an environmentally in
duced phenotype, such as cross-veinless (eve) in Drosophila
melanogaster, led to Ihe expression of lhat phenotype withoul
environmenlal induclion. The phenotype did not result from
seleclion of mutations al Ihe eve locus, and genelic analysis
indicaled lhal several genes on differenl chromosomes conlrib-
uted to the penetrance of Ihe phenolype (18). Waddington
reported Ihe inheritance of olher environmenlally induced phe-
nolypes in /). melanogaster such as enlarged anal papillae in
cullures passaged on hyperosmolic medium (19).

Waddinglon proposed lhal Ihe inleraclion of different genes
and modifiers can lower Ihe "Ihreshold" necessary lo induce a

particular phenolype. Meiosis, in which genes recombine, pro
vides a mechanism for assorting and segregaling differenl ge
nelic combinalions. If those combinalions with a low Ihreshold
for a particular phenotype are selecled, the penetrance of the
phenolype in Ihe population will increase. Mitosis does noi
provide ihe same opportunities as does meiosis for cells lo
rearrange genelic information. Translocation, fragmentalion,
and nondisjunclion of chromosomes during somatic division,
however, may play a role in altering a cell's genetic informalion

and ils Ihreshold for a particular phenolype, such as osmolic
tolerance.

Heritable adaptations reminiscent of Waddinglon's genetic

assimilation experimenls may also be responsible for changes
in CFEag observed in cell lines derived from explanled lumors
(11, 14). Cells of an explanled lumor often had a CFEag which
was orders of magnitude lower lhan lhal of Ihe cells used lo
iniliate Ihe tumor. The CFEag of some lumor cell lines increased
wilh conlinued passage in culture, and clonally derived popu-
lalions changed in parallel wilh uncloned populations. The
responses of cells lo muli Â¡variatechanges during the transilion
from in vivo lo in vitro condilions reflecl a process similar lo
Ihe developmenl of osmolic lolerance in 14a cullures in which
only one variable, Ihe NaCl concenlralion, was allered. In bolh
cases cell populations acquired a new phenolype and thai phe
nolype persisted lo some degree when cells were relurned lo
Iheir original environmenl.

Crilical steps in lumor inilialion and progression in vivo may
also depend on Ihe adaplive responses cells make lo changes in
Iheir environment. Farber (6) has interpreted Ihe inilialion of
liver lumors as a case of aberrant different Â¡atÂ¡onstimulated by
environmental perturbations. Hepatocyte nodules, which are
frequenlly precursors of liver cancer, often develop in animals
exposed lo carcinogens. These nodules appear lo have an
adaptive value for ihe organism because Ihey have an increased
lolerance for xenobiolics. When exposure lo Ihe carcinogen is
stopped, most of these nodules disappear and "redifferenliale,"

although Ihey can siili be dislinguished from normal cells. A
small percenlage of Ihe nodules, however, do noi disappear and
some of Ihem progress inlo lumors. In Farber's view, ihe crilical

preiniliation response of cells is one of physiological adaptation
to the carcinogen or xenobiotic. Aberranl adaplation by some
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cells commits them to a new state of differentiation so that
when the environmental stimulus is removed they cannot revert
to their original phenotype.

In addition to their role in initiation of tumors, environmental
factors may also be important in later stages of progression.
"Conditional" tumors, the growth of which is dependent on a

particular hormonal environment, are sometimes treated by
endocrine ablation. These tumors often regress in the altered
hormonal environment only to reappear at a later time as
hormone independent tumors. Foulds (20), commenting on this
phenomenon, stated that "there is a disturbing possibility that

therapy by suppressing or retarding growth may favor progres
sion from the responsive to the irresponsive, independent state."

It is possible that a hormone dependent tumor reaches a stable
equilibrium in a particular hormonal environment. When that
environment is disrupted by treatment, the homeostatic con
trols which kept the tumor at a particular stage of progression
may also be disrupted and the tumor may progress to a stage
which is more autonomous and lethal.

Noble's (21) studies of the progression of tumors to hormone

independence indicated that the rate of progression was actually
accelerated when a hormone dependent tumor was put in a
hormone free environment. In estrogen dependent tumors pas
saged in male rats, for example, the tumors remained hormone
dependent and grew at a slow rate as long as the males were
given implants of estrogen pellets. Tumors passaged in males
without estrogen pellets, however, regressed initially but later
progressed into rapidly growing, hormone independent tumors.
In this case progression was actually accelerated by a treatment
expected to inhibit tumor growth. Disruption of the tumor's

environment by removal of estrogen might have stimulated the
tumor to differentiate into a hormone independent phenotype.

Perhaps the most realistic approach to tumor progression is
to view it as an interaction of selection and adaptation. Pro
gression will be selective because the hereditary potential of a
cell limits the range of responses it can make to a particular
stimulus. Progression will be adaptive, however, to the degree
that a tumor's environment induces a particular response and
alters a cell's hereditary potential. In some respects progression

is analogous to embryogenesis, in which cell lineage and envi
ronmental induction interact in a complex manner to form
differentiated tissues. Cancer is another developmental phe
nomenon which must ultimately be interpreted in terms of a
dynamic interaction between heredity and environment.
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