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a b s t r a c t

Sertoli cell secretory activities are highly dependent on ion channel functions and critical to spermatoge-
nesis. The steroid hormone 1�,25(OH)2-vitamin D3 (1,25(OH)2-D3) stimulates exocytosis in different cell
systems by activating a nongenotropic vitamin D receptor (VDR). Here, we described 1,25(OH)2-D3 stim-
ulation of secretion via Cl− channel activation in the mouse immature Sertoli cell line TM4. 1,25(OH)2-D3

potentiation of chloride currents was dependent on hormone concentration, and correlated with a signif-
icant increase in whole-cell capacitance within 20–40 min. In addition, Cl− currents were potentiated by
the nongenomic VDR agonist 1�,25(OH)2 lumisterol D3 (JN), while 1,25(OH)2-D3 potentiation of chan-
nels was suppressed by nongenomic VDR antagonist 1�,25(OH)2-vitamin D3 (HL). Treatment of TM4

−

ecretion
ertoli cells

cells with PKC and PKA activators PMA and forskolin respectively, increased Cl currents significantly,
while PKC and PKA inhibitors Go6983 and H-89, respectively, abolished 1,25(OH)2-D3 stimulation of
Cl− currents, suggesting phosphorylation pathways in 1,25(OH)2-D3 mediated channel responses. RT-
PCR demonstrated the expression of outwardly rectifying ClC-3 channels in TM4 cells. Taken together,
our results demonstrate a PKA/PKC-dependent 1,25(OH)2-D3/VDR nongenotropic pathway leading to
Cl− channel and exocytosis activation in Sertoli cells. We conclude that 1,25(OH) -D appears to be a

uctiv
modulator of male reprod

. Introduction

Hormonally active 1�,25(OH)2-vitamin D3 (1,25(OH)2-D3) gen-
rates biological responses in multiple tissues via genomic and
ongenomic mechanisms that involve binding to a vitamin D recep-
or (VDR) [1–5]. On one hand, the 1,25(OH)2-D3/VDR complex
unctions in the cell’s nucleus as a transcription factor for the

odulation of the expression of target genes that control cell prolif-
ration and differentiation among other cellular processes. On the
ther hand, 1,25(OH)2-D3 interaction with a nongenotropic VDR
ctivates plasma membrane functions by means of rapid modula-
ion of signaling pathways involved in ion channel activation and

ytoplasmic calcium signals [6–14]. Vitamin D3 analogs known to
xert nongenotropic effects in a variety of cell systems include the
gonist 1�,25(OH)2 lumisterol D3 (JN) and antagonist 1�,25(OH)2-
itamin D3 (HL). Among the most recently described nongenomic
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Tecnológica do Estado de Santa Catarina).
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e functions at least in part by stimulating Sertoli cell secretory functions.
© 2010 Published by Elsevier Ltd.

effects of the steroid 1,25(OH)2-D3 are those involving the flow of
ions across the cell membrane as part of activation of secretory pro-
cesses [15–17]. In particular, 1,25(OH)2-D3-sensitive voltage-gated
chloride channels have been shown to play a crucial role in exocy-
tosis in bone cells [17]. Voltage-gated Cl− channels function as an
electric shunt that couples to H+-ATPase-driven loading of secre-
tory vesicles, and are therefore crucial for the onset of exocytosis.

Secretory activities of Sertoli cells are critical to spermatogen-
esis [18]. Sertoli cells express a variety of ion channels involved
in cellular secretory functions [19–22]. The hormonal regulation
of fluid secretion by Sertoli cells is important in male reproduc-
tion, and involves multiple signaling pathways including second
messengers and modulation of ion channel activities [23,24]. It has
been known for some time that vitamin D plays an essential role in
reproductive functions. Vitamin D deficiency causes gonadal insuf-
ficiency in rats [25]. At the cellular level, 1,25(OH)2-D3 triggers
short-term physiological events including Ca2+ uptake activation
[26], and PKA-dependent amino acid accumulation that involves

Ca2+ and K+ channels present in Sertoli cell plasma membrane [27].

Sertoli cells of different species express a VDR; however, the
molecular mechanisms of 1,25(OH)2-D3 actions on these cells
remain unclear [28–32]. Here, we used patch-clamp electrophysiol-
ogy to investigate 1,25(OH)2-D3 modulation of membrane electric

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:laura.zanello@ucr.edu
dx.doi.org/10.1016/j.jsbmb.2010.01.011
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rocesses underlying secretory activities in mouse TM4 immature
ertoli cells. We studied for the first time 1,25(OH)2-D3 potentia-
ion of Cl− currents required for exocytosis, and identified protein
inase signaling underlying ion channel modulation by the steroid.
urs is the first report on a direct effect of the steroid hormone
,25(OH)2-D3 on the secretory activities of Sertoli cells, with poten-
ial implications in male reproductive functions.

. Materials and methods

.1. Chemicals

1�,25(OH)2-vitamin D3, 25(OH)-vitamin D3, and 1�,25(OH)2-
itamin D3 (analog HL) were obtained from M. Uskokovic
Hoffmann-La Roche). The synthetic analog 1�,25(OH)2 lumisterol3
JN) was obtained from W.H. Okamura (University of Cali-
ornia, Riverside, CA). These compounds were stored in the
ark as stock solutions in absolute ethanol at −20 ◦C. N-[2-(p-
romocinnamylamino)ethyl]-5-isoquinolinesulfonamide (H-89, a
pecific PKA blocker), 8-chlorophenylthio-cAMP (a membrane-
ermeable cAMP agonist), forskolin (a direct activator of adenyl
yclase), phorbol 12-myristate 13-acetate (PMA, a protein kinase

activator), Go6983 (a specific PKC inhibitor), and 4,4′-
iisothiocyanatostilbene-2,2′-disulfonic acid (DIDS, a chloride
hannel blocker), were obtained from Sigma and dissolved in
thanol, DMSO (<0.1%), or distilled water, to produce stock solu-
ions which were stored at 4 ◦C.

.2. Cell culture

TM4 cells (American Type Culture Collection, ATCC, Manassas,
A, USA) were cultured in a 1:1 mixture of Dulbecco’s modified
agle’s media (DMEM) and Ham’s F12 with the addition of 1 mM
-glutamine, 15 mM HEPES, 1.2 g/l sodium bicarbonate, 100 U/ml
enicillin, 100 �g/ml streptomycin, 5% (v/v) horse serum, and 2.5%
v/v) fetal calf serum, in a 5% CO2 humidified atmosphere at 37 ◦C,
s described elsewhere [26]. For patch-clamp experiments, cells
ere plated at low density in 35-mm tissue culture dishes and
sed within the first three days. Prior to recordings, cells were
ashed at least three times with electrophysiological external solu-

ion to remove the medium completely. For RT-PCR experiments,
ells were used at days 3–4 in culture, at 80% confluency.

.3. Electrophysiology

Chloride currents in TM4 cells were studied with whole-cell
atch-clamp electrophysiology using a Heka EPC-9 amplifier (ALA
cientific Instruments Inc., West bury, NY), essentially as described
efore [6]. Recording pipettes with resistances ranging between
and 5 M� were fabricated with a DMZ Universal micropipette

uller (Drummond Scientific Co., Broomall, PA), coated with Sylgard
lastomer (Dow Corning Corp., Midland, MI) to reduce capacita-
ive transients, and fire-polished. Seal resistances ranged from 2 to
G�. Experiments were carried out at room temperature. Currents
ere low-pass-filtered at 1 kHz and digitized every 100 �s. Cell
embrane capacitance and series resistances were electronically

ompensated prior to the recording of currents. The bath (extra-
ellular) solution consisted of (mM): 150 NaCl, 10 CsCl, 2 MgCl2,
0 glucose, 10 HEPES, pH 7.3 (adjusted with NaOH). The pipette
intracellular) solution consisted of (mM): 160 CsCl, 10 MgCl2, 10
EPES, pH 7.2 (adjusted with TEA-OH). Cs+ and TEA+ were used
o block K+ channel activity. Currents were activated with 100-ms
ulses between−60 and 80 mV, from a holding potential of−30 mV.
hanges in whole-cell capacitance, a measure of exocytosis [33],
ere detected using the software-based lock-in implementation of

ulse v.8 (ALA Scientific Instruments Inc.). The applied sine wave
& Molecular Biology 119 (2010) 127–134

had a frequency of 500 Hz and peak amplitude of 20 mV, and was
superimposed to a holding potential of −30 mV. Whole-cell capac-
itance was continuously monitored for 1 h.

2.4. Analysis of ClCn mRNA expression

Cell lysates were assayed for the expression of members of the
ClCn gene family of voltage-gated Cl− channels (ClC-1 through
ClC-7) and VDR with RT-PCR. Total RNA was extracted using the
RNAqueous®-4PCR Kit (Ambion/Applied Biosystems, Foster City,
CA) according to the manufacturer’s protocol. The first cDNA strand
synthesis was performed with RETROscript® Kit (Ambion) using
100 U of MML-RT enzyme, 1.6 mM dNTPs, 1× RT Buffer (contain-
ing, in mM, 75 KCl, 3 MgCl2, 5 DTT, and 10 Tris–HCl, pH 8.3), and
10 U of RNase inhibitor, in 25 �l of final volume at 44 ◦C for 1 h,
plus a last 10-min step at 92.0 ◦C to inactivate the RT enzyme. 5 �l
cDNAs were used as template in a polymerase chain reaction with
one pair of PCR primers specific for ClCn and VDR mouse genes.
Nucleotide sequence for the primers and gene accession numbers
are shown in Fig. 5. These primer pairs produced no amplification
on TM4 genomic DNA. PCR temperature and cycling conditions
were as follows: an initial melting step at 94.0 ◦C for 5 min, fol-
lowed by 35 repetitive cycles [94.0 ◦C for 30 s, specific annealing
step at diverse temperatures for 30 s (56.0 ◦C for the ClC-2/5 couple
of primers, 59.6 ◦C for ClC-4 and VDR, 62.0 ◦C for ClC-1/3/6/7), and
an extension step at 72.0 ◦C for 1 min], ending the amplification
process with a final extension step at 72.0 ◦C for 10 min. RT-PCR
products were visualized in a 1.5% agarose TBE 1× electrophoresis
gel and sequenced using the ABI PRISM Big Dye Terminator Cycle
Sequencing Ready Reaction kit (Applied Biosystems).

2.5. Exocytosis imaging in TM4 cells

Microscopy imaging was performed on quinacrine-loaded live
TM4 Sertoli cells basically as described before [17]. Briefly, cells
were washed with Hank’s Buffered Salt Solution (HBSS) and loaded
with 3 �M quinacrine dissolved in HBSS for 30 min at 37 ◦C. TM4
cells were viewed under an Olympus 1X50 fluorescence micro-
scope using a FITC filter. Exocytosis was identified as the rapid loss
of quinacrine fluorescence when released into the medium, indicat-
ing fusion of secretory vesicles with the plasma membrane under
the hormone stimulus. Time-lapse snapshots were obtained with
a Spot Pursuit digital camera (Diagnostic Instruments Inc., Ster-
ling Heights, MI, USA) at a scanning rate of 1 image/30 s during
treatment of cells with 1–100 nM 1,25(OH)2-D3.

2.6. Statistical analysis

Data were expressed as means ± standard error (S.E.). The two-
tailed Student’s t-test with two sample unequal variance was used
for statistical analysis.

3. Results

3.1. 1,25(OH)2-D3 potentiates Cl− currents in TM4 Sertoli cells in
a dose-dependent manner

Fig. 1 shows the stimulatory effect of nanomolar concentrations
of 1,25(OH)2-D3 on whole-cell Cl− currents in TM4 Sertoli cells
studied with patch-clamp electrophysiology. Non-inactivating,

outwardly rectifying currents were recorded at positive mem-
brane potentials between 0 and 80 mV, from a holding potential
of −30 mV, in the presence of nearly symmetrical Cl− ion con-
centrations in isotonic recording solutions (Fig. 1A). Addition of
100 nM 1,25(OH)2-D3 to the external bath promoted a significant
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Fig. 1. Potentiation of DIDS-sensitive chloride currents by 1,25(OH)2-D3 hormone in TM4 Sertoli cells. (A) Current-to-voltage relations and raw current traces obtained
from individual TM4 cells bathed in Cl− containing recording solutions (see Section 2). Current amplitude values normalized to cell size (pA/pF) are shown for control
(1) conditions before hormone treatment, and 40 min after the addition of 100 nM 1,25(OH)2-D3 to the bath (2). 1,25(OH)2-D3-promoted outward currents were totally
blocked by subsequent addition of 200 �M DIDS (3). Currents were activated by 100 ms depolarizing voltage steps between −60 and 80 mV from a holding potential of
− Who
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30 mV. Numbers in parentheses indicate the sequential order of the recordings. (B)
0 mV after the addition of different 1,25(OH)2-D3 concentrations (1 nM–1 �M), com
eans ± SEM for n = 10 individual cells. *p < 0.05; ***p < 0.001 compared to control.

ncrease in outward current amplitudes within 20–40 min. Cur-
ent amplitude was measured at its maximum value, typically
fter 20–40 min. Potentiated Cl− currents maintained the outward
ectification and non-inactivating electrical profile recorded prior
o the addition of 1,25(OH)2-D3. This proved that no additional
hannels were activated by the hormone, and that increased cur-
ent amplitudes were not due to leakage. To verify that these
,25(OH)2-D3-responsive currents were due to the activity of
oltage-dependent chloride channels, 200 �M DIDS, a stilbene
erivative which blocks ClC-3 outwardly rectifying chloride chan-
els [34], was added to the bath after 1,25(OH)2-D3 treatment.
,25(OH)2-D3-potentiated currents were totally blocked by DIDS
ithin 2 min, thus confirming the involvement of ClC-3 channels

Fig. 1A).
Next, we studied the dose-dependence of 1,25(OH)2-D3 stim-

lation of Cl− currents. Basal TM4 Cl− currents recorded at
0 mV were treated with 1,25(OH)2-D3 concentrations ranging
nM through 1 �M. Chloride current amplitudes normalized to
ell size (pA/pF) obtained with different 1,25(OH)2-D3 concentra-
ions are shown in Fig. 1B. Maximum Cl− current potentiation
as obtained with a final concentration of 100 nM 1,25(OH)2-

3 added to the recording bath (about 3-fold increase with

espect to control current amplitudes measured in the absence
f hormone). A significantly lower potentiation effect compared
o the maximum increase achieved with 100 nM was observed
ith 1 �M1,25(OH)2-D3, indicating a biphasic response similar
le-cell Cl− current amplitude values (pA/pF) measured at a depolarizing potential of
d to control current amplitudes obtained in the absence of hormone. Bars represent
ze was around 40–50 pF, as measured by whole-cell capacitance.

to the one described for 1,25(OH)2-D3-sensitive Cl− channels in
osteoblasts [6].

3.2. 1,25(OH)2-D3 stimulatory effect on Cl− currents involves
PKC/PKA pathways in TM4 Sertoli cells

We demonstrated previously that nongenomic 1,25(OH)2-D3
stimulation of voltage-gated Cl− channels require phosphorylation
steps via protein kinases C and A in the presence of a functional
VDR in osteoblasts [9]. To study the hypothesis that 1,25(OH)2-D3
potentiation of Cl− channels present in TM4 cells involves simi-
lar phosphorylation pathways, we recorded the effect of agonists
and antagonists of PKC and cAMP/PKA on whole-cell chloride cur-
rents measured at 80 mV in the presence and/or absence of 100 nM
1,25(OH)2-D3. As shown in Fig. 2, treatment of TM4 cells with the
adenylate cyclase activator forskolin (20 �M) added to the record-
ing bath caused a potentiation of Cl− currents of about 3-fold,
similar to 100 nM 1,25(OH)2-D3, after 20–35 min. In addition, the
permeable analog 8-chlorophenylthio-cAMP at a concentration of
1 mM promoted significant activation of the currents (about 2-fold).
Preincubation of cells with the PKA blocker H-89 (1 �M) alone did

not have any significant effect on control currents; however, it
abolished further 1,25(OH)2-D3 stimulation of the currents.

We also found that preincubation of TM4 cells with the
PKC activator PMA (100 nM) promoted a significant increase of
about 1.5-fold in outward Cl− currents compared with control.
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Fig. 2. Effects of PKA and PKC modulators on 1,25(OH)2-D3-sensitive Cl− currents compared to current potentiation obtained with 1,25(OH)2-D3. Whole-cell Cl− current
amplitudes were measured at 80 mV after the addition of 100 nM 1,25(OH)2-D3, with and without modulators of PKA and PKC pathways at the indicated concentrations.
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tosis in quinacrine-stained live TM4 cells. 1,25(OH)2-D3-triggered
odulators studied include: 20 �M forskolin (direct activator of adenyl cyclase), 1 m
KA blocker), 100 nM PMA (PKC activator), 1 �M Go6983 (specific PKC inhibitor). I
ath for currents to reach a stable amplitude value. Values correspond to means ± SE
ompared with control; ###p < 0.001 compared with 1,25(OH)2-D3 group.

hen cells were treated with 100 nM PMA in combination with
00 nM 1,25(OH)2-D3, the stimulatory effect was similar to 100 nM
,25(OH)2-D3 alone (about 2.5-fold increase). In addition, we found
hat inhibition of endogenous PKC activity by 1 �M Go6983 reduced
ontrol currents by 50% and abolished any further potentiation of
he currents by 100 nM 1,25(OH)2-D3.

.3. TM4 cell Cl− channels are potentiated by the synthetic
gonist JN and natural metabolite 25(OH)-D3, and blocked by the
ongenomic antagonist HL

We have shown before that the synthetic 6-s-cis locked ana-
og 1�,25(OH)2 lumisterol D3 (JN, Fig. 3) is a potent agonist of
,25(OH)2-D3 nongenomic effects [35]. JN appears to bind with
igh affinity to an alternative nongenomic binding pocket in the
DR molecule present in lipid raft-enriched/caveolae cell mem-
rane fractions [36]. In particular, we described previously that
,25(OH)2-D3-sensitive Cl− currents expressed in osteoblasts can
e specifically potentiated by the synthetic conformer JN [6]. Here,
e found that, similarly to 1,25(OH)2-D3, 1 nM JN induced a 2.5-

old increase of non-inactivating outwardly rectifying Cl− currents
n TM4 Sertoli cells within 20–40 min (Fig. 3A). We also showed
reviously that the synthetic analog and nongenomic antagonist
�,25(OH)2-vitamin D3 (analog HL), which only differs from the
atural metabolite 1,25(OH)2-D3 in the orientation of the hydroxyl
roup on carbon 1, inhibits 1,25(OH)2-D3-induced potentiation
f Cl− currents in osteoblasts [6], probably by binding to the
ame alternative pocket in the VDR [36]. Here, we verified that
–100 nM HL co-incubated with equimolar 1,25(OH)2-D3 com-
letely abolished Cl− current activation by the steroid in TM4 cells
Fig. 3B). In addition, HL prevented potentiation of Cl− currents
y JN, suggesting competitive binding of the compounds to the
eceptor.

We also found that the natural metabolite 25(OH) vitamin D3
25(OH)-D3) significantly increased Cl− currents activated by depo-
arization by approximately 1.5-fold at a concentration of 100 nM

ithin 20–40 min. This potentiation was similar in magnitude to
l− current potentiation induced by 1 nM of the hormonally active
,25(OH)2-D3 (Fig. 3B). 25(OH)-D3potentiation effect on TM4 Cl−
hannels was blocked by the antagonist HL, indicating that the
atural metabolite may bind to the same alternative nongenomic
inding site in the VDR molecule. The specificity of Cl− channel
esponses to 1,25(OH)2-D3 analogs in TM4 cells was investigated
ith the steroid �-estradiol (100 nM). As shown in Fig. 3B, 100 nM
hlorophenylthio-cAMP (membrane-permeable cAMP agonist), 1 �M H-89 (specific
case, at least a 10 min period was allowed after the addition of the agents to the

n = 10 individual measurements performed on separate cells. *p < 0.05; ***p < 0.001

�-estradiol added to the recording bath did not have any signifi-
cant effect on control Cl− currents within 45 min, demonstrating
the specificity of the chloride channel response to vitamin D3 com-
pounds and further suggesting the involvement of a VDR.

3.4. 1,25(OH)2-D3 stimulates secretory activities in TM4 cells

We showed previously with electrophysiology that treatment of
primary osteoblasts with nanomolar concentrations of 1,25(OH)2-
D3 causes a significant increase in whole-cell capacitance, which
is a measure of exocytosis, within minutes [8]. We found that
1,25(OH)2-D3-stimulated rapid secretory response was dependent
on 1,25(OH)2-D3 nongenomic potentiation of ClC-3 voltage-gated
chloride channels present in the plasma membrane and membrane
of secretory vesicles of osteoblasts expressing a functional VDR
[17]. Here, we describe for the first time 1,25(OH)2-D3 stimula-
tion of exocytotic activities in TM4 Sertoli cells, as revealed with
whole-cell capacitance measurements.

Fig. 4A shows continuous whole-cell capacitance recordings
during treatment of TM4 Sertoli cells with 100 nM 1,25(OH)2-D3.
We found that whole-cell capacitance values remained relatively
constant (50.4 pF baseline in the figure) prior to the addition of
1,25(OH)2-D3 to the bath. As recorded on three different cells
studied, the addition of 100 nM 1,25(OH)2-D3 to the external solu-
tion caused a significant increase in capacitance value within
20–40 min, which indicated the stimulation of massive fusion
of secretory vesicles with the plasma membrane during exocy-
tosis. To study the hypothesis that 1,25(OH)2-D3 stimulation of
exocytosis in TM4 cells required the opening of voltage-gated
chloride channels, we measured whole-cell capacitance on cells
preincubated with 200 �m DIDS. In the presence of the chan-
nel blocker, 100 nM 1,25(OH)2-D3 failed to stimulate exocytosis
within 40 min, confirming the involvement of ClC-3 channels
in the exocytotic response (Fig. 4A). The downward deflection
of the capacitance trace after reaching its maximum in Fig. 4A
(left panel) indicates that secretory vesicles may recycle inside
the cytoplasm after releasing their content in the extracellular
environment. We visualized 1,25(OH)2-D3-stimulation of exocy-
exocytosis was demonstrated by recording the loss of fluores-
cence from individual secretory vesicles in single TM4 cells as
quinacrine contained in the vesicles was secreted into the exter-
nal medium in response to the hormonal stimulus, as seen in
Fig. 4B.



D. Menegaz et al. / Journal of Steroid Biochemistry & Molecular Biology 119 (2010) 127–134 131

Fig. 3. Effect of synthetic agonist 1�,25(OH)2 lumisterol3 (JN), antagonist 1�,25(OH)2-vitamin D3 (HL), and natural metabolite 25(OH) vitamin D3 (25(OH)-D3) on outward Cl−

currents in TM4 Sertoli cells. (A) Current-to-voltage relations obtained from individual cells bathed in Cl− containing recording solutions as described in Fig. 1. The right panel
depicts raw current traces activated by 100 ms depolarizing voltage steps to between −60 and 80 mV from a holding potential of −30 mV. Control currents (1) and subsequent
JN treatment (2) are shown for recordings obtained on the same cell. JN + HL (3) traces were obtained after the addition of the agonist JN to cells preincubated with HL. (B) Com-
p rd Cl−
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ath, and currents were measured when they reached a stable amplitude value. The g
ared with control; ���p < 0.001 compared with 1,25(OH)2-D3 (1 nM) group; ���p < 0

.5. Expression of voltage-gated ClCn channels in TM4 Sertoli cells

Next, we carried out an RT-PCR study in TM4 cells to investigate
he expression of members of the ClCn gene family of voltage-gated
hloride channels (see Section 2). Primers sequences and amplicon
engths are shown in Fig. 5. Identification of VDR gene expression
n TM4 cells was also studied by this approach. As shown in the
gure, we found levels of gene expression for ClC-1 through ClC-
members of the ClCn gene family. Higher relative levels were

ound for ClC-2, -3, -4, -5, and -7, while ClC-1 and ClC-6 expression
evels were almost not detected. In particular, expression of the
lC-3 channel, which is sensitive to the specific blocker DIDS and
as outward rectifying characteristics, was detected at relatively
igh levels. In addition, and in accordance with previous studies
n primary Sertoli cells [28], VDR gene expression was detected in
M4 Sertoli cells. Similar levels of VDR expression were measured
ith and without preincubation of TM4 cells with 1,25(OH)2-D3 for
p to 40 min (data not shown).

. Discussion
We investigated here for the first time 1,25(OH)2-D3 nonge-
omic potentiation of an outwardly rectifying, DIDS-sensitive Cl−

urrent that couples to exocytosis in mouse TM4 Sertoli cells. Our
esults showed that 1,25(OH)2-D3 stimulated opening of chloride
currents in the absence and presence of the antagonist HL. Current amplitudes were
ach case, at least a 10 min period was allowed after the addition of the agents to the
epicts mean values ± SEM obtained from n = 7–10 individual cells. ***p < 0.001 com-
ompared with 1,25(OH)2-D3 (100 nM) group; ###p < 0.001 compared with JN group.

channels is dependent on PKC and cAMP/PKA pathways, which
would explain the recorded lag time for channel activation as stud-
ied in vitro. Stimulatory effects of 1,25(OH)2-D3 on these anion
currents took place within 20–40 min of incubation with the hor-
mone and correlated with an increase in whole-cell capacitance,
which is indicative of secretory activities, within the same time
frame.

A summarized model of 1,25(OH)2-D3 mechanisms of action
for the stimulation of chloride channel functions in Sertoli cells is
shown in Fig. 6. Briefly, by interacting with a cytosolic VDR located
in close proximity to the plasma membrane, 1,25(OH)2-D3 appears
to activate PKC and cAMP/PKA pathways required for the opening
(via phosphorylation) of ClC-3 channels present in the cell mem-
brane and membrane of secretory vesicles within a timeframe of
20–40 min. Chloride influx through these voltage-gated channels
stimulates exocytosis by providing an electric shunt across the vesi-
cle membrane. Sertoli cells secretory activities include release of
ions, proteins, and growth factors relevant to germ cell maturation
and male reproduction.

The specific nongenomic 6-s-cis locked agonist JN stimulated

Cl− currents more effectively than 1,25(OH)2-D3, while the nonge-
nomic antagonist HL [37,38] blocked the agonistic effect of both
1,25(OH)2-D3 and JN on the currents, in agreement with effects
reported previously in osteoblasts [6]. This could be explained by a
higher affinity for JN compared to 1,25(OH)2-D3 to bind to an alter-
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Fig. 4. 1,25(OH)2-D3-stimulation of exocytosis in TM4 Sertoli cells. (A) Continuous whole-cell capacitance recording obtained from a single TM4 cell during the addition of
100 nM 1,25(OH)2-D3 to the bath. Upward deflection of the traces from an initial capacitance value of 50.4 to 55.2 pF in the case of this particular cell depicts the stimulation
of exocytotic activities in real time. The exocytotic response took place after approximately 30 min with 1,25(OH)2-D3 incubation. The bar graph shows mean whole-cell
capacitance values obtained from 3 individual cells per treatment before (control) and 40 min after addition of 100 nM 1,25(OH)2-D3, and 100 nM 1,25(OH)2-D3 co-incubated
with 200 �M of the chloride channel blocker DIDS. (B) Fluorescence images obtained from a single live TM4 Sertoli cell stained with 3 �M quinacrine. Quinacrine stains
individual secretory vesicles in the cell cytoplasm. The image on the left corresponds to a TM4 cell immediately before 1,25(OH)2-D3 treatment. Incubation of this particular
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ell with 100 nM 1,25(OH)2-D3 caused fusion of quinacrine-loaded vesicles to the
s seen by the loss of fluorescence from most vesicles located on the cell’s periphe
bsence of 1,25(OH)2-D3, control cells maintained their original fluorescence inte
ithin this time period. The graph depicts mean values ± SEM obtained from n = 4 i

ative (nongenomic) binding pocket in the VDR molecule [35]. In
ddition, the natural metabolite 25(OH)-D3 also stimulated chlo-
ide currents, although to a lower extent, as reported before for
steoblasts [6], confirming the involvement of a VDR. Involvement
f the VDR in nongenomic effects of 1,25(OH)2-D3 had been proven
efore in primary osteoblasts [8,39]. Rapid (10 s) 1,25(OH)2-D3-

nduced cytoplasmic calcium elevation and calcium and chloride
hannel activation was abrogated in VDR null osteoblasts. In these
wo cases, osteoblasts were obtained from mice which expressed a
DR lacking DNA binding capacity. However, VDR null male mice
ere still fertile. Inability of the VDR to bind DNA does not seem to

nterfere with 1,25(OH)2-D3-promoted secretory activities of Ser-
oli cells and uptake of calcium within a timeframe of 20–40 min,
hich could be sufficient for induction of gamete maturation.

It has been shown previously that cAMP/PKA acts as a mediator
f both 1,25(OH)2-D3 genomic and nongenomic responses in a vari-
ty of cell systems [12,27,40]. Here, we demonstrated that in the
resence of a PKA blocker, 1,25(OH)2-D3 potentiation of chloride
urrents was abolished, while adenylate cyclase activation caused
significant increase in control currents, mimicking 1,25(OH)2-D3
ffect. This suggests cAMP/PKA involvement in 1,25(OH)2-D3 chlo-
ide channel activation, and is in agreement with studies which
howed that voltage-gated chloride channels have target sites for
hosphorylation by PKA in their regulatory cytoplasmic domains
41]. Our results are consistent with a model we proposed before
or 1,25(OH)2-D3 nongenomic potentiation of the osteoblast ClC-3

hannel via a cAMP/PKA cascade initiated by 1,25(OH)2-D3 activa-
ion of a cytoplasmic VDR that leads to channel phosphorylation
nd activation [8]. Here, we propose a similar mechanism for
,25(OH)2-D3 potentiation of ClC-3 channel activities in Sertoli cells
Fig. 6). We also showed that treatment of TM4 cells with a PKC
a membrane and release of the fluorescent content into the surrounding medium,
is effect was observed after a 40-min incubation period with 1,25(OH)2-D3. In the
(not shown), verifying that neither exocytosis nor quenching of the dye occurred
ual cells. ***p < 0.001 and #p < 0.05 compared with control.

activator caused a significant increase in Cl− currents, while PKC
blockade abolished 1,25(OH)2-D3 stimulation of chloride currents.
This indicates the involvement of PKC in 1,25(OH)2-D3 nonge-
nomic modulation of the electric currents, and agrees with results
obtained on other systems [4,42–45]. It has also been reported
previously that 1,25(OH)2-D3 activation of PKC may cause PKA acti-
vation via a cross-talk mechanism with the cAMP pathway [46].
Taken together, our results indicate that 1,25(OH)2-D3 potentiates
voltage-gated Cl− currents via phosphorylation cascades involving
PKC and cAMP/PKA pathways in TM4 immature Sertoli cells.

Cytosolic Cl− ions enhance Ca2+-dependent exocytosis in a vari-
ety of endocrine cell types [47]. We have studied the effect of
preincubation of TM4 cells with the voltage-gated calcium channel
nifedipine (2 �M), and found that this dihydropyridine antagonist
abolishes 1,25(OH)2-D3 stimulation of chloride currents and exo-
cytosis (data not shown). This appears to suggest that 1,25(OH)2-D3
driven exocytosis in immature Sertoli cells is a calcium-dependent
mechanism. In addition, ClC-3 channels are present at the mem-
brane of secretory vesicles; however, their role in exocytosis is not
fully understood. The vesicle membrane, when fused to the plasma
membrane, appears to deliver chloride channel proteins to the cell
surface. It has been shown before with RT-PCR that primary rat
Sertoli cells express the ClC-2, ClC-3, ClC-6 and ClC-7 members of
the family of voltage-gated Cl− channels [23]. Here, we found tran-
scripts of ClCn 1 through 7 genes in TM4 cells. Levels of expression
appeared to be relatively higher for ClC-2, ClC-3, ClC-4, ClC-5 and

ClC-7 compared to the other family members. Due to the pharmaco-
logical and electrical characteristics of the 1,25(OH)2-D3-sensitive
chloride channel present in TM4 cells, more specifically its sensi-
tivity to DIDS, outward rectification, and modulation by PKC, we
conclude that this 1,25(OH)2-D3-sensitive chloride channel could



D. Menegaz et al. / Journal of Steroid Biochemistry & Molecular Biology 119 (2010) 127–134 133

Fig. 5. RT-PCR analysis of ClCn and VDR expression in TM4 Sertoli cells. Primers used and gene accession numbers are given in the Table. Column M in the agarose gel
corresponds to the commercial plasmid vector pGEM-3 (Promega) treated with the Hinf I/Rsa I/Sin I restriction enzymes used as a molecular marker. PCR product lengths
are: ClC-1, 102 bp; ClC-2, 642 bp; ClC-3, 195 bp; ClC-4, 429 bp; ClC-5, 609 bp; ClC-6, 158 bp; ClC-7, 142 bp; VDR, 672 bp. PCR products were confirmed by sequencing.

Fig. 6. Proposed model of 1,25(OH)2-D3 nongenomic potentiation of chloride currents through ClC-3 voltage-gated channels in TM4 Sertoli cells. 1,25(OH)2-D3 sensitive
ClC-3 channels present at the plasma membrane open upon depolarization (Vm > 0 mV). Hormone 1,25(OH)2-D3 potentiates Cl− channel opening via a cytoplasmic 1,25(OH)2-
D3/VDR-initiated mechanism that involves PKC/PKA activation leading to phosphorylation (P) of the channel. Cl− ions flow in according to an electrochemical gradient. This
is recorded as outward currents following the electric convention used in whole-cell patch-clamp recordings, and correspond to the influx of Cl− ions through voltage-gated
ClC-3 channels. ClC-3 present in the membrane of secretory vesicles docked at the plasma membrane act as an electric shunt and their opening is required for exocytosis.
1,25(OH)2-D3 activation of ClC-3 channels takes place within 20–40 min.
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e the broadly expressed ClC-3 channel [34,48], which is known
o be involved in exocytotis. Under our experimental conditions,
he electrical activity of inwardly rectifying ClC-2, which has been
ssociated with regulation of the cell’s volume, as well as ClCs 4–7
as not detected. ClC-1, expressed primarily in muscular cells, was
etected only at very low levels in TM4 cells.

Taken together, our results demonstrate for the first time that
ongenomic 1,25(OH)2-D3 potentiation of chloride currents couple
o exocytosis in immature TM4 Sertoli cells. This effect appears to
nvolve a cytosolic VDR and PKC/PKA phosphorylation pathways
eading to ClC-3 channel phosphorylation. We conclude that the
teroid hormone 1,25(OH)2-D3 appears to play a functional role in
ale fertility via stimulation of Sertoli cell secretory activities in

he testis.
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