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Abstract
The objective of this study was to assess estrogen-dependent cellular mechanisms that could
contribute to the acid pH of the vaginal lumen. Cultures of normal human cervical-vaginal epithelial
(hECE) cells and endocervical cells were grown on filters, and acidification of the extracellular
solutions on the luminal (L-pHo) and contraluminal (CL-pHo) sides was measured. The hECE cells
and endocervical cells decreased CL-pHo from 7.40 to 7.25 within 20–30 min of incubation in basic
salt solution. Endocervical cells also produced a similar decrease in L-pHo. In contrast, hECE cells
acidified L-pHo down to pH 7.05 when grown as monoculture and down to pH 6.05 when grown in
coculture with human cervical fibroblasts. This enhanced acid secretion into the luminal compartment
was estrogen dependent because removal of endogenous steroid hormones attenuated the effect,
whereas treatment with 1 7β-estradiol restored it. The 17β-estradiol effect was dose dependent
(EC50 0.5 nM) and could be mimicked by diethyl-stilbestrol and in part by estrone and tamoxifen.
Preincubation with ICI-182780, but not with progesterone, blocked the estrogen effect. Preincubation
of cells with the V-ATPase blocker bafilomycin A1, when administered to the luminal solution,
attenuated the baseline and estrogen-dependent acid secretion into the luminal solution. Treatment
with EGTA, to abrogate the tight junctional resistance, blocked the decrease in L-pHo and stimulated
a decrease in CL-pHo, indicating that the tight junctions are necessary for maintaining luminal
acidification. We conclude that vaginal-ectocervical cells acidify the luminal canal by a mechanism
of active proton secretion, driven in part by V-H+-ATPase located in the apical plasma membrane
and that the baseline active net proton secretion occurs constitutively throughout life and that this
acidification is up-regulated by estrogen.

An important function of the vaginal and cervical epithelial cells is to regulate the pH of the
lumen of the lower genital tract. During premenopausal years vaginal luminal pH ranges
between 4.5 and 6.0 with mild alkalinization to about 6.5 before ovulation. Lack of estrogen,
such as after menopause, is associated with alkalinization to about 6.5–7.0, whereas
replacement with estrogen can acidify the luminal vaginal pH to about 5.5 (1). Alkalization
above 6.5 is associated with increased risk of vaginal infections (2–8), whereas low (acidic)
vaginal pH can inhibit the growth of serious pathogens (9). Alkalinization of the vaginal fluid
can also cause dyspareunia (10), and abnormally acidic vaginal pH can adversely affect cervical
mucus and sperm cell motility and result in infertility (11). Abnormally elevated luminal
vaginal pH has been implicated as a potential tumorigenic factor in the cervix (12).
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Despite the important implications for women’s health and reproduction, little is known about
mechanisms that control and regulate vaginal/cervical pH. The prevailing theory about
regulation of vaginal pH was presented more than 60 yr ago, and it postulates that the acidic
vaginal luminal pH is produced by cohabituating Doderlein lactobacilli (13). This theory is
based on the finding that the bacteria produce hydrogen peroxide and secrete protons into their
immediate environment (14,15). Because lactobacilli can be found in the vagina of most
healthy women (1), acidification of the vaginal lumen is thought to result directly from bacterial
proton secretion. The Lactobacillus-Doderlein theory is supported by two groups of
observations: first, there is a correlation between alkalinization of vaginal luminal pH and
decreased density of vaginal Doderlein Lactobacillus (1,16,17); second, introduction of
Lactobacillus species can acidify vaginal luminal pH (18).

Two studies apparently contradict the Lactobacillus-Doderlein theory. Tsai et al. (19) found
that the pH in the vaginal fornices was significantly lower than in the middle portion of the
vagina. This finding is at odds with the fact that the presence of Lactobacillus-Doderlein is
uniform throughout the vaginal canal (13). De Bernardis et al. (20) studied effects of pH on
pathogenicity of Candida albicans and found that the pH of the infection site, rather than that
produced by the pathogen, regulates survival of the Candida. This observation implies that
environmental factors such as vaginal pH may affect the pathobiology of vaginal
microorganisms. Whereas these findings challenge, to a degree, the Lactobacillus-Doderlein
theory, no alternative theory was offered for the regulation of vaginal pH.

Based on novel results, we advance a new hypothesis for the regulation of vaginal pH. We
propose that the luminal vaginal pH is determined by net proton secretion by vaginal epithelial
cells through the coordinated action of ion transport mechanisms located in the apical cell
membrane. In this regard vaginal epithelial cells resemble gastric chief cells that regulate net
proton secretion into the gastric lumen (21) as well as other types of cells such as renal type A
intercalated cells (22) and papillary surface epithelium (23), epididymis and vas deferens
epithelial cells (22), macrophages and neutrophils (24), osteoclasts (25,26), cancer metastatic
cells (27), and insect midgut cells (28). In the present study, we began using an in vitro system
to test this hypothesis. Our data support the hypothesis and provide evidence for an estrogen-
dependent, bafilomycin-A1−-sensitive proton secretory mechanism in the apical plasma
membrane of human vaginal/ectocervical epithelial cells. These data suggest involvement of
estrogen-dependent V type H+-ATPase (29) in the acidification of the vaginal canal.

Materials and Methods
Determinations of vaginal and cervical pH in vivo

The experiments in vivo were approved by the University Hospitals of Cleveland and Case
Western Reserve University Institutional Review Board (protocol 04-01-24) and were
conducted after obtaining a signed consent form. A total of 12 women, aged 20–47 yr, were
included in the study. Women were selected from among healthy premenopausal patients
presenting for their annual (well-being) exam to the gynecology clinics of the authors (G.I.G.
and E.M.). Included were women with regular menstrual cycles not using hormonal
medications and without clinical evidence of vaginal or cervical infections. Women were
divided into three groups according to cycle day based on their last menstrual period: d 6–9 (n
= 5), 11–14 (n = 3), and 17–24 (n = 4). Of the 12 women, eight were African American and
four were Caucasians. There were no significant differences among the three groups relative
to age or gravidity. Before their scheduled routine exam, all women underwent pelvic
examination using nonlubricated vaginal speculum. The lateral vaginal wall was gently
touched at midvaginal level with a strip of pHydrion paper at its tip (4.5–7.5, Micro Essential
Laboratory Inc., Brooklyn NY) attached to uterine forceps. The process was then repeated by
touching the cervical os, and the cervical pH was thus determined.
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Cell culture techniques
The experiments used secondary/tertiary cultures of human ectocervical-vaginal epithelial
(hECE) cells and human endocervical cells. Cultures of hECE cells were generated from
minces of the ectocervix/vagina as described (30–32). The discarded tissues were collected by
the Cooperative Human Tissue Network at University Hospitals of Cleveland and Case
Western Reserve University according to the institutional review board protocol 03–90-TG.
Tissues were collected from a total of 11 premenopausal women aged 37–46 yr; seven were
African American and four Caucasians. One woman was of Latino origin. hECE cells were
grown and maintained in DMEM/Ham’s F12 (3:1) supplemented with nonessential amino
acids, adenine (0.2 mM), penicillin (100 U/ml), streptomycin (100 μg/ml), gentamicin (50 ng/
ml), L-glutamine (2 mM), insulin (5 μg/ml), hydrocortisone (1 μM), transferrin (5 μg/ml),
triiodothyronine (2 nM), epidermal growth factor (0.2 nM), and 8% fetal calf serum, at 37 C
in 91% O2-9% CO2 humidified incubator. Culturing techniques and characterization of hECE
cells as phenotypically resembling squamous ectocervical/vaginal epithelial cells were
described (30–32). Cells chosen for experiments were those obtained from tissues reported as
human papillomavirus negative, and the cultured hECE cells were routinely tested for
mycoplasma.

Primary cultures of human endocervical cells were obtained through Clonetics (Walkersville,
MD). Cells chosen for experiments were those obtained from tissues of two women reported
as human papillomavirus negative. All cultured endocervical cells were tested for mycoplasma.
Primary endocervical cultures were grown and subcultured into second passage using Clonetics
proprietary endocervical medium (supplied with the cells) and thereafter maintained in hECE
culture medium. Cells were characterized as epithelial cells based on typical morphology of a
monolayered epithelium; the expression of involucrin; lack of expression of vimentin; and
expression of tight junctions (not shown). Confluent endocervical cultures on filters (see
below) were tested in Ussing diffusion chambers (33) and were found to generate
transepithelial resistance levels of about 35 Ω/cm2, similar to hECE cultures (31), indicating
relatively low-resistance cultures. The cells were defined as phenotypically endocervical (in
contrast to ectocervical/vaginal) based on expression of apical villi, the abundant expression
of cytokeratins 18/19, and minimal expression of cytokeratins 4/5 and 13 [experiments were
done as described (30,31), results not shown]. Both hECE cells (34) and the human
endocervical cells (not shown) expressed functional estrogen receptors.

Cocultures of hECE cells and human cervical fibroblasts (HCF) were generated by plating
irradiated HCF cells on one side of the filter (Fig. 1A, gray bars) and hECE on the opposing
side (Fig. 1B, bars with boxes). Primary cultures of HCF cells were generated from discarded
ectocervix/vaginal tissues after the surface epithelium was dissected to generate the hECE
cultures. Tissues were immersed in Hanks’ balanced salt solution (HBSS) plus 2.5%
collagenase for 30 min at 37 C. The subepithelial surface was gently scraped with scalpel; the
resulting suspension of cells was incubated for 15 min at 37 C in HBSS plus 1.5% trypsin and
5 mM EDTA followed by two washes and incubation for 5 min at 37 C in medium composed
of DMEM and Ham’s F-12 (3:1) supplemented with 5% calf serum, L-glutamine (2 mM),
penicillin (100 U/ml), streptomycin (100 μg/ml), and gentamicin (50 ng/ml). Cells were plated
in the same medium on plates, and the resulting secondary-tertiary cultures were composed of
fibroblasts as determined by morphology, expression of vimentin, and lack of expression of
involucrin and epithelial-type cytokeratins. Before plating on filters, HCF cells were irradiated
(32) to block further proliferation.

Determinations of extracellular pH (pHo)
hECE cells or human endocervical cells were plated on Anocell filters (Anocell-10, Oxon, UK,
obtained through Sigma Chemicals, St. Louis, MO), which are ceramic-base filters, pore size
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of 0.02 μm width, 50 μm depth, and surface area of 0.6 cm2. Filters were coated with 4 μg/
cm2 collagen type IV and incubated at 37 C overnight. The remaining collagen solution was
aspirated and the filter was dried at 37 C. Before plating, filters were rinsed three times with
HBSS. Cells were plated either on the upper surface of the filter (for determinations of luminal
pHo) or the bottom surface of the filter (for determinations of the contraluminal pHo) at 3 ×
105 cells/cm2. By plating at this relatively high density, the cultures became confluent within
12 h after plating (31). To generate cocultures of hECE and HCF cells, irradiated HCF cells
were plated on one side of the filter at 5 × 104 cells/cm2 for 12 h, followed by shifting the cells
to hECE medium and plating hECE cells on the opposite surface of the filter (Fig. 1A). Plates
containing the filters were placed in a tissue culture incubator (37 C), and pHo changes in the
luminal and contraluminal solutions were determined using AMANI-1000 microcombination
pH electrodes (Harvard Apparatus, Holliston, MA, obtained through Genomics Solutions, Ann
Harbor, MI). The AMANI-1000 pH sensor (stored in pH 7.0) is based on metal-metal oxide
pH measurements, and the pH sensitive layer is immobilized on plastic. The reference electrode
employs an Ag/AgCl in 3.4 M KCl, and the reference electrode junction is leak free, ensuring
no leaks of KCl out of the reference electrode. The design of the pH electrodes enabled their
use for the purpose of the present experiments: tip diameter of 1 mm, depth of immersion 1
mm, and response time of less than 5 sec.

Electrodes attached to a stand were held stable with the tip immersed in the solution within the
upper compartment of the filter to a depth of about 2 mm (described in Fig. 1A), avoiding direct
contact between the electrode tip and the cultured cells. The electrodes were connected directly
to an Accumet pH meter 910 (Fisher Scientific, Suwanee, GA). After stabilization, the luminal
and contraluminal solutions were gently aspirated using glass pipette and replaced with fresh
warmed (37 C) basic salt solution containing (in millimoles) NaCl (140), KC1 (5), MgC12
(1), CaCl2 (1), glucose (10), and 0.1% BSA (pH 7.4). The volumes in the luminal and
contraluminal compartments were 150 and 500 μl, respectively. Determinations of changes in
pHo were made at time 0, and at 5-min intervals thereafter for up to 30 min. The experimental
system is shown schematically in Fig. 1A.

A number of experiments with blank filters (without cells) were done to test the validity of the
system, revealing the accuracy (Fig. 1, B and C) and stability (Fig. 1C) of the pH electrodes.
Also shown in Fig. 1D is that acidification of the solution in a cis compartment leads to
acidification across the filter in the trans compartment within seconds, indicating that the
semipermeable material of the filter does not impede movement of protons or proton
equivalents.

In some experiments pHo determinations were validated using pH paper (Hydrion pH test
paper, MSD-2943, Analytical Scientific, Helotes, TX). Ministrips of the pH papers held by
microsurgical pickups were dipped into the luminal solution to a depth of less than 1 mm, and
changes in pHo were determined by the change of color of the pH paper strip. The results were
similar to those using pH electrodes. The data presented in this paper represent pH
determinations using the pH electrodes. Similar trends of changes in pHo were obtained if
cultures were immersed in HEPES-buffered solution [containing (in millimoles) NaCl (140),
KCl (5), MgC12 (1), CaCl2 (l), glucose (10), and HEPES/Tris (10) (pH 7.4)] (not shown).

Deprivation of estrogens
To remove estrogens, cells were grown in steroid-free medium as described (35). This
procedure involved shifting cells on filters for 3 d before pHo assays to a medium composed
of phenol-red-deficient (DMEM)/Ham’s F12 (Sigma) or containing 8% heat-inactivated
charcoal-treated fetal bovine serum (35). For experiments, cells were shifted to steroid-free
medium for 3 d; alternatively, cells were shifted to the steroid-free medium for 24 h and treated
with 17β-estradiol for an additional 2 d.
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Cell-vitality staining was done using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide (MTT) assay (36). MTT serves as a substrate for mitochondrial
dehydrogenases, and only viable functional mitochondria are capable of cleaving MTT to
generate the colored product formazan (37). MTT solution was prepared by dissolving MTT
at a concentration of 5 mg/ml in PBS composed of (in millimoles) NaCl (137), KCl (2.68),
Na2HPO4 (10), and KH2PO4 (1.76, pH 7.4) and filtering the solution through a filter from
Millipore (Burlington, MA). After treatments/assays, cells on filters were washed with fresh
and warm (37 C) PBS and incubated for 60 min at 37 C in MTT solution. At the completion
of incubation, cells were washed with PBS and solubilized in isopropanol containing 0.1 M
HCl plus 1% Triton X-100. Lysates were mixed by pipetting to dissolve the reduced MTT
crystals (during which time the colorless solution turns purple) and were spun at 10,000 × g
for 5 min. The solubilized formazan was measured by determining absorption at 570 nm.
Background absorbance at 690 nm was subtracted for each sample, and values were normalized
to OD570 of control unperturbed cells.

Statistical analysis of the data
Data are presented as means (± SD) and significance of differences among means was estimated
by Student’s t test or with ANOVA. Trends were calculated using GB-STAT version 5.3
(Dynamic Microsystems Inc., Silver Spring, MD) and analyzed with ANOVA.

Chemicals and supplies, unless specified otherwise, were obtained from Sigma. Stock
chemicals and drug solutions were titrated to pH 7.4 or 7.35 before cell treatments and were
administered from ×1000 stocks.

Results
pHo changes in vivo

A total of 12 premenopausal women aged 20–47 yr were included in the study. Measurements
of cervical pHo revealed a mild acidic pHo of 5.7 ± 0.6 in d 6–9 of the menstrual cycle, which
increased to 7.2 ± 0.3 during d 11–14 (P < 0.01) and remained elevated at 6.1 ± 0.8 during d
17–24 of the menstrual cycle (Fig. 2). In contrast, vaginal pH remained low at about 5.1
throughout d 6–24 of the menstrual cycle (Fig. 2). The most likely explanation for the changes
in cervical pHo are ovulation-dependent changes in cervical mucus secretion, which buffer the
acidic pHo at the level of the cervical os. It is therefore concluded that vaginal pHo remains
acidic throughout the menstrual cycle.

pHo changes in vitro
The levels of vaginal pHo found in Fig. 2 are significantly lower than plasma pH (7.2–7.4).
One of the explanations is that vaginal-ectocervical epithelial cells secrete acid actively and
selectively into the lumen. To test this hypothesis directly, cultures of human epithelial vaginal-
ectocervical and endocervical cells were generated on filters as models for these epithelia,
using previously described methodology (38–41). For some cultures cells were grown on the
upper surface of the filter (facing upward when the filter is placed horizontally, Fig. 1, left
panel). This established the filter’s upper compartment as housing the luminal solution, and
the compartment in which the filter was bathed as housing the contraluminal solution. In other
experiments, cells were plated on the bottom part of the filter that was then flipped back to
their original position for assays (Fig. 1A, right panel). This procedure established the filter’s
upper compartment as the contraluminal solution, and the compartment in which the filter was
bathed as the luminal solution (Fig. 1A, right panel). Preliminary experiments validated that
cultures remain confluent when plated on the bottom part of the filter (not shown).
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When hECE cells were exposed to basic salt solution, the luminal pHo decreased from 7.40 ±
0.03 to 7.01 ± 0.04 within 25 min and remained at that level for the duration of the experiment
(30 min) [Fig. 3A, five independent repeats (cells from three different women), P < 0.01]. The
mean levels of contraluminal pHo dropped from 7.41 ± 0.04 to 7.28 ± 0.04 [Fig. 3A, five
independent repeats (cells from three different women), P < 0.01]. In endocervical cells mean
levels of luminal pHo and contraluminal pHo dropped from 7.41 ± 0.04 to only 7.27 ± 0.04
[Fig. 3B, four independent repeats (cells from two different women), P < 0.01]. The mild
acidification of the contraluminal pHo in hECE cells and the luminal and contraluminal pHo
in endocervical cells can be explained by acid generation and extrusion from a more acidic
intracellular pH compartment (pH about 7.25). In contrast, the significant acidification of the
luminal pHo in hECE cells suggests active proton (acid) extrusion across the apical plasma
membrane.

Estrogens regulate acidification of luminal pHo
In vivo, estrogens modulate vaginal pH, and the next set of experiments tested the hypothesis
that estrogens regulate luminal acidification. hECE and endocervical cells were grown in
steroid-free medium to deprive the cells of estrogens and then treated with 17β-estradiol at the
physiological concentration of 10 nM. This low concentration is near maximal for increasing
transepithelial, paracellular permeability across cultured human ectocervical-vaginal and
endocervical cells (35). Incubation of endocervical cells in steroid-free medium and treatment
with estradiol had no effect on contraluminal pHo or on luminal pHo, which remained in both
cases around 7.25 (Fig. 4). Incubation of hECE cells in steroid-free medium and treatment with
estradiol had no effect on contraluminal pHo, which also remained around 7.25 (Figs. 3 and
4). In contrast, incubation of hECE cells in steroid-free medium attenuated the acidification of
the luminal compartment (pHo of 7.11 ± 0.02) (Fig. 4) vs. 7.01 ± 0.04 in cells grown in regular
culture medium (Fig. 3A, P < 0.01). Treatment with estradiol resulted in significant
acidification of the luminal compartment to pHo of 7.03 ± 0.02 (Fig. 4, P < 0.01).

The effect of estrogen was specific, and in hECE cells grown in steroid-free medium, only the
potent estrogen diethylstilbestrol could mimic 17β-estradiol decrease in luminal pHo. The
weak estrogen estrone had only a mild effect, whereas testosterone had no effect on luminal
pHo (Fig. 5A). The effect of 17β-estradiol was dose dependent: in hECE cells grown in steroid-
free medium, treatment with 0.1 nM 17β-estradiol already decreased luminal pHo from 7.26
± 0.03 to 7.13 ± 0.03, and the effect reached near saturation at 1 nM 17β-estradiol, suggesting
an EC50 of 17β-estradiol of about 0.5 nM (Fig. 5B). This level is similar to estrogen effect on
paracellular permeability (35) and is compatible with activation of the classical nuclear
estrogen receptor(s) mechanism. Treatment with the higher concentration of 100 nM 17β-
estradiol had no additional effect on luminal pHo (Fig. 5B).

Specific estrogen receptor modulator (SERM) effects on estrogen modulation of luminal pHo
Treatment with ICI-182780 (10 μM) or progesterone (1 μM) alone had no effect on luminal
pHo (Fig. 6). In contrast, tamoxifen alone decreased luminal pHo from 7.24 ± 0.02 to 7.15 ±
0.02 (Fig. 6, P < 0.01). Cotreatment with tamoxifen or with progesterone had no significant
effect on the 17β-estradiol (10 nM)-induced decrease in luminal pHo (Fig. 6). In contrast,
cotreatment with ICI-182780 blocked estrogen-induced decrease in luminal pHo (Fig. 6).
Neither tamoxifen ICI-182780 nor progesterone had any appreciable effect on contraluminal
pHo (not shown).

Mechanism of the luminal proton secretion
The results in Figs. 3–6 suggest that hECE cells decrease luminal pHo by active net proton
secretion. In other types of cells, several types of H+-ATPases, which use cellular energy by
hydrolyzing ATP to effect extrusion of hydrogen ion, have been described. These pumps are
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either electrogenic and require interaction with a parallel ion conductance (e.g. K+ channel) to
maintain electroneutrality or involve the countertransport of another cation (e.g. the gastric
H+/K+-ATPase). Three classes of H+-ATPases have been described: the E1-E2-ATPases
[including the Na+/K+-ATPase (inhibited by ouabain), gastric H+/K+-ATPase (inhibited by
omeprazole), and the Ca2+-ATPase]; the mitochondrial, chloroplastic, and bacterial
membranal F1-F0-ATPases; and the vacuolar-type H+-ATPases (V-H+-ATPase), which are
responsible for acidification of extracellular milieus, including the endosomal and lysosomal
compartments and the cell exterior (reviewed in Ref. 42). The latter are most frequently
associated with transepithelial acid secretion (21–28). Therefore, we hypothesized that hECE
cells decrease luminal pHo by a mechanism that involves proton secretion using a V-H+-
ATPase.

This hypothesis was tested by treating hECE cells with 1 μM bafilomycin A1, a specific
inhibitor of V-H+-ATPase (43). As can be seen in Fig. 7, pretreatment for 30 min blocked the
estrogen-induced acidification of the luminal pHo. Moreover, luminal pHo increased to pHo
levels measured in the contraluminal compartment (compare Fig. 7 with Figs. 3A and 4). A
possible explanation for the results shown in Fig. 7 is that hECE cells express an estrogen-
dependent V-H+-ATPase that operates constitutively to acidify the luminal pHo. The controls
for this experiment were ouabain and omeprazole. Ouabain (1 μM) was used for 30 min before
the assay, and it was added to the contraluminal solution to block the Na+/K+-ATPase that,
similar to other cells, is located in hECE cells in the basolateral membrane (not shown). In
cells grown in steroid-free medium, pretreatment with ouabain resulted in mild alkalinization
of luminal pHo to levels similar to the contraluminal pHo (compare Fig. 7 with Figs. 3A and
4). Pretreatment with ouabain also attenuated mildly estradiol effect, but luminal pHo still
remained significantly more acidic, compared with cells not treated with estradiol (Fig. 7). A
possible explanation for the mild effects of ouabain is a toxic cellular effect (see below). Pre-
treatment for 30 min with 100 μM omeprazole had no significant effect (Fig. 7).

Sidedness of the proton secretion mechanism
In polarized epithelial cells, ion transport mechanisms are usually sorted to either apical or
basolateral domains of the plasma membrane. This separation is critical for net transepithelial
vectorial ion transport. To test more directly the hypothesis that luminal acidification in hECE
cells is mediated by apically located proton transport mechanism, bafilomycin A1 was
administered selectively to either the contraluminal or to the luminal solutions. Pretreatment
for 30 min with 1 μM of bafilomycin added to the contraluminal solution had no effect on the
pHo of the contraluminal or luminal solutions (Fig. 8, bafilomycin CL). When added to the
luminal solution, bafilomycin A1 had little effect on the pHo of the contraluminal solution (Fig.
8, bafilomycin L); however, it significantly increased luminal pHo to levels measured in the
contraluminal compartment (Fig. 8). These results indicate that bafilomycin A1 targets
primarily apically located proton extrusion mechanisms, suggesting that the estrogen-regulated
V-H+-ATPase is expressed mainly in the apical membrane.

Role of extracellular calcium and the tight junctions
To determine the role of the intercellular tight junctions in the control of luminal acidification,
hECE cells cultured on filters were treated with 1.2 mM EGTA to chelate extracellular calcium
to less than 0.1 mM. It was previously shown that Ca2+ is required at extracellular domains of
the tight junctions for effective occlusion of the intercellular space and that lowering
extracellular calcium decreases tight junctional resistance within minutes (44). Calcium was
replaced with Cd2+ that was added to the bathing solutions at the equimolar concentration of
1.2 mM. Cd2+ cannot substitute for Ca2+ for tight junctional occlusion, and it has minimal
effects on permeability across hECE cultures (45). Lowering Ca2+ blocked the luminal
acidification (Fig. 9A) and resulted in acidification of the contraluminal solution (Fig. 9B), and
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the luminal and contraluminal pHo both reached a pH of about 7.2. These results indicate that
in hECE cells the tight junctions are necessary for maintaining luminal acidification.

Coculturing with fibroblasts augments proton secretion
The degree of luminal acidification in monocultures of hECE cells was significant (ΔpHo of
about −0.35), but smaller in magnitude compared with the situation in vivo (ΔpHo of −1.2 to
−2.7). In vivo, epithelial cells rest on a basement membrane that separates them from stromal
fibroblasts. To better mimic the in vivo conditions, cocultures of hECE cells and HCFs were
generated by plating hECE cells and HCF cells on opposite surfaces of the filter (Fig. 1A).
Plating irradiated HCF at the relatively low density of 5 × 104 cells/cm2 resulted in
nonconfluent cultures of HCF, which did not affect per se the electrical resistance across the
filter insert (not shown). In addition, in filters plated with only HCF levels of contraluminal
(CL)-pHo or luminal (L) L-pHo remained at about 7.4 (not shown). Coplating of HCF
improved the attachment of hECE cells to the trans surface of the filter and resulted in higher
transepithelial electrical resistance (about 55 Ω/cm2, compared with about 35 Ω/cm2 in
monocultures of hECE cells). Cocultured hECE cells lowered CL-pHo to pH 7.25 by 30 min,
similar to monocultures of hECE cells (Fig. 10). In contrast, cocultured hECE cells lowered
L-pHo to 6.05 ± 0.02 (Fig. 10, three independent experiments, P < 0.01). Thus, the cocultured
hECE cells acidified the luminal compartment by more than 1 pH unit, compared with
monocultured hECE cells.

Effects on cell toxicity
The experimental procedures associated with pH measurements had no effect on cell viability,
as determined with the MTT cleavage assay. With the exception of ouabain, all other treatments
and procedures, including incubations in steroid-free medium, did not produce significant
decreases in MTT cleavage, compared with control cells (not shown). As expected, treatments
with ouabain decreased MTT incorporation and staining to about 65% of control. In this
context, the mild inhibitory effect of ouabain on acidification (Fig. 7) was probably the result
of its toxic effect on the cells.

Discussion
The present results suggest that vaginal-ectocervical cells acidify the luminal canal by a
mechanism of active proton secretion, possibly via a V-H+-ATPase, which is located in the
apical membrane. The in vivo experiments showed that the pHo of the apical vaginal surface
remains acidic throughout the menstrual cycle and is unrelated to changes in L-pHo induced
by the cervical mucus. The in vitro experiments showed that cultured hECE cells express a
bafilomycin-A1−-sensitive proton secretory mechanism located in apical domain of the plasma
membrane. The sensitivity to bafilomycin-A1 and lack of appreciable effects by omeprazole
and ouabain suggest involvement of a V-H+-ATPase mechanism. Bafilomycin-A1 inhibits V-
H+-ATPases by binding directly to the transmembrane V0 subunit c (46–48), and the finding
that bafilomycin-A1 effect was most pronounced when the drug was administered to the
luminal solution (Fig. 8) suggests that the putative V-H+-ATPase in vaginal-ectocervical cells
is expressed predominantly in the apical plasma membrane. Because intracellular pH did not
change significantly and remained about 7.25 (not shown), the constitutive acidification of the
luminal solution is possibly the result of V-H+-ATPase-dependent proton secretion along with
anion efflux. The latter could be secreted inorganic anions but not CO2 or HCO3

+ because
experiments were carried out at a fixed partial pressure CO2.

Although the V-H+-ATPase is probably the main vaginal proton extrusion mechanism, other
proton transporters could also be involved in the regulation of pHo. For instance, the
acidification of the contraluminal solution could be due to extrusion of proton or proton
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equivalents to equilibrate the intracellular pH (7.25 in hECE cells; Gorodeski, G. I.,
unpublished data) with the pH of the bathing solution. hECE express the Na+/H+ exchanger(s)
(not shown), which electroneutrally decrease pHo (49,50). Studies in human breast cancer
tissues (51) and the rat epididymis (52) have shown estrogen regulation of the Na+/H+

exchanger similar to the effects in hECE cells. In hECE cells the Na+/H+ exchanger(s) are
located predominantly in the basolateral membrane (not shown) and are therefore likely to play
a role in the acidification of the contraluminal solution. Because neither estrogen deprivation
nor treatment with 17β-estradiol affected contraluminal acidification, it is unlikely that in hECE
cells the activity of the Na+/H+ exchanger(s) is modulated by estrogen. Whether Na+-dependent
HCO3

−transporters (53) and carbonic anhydrases (54,55) contribute to the luminal
acidification in hECE cells remains to be determined.

Estrogen deprivation did not abolish acidification of the luminal solution. This finding and the
observations that in hypoestrogenic postmenopausal women vaginal pH ranges 6.5–7.0 (1) and
is still lower than plasma pH (7.2–7.4) suggest that the apically located proton extrusion
mechanism acidifies constitutively the luminal fluid, regardless of estrogen status. Treatment
with estrogens up-regulated proton secretion into the luminal fluid; a low concentration of 1
nM 17β-estradiol sufficed to exert near maximum effect, suggesting that during premenopausal
years the proton extrusion mechanism operates at its near maximum capacity and that cycle-
related increases in plasma estradiol do not exert an additional effect on the activity of the
proton extrusion mechanism. However, plasma 17β-estradiol less than 0.1 nM, such as after
menopause, could result in decreased luminal acidification.

The mechanism by which estrogen up-regulates proton extrusion in hECE cells is not entirely
understood. The agonist profile (17β-estradiol = diethylstilbestrol > estrone ≫ testosterone),
the 17β-estradiol concentration-response profile (EC50 ~ 0.5 nM), and the inhibitory effect by
ICI-182780 suggest involvement of the classical estrogen receptor(s) mechanism. The present
results differ from inhibitory effects of estrogens in male rats on gastric H+/K+-ATPase (56)
and hepatic acidification of endocytic vesicles (57). In addition, in rat epididymis and vas
deferens diethylstilbestrol blocks androgen-dependent expression and activity of the V-H+-
ATPase (58), which is involved in luminal acidification (22). Based on these data, it appears
that the effects of estrogens on V-H+-ATPases could be gender/tissue related: facilitatory in
female vagina and inhibitory in male certain tissues.

In hECE cells, tamoxifen augmented luminal acidification to a lesser degree than 17β-estradiol,
suggesting partial estrogen agonistic effect. However, unlike ICI-182780, tamoxifen did not
block the estrogen increase in acidification. Tamoxifen effect on L-pHo differed from its effect
on permeability, in which tamoxifen attenuates estrogen increase in permeability (35) by
blocking estrogen-dependent increase in estrogen receptor-α (34). These data raise the
possibility of nongenomic effect (59). In fact, Chen et al. (60) suggested that most nongenomic
effects of tamoxifen (61–64) are the result of tamoxifen inhibition of acidification of
cytoplasmic organelles. However, whether the effect of tamoxifen in hECE cells involves up-
regulation of V-H+-ATPases activity remains to be determined.

One of our objectives was also to improve the culture techniques and obtain a system of hECE
cells on filters that would generate acidification of the luminal solution to a degree that
resembles effects in vivo. This was accomplished in part by coculturing hECE and HCF cells
on the opposing surfaces of the filter. This more physiological system produced significantly
greater acidification of the luminal solution, to pHo of about 6.0. Furthermore, in preliminary
experiments (not shown), the acidification of the luminal solution was also sensitive to
bafilomycin-A1, suggesting that in both the hECE and hECE/HCF experimental systems, the
apically located V-H+-ATPase is the main cellular mechanism of active net proton extrusion.
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The mechanism by which coculturing of hECE cells with HCF enhances active net proton
secretion via the apical plasma membrane is unclear. One possibility could be modulation of
hECE tight-junctional resistance, which would affect luminal acidification by impeding
paracellular proton transport from the luminal to the contraluminal solution and the prevention
of proton loss in the luminal solution. Similarly, greater restriction of lateral movement of
plasma membrane proteins by the tight junctions could allow more efficient sorting of proton
extrusion mechanisms into the apical membrane. An additional mechanism could be HCF-
dependent enhanced differentiation of hECE cells with secondary up-regulation of proton
extrusion mechanisms in the apical membrane.

In summary, the present data provide a novel mechanistic explanation for the vaginal luminal
acidic pH. Based on these results, our hypothesis is that vaginal-ectocervical cells acidify the
luminal canal by active proton secretion, possibly via V-H+-ATPase that is located in the apical
membrane. We also propose that active net proton secretion occurs constitutively throughout
a woman’s life, but the degree of acidification is estrogen dependent. The mechanism of the
estrogen effect is at present unclear, although our data suggest involvement of the classical
estrogen receptor(s) mechanism.
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Fig. 1.
A, Schema of the experimental system for determinations of L-pHo (left) and CL-pHo
(right) across cultured epithelial cells. Epithelial cells are shown as hatched bars and fibroblasts
as gray bars. B, Correlation of pH measurements using the pH electrodes (Elect) and pH paper
(pH p) in standard pH solutions. C, Filled diamonds, stability of pH recordings using blank
filter (without cells) in a setup as in A; circles, pH measurements using the pH electrodes (Elect,
filled circles) and pH paper (pH p, open circles) in a blank filter after pH was changed by
adding aliquots from 0.1 N NaCl or 0.1 N HCl. D, Filled circles, pH measurements in a blank
filter using the pH electrode (placed in the luminal [L] compartment) after acidification of the
contraluminal solution (filled circles, CL → L); open circles, pH measurements in a blank filter
using the pH electrode (placed in the contraluminal [CL] compartment) after acidification of
the luminal solution (filled circles, L → CL). Acidification in the cis compartment was induced
by adding aliquots of 0.1 N HCl.
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Fig. 2.
Changes in vaginal and cervical pHo according to the phase of the menstrual cycle. a, P < 0.01,
compared with cervical pHo in d 6–9.
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Fig. 3.
Changes in extracellular pH in the L-pHo and CL pHo solutions of hECE (A) and endocervical
cells (B). The experiments were repeated three to four times with similar trends. Data are
summarized in the text.
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Fig. 4.
Effects of estrogen on changes in pHo. hECE cells were plated on filters and shifted to steroid-
free medium for 1 d and then maintained in the same medium for an additional 2 d in the
absence (S.F.M) or presence of 10 nM 17β-estradiol (added to both the luminal and
contraluminal solutions) (+17β-estradiol). Determinations of pHo were described in the text.
Shown are means (± SD) of three to five repeats per point of pHo determinations 30 min after
mounting filters for assays. a, P < 0.01, compared with contraluminal pHo, hECE cells
(S.F.M.); b, P < 0.01, compared with luminal pHo, hECE cells (S.F.M.).
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Fig. 5.
A, Specificity of estrogen-induced decrease of L-pHo. Experiments were done as in Fig. 4.
hECE cells were grown in steroid-free medium (SFM) and treated with one of the following
hormones (all added at 10 nM to both the luminal and contraluminal solutions): 17β-estradiol
(17βE2), diethylstilbestrol (DES), estrone (E1), or testosterone. Shown are means (± SD) of L-
pHo determinations in three to five repeats. a, b, c, P < 0.01, compared with SFM. B, Dose-
response effect of 17β-estradiol. Shown are means (± SD) of three repeats per point. The
decrease in mean (L-pHo) vs. (17β-estradiol) was significant (P < 0.01).
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Fig. 6.
Modulation of estrogen decrease in L-pHo by specific estrogen-receptor modulators (SERMs).
Experiments were done as in Fig. 4. hECE cells were grown in steroid-free medium (S.F.M.)
in the absence or presence of 10 nM 17β-estradiol as well as with one of the following SERMs
(all added 24 h before assays to both the luminal and contraluminal solutions): 10 μM tamoxifen
(TMX), 10 μM ICI-182780 (ICI), or 1 μM progesterone (P4). Shown are means (± SD) of L-
pHo determinations in three to four repeats per point. a, P < 0.01, compared with control (C),
S.F.M. group; b, c, and d, P < 0.01, compared with S.F.M. group.
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Fig. 7.
Modulation of estrogen decrease in L-pHo by ATPase inhibitors. Experiments were done as
in Fig. 4. hECE cells were grown in steroid-free medium (S.F.M.) in the absence or presence
of 10 nM 17β-estradiol as well as with one of the following drugs (all added 30 min before
assays): ouabain (1 μM, added to the contraluminal solution), omeprazole (100 μM, added to
both the luminal and contraluminal solutions), and bafilomycin A1 (1 μM, added to the luminal
solution). Shown are means (± SD) of L-pHo determinations in three repeats per point 30 min
after mounting filters for assays. a, P < 0.01, compared with control (C), S.F.M. group; b, c,
and d, P < 0.01, compared with respective treatments in S.F.M. group; c, P < 0.02, compared
with C, 17β-estradiol group, but P > 0.1, compared with omeprazole, 17β-estradiol group; e,
P < 0.01, compared with b–d, and P < 0.01, compared with C, S.F.M. group.
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Fig. 8.
Sidedness of the acidification. Experiments were done as in Fig. 4. hECE cells were grown in
steroid-free medium (S.F.M.) plus 10 nM 17β-estradiol. Thirty minutes before assays
bafilomycin A1 (1 μM) was added to either the CL or L solution. Determinations of pHo in the
CL-pHo and L-pHo were described in Materials and Methods. Shown are means (± SD) of
three to five repeats per point 30 min after mounting filters for assays. a, b, c, P < 0.01, compared
with CL-pHo; d, P < 0.01, compared with c.
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Fig. 9.
Abrogation of the tight junctions modulates luminal acidification. Filters with hECE cells were
mounted with pH electrodes and shifted to basic salt solution. After 5 min 1.2 mM EGTA plus
1.2 mM CdCl2 (Cd) were added to the luminal and contraluminal solutions from concentrated
×1000 stocks (pH 7.35). Determinations of L-pHo (A) and CL-pHo (B) were described in
Materials and Methods. The experiment was repeated twice with similar trends.
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Fig. 10.
Determinations of L-pHo and CL-pHo in monocultures of hECE cells (M) and cocultures (CC)
of hECE and HCF cells. The experiment was repeated three times with similar trends.
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