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SUMMARY

Mouse epidermal cells in primary culture differentiate
rapidly over a 2-week period leading to keratinization and
sloughing of most of the plated cells. Cell replication was
partially synchronized in these cultures with peaks of DNA
synthesis at the 2nd and 8th day. The ability of epidermal
cells to metabolize 7,12-dimethylbenz[a]anthracene and the
subsequent binding of activated products to epidermal DNA
was a function of the culture time. Constitutive and induced
levels of aryl hydrocarbon hydroxylase in cells cultured for
10 days were half of those in cells grown for 3 days. Like
wise, 7,12-dimethylbenz[a]anthracene binding to epidermal
DNA was two- to fourfold lower in 10-day than 3-day cul
tures. This decrease in metabolism and binding between 3-
day and 10-day cultures could be eliminated by the inclu
sion of 1.25% dimethyl sulfoxide in the culture medium
during the entire culture period.

INTRODUCTION

Mouse epidermis in cell culture has been useful for study
ing squamous differentiation in vitro and mechanisms in
volved in skin carcinogenesis in vivo (2, 4, 6, 8, 23, 24). This
system might provide some insight into the relationship
between carcinogenesis and differentiation.

The morphological, histochemical, and ultrastructural
characteristics of these epidermal cell cultures over short
periods in vitro have been previously described (2, 24). The
functional capability to form skin grafts after removal from
culture has also been demonstrated (25). However, little is
known in this system about cell kinetics and those cellular
functions that are essential for the study of chemical carcin
ogenesis. In addition, the short life-span of these cultures
limits their usefulness for long-term studies. Thus, methods
to prolong in vitro survival, both biological and biochemical,
would be helpful. In earlier studies we observed that DM502
reduced the rate at which epidermal cells mature and are
sloughed into the medium during the 1st 2 weeks in culture
but had little direct effect on DNA synthesis (26). We also
reported that DMSO prolonged the life-span of these cul
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tures (24). However, no data were available concerning bio
chemical alterations induced by DMSO in epidermal cell
cultures.

MATERIALS AND METHODS

Cell Culture System. Epidermal cells were isolated from
newborn BALB/c mice by a previously described (24) tryp
sin flotation method and cultured in Medium 199 supple
mented with 13% FCS, 100 units penicillin per ml, 0.25 @g
amphotericin B per ml, and 100 @gstreptomycin per ml
(Grand Island Biological Co., Grand Island, N. Y.). Cultures
prepared by this technique have previously been shown to
contain less than 1% fibroblasts and, generally, no fibro
blastic cells are seen (24). Twenty-four hr after seeding,
cultures were routinely washed with PBS to remove dead
cells and keratinized debris which did not attach to the
growth surface. All cell kinetic studies were performed on
freshly isolated cells. For most DMBA binding studies and
measurement of AHH levels, epidermal cells that had been
previously isolated and frozen were used. The cells were
frozen in Eagle's medium containing 15% FCS and 9%
DMSO (Pierce Chemical Co., Rockford, Ill.). Immediately
after primary isolation, the cells were suspended in freezing
medium at a density of 2.5 x 102 cells/cu cm and held at
room temperature for 20 mm. They were then placed in a
â€”20Â°freezer until frozen and were stored at â€”70Â°until used.
For plating, frozen epidermis was thawed rapidly at 37Â°,
washed once in Medium 199 (supplemented as described
above), and resuspended at the appropriate density. Prelim
mary experiments revealed no differences in DMBA binding
levels between cultures derived from freshly isolated and
frozen-thawed cells.

Cell Kinetic Studies. The rate of DNA synthesiswas stud
ied by 2 methods. (a) In the incorporation of [3Hjthymidine
into DNA, fresh cells were plated into 150-mm Falcon plastic
cell culture dishes at a density of 12 x 102cells/dish. Every
24 hr, duplicate dishes were pulsed with 0.5 @Ci[methyl
3H]thymidine per ml (New England Nuclear, Boston, Mass.;
6.7 Ci/mmole) for 3 hr. The medium was changed in all
remaining dishes daily. Following pulse labeling, the cul
tures were washed 3 times with cold PBS containing 0.1%
unlabeled thymidine. Cultures were then scraped, sedi
mented, and cell pellets frozen. DNA was measured for each
pellet by the diphenylamine reaction (1) and aliquots were
counted in PCS (Amersham/Searle, Arlington Heights, III.)
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in a Beckman LS 250 scintillation counter. Results are ex
pressed as cpm of 3H/@g of DNA. (b) To determine the
labeling index, epidermal cells were plated on 22- x 50-mm
glass coverslips at a density of 6 to 8 x 102cells/coverslip.
Twenty-four hr after plating, duplicate cultures were pulsed
with [methy!-3H]thymidine (0.33 @Ci/ml) for 3 hr and
washed, as above. Coverslips were fixed with glacial acetic
acid:ethanol (1:3, v/v), washed with distilled water, dried,
and mounted on glass slides, cells up, with Permount. Me
dium was changed daily, as described above. Autoradi
ographs were prepared as previously described (24) with 14-
day development time. For determination of the labeling
index, nuclei overlayed with 5 or more grains were consid
ered as labeled. A minimum of 1000 cells were counted for
each slide by at least 2 observers.

Carcinogen Binding. Frozen epidermal cells were thawed
and seeded at 12 to 15 x 102cells/dish in 150-mm dishes.
After various culture periods, cells were washed with PBS
and exposed to [14C]DMBA (3 j.@g/mI;0.25 @Ci/ml)(21.2
mCi/mmole; Amersham/Searle) for 20 hr. DMBA-contain
ing medium was prepared from stock solution, as previously
described (23), with acetone (0.1% final concentration) as
solvent. After exposure, cultures were washed 3 times with
PBS, thus removing any nonviable cells; the attached cells
were scraped, pelleted, and homogenized in 0.8 ml of 1%
Sarkosyl (a gift from Ciba-Geigy Corp., Ardsley, N. V.). The
homogenate was mixed with 7.36 ml of 6 M CsCI and 0.82 ml
of 3 M CsSO4 and centrifuged for 60 hr at 45,000 rpm and
25Â°,using a Beckman TI 50 rotor in a Spinco L2B ultracen
trifuge. This gradient yields RNA at the bottom, DNA in the
middle, and protein at the top (0. Janss, personal communi
cation). Fractions were collected from the bottom, and the
absorbance at 260 nm was determined for each fraction on
a Gilford 2400 spectrophotometer. The DNA peak was then
further purified by a 2nd isopycnic banding in CsCI at an
average density of 1.68 g/mI under the same conditions as
the original gradient. Following rebanding, the DNA peak
was dialyzed for 48 to 72 hr against 15 mM NaCI:1.5 mM
sodium citrate. The DNA was quantitated by absorbance at
260 nm, and the specific activity of binding was determined
by scintillation counting and expressed as cpm/absorbance
unit.

AHH Assay. AHH activity in cell culture was induced by20
hr of incubation with medium containing 3 @g1,2-
benz[a]anthracene per ml. After appropriate incubation
times, cells were harvested by scraping, pelleted, and stored
at â€”70Â°.AHH activity in homogenates of cell pellets was
determined by the procedure of Wiebel et a!. (20), a modifi
cation of the method of Nebert and Gelboin (14). The incu
bation period was 20 mm. An aliquot of 1 ml of the organic
solvent layer was extracted with 1 ml of 1 N NaOH. The
fluorescence of 3-hydroxybenzo(a)pyrene was used as
standard. AHH activity is expressed as pmoles of phenolic
products per mg protein per 30 mm. Protein concentrations
were determined by the method of Lowry et a!. (12), with
RNase A as standard.

RESULTS

Cell Survival and DNA Synthesis. Cultures were plated to
achieve a 50 to 60% confluence 24 hr after seeding. Total
DNA/dish, measured daily, declines rapidly in the 1st 24 hr
of culture, then declines gradually for the remainder of the
1st week. This is demonstrated graphically in Chart 1. The
slight increase in DNA content on Day 6 was consistently
observed. It is unlikely that these results are related to the
schedule of medium change, since medium was changed
daily in these experiments. By the 2nd week in culture, cell
number reached a stable low level at about one-fifteenth
that of the 1st day.

Chart 2 shows the labeling index of the epidermal cell
cultures following a 3-hr [3H]thymidine pulse. The number
of labeled cells peaked on the 2nd and 8th day in culture,
indicating a partial synchrony. Similar results were obtained
by determining [3H]thymidine incorporation into DNA (data
not shown). To determine whether cell density might affect
this growth pattern, cultures were seeded at 6.9 x 102cells/
150-mm dish, one-half of the usual plating density, and DNA
synthesis was determined daily for 8 days by the incorpora
tion method. As shown in Chart 3, the peaks of DNA synthe
sis are similar to those seen in the denser cultures, demon
strating that cell density does not have a major influence on
the partially synchronous pattern.

AHH Activities. Constitutive levelsand inducibility of AHH
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Chart I . Total DNA per dish. Change in mouse epidermal cell population
measured by DNA content per dish, as a function of time in culture. Each
point represents the average of 2 to 6 samples Â±S.D.
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Chart 2. Labeling index: mouse epidermal cell cultures. DNA synthesis,
measured by labeling index after a 3-hr pulse with (3Hjthymidlne, in mouse
epidermal cell cultures as a function of time in culture. Each value represents
the average of duplicate experiments Â±S.E.
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Chart 3. [3H]Thymidine incorporation into epidermal DNA. DNA synthe
sis. measured by determining the incorporation of (3H]thymidine into DNA
after 3-hr pulse in mouse-epidermal cell cultures as a function of time in
culture. Cells were seeded at one-half the usual plating density. Each value
represents the average of duplicate experiments Â±SE.

were examined at the 3rd and 10th day of growth in the
presence or absence of DM50. AHH activities increased
about 12-fold after 20 hr of exposure to the inducer,
benz[a]anthracene. This rise was independent of the time in
culture and the presence of DMSO in the medium (Chart 4).
However, the absolute hydroxylase activities strongly de
pended on the conditions of growth. Constitutive and in
duced enzyme activities decreased by 50% between the 3rd
and 10th day when grown in normal medium. This decrease
in enzyme levels did not occur when cells were cultured in
the presence of DMSO (Chart 4). At the 10th day under these
conditions, basal activity and inducibility matched those in
the cells on the 3rd day of culture.

Binding of Carcinogens to Cellular Macromolecules.
Previous studies had shown that mixed skin cell cultures,
composed of fibroblasts and epidermal cells, could bind
DMBA to DNA to the same extent as that reported for other
rodent cell cultures (22). However, the relative binding to
fibroblasts and epidermal cells was not determined. Epider
mal cells, on the other hand, could be transformed in cul
ture (4, 6) following treatment with DMBA, suggesting that
the interaction with cellular targets could occur. The
marked alteration in the population of epidermal cells which
occurs during the 1st 2 weeks in culture, including matura
tion, diminishing cell number, synchronous replication, and
morphological variation, suggested that cellular interac
tions with carcinogens might be influenced by the age of
the culture. Chart 5A compares the degree of binding to
DNA which occurs over a 20-hr incubation period with 3 j.@g
[â€˜4C]DMBAper ml on the 3rd and 10th day in culture. The
binding is 4 times greater in the young cells. A 2nd experi
ment yielded a 2-fold higher level of DNA binding in the 3-
day-old cultures. Calculating bound radioactivity for the
young cells from the data in Chart 5A yields approximately
158 pmoles of bound DMBA per mg DNA (53 molecules
DMBA per 102nucleosides), a level which corresponds well
with binding levels previously reported for nontransformed
mammalian cells in culture and this dose of carcinogen (10).

The loss of DNA binding activity with time in culture can
be prevented by the addition of 1.25% DMSO to the culture

Chart 4. AHH activity in epidermal cells. Effect of time in culture and
presence of DMSO in medium on constitutive and induced levels of AHH in
mouse epidermal cell culture. Each value represents the average of 3 sam
pies Â±S.D., expressed as pmoles of phenolic products per mg cellular
protein per 30 mm incubation. 0, constltutive enzyme; U, enzyme induced by
exposure of cells to 3 @g1,2-benz[a]anthracene per ml for 20 hr.
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Chart 5. Binding of [â€˜4C]DMBAto epidermal DNA. Effect of time in culture
and presence of DMSO in medium on binding of [54C]DMBAto DNA from
mouse epidermal cell cultures. Each value in A or B represents 1 experiment
performed on cells derived from the same primary isolation. Although abso
lute binding levels varied between experiments, relative differences within
experiments were consistent.

medium for the entire culture time. Binding in 10-day-old
cells (Chart SB) cultured continuously in the presence of
DMSO is as high as or higher than that seen in young cells.
Similar results were seen in a 2nd experiment. The continu
ous presence of DMSO in the medium had a slight enhanc
ing effect on the binding of DMBA to 3-day-old cells (Chart
6A). However, the addition of DMSO to a level of 1.25% only
during the interval of carcinogen exposure did not alter the
low level of binding in the 10-day-old cells (Chart 68).

DISCUSSION

The rapid decrease in cell number in epidermal cultures
occurs in 2 phases (Chart 1). The 1st drop occurs between
the 1st and 2nd day in culture and may represent the
sloughing of maturing keratinocytes and karyorrhectic nu
clei carried over from the skin in vivo. In addition, a fraction
of the cell population may be too severely damaged during
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The role of DMSO in preserving hydroxylase and carcino
gen-binding activity over extended culture periods needs
further exploration. Whether this phenomenon is unique to
epidermis in vitro or occurs in other specialized cell types
remains to be determined. This organic solvent has previ
ously been shown to enhance the activity of a number of
enzymes when used in an in vitro assay (17). Likewise, Fine
and Stahl (5) reported that DMSO stabilized the activity of
cytochrome oxidase in rat skin. Whether this in vitro effect
is related to that seen in vivo is unknown. Since DMSO has
been shown to inhibit AHH in vitro (21), it is unlikely that the
apparent stimulation in 10-day-old epidermal cells is due to
direct effects of residual DMSO carried over from the cul
tures.

The results shown in Chart 4 demonstrate that DMSO
itself is not an inducer. Likewise its role as a solvent, possi
bly permitting greater penetration of polynuclear hydrocar
bons to reach cellular targets, is not likely to be responsible
for these results since the results shown in Chart 6 demon
strate only a slight enhancement for young cultures and no
effect when DMSO is added simultaneously with the car
cinogen in old cultures. However, one cannot discount its
role in facilitating transport of vital nutrients into the cell
or toxic metabolites out of it, both of which might influence
cellular functions.

The most intriguing mechanism whereby DMSO might
exert its effect is in altering in vitro differentiation in epider
mal cultures. Although we have previously reported that this
solvent does not influence the morphological changes oc
curring in the 1st 2 weeks in culture, we have also noted that
the rate of cell death is diminished during that time, and the
in vitro life-span of epidermal cells is prolonged by its pres
ence in the medium (24). DMSO has been reported to affect
differentiation in other cell culture systems. Friend virus
infected cells can be induced to initiate hemoglobin synthe
sis after the addition of the solvent to cell culture medium
(18). Lasfarges et a!. (11) reported morphological and bio
logical changes in mammary tumor cells in culture after
exposure to DMSO. The enhanced production of C-type
virus after DMSO exposure is a well-known phenomenon.
The mechanisms by which these phenomena occur are not
understood. Our studies suggest that DMSO can act to
preserve at least 1 specialized function within the cell.
Whether there are more generalized effects remains to be
established.

B.

Bindingto DNAfrom cells
cultured for 3 days

Binding to DNA from cells
cultured for 10 days
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Chart 6. Binding of [â€˜4C]DMBAto epidermal DNA. Effect of time in culture
and presence of DMSO in medium on binding of [â€˜@C]DMBAto DNA from
mouse epidermal cell cultures. Each value In A or B, 1 experiment performed
on cells derived from the same primary isolation. A, binding after the continu
ous presence of DMSO in the culture medium for 3 days versus control
medium; B, binding in 10-day cells, with DMSO added only during the 20-hr
exposure to carcinogen.

the isolation to survive subsequent cultivation. The next
large decline in cell number occurs at the end of the 1st
week, a time when many cells are cornifying and being
sloughed into the medium (24). The reproducibility of this
event suggests a synchronous pattern of maturation within
the epidermal population.

The data presented in Charts 2 and 3, like those previ
ously reported (24), demonstrate a natural synchrony of the
growth kinetics in the epidermal population in culture. This
synchrony appears not to be influenced by cell density and
can be demonstrated both autoradiographically and bio
chemically. However, these profiles, taken at 24-hr intervals,
represent only a crude estimate of the degree of synchrony
within the population. A more detailed study (3) shows a
very high degree of synchrony within the 1St72 hr in culture.
Other reports of synchronous division within mammalian
epidermis in culture correlate with these findings (6, 9, 16).
This synchrony should prove useful for studying the role of
the cell cycle in epidermal carcinogenesis.

The relatively rapid decrease in the ability of epidermal
cells to metabolize and bind DMBA in cell culture suggests
that maturation within the epidermal population alters criti
cal enzyme systems. This has been well demonstrated for
enzymes involved in DNA synthesis (13). The AHH system
has previously been shown to be involved in both activating
and detoxifying polycyclic hydrocarbons (7). Nebert and
Gelboin (15) found that hydrocarbon-metabolizing function
decreased with duration in culture in hamster embryo cells
but only after more than 5 subcultures. This was also true
for cells derived from epithelial tissues except for hamster
lung cells which lost activity by the 3rd passage. On the
other hand, liver cells derived from a rat hepatoma were
readily inducible even as a permanent cell line (19). The
rapid decline in metabolic activity and consequent reduc
tion in activation of chemical carcinogens in these mouse
epidermal cell cultures must be considered during carcino
genesis experiments involving chemicals that require acti
vation.
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