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ABSTRACT Sustained growth in primary culture of vaginal
epithelial cells from ovariectomized adult BALB/cCrgl mice
embedded within or seeded on collagen gel matrix was achieved
in a serum-free medium composed of Ham's F-12 medium/Dul-
becco's modified Eagle's medium, 1:1 (vol/vol), supplemented with
insulin, bovine serum albumin fraction V, epidermal growth fac-
tor, cholera toxin, and transferrin. Three-dimensional growth of
vaginal epithelial cells occurred inside the collagen gel matrix. Cell
numbers increased 4- to 8-fold in collagen gel and about 4-fold on
collagen gel after 9-10 days in culture. The effect of 17.B-estradiol
(0.00018-180 nM in gel or 0.018-180 nM on gel) and diethylstil-
bestrol (DES; 0.0186-186 nM in gel) on the growth of vaginal ep-
ithelial cells was examined. The addition of estrogen did not en-
hance the growth of vaginal epithelial cells during this time period
either in the complete medium or in a suboptimal medium. Cul-
tures on floating collagen gels in the serum-free medium are com-
posed of 1-3 cell layers with superficial cornification. Estrogen
does not appear to be a direct mitogen for vaginal epithelial cells,
at least in this system.

Estrogens stimulate in vivo proliferation and cornification of
mouse vaginal epithelium (1). It is not clear, however, whether
the effect of estrogens is directly upon the epithelial cells or
due to an indirect action on the epithelium by affected stromal
cells (2). The responses of the vaginal epithelium of rats and
mice to estrogenic hormones have been studied in various or-
gan culture systems. Some investigators showed that explanted
rat vaginae (3, 4) and mouse vaginal epithelial outgrowths (2)
failed to cornify in response to estradiol, whereas others have
reported that the addition of estrogen to the culture medium
evoked cornification of vaginal explants from rats (5-8) and mice
(9-13). Martin (14) described growth and cornification of cul-
tured mouse vaginal epithelium in the absence of estrogen. The
possible role of the stroma and the difficulty of accurate quan-
tification of increases in cell number are among the problems
with both organ and cell culture methods. Furthermore, in or-
gan culture, tissues degenerate with time; in cell culture, lack
of sustained cell division and decreasing viability occur with
time (2). To examine the possible direct effect of estrogen on
proliferation and cornification of vaginal epithelium, a system
is needed for the in vitro culture of isolated epithelial cells.

Recently, a collagen gel culture system was developed for
mammary epithelial cells that results in sustained growth of
mouse, rat, and human cells in primary culture (15-21). This
in vitro system has been used successfully in our studies for the
growth of mouse vaginal epithelial cells, as judged by an in-
crease in cell number, and for the possible hormonal regulation
of differentiation of these cells in the resulting cultures. In the
present communication, we report on the sustained growth of

cultured vaginal epithelial cells in a serum-free medium and on
the failure of estrogen to stimulate further growth.

MATERIALS AND METHODS
Epithelial Cell Isolation. Normal vaginae dissected from 50-

to 60-day-old BALB/cCrgl mice 6-7 days after ovariectomy
were transversely sectioned and then incubated in Hank's bal-
anced salt solution containing 0.1% collagenase (CLS III, 175-
184 units per mg; Worthington) and S mg of bovine serum al-
bumin fraction V per ml for 2 hr at 370C in a shaking water bath.
Epithelial sheets manually separated from stroma were minced
into small clumps with a razor blade on a Teflon block. Cell
clumps were collected by centrifugation at 1,000 x g for 5 min.
More than 85% of the cells were found to be viable as deter-
mined by the trypan blue exclusion test. Cell number was es-
timated by mixing 1 vol of cell suspension with 9 vol of 0.02%
crystal violet in 0.1 M citric acid and counting stained nuclei in
a hemocytometer.

Preparation of Collagen Gels. Collagen solution and gels
were prepared as originally described (22). Briefly, 1 g of rat
tail collagen fibers was sterilized in ethanol overnight and dis-
solved in 300 ml of acetic acid in sterile distilled water, 1:1.000
(vol/vol); the supernatant after centrifugation at 10,000 X g for
30 min provided the stock collagen solution; 8 vol of stock so-
lution was mixed with 2 vol of 10x Waymouth medium
(GIBCO)/0.34 M NaOH, 2:1 (vol/vol), and was kept on ice to
prevent immediate gelation. Cells were added to the cold gel-
atin mixture; 0.5 ml, containing 1.2-2.5 X 105 cells, was placed
onto 0.3 ml of gelled collagen and allowed to gel at room tem-
perature, or 1-2 X 105 cells were plated on 0.5 ml of gelled
collagen in each well of Falcon multiwell plates.

The cells were cultured in a medium consisting of Ham's F-
12 medium/Dulbecco's modified Eagle's medium (DME me-
dium; GIBCO), 1:1 (vol/vol), containing NaHCO3 at 1.2 g/li-
ter with 50 units of penicillin and 50 ,g of streptomycin per
ml. This medium was supplemented with insulin (10 ,tg/ml),
transferrin (10 ,ug/ml), cholera toxin (0.01 ,ug/ml), and bovine
serum albumin (5 mg/ml) from Sigma and with epidermal growth
factor (EGF, 10 ng/ml) from Collaborative Research, Wal-
tham, MA. For a suboptimal medium, only insulin (10 ,ug/ml)
and bovine serum albumin (5 mg/ml) were added. Cultures
were incubated at 37°C in 95% air/5% CO2 and fed every 2
days.

Four days after the cells were seeded on collagen gel matrix,
some of the gels were released from the plastic substrate by
loosening the edges with a forceps and gently shaking the plate.
These released gels float beneath the medium surface (floating
collagen gels).

Cell number was determined by a DNA fluorometric assay
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(23) utilizing BALB/cfC3H mammary tumor epithelial cells,
counted in a hemocytometer, as a standard.

Cultures were fixed in Bouin's fluid, dehydrated in ethanol,
and embedded in paraffin. The embedded samples were sec-
tioned perpendicularly to the tissue culture plate at 7 /im and
stained with hematoxylin and eosin.

For transmission electron microscopy, cultures were fixed at
room temperature for 2 hr in 1% formaldehyde/3% glutaral-
dehyde/0. 1 M sodium cacodylate, postfixed for 1 hr in 1% OS04/
0.1 M sodium cacodylate, stained 1-2 hr en bloc with saturated
uranyl acetate dehydrated in ethanol, and embedded in Spurr's
resin. Thin sections stained with uranyl acetate and lead citrate
were examined in a Siemens Elmiskop 102 electron micro-
scope.

RESULTS
Serum-Free Culture. Freshly-dissociated vaginal epithelial

cells were cultured in or on the collagen gel matrix, and their
general growth pattern was monitored with phase microscopy.
A characteristic and reproducible pattern of growth was ob-
served. Small clumps of cells embedded in the matrix re-
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mained as a spherical mass for the first 12 hr. This was followed
by a period during which duct-like structures radiated from the
mass into the matrix, resulting in three-dimensional out-
growths (Fig. 1 Upper). The three-dimensional outgrowths that
resulted from the seeded clumps were of various shapes. In
general, the outgrowths ranged from duct-like and sheet-like
appearance to spherical masses. There were also outgrowths of
mixed morphology: duct-like structures projecting from a
spherical mass. Histology of the duct-like outgrowths is shown
in Fig. 1 Lower. Duct-like outgrowths often consisted of a lu-
men surrounded by epithelial cells. When these outgrowths of
varying morphology were recovered by collagenase digestion of
the matrix and plated on plastic dishes, they gave rise to islands
having typical polygonal epithelial morphology. Small clumps
of cells seeded on collagen gel attached to the matrix within 24
hr, then migrated to form islands of polygonal cells and grew
as monolayered cell sheets. Monolayer culture of cells seeded
on a plastic culture dish were typically polygonal in morphol-
ogy, and colonies progressively detached from the culture dish.

Growth of cells both embedded in and seeded on collagen
gel was apparent by phase microscopy and was confirmed by
measuring the total DNA content per well as a function of time.
Cells were recovered from the gels by acetic acid dissolution
and stored frozen until the DNA assay (24). The growth curves
of cells in and on the collagen gel matrix revealed an increase
in DNA content as a function of culture period (Fig. 2).

Effect of Estrogenic Hormones. An increase of 4- to 8-fold
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FIG. 1. (Upper) Phase micrograph of three-dimensional outgrowth
of vaginal epithelial cells in collagen gel. (x83.) (Lower) Histology of
a duct-like outgrowth of vaginal epithelial cells cultured in serum-free
medium in collagen gel. (x330.)

FIG. 2. Growth curves for vaginal epithelial cells cultured in serum-
free medium in collagen gel (curve a) or on collagen gel (curve b) or in
the presence of 10% swine serum in collagen gel (curve c) or on collagen
gel (curve d) (mean ± SD, n = 3).
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FIG. 3. (A) Growth of vaginal epithelial cells (mean ± SD, n = 3) cultured for 10 days in serum-free medium with or without 17,(3estradiol (nM)
in collagen gel (Left) or on collagen gel (Right). To, time 0 values; D:H, unsupplemented medium. (B) Growth of vaginal epithelial cells (mean +

SD, n = 3) cultured for 10 days in collagen gel in serum-free medium with or without diethylstilbestrol (nM) (Left) or in the presence of 10% horse
serum (HS) or unsupplemented medium (D:H) (Right). To, time 0 values. (C) Growth of vaginal epithelial cells (mean + SD, n = 3) cultured for
8 days in suboptimal serum-free medium with or without 17(3-estradiol (nM) in collagen gel (Left) or in unsupplemented medium (D:H) or serum-
free complete medium (SFc) (Right). To, time 0 values.

in gel or approximately 4-fold on gel occurred after 9-10 days
in the basal serum-free medium [DME medium/Ham's F-12
medium, 1:1 (vol/vol), supplemented with insulin (10 pig/ml),
transferrin (10 jig/ml), cholera toxin (0.01 jig/ml), bovine serum
albumin (5 mg/ml), and epidermal growth factor (10 ng/ml)].
The effect of 1713-estradiol (1.8-180 nM in gel or 0.018-180
nM on gel) and diethylstilbestrol (DES;0.0186-186 nM in gel)
in serum-free medium on the growth of vaginal epithelial cells
from ovariectomized mice was examined. Addition of either
17,B3estradiol or diethylstilbestrol failed to enhance vaginal ep-
ithelial cell growth when cultured either in or on collagen gel
(Fig. 3 A and B). The effect of 17p-estradiol (0.00018-180 nM)
on the growth of vaginal epithelial cells was tested in subop-
timal serum-free medium [DME medium/Ham's F-12 me-

dium, 1:1 (vol/vol), supplemented with insulin (10 jig/ml) and
bovine serum albumin (5 mg/ml)]. In this medium, cell num-
ber increased about 2- to 3-fold in the collagen gel; however,
17(3-estradiol did not enhance vaginal epithelial cell growth (Fig.
3C). Histological examination of epithelial cells growing in or
on collagen gel revealed no marked keratinization even in the
presence of estradiol (Fig. 4 Upper).

Floating Collagen Gel Culture. Examination by light mi-
croscopy revealed that the cells grown on detached collagen
gels (floating gel culture) in serum-free medium showed an en-
hanced organization. The most obvious difference between the
detached and intact cultures was the development of some su-

perficial keratinized cell layers in the former (Fig. 4 Lower).
Electron-Microscope Observations. Transmission electron

micrograph of cells cultured in collagen in serum-free medium
revealed ultrastructure similar to that previously described for
vaginal epithelial cells in vivo (25, 26). The cells contained nu-

merous free ribosomes, rod-shaped mitochondria, cytoplasmic
processes projecting into the intercellular space, tonofilaments
and desmosomes connecting adjacent cells (Fig. 5). Tonofila-
ments and desmosomes are characteristic features of epithelial
cells.

DISCUSSION

Floating collagen gels have been used to study hormonal reg-
ulation of mammary epithelial cell differentiation (27-32); pri-
mary cultures embedded in gel have shown growth of normal
and neoplastic mouse, rat, and human mammary epithelial cells
(15-21) and normal mouse submandibular epithelial cells (24,
33). In the present study, which adopts these collagen gel cul-
ture systems, we report successful, sustained primary culture
of mouse vaginal epithelial cells. This system can be further
utilized to analyze the regulation of growth and differentiation
of isolated mouse vaginal epithelial cells.
The results indicate the successful growth of mouse vaginal

epithelial cells. Cells plated on conventional plastic culture dishes
did not grow (unpublished data); however, when coated with
collagen gel, epithelial cell proliferation as judged by 4- to 8-
fold increase in DNA content was observed. Vaginal epithelial
cell shapes are different in collagen gels compared with those
in conventional monolayers. Evidence exists for an important
role of cell shape in the control of growth (34, 35) and elicitation
of hormone responsiveness (31, 36-39).

Estrogenic hormones failed to stimulate growth of normal
vaginal epithelial cells both in and on collagen gel. The lack of
a proliferative response to estrogenic hormones corresponds to
some recent findings that seem to challenge the classical con-

cept that trophic hormones directly stimulate their target cells
to proliferate. For example, corticotropin, thyrotropin, and go-
nadotropins, thought to be responsible for both the growth and
functioning of the adrenal cortex, thyroid, and ovary, respec-
tively, were found to have no effect or actually to inhibit the
growth of their target cells in vitro (40-42). The reason for the
lack of vaginal epithelial cell response to estrogen in the pres-

ent study is not clear, but several explanations may be pro-

posed. (i) The number of receptor sites for estradiol is affected
by ovarian factors (43) and increased by prolactin (44). It is also
possible that these cells may lack sufficient estrogen receptor
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FIG. 4. (Upper) Histology of cultured vaginal epithelial
serum-free medium on attached collagen gel revealing absence
tinization. (x330.) (Lower) Histology of cultured vaginal epithel
in serum-free medium on floating collagen gel showing superfic
atinized cell layers. (x330.)
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sites in the cytoplasm and nucleus because of deficiencies in the
in vitro environment (45). (ii) The presence of estrogen on a

continuous basis may alter cell function and mitotic activity in
vivo so that a decrease in growth is observed (46). However, in
organ cultures of mouse vagina, where the epithelium is re-

ported to differentiate in response to estradiol (9-13), hormone
was present for extended periods and obviously was not inhib-
itory. Our lot of albumin fraction V was assayed for steroids by
radioimmunoassay (20) and was found to contain picogram
amounts of estradiol and progesterone per gram of albumin.
Therefore, the albumin is not believed to be a significant source

of ovarian steroids in our system. It is not likely that lack of
growth response is due to the continuous presence of estrogen.
(iii) Associated connective tissue factor(s) may be required for
epithelial cell response. Both during development and in the
adult state, epithelial cell proliferation and differentiation are

known to be influenced by underlying connective tissue factors
(47). Specific aspects of epithelial cell differentiation in de-
veloping hormone-sensitive tissues may result from a combi-
nation of direct hormonal and connective tissue-mediated in-
teractions (48-50). In organ culture studies of mouse vagina,
where keratinization has been demonstrated in response to es-

trogen alone, the epithelium enjoys a normal relationship with
the underlying connective tissue (9-13). In this study, exami-
nation of epithelial cells growing in or on collagen gel showed
no marked keratinization even in the presence of estradiol. The
keratinization seen in cultures grown on detached gels is min-
imal and not increased by estrogen. The growth-promoting ac-

tion of estrogenic hormones on a target tissue may be an in-
direct one, mediated by an estrogen-induced growth factor from
a different tissue (51-53), including possibly the vaginal stroma.

Several observations indicated strongly that the cell out-

FIG. 5. Transmission electron micrograph of cultured vaginal ep-

ithelial cells in serum-free medium in collagen for 7 days showing des-
mosome (D) and tonofilaments (T). (x20,000.)

growths are epithelial in origin: (i) When embedded cells were
recovered and transferred to monolayer culture on plastic or

collagen gel, they formed a continuous sheet of polygonal cells.
There was no obvious contamination of fibroblasts in the mono-
layers. Fibroblasts in the collagen gels give rise to characteristic
morphology (15), and the extent of fibroblastic contamination
can be assessed by microscopic observation. There were no ob-
vious fibroblastic outgrowths in the collagen gels. (ii) Cells plated
on collagen gels were organized into a sheet of polygonal cells.
When these gels were released, the cells stratified and formed
superficial keratinized layers. This histology is characteristic of
vaginal epithelium in vivo. (iii) Ultrastructural observations of
the outgrowths cultured in serum-free medium in collagen gel
demonstrated tonofilaments and desmosomes characteristic of
vaginal epithelial cells.
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