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The epididymis establishes a congenial environment for sperm maturation and protection. Its fluid is acidic, and
the calcium concentration is low and declines along the length of the epididymal tubule. However, our knowl-
edge of ionic currents and mechanisms of calcium homeostasis in rat epididymal epithelial cells remains enig-
matic. In this study, to better understand calcium regulation in the epididymis, we use the patch-clamp method
to record from single rat cauda epididymal principal cells. We detect a constitutively active Ca®* current with
characteristics that match the epithelial calcium channel TRPVé. Electrophysiological and pharmacological data
also reveal a constitutively active calcium-activated chloride conductance (CaCC). Removal of extracellular cal-
cium attenuates not only the TRPVé-like conductance, but also the CaCC. Lanthanide block is time dependent
such that the TRPVé-like component is inhibited first, followed by the CaCC. The putative CaCC blocker niflumic
acid partially inhibits whole-cell currents, whereas La** almost abolishes whole-cell currents in principal cells.
Membrane potential measurements reveal an interplay between La®*"-sensitive ion channels and those that are
sensitive to the specific TMEM16A inhibitor tannic acid. In vivo perfusion of the cauda epididymal tubule shows
a substantial rate of Ca?* reabsorption from the luminal side, which is dose-dependently suppressed by ruthe-
nium red, a putative blocker of epithelial Ca?* channels and CaCC. Finally, we discover messenger RNA for both
TRPV6 and TMEM16A in the rat epididymis and show that their proteins colocalize in the apical membrane of
principal cells. Collectively, these data provide evidence for a coupling mechanism between TRPV6 and TMEM16A
in principal cells that may play an important role in the regulation of calcium homeostasis in the epididymis.

INTRODUCTION

The epididymis in the male reproductive tract is lined
with a layer of epithelial cells, which creates a unique
environment for the immature spermatozoa from the
testis to undergo the most essential posttesticular mor-
phological and functional changes, thus conferring
them with the potential for motility and capacity to un-
dergo acrosome reaction (Turner, 1995; Hermo and
Robaire, 2002; Cooper, 2007; Dacheux and Dacheux,
2014; Robaire and Hinton, 2015). By the time the sper-
matozoa reach the cauda epididymis, they are mature,
yet they are held and protected in a dormant state
during storage. Sperm function thus directly depends
upon the specialized luminal fluid established by epi-
didymal epithelial cells (Carr and Acott, 1984; Hong et
al., 1984; Turner, 2002; Dacheux and Dacheux, 2014).
Identified in these cells are the various transporters, ion
channels, and pumps that work in a concerted manner
to create the luminal microenvironment for the most
needed physiological changes to take place in the sper-
matozoa. One of the features in the epididymal fluid, as
demonstrated by micropuncture studies in rats, is that it
is slightly acidic, with low levels of calcium and chloride
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ions, and these ionic gradients decline prominently
along the epididymal tubule (Levine and Marsh, 1971;
Turner, 2002). The physiological implication of this spe-
cial calcium homeostasis in the epididymal microenvi-
ronment is not fully clear, but it is believed that low
calcium levels are essential to prevent immature activa-
tion of sperm in the dormant stage in the head region
of the epididymis (Hong etal., 1985; Schuh etal., 2004).

The calcium ion (Ca®) is known to serve as a first
messenger in extracellular space of organisms and a key
second messenger in live cells through the regulation
of countless biochemical processes, and therefore, their
levels have to be tightly controlled. The luminal Ca*
concentration decreases from ~1.9 mM in the testicular
fluid to 1.3 mM in the proximal epididymal regions, and
then to as low as 0.25 mM in the posterior cauda regions
(Levine and Marsh, 1971; Jenkins et al., 1980; Turner,
2002; Weissgerber et al., 2011). Taking into consider-
ation that >90% of the testicular fluid is removed when
it reaches the epididymis (Wong and Yeung, 1978; Coo-
per, 2007), this means that >90% of the Ca* in the lumi-
nal fluid is absorbed through the epididymal epithelial
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cells back to the blood circulation, which implies that
an efficient calcium absorption machinery is function-
ing in the epididymis. However, the mechanisms of Ca*"
homeostatic regulation in this organ are not yet fully
understood. It is known that gene deletion or mutation
of the epithelial calcium channel TRPV6 in mice has
been shown to cause severe impairment of male fertility
accompanied by abnormal accumulation of Ca* in the
epididymis, highlighting the key roles of Ca** homeo-
static regulation and TRPV6 for Ca*" absorption in this
organ for sperm health (Weissgerber et al., 2011, 2012).
However, it has been reported that detection of TRPV6
current in native epithelial cells is difficult, regardless of
the phenotype of TRPV6-deficient mice (Hoenderop et
al., 2005; Weissgerber et al., 2011; Stoerger and Flock-
erzi, 2014), and the mechanisms by which TRPV6 car-
ries out its functions remain unclear.

The present study aimed to determine what ionic
currents are present in the primary epithelial cells iso-
lated from the rat epididymal cells and to characterize
their physiological properties using a whole-cell patch-
clamp technique and pharmacological tools. This
would allow us to obtain information on their physio-
logical role and the underlying regulatory mechanism.
To this end, our study demonstrates a constitutively
active TRPV6-like conductance in epithelial cells of rat
cauda epididymis, and unexpectedly, we also mea-
sured calcium-activated chloride conductance (CaCC)
coupled with TRPV6 channel activity. Using conven-
tional reverse transcription (RT) PCR and immunola-
beling methods, together with electrophysiological
and pharmacological studies, we identified TMEM16A
is the molecular candidate for the CaCC, which was
detected for the first time in the apical membrane of
principal cells of the epididymis where TRPV6 is also
predominantly located. Immunofluorescent labeling
showed that TRPV6 and TMEMI6A colocalized in the
apical membrane of principal cells of the epididymis
in a regional-dependent manner. Collectively, our
study demonstrates a coupling mechanism between
TRPV6 and TMEMI16A in epididymal principal cells
whereby TMEMI16A participates as a functional part-
ner to modulate TRPVG6 activity. Their potential role in
the homeostatic control of calcium levels, and possibly
chloride secretion and fluid formation, in the cauda
epididymal tubule is proposed and discussed.

MATERIALS AND METHODS

Experimental animals

All animal experiments were performed in accordance
with the guidelines on the use of laboratory animals es-
tablished by the Animal Ethics Committee of the Chi-
nese University of Hong Kong and ShanghaiTech
University. Adult male Sprague—Dawley rats weighing
~300-350 g were used, and all animals were euthanized
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with sodium pentobarbital anesthesia or by cervical dis-
location before experiments.

Total RNA extraction and RT-PCR
To isolate total RNA from tissue samples, the rat effer-
ent duct, kidney, and different regions of the epididy-
mides were frozen in liquid nitrogen immediately after
dissection and then homogenized using a Pro200 ho-
mogenizer (Pro Scientific Inc.) in RLT lysis buffer with
the RNeasy Mini kit (QIAGEN). Total RNA was isolated
according to the manufacturer’s manual, and genomic
DNA contamination was removed by on-column incuba-
tion with DNase I for 30 min at room temperature using
the RNase-Free DNase set (QIAGEN). Isolated total
RNA was stored at —80°C until being subjected to RT.
Total RNA samples were reverse transcribed for 1 h at
42°Cin a final volume of 50 pl with 1x RT buffer (10 mM
Tris-HCI, pH 8.3, and 50 mM KCI), 5 mM MgCl,, 1 mM
each of dNTP, 1 U/pl RNase inhibitor, 5 pM random
hexamers, 5 pM oligo(dT) ;s primer, and 2.5 U/pl MuLV
RT (Applied Biosystems and Thermo Fisher Scientific).
The resulting firststrand ¢cDNA was directly used for
PCR of epithelial calcium channels and calcium-acti-
vated chloride channels. Oligonucleotide primer pairs
were designed to amplify a short sequence in rat TRPV)H
(GenBank accession no. NM_053787.2), rat TRPV6
(NM_053686.1), and rat TMEM16A (NM_001107564).
Primer sequences are as follows: TRPV6 (forward, 5'-
CCTTCATGTACAGCATCACCTA-3’, and backward, 5’'-
CATACTCTCGCCCACATATCC-3"), TRPV5 (forward,
5'-CACCACATGCTGTGTTTACC-3’, and backward,
5'-GGCACCAACTCTGAAGATGT-3’), and TMEMI16A
(forward, 5-TTCAGTTCGGCTTCGTCACCC-3’, and
backward, 5'-CCAGCTTCCCGACACCTC-3"). A primer
pair (forward, 5-AGAGAGAGGCCCTCAGTTGCT-3’,
and backward, 5-TGGAATTGTGAGGGAGATGCT-3")
was included for glyceraldehyde 3-phosphate dehydro-
genase, which served as the internal standard.
Reaction mixtures consisted of a 20-pl final volume
containing 2 pl template, 1.25 U AmpliTag Gold DNA
polymerase (Applied Biosystems and Thermo Fisher
Scientific), 50 mM KCI, 10 mM Tris-HCI, pH 8.3, 2.0 mM
MgCly, 1.0 mM dNTP, and 0.5 pM of forward and re-
verse oligonucleotide primers. The PCR mixtures were
then subject to a number of amplification cycles per-
formed in a thermal cycler with following parameters:
8 min at 95°C to activate the polymerase, followed by
various cycles (28 for TRPV®6, 40 for TRPV5, and 35 for
TMEMI16A) for 1 min at 95°C, annealing for 30 s at
60°C, extension for 1 min at 72°C, and a final extension
for 10 min at 72°C. The PCR products were resolved on
2.5% agarose gel and visualized by staining with ethid-
ium bromide or Gelstar Stain (Lonza). The amplified
PCR products for epithelial calcium channel TRPV5
and TRPV6 were confirmed by sequencing. The rat kid-
ney was used as positive control for TRPV5. Negative
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controls were performed by omitting the cDNA tem-
plate from the PCR amplification.

Immunocytochemistry and

immunofluorescent microscopy

Immunocytochemistry was performed as previously de-
scribed (Chow et al., 2004) for the detection of TRPV6
protein in rat epididymis. Paraffin sections of rat ep-
ididymis from young adult male Sprague-Dawley rats
weighting between ~300 and 450 g were used. Tissues
were fixed in Bouin solution overnight at 4°C. After
washes, the tissues were dehydrated, embedded in par-
affin, and sectioned at 4-pm thickness. Consecutive sec-
tions were heat treated to 60°C to dewax and hydrated
in PBS. Antigen retrieval was performed by treatment
in 10 mM citrate buffer, pH 6, for 2 min in a microwave
oven. Slice sections were then treated with methanol
containing 3% (vol/vol) hydrogen peroxide for 30
min to quench endogenous peroxidase activity. After
rinsing with PBS, sections were incubated in blocking
serum (Vectastain Elite ABS kit; Vector Laboratories)
for 30 min. Excess serum was drained off, and the slice
sections were incubated with primary antibodies di-
Iuted in PBS with 0.01% Triton X-100, 0.01% Tween
20, and 0.1% BSA at 4°C overnight. Sections were
rinsed three times with PBS before incubation with bi-
otinylated secondary antibody (ABC kit). After washing
with PBS, the sections were incubated with Vectastain
Elite ABC reagent (ABC kit) for 1 h and finally washed
three times with PBS. Visualization of antigen localiza-
tion was achieved by immersing sections in peroxidase
substrate solution (DAB substrate kit; Vector Labo-
ratories) until the desired stain intensity developed.
Slides were rinsed with water, counterstained with Lil-
lie-Mayer hematoxylin, dehydrated, cleared with xy-
lene, and mounted for light microscopy examination.
The images were captured by Spot-RT charge-coupled
device (CCD) color camera (Diagnostic Instruments,
Inc). Two primary polyclonal rabbit anti-TRPV6 anti-
bodies targeting the C terminus (Alomone Labs) and
the N terminus (ADI) were used to confirm the cellular
localization of TRPV6, and they showed similar immu-
nohistochemical reaction patterns. Negative controls
were obtained by incubation with antigen-preabsorbed
antibodies overnight at 4°C.

Immunofluorescent labeling using cryosections of rat
epididymis was performed as described previously
(Shum et al., 2011) for the detection of cellular localiza-
tion TMEM16A protein. Adult rat epididymis were fixed
by immersion with 4% paraformaldehyde in PBS over-
night at 4°C and washed for at least three times with
PBS and cryoprotected in PBS containing 30% sucrose.
Tissues were then cryoprotected by embedding in Tis-
sue-Tek OCT (Sakura), cryosectioned with a microtome
(CM1950; Leica Biosystems) at 5—10-pm thickness, and
stored at 4°C until use. Rabbit anti-TMEM16A antibody
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was used (Abcam). For double labeling of TMEMI16A
and TRPVG6, the TMEMI16A signal was amplified using a
TSA amplification kit (PerkinElmer) for both antibod-
ies, which were of rabbit origin. Immunolabeled sec-
tions were examined using TCS-SP8 (Leica Biosystems)
or AIR (Nikon) confocal microscopy. Digital images or
serial stacks were imported into Image] software and
then projected and exported as TIFF files. The TIFF im-
ages were not postprocessed, although brightness and
contrast adjustment were applied to entire images using
Photoshop version 9.0 software (Adobe Systems).

Isolation of epididymal cells from rat cauda epididymis
Cauda epididymal cells were isolated as previously de-
scribed (Cheung et al., 2005). The lower abdomen of
young adult rats (~300-350 g) was opened and the cau-
dal part of the epididymis removed. After dissecting
away the connective tissues and fat, the cauda epididy-
mis was then finely cut with scissors and placed in sterile
Hank’s balanced salt solution (HBSS) containing 0.35%
(wt/vol) trypsin (Type II-S, 1,800 U/mg; Sigma-Al-
drich) for 30 min at 32°C with shaking. The cell suspen-
sion was then spun down, and the supernatant was
discarded. The resuspended cells were incubated in
HBSS containing 0.1% collagenase at 32°C with shaking
for 1 h to obtain disaggregated cells. The disaggregated
cells were then washed with HBSS and cultured in
EMEM supplemented with 1 nM testosterone for at
least 4 h or overnight as to remove fibroblasts. Epithe-
lial cells were then harvested and reseeded onto a cul-
ture dish, keptin an incubator, and used for patch-clamp
experiments on the day of isolation or the next day. Ep-
ithelial cells were viewed under an inverted microscope
equipped with a differential interference contrast
(DIC) optical system and identified by their distinct
morphology as well as electrical properties recorded
after successful whole-cell patch-clamp configuration
was established on the cells.

Electrophysiological whole-cell recording of isolated
epididymal cells

Isolated primary epididymal cells were harvested from
the culture dish with a plastic pipette and transferred to
a 1-ml chamber mounted on the stage of an inverted
microscope, maintained at room temperature, and per-
fused at ~2 ml/min with a physiological salt solution
(PSS) for at least 5 min before doing any recording.
The whole-cell configuration of the patch-clamp tech-
nique was used to measure macroscopic current under
voltage clamp, as described previously (Cheung et al.,
2005). The resting membrane potentials were also mon-
itored quickly by switching from voltage-clamp mode to
current clamp with the current set at zero. Axo-
patch-200B amplifier and pClamp8 software packages
were used for protocol generation and data acquisition
(Axon Instruments). Patch pipettes were pulled from

163

920z Arenigad g0 uo 3senb Aq 4pd'9z91 1910z dbl/ey096.1/191/2/8Y L /pd-ajonie/dbl/Bio sseidny//:dpy wouy pepeojumoq



borosilicate glass (Sutter Instrument) and had a resis-
tance of 5-10 MQ. Current data were filtered at 1-2 kHz
and digitized at 2-5 kHz (steps or ramps; in 5-s intervals
unless otherwise stated) or at 200 Hz (continuous hold-
ing current), respectively. Cells were routinely held at
—60 mV, unless otherwise indicated. The input resis-
tance was measured from the step change in current
induced by a 10-mV hyperpolarizing step applied from
holding potential of —60 mV immediately after whole-
cell establishment. Cell capacitance and series resis-
tance were also estimated from the raised transient
current. Series resistance was not compensated, and no
leak current was subtracted.

The standard PSS used for recording current and
membrane potential consisted of 140 mM NaCl, 4.7 mM
KCl, 1.2 mM MgCly, 1.2 mM NaHyPO,, 2.5 mM CaCls,
10 mM glucose, and 10 mM HEPES, pH 7.4, with NaOH.
In nominally Ca*-free PSS, the CaCly, was omitted; in
divalentfree PSS, Ca* and Mg*" were replaced with
Na'. The perfusion speed was ~2 ml/min in the patch-
clamp setup. The internal (pipette) solution contained
35 mM KCI, 100 mM K-gluconate, 2 mM MgCly, 3 mM
Mg-ATP, 0.1 mM EGTA, and 10 mM HEPES, pH 7.2,
with KOH (potassium-based 0.1 mM EGTA). In some
experiments, the EGTA concentration in the pipette
solution was raised from 0.1 mM to 5 mM in order to
complete the intracellular Ca* chelation (potassi-
um-based 5 mM EGTA), whereas equal molar amounts
of KCl and NaCl in bathing solution were replaced with
CsCl (Cs-PSS) to suppress K, currents and with
NMDG-CI (Cs-NMDG PSS) to suppress the nonspecific
“leaky” cationic currents, respectively. For some experi-
ments, intracellular K-gluconate was replaced with
Cs-methanesulfonate in order to suppress the K cur-
rents (caesium-based 0.1 mM EGTA or 5 mM EGTA as
indicated). To further characterize the TRPV6 current,
low chloride extracellular and internal solutions were
used as to suppress chloride conductance, which was
composed of 140 mM Na-gluconate, 4.7 mM CsCl,
1.2 mM MgCl,, 1.2 mM NaHyPOy,, 2.5 mM CaCly, 10 mM
glucose, and 10 mM HEPES, pH 7.4, with NaOH (low
chloride Cs-PSS). The pipette solution was set to con-
tain 125 mM Cs-methanesulfonate, 10 mM CsCl, 1 mM
MgCly, 4 mM Nay-ATP, 10 mM BAPTA, and 10 mM HEP
ES, pH 7.2, with CsOH (low chloide Cs-pipette).

Fixation and immunofluorescent labeling of isolated
epididymal cells

To confirm the expression of TRPV6 in epididymal
principal cells after isolation, dispersed epididymal epi-
thelial cells prepared for electrophysiological recording
were plated on glass coverslips and washed briefly with
PBS before fixation with methanol for 20 min. After sev-
eral washes with PBS, cells were permeabilized with
0.1% Triton X-100 for 4 min and washed with PBS. Cells
were blocked with 1% BSA for 30 min at room tempera-
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ture before the incubation for at least 1 h with the pri-
mary antibody against TRPV6 protein at a concentration
of 1:300 or 1:400 (ADI). After several washes with PBS,
an FITC-conjugated donkey anti-rabbit secondary anti-
body (Sigma-Aldrich) was applied at 1:100 dilution con-
centration. Immunolabeled cells were viewed with an
epifluorescence microscope, and images were captured
with a CCD camera.

Membrane potential measurement using DiIBAC4(3)
DiBAC4(3) is a voltage-sensitive fluorescent dye with ex-
citation maxima at ~490 nm and emission maxima at
516 nm. Hyperpolarization results in extrusion of the
dye and then a decrease in fluorescence (and vice versa
for depolarization). Before measuring fluorescence,
isolated epididymal cells were incubated in normal PSS
(as used for the patch-clamp study) containing 0.5 pM
dye for at least 30 min at room temperature. Cells were
imaged using confocal microscopy (A1R; Nikon). Data
were collected at an interval of 30 s or 1 min. Fluores-
cence intensity raw data were collected using Element
software (Nikon), background subtracted and normal-
ized to the mean fluorescent intensity of all cells at time
zero for each set of the experiment using Excel software
(Microsoft), and then further processed with Prism soft-
ware for final presentation.

Intracellular calcium concentration [Ca®*]; measurement
Cells were loaded with the fluorescent dye fluo3-ac-
etoxymethyl ester (Fluo-3-AM; Molecular Probes) as
described previously (Cheung et al., 2005), bathed
in 2.5 mM Ca* PBS solution, and perfused at a rate
of ~2 ml/min. An excitation wavelength of 488 nm
was provided by a laser-scanning confocal imaging
system (MRC-1000; Bio-Rad Laboratories), and fluo-
rescence signals were collected using a 515-nm long-
pass emission filter. Data analyses were performed
with MetaFluor. The change in fluorescence intensity
after the designed treatments was normalized with the
initial intensity.

Microperfusion of rat cauda epididymis

Microperfusion of rat cauda epididymis was performed
as previously described (Wong and Yeung, 1978; Shum
etal., 2011). Adult male Sprague-Dawley rats weighing
350-450 g were anesthetized with sodium pentobarbi-
tone with an intraperitoneal dose of 50 mg/kg body
weight, and a few small doses were given to maintain the
animals under anesthesia. Epididymides from both
sides of the animal were cannulated with catheters with
a tip diameter of ~200 pm and perfused simultaneously
at a rate of ~2 pl/min with a perfusion solution using
an infusion pump (Harvard Apparatus), displacing the
spermatozoa or perfusate was collected to the 0.5-ml
Eppendorf tubes through the vas deferens inserted with
a polyethylene tubing with a tip diameter of ~300-400 pm.
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The perfusion solution buffered with 10 mM of either
HCO;~ or HEPES was composed of 140 mM NacCl,
4.7 mM K(Cl, 1.2 mM MgCl,, 1.2 mM NaH,PO,, 1.0 mM
CaCly, and 10 mM glucose, pH 7.4, with NaOH. The pH
was set to 7.4 with NaOH. The concentration of CaCly
was altered as indicated during the experiment. The
HCOgs -buffered solution was gassed with carbogen
(95% O, and 5% CO,) for at least 20 min before the
experiment. After a clearance of spermatozoa from the
lumen of the perfused region of epididymis and a pre-
equilibration period, the perfusates were collected in
Eppendorf tubes with a layer of paraffin oil on the top
to prevent evaporation, and the time for each sample
collection was noted and included in calculation. The
time interval of the switch between solutions was ~5-10
min, which was omitted from the data points. The per-
fused segments of the epididymis were measured after
the microperfusion experiments, and the mean length
was ~18 cm, which was the value used to calculate the
perfusion rate. The collected samples (usually ~60 pl)
were then diluted at a 1:1 ratio with 20 mM MES buffer,
pH 5.0, sealed tightly, and stored at 4°C until used for to
determine the calcium concentration.

Ca?* concentration determination in

microperfused perfusates

The concentrations of Ca®* ions in the perfusates were
determined using a colorimetric method and was per-
formed by the University Pathology Service Unit (Prin-
cess of Wales Hospital), which is affiliated with The
Chinese University of Hong Kong. In brief, calcium ions
were chelated by o-cresolphthalein complexone to form
a purple complex calcium-o-cresolphthalein. The opti-
cal density of the purple complex was measured using
a commercial kit for the calcium ion concentrations in
a direct proportional manner to a standard curve using
a microplate reader at 575 nm. The rate of Ca*" absorp-
tion by the perfused cauda epididymis was calculated
and expressed as nanomoles/squared centimeters/
minutes by normalizing to the surface area, which in-
tegrated the measured length and diameter of the per-
fused cauda epididymis and the perfusing time for each
sample collection. For each data point, at least three
epididymides from different animals were included.

Data analysis

Data are presented as means + SEM. Student’s t test
was used for the comparison between two groups,
and multiple comparisons using ANOVA with Bon-
ferroni post-hoc test was used for the comparisons
for more than two groups. P-values <0.05 were ac-
cepted as significant. For electrophysiological data,
whole-cell current analysis was first performed using
pClamp8 software (Axon Instruments) and then ex-
ported to Excel. Figures were prepared using Prism
and/or Photoshop software.
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RESULTS

Regional and cellular localization of epithelial Ca®*
channel TRPV6 along the male excurrent duct
Conventional RT-PCR analysis was used to confirm the
expression of TRPV6 mRNA in the different regions of
rat epididymis and efferent duct (Fig. 1 A). However, no
PCR products were detected for TRPV5 in these tissues,
although they were found in the rat kidney, indicating
that TRPV5 mRNA is not expressed at a detectable level
in the male excurrent duct. These results were repro-
duced in separate RT-PCR reactions using mRNA from
at least three rats. Immunohistochemical analysis using
the rabbit anti-rat antibody against the N terminus of
TRPV6 was employed to determine the cellular localiza-
tion of TRPV6, which was found in the apical membrane
of principal cells of corpus and cauda epididymides as
well as in the ciliated cells of the efferent duct (Fig. 1,
B-F). In the proximal initial segment, narrow cells were
also positively immunolabeled. In the distal initial seg-
ment and caput epididymis, immunopositivity for
TRPV6 was diffusely localized over the principal cells. In
the distal cauda region, a weak and diffuse signal for
TRPV6 was also seen in the cytosolic compartments. Ves-
icle-like structures in the luminal content were also ob-
served, particularly in the regions of the initial segment,
caput, and corpus epididymidum. No detectable immu-
noprecipitation for TRPV6 was seen in clear cells, basal
cells, halo cells, muscle cells, or interstitial tissues of all
regions of the epididymis, suggesting no protein expres-
sion in these cells. Western blot analysis using this anti-
body detected a major band at ~83 kD (corresponding
to the expected size of TRPV6) in protein extracts from
kidney, testis, caput, corpus, and cauda epididymides
(Fig. 1 H). There were weak banks above the expected
size of TRPV6, which may suggest that there are post-
translational modifications of TRPV6, whereas the weak
banks below the expected size might represent its deg-
radation products. The immunolabeling of TRPV6 in
principal cells was abolished when the antibody had
been preabsorbed with an excess amount of the immu-
nizing peptide from the manufacturer, confirming spec-
ificity of the antibody (Fig. 1, I and J).

Passive membrane properties of single epididymal
epithelial cells

The enzymatic dispersion of rat cauda epididymis con-
sistently yielded healthy epithelial cells (Fig. 2 A), and
the passive membrane properties were obtained readily
using the whole-cell patch-clamp method described in
Materials and methods. Immunofluorescence staining
of isolated epithelial cells provided evidence that the
cells positively stained for TRPV6 exhibited morpholog-
ical features consistent with those of principal cells
(Fig. 2, B and C). The epididymal epithelial cells (pre-
sumably the principal cells) were usually identified by
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Figure 1. Cellular localization of epithelial
Ca?* channel TRPV6 along the male excur-
rent duct. (A) RT-PCR detection of mRNA for
TRPV6 in the rat efferent duct and the differ-
ent regions of epididymis, including the initial
segment and caput, corpus, and cauda epi-
didymides. No TRPV5 mRNA was detected
in these tissues (except in the kidney, which
was used as a positive control). RT+, PCR
products with RNA sample templates; RT—,
no RNA template control. GAPDH, glyceral-
dehyde 3-phosphate dehydrogenase. (B-G)
Immunoperoxidase detection of TRPVé6 pro-
tein (brown) in the rat efferent duct (B), initial
segment (C), caput (D), corpus (E), and cauda
epididymides (F). Negative control for immu-
nohistochemistry without primary antibody
showed no brown immunoperoxidase prod-
uct (G). Arrows indicate the vesicle-like struc-
tures in the luminal content; the asterisk in C
indicates a halo cell. L, lumen; /, interstitial tis-
sue. Bar, 20 pym. (H) Western blot detection of
TRPV6 protein (~83 kD, arrow) using the same
antibody in total homogenates as indicated.
MW, molecular weight. (I and J) Specificity of
the TRPV6 antibody was confirmed by the ab-
sence of immunoprecipitation after immuno-
peptide preabsorption.

their larger size, with a rough microvilli on one end and  cells and clear cells; whereas the former group of cells
polarized distribution of intracellular contents. These  was believed to be those possessing neither prominent
features suggested that the cells retained much of their ~ microvilli nor polarized cellular contents, the latter
cellular polarity after cell isolation and during the  group of cells might be those possessing some microvilli
patch-clamp experiments. Other cells may include basal ~ and polarized cell contents.
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Figure 2. Passive membrane properties of single epididymal epithelial cells. (A) Examples of epithelial cells isolated from rat
cauda epididymis after being reharvested from overnight culture on a dish before patch-clamp experiments. Only single cells were
selected for patch-clamp recording. Arrows indicate epididymal epithelial cells (presumably principal cells or clear-like cells), and
asterisks indicate no-microvilli cells, from which patch-clamp recordings were also done but the data were not presented. Insets
show polarized distribution of intracellular contents in a principal cell. (B) Immunofluorescence detection of TRPVé in fixed isolated
epithelial cells showing typical example of a cell sharing the features of principal cells with positive staining (arrow). (C) Transmitted
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Primary epithelial principal cells were further distin-
guished by their distinct passive membrane properties
using the whole-cell patch-clamp technique (Fig. 2 D).
Cell capacitance and input resistance were calculated
from the current response to a 10-mV hyperpolarizing
step applied from a holding potential of —60 mV as
long as the whole-cell configuration was established
when the giga ohm seal was achieved. The capacitance
is directly related to membrane surface area (specific
membrane capacitance is ~1 pF/ cm?), whereas the
input resistance measured at these potentials is indica-
tive of the intrinsic membrane or “leak” conductance.
Principal cells exhibited passive membrane properties
as well as current patterns that were significantly differ-
ent from other cell groups, as described in the subse-
quent sections. Their mean input resistance and cell
capacitance values of 0.7 + 0.1 GQ and 9.9 + 0.7 pF, re-
spectively (n = 36). In cells that also possessed polarized
cellular contents and some microvilli, which were be-
lieved to be clear cells and are termed clear-like cells in
this paper, had significantly different input resistance
values (1.5 £ 0.5 GQ; n = 14; P < 0.05), although there
was no significant difference in capacitance values com-
pared with principal cells (10.5 + 2.2 pF; n = 14). These
clear-like cells showed different responses to the alter-
ation of extracellular pH and changes in holding poten-
tials and testing voltage pulses, and they could be readily
differentiated from the principal cells described in the
subsequent section by these differences in response.
Another group of cells, termed no-microvilli cells,
which might include basal cells, also possessed distinct
current patterns different from those of the principal
cells and clear-like cells, and their mean input resis-
tance was measured as 7.2 + 1.3 GQ and capacitance as
5.6 + 0.5 pF (n=33; P <0.001). The larger cell capaci-
tance value in principal cells suggested that microvilli
increase the cell surface area, whereas the low input re-
sistance might reflect the intrinsic leak conductance of
principal cells. It is worthwhile to note that the input
resistance of principal cells was resumed (>10 G€) after
blockade of the leaky current with the nonspecific cat-
ion channel blocker lanthanum (LaCl; or La®").

The resting membrane potential was determined
under current clamp as the zero-current potential,
shortly after establishing the whole-cell configuration,
using a low EGTA potassium-gluconate pipette. In
whole-cell recordings, the leak conductance across the
membrane and at the seal between the membrane and
pipette both contributed. It is usually assumed that the

seal has a much higher resistance than the membrane,
ensuring that it has minimal influence on the measure-
ment of membrane potential. In this study, the observed
low input resistance in epithelial cells might have re-
flected a low seal resistance, and some membrane po-
tentials were less polarized at lower values. However,
correlation analysis of input resistance with resting
membrane potential in all cells gave a value of ~0.28 (n
= 60), showing a weak influence of input resistance on
the measured resting membrane potential (Fig. 2 D). In
addition, we did observe a low input resistance of 0.7
GQ correlating with a resting potential as low as —38
mYV, compared with the mean resting potential of all
cells of approximately —24 mV. Resting membrane po-
tentials were therefore reported only from cells with an
input resistance 0.7 GQ or more. There was no obvious
difference on the measured resting membrane poten-
tial among the different cell groups (Fig. 2 D). The rest-
ing potentials of principal cells, clearlike cells, and
no-microvilli cells were —24.3 + 3 mV, —19.6 + 8.1 mV,
and —25.9 £ 11 mV, respectively.

Cell capacitance and current patterns differed signifi-
cantly when cells were cultured for a few days (Fig. 2 E).
Day 0 and day 1 cells were morphologically similar in
shape and size. On day 2, some of the cells maintained
their shape and size while some of them spread out;
however, their current densities were significantly
smaller than that on day 1, particularly the inward cur-
rents at negative potentials. On day 3 and day 4, the cell
capacitance was significantly larger; accompanying cells
became spread out, and their current patterns were
much smaller than those recorded on day 1. The mean
resting potentials were not significantly different than
those measured at different time points but were slightly
depolarized in later days. Therefore, only subsequent
patch-clamp results from day 1 are reported in order to
make consistent comparisons.

Constitutively active TRPV6-like conductance in whole-
cell currents of principal cells

Current component is sensitive to changes in membrane
voltage potential in K*-filled cells. Under quasiphysio-
logical conditions with cells bathed in normal PSS and
dialyzed with a low-calcium buffering potassium-based
pipette solution, several current components were re-
corded by stimulating principal cells from a holding po-
tential of —60 mV to a series of 500-ms testing voltages
ranging from —120 to 60 mV (Fig. 3, A and B). The ap-
plied voltage steps instantaneously induced changes in

light microscopy image of the same cells (arrow). (D) Passive membrane properties of single rat epididymal cells as shown in A. (E)
Images showing examples of principal cells isolated from rat cauda epididymis after day 0—4 cultures. Arrows indicate the identified
principal cells in earlier culture days, whereas on later days, cells showed very different morphology. The typical current patterns and
corresponding |-V plots as well as the membrane properties in different culture days are also shown. Numbers of cells tested are
shown within bars. #, P < 0.05; ###, P < 0.001; ns, no significant difference versus appropriate controls using one-way ANOVA with
Bonferroni post-hoc test. Bars: (A) 20 pm; (B and C) 10 pm. Error bars represent SEM.
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A K, 0.1EGTA B +60 mvV 4 Initial Figure 3. Whole-cell currents in single epididymal
End O End epithelial cells. (A) Typical whole-cell currents recorded
Initial v -60 mV from single epididymal epithelial cells when bathed
< v 50 in normal PSS and dialyzed with 0.1 mM EGTA po-
g‘ 1 ~120 mv tassium-based pipette solution (K, 0.1 EGTA) using a
ol " ) Ie . pulse-eliciting protocol as in the inset in B. The asterisk
-120 -60 60 indicates the tail current. The dotted line (herein and
(mV) in the subsequent figures) indicates the zero current
* --50 level. (B) The current-voltage relationship of the cur-
100 ms (PA/pF) rents from the epithelial cells as in A. (C-E) The current
response recorded with a dialyzing pipette solution of
C K, 5EGTA strong intracellular Ca?* buffering with 5 mM EGTA at
holding potentials of —60, 0, and 60 mV. (F) Digitally
Vh @ -60mV Vh @ OmV Vh @ +60mV subtracting the currents recorded at holding potential
of =60 mV from that at 0 or 60 mV gave inwardly rectify-
ing currents with a reversal potential proximately close
to 30 mV. Error bars represent SEM.
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outward and inward currents followed by time-depen-
dent activation at positive potentials and inactivation at
negative potentials, accompanied by a tail current upon
cell repolarization (Fig. 3 A, asterisk). The total current
at the beginning of the tested positive potential pulses
(e.g., activating at 60 mV) was slightly smaller than that
at the end of the pulses, but it was larger at the begin-
ning of negative potentials (e.g., decaying or inactivat-
ing at —120 mV; Fig. 3 B; n=9).

A designated set of experiments using Na-gluconate
and Cs-methansulphonate as the major ions in the ex-
tracellular and internal pipette solutions to suppress K*
and Cl” conductance and high BAPTA was included in
the pipette to suppress other Ca*-dependent compo-
nents in order to confirm the presence of constitutive
activity of TRPV6 channels in isolated primary principal
cells. It was found that primary principal cells still ex-
hibited prominent currents under these recording con-
ditions, indicating that the basal nonspecific leak

JGP Vol. 148, No. 2

current was not sensitive to the internal Cs* ions and the
depletion of intracellular Ca* by 10 mM BAPTA
(Fig. 4). In the presence of magnesium (Fig. 4 A), an
increase in the extracellular calcium concentration
from 0 or 2.5 mM to 30 mM dramatically increased the
current response measured at —80 mV membrane po-
tential. The subsequent change in Ca®* concentration
from zero level to 2.5 mM initially induced a current,
which was almost run down after prolonged presence of
the extracellular Ca*, consistent with the autoinhibi-
tion effect caused by extracellular calcium on TRPV6
channels. When the divalent cations were removed
from the extracellular solution, the current (Fig. 4 B),
mainly caused by Na® conductance, was initially de-
creased but then dramatically increased. This stable
monovalent current was reversible and diminished in
the presence of divalent cations.

The subtraction of the current responses to the volt-
age ramp applied under dictated conditions between
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Figure 4. Constitutive electrophysiological activity of TRPV6-like current in principal cells: inwardly rectifying Ca®*-selective
and monovalent conductance. (A) Time course of the current changes recorded at different extracellular Ca* concentrations ((Ca?*],).
The current was initially recorded in a nominally Ca**-free solution. Increasing [Ca?*], to 30 mM reversibly evoked a current, which
was attenuated in 2.5 mM Ca?*-containing solution. When increasing [Ca?*], from nominally Ca?*-free solution to 2.5 mM Ca?*-solu-
tion, a small inward current was evoked, which was then followed by an almost complete rundown. (B) A monovalent cation current
was revealed when switching the normal external solution to a divalent (Ca?* and Mg?*) cation-free saline. (C and D) Current-voltage
ramps recorded at the time points as indicated in A and B, and current-voltage curves were digitally subtracted from different con-
ditions as indicated. The subtracted currents showed inwardly rectifying at negative potentials. Arrows indicated the negative slopes
of current responses at the hyperpolarization step before the applied voltage ramp. Dotted lines indicate the zero current levels. (E)
Typical tracings showing the current kinetics at negative potentials in different ionic conditions. Tested pulses were applied from a
holding potential at 0 mV to a series of 500-ms steps between 20 and —120 mV in 20-mV intervals. Bathing fluid low chloride Cs-PSS
and low chloride Cs-based pipette solutions were used for recording.

—140 and 80 mV from a holding potential of =20 mV ~ CaCC activity and expression of TMEM16A in

revealed inwardly rectifying currents at negative po-  epididymal principal cells

tentials (Fig. 4, C and D), and the current response  In view of the presence of inward-rectifying TRPV6-like
was more prominent in the divalentfree condition conductance, which contributes only the inward cur-
and exhibited a negative slope at the beginning of  rents at hyperpolarizing potentials, and the time-activat-
strong hyperpolarization before the voltage ramping  ing conductance at depolarizing steps in primary
up (Fig. 4 D, arrows). The current responses at hyper-  principal cells, which was not suppressed when cells
polarizing steps showed decaying kinetics only in the = were dialyzed with a Cs™filled pipette solution and
presence of Ca®* and Mg®* in the extracellular solution  bathed in normal PSS (data included in Fig. 5 Be), it was
(Fig. 4 E). The current kinetics was steady during the therefore hypothesized that CaCC activity was also pres-

500-ms voltage steps when cells were exposed to a Ca*-  ent in the whole-cell currents of these principal cells, in
free with Mg®* in the bating solution. The addition of =~ addition to the TRPV6 channels. To confirm this notion,
2.5 mM Ca* to the bathing solution caused the cur-  the putative CaCC blocker niflumic acid was used. It was
rent responses to decay with time during the hyperpo-  found that the whole-cell currents of principal cells were

larizing voltage pulses. A further increase in Ca® to  significantly attenuated by niflumic acid even at 10 pM
30 mM counteracted the decaying kinetics, whereas (Fig. 5 A). Cells were bathed in normal PSS and dialyzed

the divalent-free conditions converted the time-depen-  with potassium-based pipette with minimal intracellular
dent decaying kinetics to activating during the 500-ms calcium buffering capacity. In the presence of 100 pM
hyperpolarizing steps. niflumic acid, the current components with time-depen-

170 lon channel coupling in epithelial ion transport | Gao et al.

920z Arenigad g0 uo 3senb Aq 4pd'9z91 1910z dbl/ey096.1/191/2/8Y L /pd-ajonie/dbl/Bio sseidny//:dpy wouy pepeojumoq



Figure 5. Functional activity and expression of cal-

A
a_____..______. Control Control ¢ 100 uM NFA cium-activated chloride channel TMEM16A in epi-
< | | 10uMNFA < T < didymal principal cells. (Aa) Whole-cell current of a
8| .’;géxMMNlI;éA gl f———— 8‘ principal cell showing sensitivity toward the putative
© 3 = — % CaCC blocker niflumic acid (NFA; 10-100 uM). Currents
. _ were in response to the repeatedly applied depolariz-
__ 100ms [ 100 ms ing episodes from a holding potential of =60 to 60 mV.
100 ms Bath solution was normal PSS, and pipette solution was
K* based with 0.1 mM EGTA. (Ab and Ac) Typical cur-
B a b e rent tracing from a principal cell in response to a series
Control < 0mm [Ca2+]o & Control of 500-ms, 20-mV increment voltages steps applied be-
A § O 0 mM [Ca?'], tween —120 and 60 mV evoked from the holding poten-
— = - Subtraction tial =60 mV before (Ab) and after (Ac) the addition of
420 60 100 puM niflumic acid. (B) Current responses of a princi-
— (mV) pal cell obtained in the control condition with 2.5 mM
100 ms Ca®" in the bathing solution (Ba) and in the nominally
c i d-60 mv (pA/pF) extracellular Ca®*-free condition (0 mM [Ca®*].; Bb). The
Subtraction o -120 mv o dialysed pipette solution was K* based with 0.1 mM
& §| MW &@o & EGTA. (Bc) The subtraction revealed that the extracel-
s o 0 mM [Ca?'], H «o . lular Ca?*-sensitive currents were mainly the outwardly
3| . 130-m rectifying current with time-dependent activating ki-
_E Control 70= netics at positive potentials as well as a small transient
100 ms 1(Ens decaying current at negative potentials. (Bd) Current
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dent kinetics at both positive and negative potentials
were inhibited, leaving the time-independent residual
currents during the 500-ms testing pulses. The current
density at 60 mV, as measured at the end of testing
pulses, decreased from an initial value of 78.3 + 15.2 to
22.5 £ 5.2 pA/pF (P < 0.05) in the presence of 100 pM
niflumic acid, and the density at =120 mV decreased
from —101.8 + 29.2 to —42.8 + 10.0 pA/pF, correspond-
ing to 67 + 11 and 49 + 16% of total currents at respec-
tive testing pulses (n = 3). The inhibitory effect of
niflumic acid was quickly reversible (unpublished data).
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tracings recorded from a principal cell in response to a
hyperpolarizing step from —60 to —120 mV before and
after removal of extracellular Ca?". Dotted lines indicate
the zero current levels. (Be) |-V plots for the conditions
as described in Ba-Bc. Data were measured at the end
of testing pulses. Error bars represent SEM. (C) Conven-
tional RT-PCR detection of the TMEM16A mRNA in the
rat epididymis and efferent duct. CD, cauda epididymi-
des; CPS, corpus; CPT, caput; ED, efferent duct; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; IS, initial
segment; M, marker; NTC, no template control. (D-G)
Confocal immunofluorescent images showing the local-
ization of TMEM16A protein (red) in the apical pole of
principal cells of the rat interzone and cauda epididymi-
des and in the ciliated cells of the efferent duct. Weak
immunoreactivity was also detected in smooth muscle
cells and in some interstitial cells, but negligible immu-
noreactivity was detected in principal cells of the caput
and corpus epididymis. (H) Western blot detection of
TMEM16A protein using the same antibody for immu-
nofluorescent labeling in the crude protein extracts
from rat trachea (Trach.) and epididymis (Epid.). The
DNA of epithelial cells and sperm is labeled with DAPI
in blue. L, lumen. Bar, 50 um.

However, the reversal potential determined from the I-V
curves showed no significant alteration in the presence
of niflumic acid (from —=5.3+1.7t0 —6.3+ 1.1 mV; n=3).

Removal of Ca** from the bathing solution in the
presence of Mg”" consistently and significantly attenu-
ated the time-dependent components of principal cells
(Fig. 5 B, a and b). The attenuated components com-
prised a prominent outward current with depolariza-
tion-activating kinetics at the positive testing pulses as
well as a small inward current with hyperpolarization-ac-
tivated decaying kinetics at the negative potentials
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(Fig. 5 B, c and d). The extracellular Ca**-dependent
currents, obtained by subtracting the currents recorded
under the nominally Ca*-free condition from that of
the control condition, revealed a prominent outwardly
rectifying current and a small inward transient current
component at strong hyperpolarizing potentials
(Fig. 5 B, c—e). The internal pipette solution was either
K filled or Cs* filled, with low internal Ca*" buffering
(i.e., 0.1 mM EGTA). The current amplitude measured
at the end of the depolarizing pulse to 60 mV was de-
creased by 46 + 10%, from 72.7 + 10.2 to 39.8 + 9.6 pA/
pF (P <0.05; n = 4). The decaying current component
at hyperpolarizing potentials (between —80 and —120
mV) disappeared in the nominally Ca*-free condition;
however, the current amplitude was slightly enhanced.
As measured at the end of the 500-ms testing pulse of
—120 mV, the mean current density changed from
—62.1 + 17.5 pA/pF for the control to —=75.9 + 8.0 pA/
pF (n = 4) in the calcium-free solution. Noteworthy is
that the reversal potential as determined from the IV
plots was significantly depolarized after the removal of
calcium ions from the bathing solution (from —19.2 +
1.3t0 =5.7+3.2mV; P<0.01, paired ttest; n=4).

The expression of CaCC channel candidate
TMEMI16A mRNA in the rat epididymis was first con-
firmed using conventional RT-PCR (Fig. 5 C). All
PCR experiments were reproducible in separate RT-
PCR reactions using the total RNA extracts from
three animals. The expression of TMEMI6A protein
was then examined on paraformaldehyde-lysine-peri-
odate (PLP)-fixed rat epididymis cryostat sections
using a rabbit polyclonal anti-TMEMI16A antibody
and immunofluorescence confocal microscopy
method. The cellular localization of TMEM16A pro-
tein was confirmed to express in the apical mem-
brane of principal cells in the rat cauda epididymis as
well as in ciliated cells of the efferent duct (Fig. 5,
D-G). A prominent immunofluorescent signal for
TMEM16A was also detected in the apical membrane
of principal cells of the intermediate zone, cauda ep-
ididymis, and vas deferens, but not principal cells of
the initial segment, caput, and corpus epididymi-
dum. Weaker labeling was also observed in some in-
terstitial cells as well as the smooth muscle cells
surrounding the epididymal tubules of the initial seg-
ment, caput, and corpus regions. Western blot analy-
sis showed a major band at ~130 kD for both protein
extracts from rat epididymis and positive control tra-
chea (Fig. 5 H). The molecularsize is higher than the
expected size for TMEM16A at 119 kD, indicating po-
tential posttranslational modification of TMEM16A.
The bands at lower molecular weight could be the
degradation products of TMEMI16A, which is more
prominent in trachea than in epididymis, suggesting
faster turnover of TMEM16A in the trachea.
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Lanthanum-inhabitable currents revealed TRPV6-like
and TMEM16A-like activities in single epididymal
epithelial cells

The extracellular application of lanthanum (LaCl; or
La®; 200 pM), a putative blocker of nonspecific cation
channels, revealed that there were at least three differ-
ent kinds of current components that were sensitive to
the inhibition by lanthanum in different time courses
(Fig. 6). There was a current component measured at
—60 mV that was instantly inhibited by La®* (Fig. 6 A,
red open arrow), a current component at 60 mV that
was attenuated in a slower manner (Fig. 6 A, blue open
arrow), and a third current component that was dimin-
ished after the attenuation of the secondary component
(Fig. 6 A, double arrow). The current component at
negative potential that was instantly inhibited by lan-
thanum was more obvious during the responses toward
the voltage ramp applied to the cells, and >80% of the
current responses at negative potentials (i.e., between
—40 and —120 mV) were inhibited within 10 s after the
addition of lanthanum (Fig. 6 B, arrow), whereas only
~50% of the current at positive potentials were inhib-
ited at this time point (Fig. 6 B, double arrow). The
currents at the positive potentials that were slowly in-
hibited had time-dependent activating kinetics during
the 500-ms depolarizing episodes from —60 to 60 mV
(Fig. 6 C). This characteristic current component was
not sensitive to the replacement of potassium-gluconate
in the pipette solution with Cs-methanesulfonate (un-
published data), suggesting that it might be a chloride
current component and consistent with the notion of
TMEMI6A. The current-voltage relationship plots
confirmed that in the early presence of lanthanum in
the recording bathing fluid, the inward currents at the
negative potentials were inhibited first, giving inwardly
rectifying subtraction currents with positive reversal po-
tentials of 36.4 = 11.2 mV (n = 4), suggesting a current
componentresembling TRPV6 channel activities. How-
ever, after a prolonged presence of lanthanum, the total
currents were almost abolished (Fig. 6, D and E). The
effect of lanthanum was reversible, and the transient
hyperpolarizing-induced decaying current at hyperpo-
larizing steps (i.e., =80 to =120 mV) as well as the depo-
larizing-induced activating current at depolarizing steps
(i.e., 60 mV; Fig. 6 F, wash-off).

Effect of the TMEM16A inhibitor tannic acid on the

membrane potential of isolated caudal epididymal cells
The interplay between TRPV6 and TMEM16A in the
regulation of membrane conductance of principal
cells was further examined by the effect of tannic acid,
a specific inhibitor of TMEMI16A, in the absence or
presence of lanthanum, on the membrane potential
ofisolated epididymal cells. In Fig. 7 A (left), addition
of 100 pM tannic acid triggered the cells to depolar-

lon channel coupling in epithelial ion transport | Gao et al.

920z Arenigad g0 uo 3senb Aq 4pd'9z91 1910z dbl/ey096.1/191/2/8Y L /pd-ajonie/dbl/Bio sseidny//:dpy wouy pepeojumoq



A 1(pA)

+ La3* (200 pM)

Figure 6. Lanthanum-inhabitable currents

1500 revealed both TRPVé-like and CaCC current
74 components in the same single epididymal

750 u cell. (A) At least two constitutively active current
components (blue and red arrows) in principal

0 - cells were inhibited in a time-dependent manner

— after the addition of 200 uM lanthanum (La**) to

-750) & 2min 8 +66(? m\\ll the recording chamber solution. Currents were
NY -o0m sampled at 5-s intervals from a holding poten-

C +60 mV tial of —60 to 60 mV. The pipette solution was

T L-60 mv potassium based with 0.1 mM EGTA, and the

< (pA) 0s bathing solution was standard PSS. The dotted

-3 10s line indicates the zero current levels. (B) Current

§ 750 ssas | +La%  responses toward the voltage ramp applied from

= 405s —120 to 100 mV from a holding potential of —60

0 _4?_5_3__ mV confirmed that lanthanum had a faster in-

] S hibitory effect on the inward current at negative

=750 K’ potentials (arrow) than the outward current at

*0 s +La* 250 ms e positive potentials (double arrows). (C) The cur-

D E
T Control
@ + La®* (early)
# + La%* (prolong)
-100 -5

® Subtraction (early)
® Subtraction (prolong) |

-100 -50

Voltage step

rent responses toward the 500-ms depolarizing
episodes from —60 to 60 mV before and after
the addition of 200 uM La**. (D) Current-volt-
age plots for the current responses under control
750 conditions or in the presence of lanthanum for
a short period time (within ~30 s) or after pro-
longed presence (>5 min). (E) Subtraction cur-

Voltage step  rents revealed that the current inhibited by the

(mv) (mv) early presence of lanthanum was inwardly recti-

1 -750 177 fying with a reversal potential at positive poten-

Current Current tial (subtraction early), whereas the total currents

(pA) (pA) 11500 inhibited at the various voltages showed a linear

relationship (subtraction prolonged). Error bars

F +La%t (early) + La3* (prolong) wash-off represent SEM. (F) Tracings showing the current

responses toward the series of testing pulses be-
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ization, as indicated by the increase in fluorescence
intensity ratio, whereas the subsequent addition of
100 pM La* to the same cells, hyperpolarization was
observed. On the contrary, addition of lanthanum
to the control cells caused significantly hypopolar-
ization and the subsequent addition of tannic acid
to these cells had no depolarization effect (Fig. 7 A,
right). In Fig. 7 B are typical tracings showing that the
depolarization response triggered by tannic acid was
almost instant, whereas the hyperpolarization kinet-
ics mediated by lanthanum was much slower. Fig. 7 C
shows the summary of end-point measurements of the
effect of tannic acid and lanthanum on membrane
potential after cells were isolated and cultured for a
few days. Consistent with the membrane property re-
sults shown in Fig. 2 E, the depolarization effect of
tannic acid was only detected in cells on days 0 and 1,
but not days 2 and 3. The hyperpolarization effect of
lanthanum was also more prominent at day 0 and day
1 than on later days.
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Cellular colocalization of TRPV6 and TMEM16A in
principal cells of the epididymis

To determine the cellular colocalization of TRPV6 and
TMEMI6A, we performed double-immunofluorescent
labeling of rat epididymis sections (Fig. 8). Our results
showed that TRPV6 and TMEM16 colocalized in the
apical pole of the intermediate zone and distal caudal
epididymis. The colocalization was particularly found in
granular structures at the apical pole of the intermedi-
ate zone of the epididymis and on the surface of sperm,
as well as in the apical microvilli of principal cells in the
cauda epididymis. No colocalization was observed in
the regions of the initial segment, caput, and cor-
pus epididymides.

Effect of alterations of extracellular pH on whole-cell
currents and the Ca?" influx in isolated epididymal
principal cells

It is known that TRPV6 channel activity is sensitive to
extracellular pH and that the lumen of epididymis is
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Figure 7. Effects of tannic acid and lanthanum on the mem-
brane potential of isolated caudal epididymal principal cells.
(A) Representative DIBAC4(3) fluorescence of single principal
cells isolated from cauda epididymis of rats before (CTL, denot-
ing the control condition) and after addition of 100 uM tannic
acid (+TA; left) or 100 uM La** (+La; right) and the subsequent
addition of either inhibitors. Arrows indicate the cells that would
have been selected for measurement. (B) Typical tracings show-
ing the fast depolarization triggered by tannic acid or the grad-
ually hyperpolarizing response induced by La** on control cells.
Subsequent addition of La** to TA-treated cells caused hyper-
polarization, but pretreatment with La®* prevented the depolar-
izing effect of TA. (C) Summary of the end-point effects of TA
and La** (30-min treatment) on the membrane potential of prin-
cipal cells from different culture days. *, P < 0.05; **, P < 0.01;
*** P < 0.001; ns, no significant difference (one-way ANOVA).

maintained at acidic pH. Therefore, it is worthwhile to
test the sensitivity of whole-cell currents of principal
cells toward alterations of extracellular pH (pH,).
Under quasiphysiological conditions (i.e., cells were di-
alyzed with potassium-pipette solution and bathed in
normal PSS), changing the extracellular pH, from 7.4
or 8.4 to an acidic 6.4 markedly decreased the whole-
cell currents of principal cells (Fig. 9 Aa); a further de-
crease in pH, to 5.4 caused a further reduction, whereas
increasing the pH, to 8.4 from 7.4 enhanced these cur-
rents. The effect of altering pH, on whole-cell currents
was reversible and did not affect the reversal potential
of the IV plots (Fig. 9 Ab). The mean current densities
of five principal cells, measured at the initial phase of
the hyperpolarizing step to —100 mV, was reduced from
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—148 + 86 to —86 = 47 pA/pF when changing the pH,
from 7.4 to 6.4 but was increased to —228 + 137 pA/pF
by switching the pH, to 8.4, whereas at 60 mV, the cur-
rent density was reduced from 91 + 49 pA/pF at pH, 7.4
to 54 + 29 pA/pF at pH, 6.4 and increased to 160 + 94
pA/pF at pH, 8.4 (Fig. 9 Ad). Inclusion of 5 mM EGTA
in the pipette solution to suppress Ca*-activated cur-
rents and replacement of extracellular K* ions with Cs*
ions to remove any inward-rectifying potassium conduc-
tance did not affect the pH,sensitive currents, which
were still persistent and reversible (Fig. 9 B). When the
cations were replaced with NMDG in solutions on both
sides and extracellular Ca®* was presumably the only
permeable cation, the whole-cell currents of principal
cells were significantly run down (Fig. 9 Ca). However,
there still remained a tiny current response that was en-
hanced by switching the acidic fluid at pH, 6.4 to 7.4,
and the subtraction of the pH-sensitive response re-
vealed only the inwardly rectifying current at negative
potentials (Fig. 9 C, b and c). The mean current densi-
ties at pH, 7.4 were —1.9 + 0.4 pA/pF at —120 mV and
2.7 £ 0.8 pA/pF at 60 mV (n = 3), corresponding to only
6 and 11% of the responses of principal cells when dia-
lyzed with a potassium-based 5 mM EGTA pipette and
bathed in Cs-PSS fluid, whose current densities were
—31.6 £ 11.2 pA/pF at =120 mV and 24.8 + 7.3 pA/pF at
60 mV (Fig. 9 B, cand d; n = 5), respectively. As shown
in Fig. 9 (Ac, Ba, and Cb), the pH,sensitive current
consistently contained a time-dependent decaying com-
ponent at hyperpolarizing steps under the various ionic
conditions, consistent with the feature of autoinhibi-
tion by extracellular calcium of TRPV6.

The Ca** selectivity and extracellular pH dependence
of the TRPV6 channel together with its constitutive ac-
tivity lead to the notion that the resting intracellular
Ca® concentration ([Ca®'];) of the isolated principal
cells might be dependent on the extracellular concen-
tration of Ca** ([Ca*],) and pH,. This was confirmed
using confocal imaging of intracellular calcium levels in
Fluo-3-loaded principal cells (Fig. 9 D). Switching of
normal PSS, pH, 7.4, to a Ca*-free PSS with 1 mM
EGTA caused a decrease in [Ca*'],. Addition of 30 mM
Ca® to the bathing fluid containing zero-Ca®* resulted a
remarkable increase in [Ca*]; to approximately four-
fold that of initial levels. In the presence of 2.5 mM
[Ca®'],, increasing the pH, to 8.4 from 7.4 reversibly
increased [Ca®'];, but decreasing the pH, to 6.8 de-
creased [Ca®']; levels in isolated principal cells.

Ca?* absorption in microperfused rat cauda epididymis

The rat cauda epididymis was perfused with 1 mM
Ca*-containing bicarbonate-buffered (HCO;) Krebs
solution at a rate of ~1 pl/min, and the calculated rate
of Ca* reabsorption was 2.6 + 0.1 nmol/cm?/min (n =
16 rats) at pH 7.4. There was no significant difference
in the reabsorptive rate using HCOs- or HEPES-buff-
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ered solution (Fig. 10 A), whereas it was enhanced by
increasing the luminal Ca*" concentration from 1 to
2 mM, increasing from 3.9 + 0.2 to 8.5 = 0.7 nmol/cm®/
min (n =5 rats), whereas decreasing the luminal Ca*
from 1 to 0.5 mM gave a significantly lower value
(Fig. 10 B). Inclusion of 100 pM La* or the putative
Ca* signaling channel blocker ruthenium red revers-
ibly inhibited the rate of Ca* reabsorption by the rat
cauda epididymis when using a HEPES-buffered Krebs
at pH 7.4 (Fig. 10, C and D). The calculated ICs, using
Prism software is ~115 pM (Fig. 10 E). Altering pH of
the luminal perfused solution affected the rate of Ca**
reabsorption by the rat cauda epididymis, and the rate
was attenuated by changing the perfusing solution from
pH 7.4 to 6.8 but was enhanced when changed to pH
8.2 (Fig. 10 F).

DISCUSSION

This study presents an investigation of whole-cell cur-
rents in primary principal cells isolated from the rat
cauda epididymis and reveals an electrical coupling be-
tween TRPV6 and TMEMI16A that participates in cal-
cium homeostasis of the male reproductive duct. Our
understanding of TRPV6 channel function in native
cells and tissues is limited despite the phenotypes of
TRPV6-deficient mice with male fertility problems and
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Figure 8. Colocalization of TMEM16A
and TRPVé6 in epididymal principal cells.
(A and B) Confocal projections of serial
stack images showing the double-im-
munofluorescent labeling for TMEM16A
(red) and TRPV6 (green). The merged
panels show that TMEM16A colocalizes
with TRPV6 in the apical membrane of
principal cells (yellow) in the cauda epi-
didymis and in the vesicle-like structures
in the apical pole of intermediate zone
(interzone) and on the surface of sperm
(arrows; B, insets). (C-E) No colocalization
was observed in the initial segment (IS),
caput (CPT), and corpus (CPS) epididymis.
Nuclei were counterstained with DAPI in
blue. Bar, 20 pm.

malfunctions in Ca* uptake in the epididymis and
other epithelial organs. In addition, the functional part-
ner of TRPV6 has not been clearly elucidated (Stoerger
and Flockerzi, 2014). In the present study, a constitu-
tively active current with many properties of classical
TRPV6 currents was found in the primarily native prin-
cipal cells of the epididymis. Moreover, the present re-
sults provide evidence that a constitutive TMEMI16A
conductance also contributes to whole-cell conduc-
tance in principal cells, in which TRPV6 and TMEM16A
are colocalized at their apical membranes. Therefore,
an interplay of these two channels would most likely
play a significant role in Ca®* homeostatic regulation in
the epididymis.

Constitutive TRPV6 and TMEM16A conductance
contributes to whole-cell currents of epididymal
principal cells

Prominent inward and outward currents were recorded
from isolated rat cauda epididymal principal cells using
a whole-cell patch-clamp technique and ATP-contain-
ing K'filled electrodes under quasiphysiological con-
ditions. Rundown of the current was negligible, and
stable currents could be recorded for even more than
30 min. Whole-cell currents consisted of a small inacti-
vating inward current that activated at negative voltages
under minimal intracellular Ca** buffering (i.e., 0.1 mM
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Figure 9. Changes of whole-cell currents and intracellular [Ca?*]; under different extracellular pH or ionic conditions in primary
principal cells. (A-C) Whole-cell currents of principal cells were inhibited in acidic solution (pH, 6.4) but were enhanced in alkaline
solution (pH, 8.4) under different ionic conditions. The holding potential was set at 0 or —60 mV. (A) The pipette solution was po-
tassium-gluconate based containing 0.1 mM EGTA, and the bathing fluid was normal PSS (K-0.1 EGTA/normal PSS). The dotted line
indicates the zero current levels. *, P < 0.05, one-way ANOVA. (B) The pipette solution was potassium-gluconate based containing
5 mM EGTA, and the K" ions in bathing solution were replaced with Cs* (K-5EGTA/Cs-PSS). (C) The major cation in both the pipette
and the bathing solutions was replaced with NMDG, and the K* in bathing fluid was replaced with Cs* (NMDG, 5SEGTA/Cs-NMDG
PSS). All pipette solutions contained 3-4 mM ATP. (D) Changes in intracellular Ca** concentration ((Ca®*]) when isolated rat cauda
epididymal cells were loaded with Fluo-3-AM fluorescence dye. Fluorescence intensity was measured using a confocal imaging sys-
tem. Data were obtained from at least 10 cells in three separate experiments. Error bars represent SEM.

EGTA). However, this small inward current became
larger when the intracellular Ca** buffering capacity was
increased with high EGTA or BAPTA in the pipette or
when the hyperpolarization magnitude was increased
by switching holding potentials. These two phenomena
are consistent with the features of TRPV6 and readily
distinguishable from that of the store-operated cation
channel, which is also calcium permeable with high
selectivity but activated after intracellular Ca*'-store
depletion (Putney, 1986; Voets et al., 2001; Bodding
et al., 2003). In addition, the current showed calcium
autoinhibition and was enhanced in divalentfree solu-
tion with a negative slope in the current-voltage rela-
tionship, which is also another fingerprint of TRPV6
currents rather than store-operated cation channels
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(Schindl et al., 2002; Hoenderop et al., 2005). Our data
also showed that the hyperpolarization-activated inacti-
vating current was abolished by removal of extracellular
Ca®" under conditions of a low calcium buffering effect
(e.g., 0.1 mM EGTA), further supporting the idea that
the TRPV6 channel is constitutively open under physio-
logical conditions. Together with other biophysical and
pharmacological properties demonstrated in this study,
including positive reversal potential, inhibition by ex-
tracellular acidosis but enhancement by alkalosis, and
blockade by lanthanum, loss of selectivity and a time-de-
pendent increase in divalentfree solution, and strong
inward rectifying current-voltage relationship (Ven-
nekens et al., 2001; Peng et al., 2003; Hoenderop et al.,
2005), these lines of evidence suggest that the TRPV6

lon channel coupling in epithelial ion transport | Gao et al.

920z Arenigad g0 uo 3senb Aq 4pd'9z91 1910z dbl/ey096.1/191/2/8Y L /pd-ajonie/dbl/Bio sseidny//:dpy wouy pepeojumoq



D
W
-
(=]

w

=T~

O Hco,
{3} HEPES

N

nmol cm?2min >
-

nmol cm2 min™"
S N b O O

(=]

C——12 mM Ca®*

[——/10.5 mM Ca?*

Figure 10. Ca?*-reabsorption function of
the perfused rat cauda epididymis. (A) Ca?*
reabsorption by the rat cauda epididymis
when perfused with 1 mM Ca?**-containing bi-
carbonate (HCO3)- or HEPES-buffered Krebs
solution at pH 7.4. (B) The rate of Ca?* re-
absorption by the rat corpus epididymis was
significantly higher at a higher concentration
of luminal Ca** (2 mM) versus that at a low

1 2 3 4 5 8 1 2 3 4
Time (h)

Time (h)

o
)

IS

La3* (100 uM)
—

N

nmol cm? min™
- N w

nmol cm™? min
- N (&)

o
(=]

Ruthenium red
(100 uM)
—/

5 6 7 Ca?* concentration (0.5 mM). (C and D) Time

profile showing the reversible inhibition effect
of ruthenium red (100 uM) on the rate of Ca®
reabsorption by the rat cauda epididymis. The
solution was HEPES-buffered Krebs at pH 7.4.
The calculated error bar was within the data
point. (E) Dose-dependent inhibition relation-
ship of ruthenium red on Ca?* reabsorption.
(F) The rate of Ca®* reabsorption by the rat
cauda epididymis was slightly attenuated by
changing the perfusing solution from pH 7.4
to 6.8, but it was slightly enhanced when the

1 2 3 4 5 6 'i é IIB

4 5 6

pH was changed to 8.2. The pH of the solu-
Time (h) Time (h) tion was buffered with HEPES (n = 5 rats per
point). The dotted line indicates the zero cur-
E F rent levels. Error bars represent SEM.
§ < 100 <& S 120
4 3 -
5 & 25 A pHo 8.2
[ ) =]
8 = ;2
+eg O Ruthenium red §£ 1171 P OPH°74 ................
~ S (o}
8 o < Lanthanum ; < V pHo 6.8
. . . . Ny
i 5 -4 3 0O 80f

Blocker (log M)

channel is present and constitutively active in native
principal cells of the rat cauda epididymis.

It has been shown that the epithelial cells lining the
epididymal tubule of rats and humans secrete chloride
ions when stimulated with agents by involving intracel-
lular cAMP- and Ca*-dependent Cl~ conductance
(Huang et al., 1993). cAMP-activated conductance re-
sembles cystic fibrosis transmembrane regulator con-
ductance, which is well characterized using short-circuit
current and patch-clamp techniques in the epididymis
and involved in apical chloride secretion of principal
cells and secondarily fluid secretion (Huang etal., 1992,
1993; Leung and Wong, 1992; Wong, 1998), whereas
the precise role and molecular identity of Ca*-depen-
dent chloride conductance in epididymal epithelium
remains to be established. In this study, we measured a
conductance that was activated by depolarizing voltages
and mainly contributed to the outward whole-cell cur-
rents of principal cells. This conductance was not sup-
pressed by Cs*filled pipette solutions but was obviously
attenuated by high EGTA-loaded pipette solutions. In
addition, it showed time and voltage sensitivity and cal-
cium dependence comparable to the classical CaCC.
Moreover, it showed pharmacological sensitivity toward
the effective blocker for CaCC, niflumic acid, by which
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we excluded the chloride channel accessory protein
(CLCA) family as candidates for this conductance be-
cause they were not blocked by niflumic acid (Huang et
al., 2012a). We therefore speculated that the candidate
might be from the bestrophin (BEST) family, which
have been proposed as the molecular candidates for
CaCC. However, although the biophysical kinetics of
BEST1 in human retinal pigment epithelium cells did
not match well with the native CaCC, it has been re-
ported to be the volume-regulated chloride channel in
spermatozoa (Milenkovic et al., 2015). BEST2 was
found in the basolateral membrane of colonic epithe-
lial goblet cells, rather than in the apical membrane of
Cl -secreting enterocytes, and functioned as HCO?*"
channel (Yu et al., 2010). Another potential candidate
may be from the TMEMI16 family (particularly
TMEMI16A), because their biophysical kinetics match
well with the classical CaCC (Caputo et al., 2008; Schroe-
der et al., 2008; Yang et al., 2008). From the data-min-
ing study of the Male Reproductive Genetics database,
we found that only three TMEM16 isoforms (TMEMI16A,
TMEM16B, and TMEM16D) have been reported in the
rat epididymis. Considering that TMEMI6A and
TMEM16B, but not TMEM16D, exhibit the same bio-
physical kinetics as the CaCC (Caputo et al., 2008;
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Schroeder et al., 2008; Yang et al., 2008; Huang et al.,
2012a), and because TMEM16B mRNA was detected
only in the head region (as reported in the Male Repro-
ductive Genetics database) and TMEM16D mRNA was
only found in the initial segment and the body region
of epididymis (unpublished data), both TMEM16B and
TMEM16D are unlikely to be the candidates. We consis-
tently detected TMEMI6A mRNA along the efferent
duct and epididymis and confirmed its protein colocal-
ized with TRPV6 in the apical membrane of principal
cells. All these lines of evidence demonstrated that
TMEMI16A is constitutively functional as the CaCC and
cooperates with TRPV6 in principal cells of the epididy-
mis, although our data could not exclude other candi-
dates for CaCC in these cells.

Cell phenotypes

Our results could have been influenced by the variation
in the predominant cell types present in the epithelium
of epididymis. Principal cells in intact epididymal epi-
thelium phenotypically have stereocilia on their apical
membranes, and after cell isolation, we still observed
microvilli structures in a portion of membranes as well
as polarized cell contents; however, clear cells might
also share similar phenotypes, even though their micro-
villi are expected to be minimal during the resting state
(Shum et al., 2008, 2011). To separate these two cell
groups and to obtain a consistent interpretation of the
electrophysiological results, we took into account the
cell capacitance and input resistance, as indicated in
Fig. 2, whole-cell current patterns, and the conductance
responses upon designed stimulations. Thus, the cells
with slightly larger cell capacitance and higher input re-
sistance, presumably clear cells, which also showed dif-
ferent current patterns and responses than principal
cells, were excluded from this study. The other cell
types, which did not bear stereocilial structures on their
membrane or obvious polarized cellular contents and
were very likely the basal cells, showed significantly
higher input resistance but smaller cell capacitance
(Fig. 2). When we deliberately recorded these cells,
their cell capacitance and hence membrane surface
area were almost ~50% smaller than that of microvil-
li-bearing cells (i.e., principal and clear cells). This is in
accord with the observation that these cells looked
smaller under the microscope and that the microvilli
could increase the surface area. If a specific membrane
capacitance of 1 pFecm® is assumed, the ~5 pF found
for basal-like cells predicts a membrane surface of 500
pm?, only half the size of that of principal cells and clear
cells. In addition to the passive membrane properties,
the current patterns recorded from the basal-like cells
were quite consistent but distinct from that of principal
cells and clearlike cells, and functional characteriza-
tion of these currents is worth future investigations. It is
worth emphasizing that the data presented in this study
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were from freshly isolated epithelial cells (i.e., the latest
recordings of cells were made the day after cell isola-
tion). We did observe a difference in passive membrane
properties and current patterns in cells cultured for sev-
eral days, and they usually showed a significantly larger
cell capacitance and very different current patterns, as
reported previously (Cheung et al., 2005).

Implication of the functional coupling of TRPV6 and
TMEM16A in the epididymal epithelium

Our present work is consistent with the studies of ge-
netic deletion and mutated mouse models that have
demonstrated the essential role of TRPV6 in calcium
transport across epithelia and in calcium homeostasis in
the epididymis and, eventually, male fertility (Hoen-
derop etal., 2005; Weissgerber et al., 2011, 2012; Fecher-
Trost et al., 2013). TRPV6 is one of the two epithelial
Ca* channels used for transcellular Ca*" absorption in
epithelial tissues; the other channel is TRPV5 (Hoen-
derop etal., 2005; Stoerger and Flockerzi, 2014). TRPV5
is the predominant isoform found in kidney, whereas
TRPV6 is found in the intestines, although these tissues
coexpressed both isoforms in a region-dependent man-
ner. However, only TRPV6 is expressed in the male ex-
current duct, as demonstrated in this study and others
(Weissgerber et al., 2011; Oliveira et al., 2012). TRPV5/
TRPV6-mediated transcellular Ca®* absorption is a mul-
tistep process, which begins with passive Ca®* entry
through apical Ca** channels and is followed by diffu-
sion of Ca*" through the cytosol, facilitated by binding
to Ca*-binding protein (calbindin-Dyg, in the kidney
and epididymis and calbindin-Dgk in the intestine) and
eventually extrusion of Ca®* across the basolateral mem-
branes by the energy-dependent Na*/Ca*" exchangers
and Ca®-ATPase operating against the Ca* electro-
chemical gradient (Hoenderop et al., 2005; Oliveira et
al., 2012). From the point of view of energy input, it is
suggested that the initial step of passive entry through
TRPV5/TRPV6 channels in the apical membranes is
the rate-limiting step. It has been reported that TRPV6
activity is supported by intracellular Mg-ATP via lipid ki-
nases and the PIP, pathway (Zakharian et al., 2011).
This suggests that despite no direct evidence that
TRPV6 uses ATP as the energy source, it relies on ATP
indirectly. In the present study, Mg-ATP at millimolar
levels was included in the pipette solutions for electro-
physiological experiments. This may explain the dis-
crepancy for the negligible TRPV6 conductance in
some native epithelial cells (Stoerger and Flockerzi,
2014), as under those experimental conditions, the in-
tracellular Mg-ATP concentration and/or lipid kinase
and PIP; activities might be insufficient for TRPV6 activ-
ity. Nevertheless, although it is now known that TRPV6
is regulated at the level of transcription via the vitamin
D signaling axis and intracellular trafficking via BSPY-in-
teracting protein as well as by the extracellular proton
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and Ca®' and Mg ions (Hoenderop et al., 2005; Schoe-
ber et al., 2007; Stoerger and Flockerzi, 2014), the asso-
ciated proteins for TRPV6 functional activity at the
plasma membrane have not yet been elucidated.

Our results show that CaCC (i.e., TMEMI16A) was
dependent on the presence of extracellular Ca** and
TRPV6 conductance in epididymal principal cells. It
is known that CaCC or TMEMI16A channels are highly
sensitive to intracellular Ca*'. The resting intracellular
Ca* level (~100 nM in most cell types; Large and Wang,
1996; Eggermont, 2004; Leblanc et al., 2005) is already
the activation threshold level of CaCC or TMEMI16A
(Romanenko et al., 2010), and the activation ECj, is
126 nM for CaCC in native salivary acinar cells, 165
nM in smooth muscle cells, and 196 nM in TMEM16A
overexpressed HEK293 cells (Large and Wang, 1996;
Romanenko et al., 2010). Consistent with our electro-
physiological results for CaCC conductance, TMEM16A
channels were found to open at normal levels of cell
membrane potential (Romanenko etal., 2010), at which
the TRPV6 channels exhibit considerable calcium per-
meability, as demonstrated in the current—voltage rela-
tion in this study and others (Hoenderop et al., 2005).
Because increases in intracellular [Ca®'] can be lethal
to cells, intracellular [Ca®] has to be tightly controlled.
The spatial distribution of the Ca*' is an important sig-
nal, and there are indications that TMEM16A reacts to
local Ca** changes in the proximity space of sub—plasma
membrane (Paradiso et al., 2001; Huang et al., 2012a).
We therefore hypothesize that Ca** entry through con-
stitutively open TRPV6 channels causes a local increase
in intracellular Ca** levels and membrane potential
depolarization, and CaCC or TMEMI16A at the apical
membrane of epididymal principal cells is thereby ac-
tivated to bring the membrane potential back to nor-
mal levels. Our patch-clamp and fluorescent membrane
potential data are consistent with the notion that both
TRPV6 and TMEMI16A constitutively contribute to the
regulation of resting potential in principal cells and
that TMEM16A-mediated conductance is dependent
on TRPV6-mediated calcium influx, which in turn reg-
ulates the constitutive activity of TRPV6 by electrical
coupling. This interplay hypothesis is further supported
by the apical colocalization of TRPV6 and TMEM16A
in principal cells of the epididymis. A schematic view
of our current TRPV6-TMEMI16A coupling model for
transcellular calcium transport regulation in principal
cells is illustrated in Fig. 11.

The physiological functions of TMEM16A have been
described in various cell types, including the epithelia
of airway and salivary glands, smooth muscle cells, sen-
sory neurons, and interstitial cells of Cajal (Huang et
al., 2009, 2012a). TMEMI16A genetic disruption in mice
leads to lethal defects and severe malformation of tra-
cheal cartilage rings (Rock et al., 2008). In adult exo-
crine epithelial tissues, the activation of CaCC is known
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Figure 11. Schematic representation of a coupling mech-
anism between TRPV6 and TMEM16A in the homeostatic
regulation of calcium in the epididymis. Both TRPV6 and
TMEM16A are expressed in the apical membrane of principal
cells. Constitutive activity of TRPV6 is subjected to regulation
by extracellular divalent ions (Ca?* and Mg?*) and protons. The
influx of extracellular Ca®* ions via TRPV6 primes the activity
of TMEM16A at the proximity membranes. The locally raised
calcium ions bind with calbindins and are then extruded by the
Na*/Ca?* exchangers (NCX) and ATP-dependent Ca?*-ATPase
(PMCA) at the basolateral membrane, as described in the Dis-
cussion with references therein.

TMEM16A

to be the ratelimiting step for fluid secretion, and
TMEMI16A has been proposed to be the potential ther-
apeutic target in diseases such as cystic fibrosis, asthma,
and cancer (Huang et al., 2012a). More recently,
TMEMI16A has been reported to mediate mucin secre-
tion in nasal epithelium and plays an important role in
upper airway inflammatory diseases (Huang et al.,
2012b; Lin et al., 2015; Zhang et al., 2015). The present
study demonstrating the functional coupling between
TRPV6 and TMEMI6A in epididymal epithelial cells
implies that TRPV6 channels are not only involved in
calcium uptake but also participate in chloride and
fluid transportation and probably mucin secretion via
calcium influx from the extracellular space and activa-
tion of TMEM16A located in the proximity of the apical
membrane of principal cells.

It has been reported that the intracellular concentra-
tion of chloride was ~62 mM in the rat epididymal cells
(Huang etal., 1994). In the present study, the measured
resting potential of principal cells has a mean value of
24 mV, ranging from —5.8 to —38.5 mV. This value is
comparable with previously reported values of —21 and
—30 mV for caput and cauda epididymal epithelial cells,
respectively (Cheung et al., 1976). The variation in the
measured resting potential is consistent with the notion
of an interplay between TRPV6 and TMEMI16A. We
speculate that the slightly positive potential from the
resting potential might be the result of the constitutive
activity of TRPV6 and flavors the outward current of
chloride and thus chloride influx into the cell when
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TMEMI16A is open, thereby leading to hyperpolariza-
tion and chloride absorption. In cells with slightly nega-
tive potential than the resting, both inward currents
from TRPV6 and TMEM16A are flavored, which could
lead to calcium in and chloride out when TMEMI16A is
open, in which case the cell depolarizes and secretes
chloride. Applying this analogy to the reported luminal
chloride ion concentration in the epididymal fluid,
which is ~23.6 mM in the rat cauda epididymis (Levine
and Marsh, 1971), corresponds with the reversal poten-
tial for chloride of about 25 mV. If principal cells hold
the same resting membrane potential, constitutively ac-
tive TRPVG6 triggering the opening of TMEM16A would
then flavor an inward current and thus chloride secre-
tion from cells into the lumen. Consistently, it has been
reported that secretion of chloride occurs at a resting
potential that is more negative than the reversal for
chloride ions (Frizzell and Hanrahan, 2012).

Although this secretion process is worthy of fur-
ther investigations, our results show that TRPV6 and
TMEMIG6A participate in calcium homeostasis in the
epididymis, which is supported by results from in vivo
microperfusion of rat cauda epididymis, in which lumi-
nal calcium reabsorption was inhibited by ruthenium
red, a widely used but not completely selective inhibitor
of TRPV6 and CaCC (Hoenderop etal., 2005; Kim et al.,
2011). Microperfusion of rat cauda epididymis under
similar conditions has been demonstrated to be active
in fluid transportation (Wong and Yeung, 1978; Wong,
1988). In addition, involvement of CaCC in calcium-de-
pendent chloride-driven fluid transportation of rat epi-
didymis has been described (Huang et al., 1992, 1993),
and TMEMI16A is now known to contribute to chloride
secretion in other epithelia (Frizzell and Hanrahan,
2012) and potentially participate in other calcium-de-
pendent secretion processes, such as epididymosome
or vesicle secretion, as indicated by TRPV6- and TME-
M16A-labeled small vesicles in the luminal contents and
on the sperm surface.

The epididymal fluid is maintained at a low calcium
acidic pH to keep sperm dormant during maturation
and storage in the epididymis (Levine and Marsh, 1971;
Carr and Acott, 1984; Hong etal., 1984), and itis intrigu-
ing that TRPV6 exhibits the biophysical properties such
as autoinhibition by extracellular calcium and alkaline
pH-dependent activation. We speculate that Ca* trans-
portviaa TRPV6-mediated process and subsequent fluid
transportation via a TMEM16A-dependent pathway are
minimally active under resting physiological conditions,
in which the pH of luminal cauda epididymal fluid is 6.8
and the calcium level is in the submillimolar range
(Levine and Marsh, 1971; Turner, 2002; Da Silva et al.,
2007). However, it could become prominent after prim-
ing the epithelium with stimuli, such as alkaline pH after
bicarbonate secretion, or when extracellular Ca* and
Mg*" ionic concentrations are altered. Although more
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studies are required to elucidate the interplay between
TRPV6 and TMEMI16A, this study is consistent with the
notion that homeostatic maintenance of epithelial phys-
iology is intricate but important for epididymal function
during sperm maturation and protection.
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