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ABSTRACT

Sperm capacitation is required for fertilization and involves
several ion permeability changes. Although Cl� and HCO3

� are
essential for capacitation, the molecular entities responsible for
their transport are not fully known. During mouse sperm
capacitation, the intracellular concentration of Cl� ([Cl�]i)
increases and membrane potential (Em) hyperpolarizes. As in
noncapacitated sperm, the Cl� equilibrium potential appears to
be close to the cell resting Em, opening of Cl� channels could not
support the [Cl�]i increase observed during capacitation.
Alternatively, the [Cl�]i increase might be mediated by anion
exchangers. Among them, SLC26A3 and SLC26A6 are good
candidates, since, in several cell types, they increase [Cl�]i and
interact with cystic fibrosis transmembrane conductance regu-
lator (CFTR), a Cl� channel present in mouse and human sperm.
This interaction is known to be mediated and probably regulated
by the Na+/H+ regulatory factor-1 (official symbol, SLC9A3R1).
Our RT-PCR, immunocytochemistry, Western blot, and immu-
noprecipitation data indicate that SLC26A3, SLC26A6, and
SLC9A3R1 are expressed in mouse sperm, localize to the
midpiece, and interact between each other and with CFTR.
Moreover, we present evidence indicating that CFTR and
SLC26A3 are involved in the [Cl�]i increase induced by db-
cAMP in noncapacitated sperm. Furthermore, we found that
inhibitors of SLC26A3 (Tenidap and 5099) interfere with the Em
changes that accompany capacitation. Together, these findings
indicate that a CFTR/SLC26A3 functional interaction is impor-
tant for mouse sperm capacitation.

capacitation, chloride channels, chloride transporters,
fertilization, membrane potential, sperm, sperm capacitation,
sperm motility and transport

INTRODUCTION

Fertilization requires the fusion of male and female gametes
to create a new individual. Spermatozoa can fertilize the egg
only after undergoing capacitation [1]. Sperm capacitation is a
complex process that involves the onset of motility, changes in
intracellular ion concentrations, intracellular pH (pHi) eleva-
tion, plasma membrane hyperpolarization, and protein tyrosine
phosphorylation, among other changes [2]. The increase in
tyrosine phosphorylation observed during capacitation is
downstream of the activation of the bicarbonate (HCO3

�)-
dependent soluble adenylate cyclase (SACY) [3] and protein
kinase A (PKA) [4]. How HCO3

� increases inside spermatozoa
is not well understood. Our group [5] presented evidence
strongly suggesting that HCO3

� transport in these cells is
mediated, at least in part, by a member of the Na

þ
/HCO3

�

cotransporter (NBC) family [6]. Upon HCO3
� addition to the

external media, this electrogenic transporter hyperpolarizes
mouse sperm and causes a pHi increase and cAMP elevation
[5]. However, this NBC is not sufficient to sustain the HCO3

�-
and cAMP-dependent pathways necessary for the slow increase
in other capacitation parameters, such as tyrosine phosphory-
lation.

Recently, we and others [7–10] have also demonstrated that
Cl� is necessary for capacitation-associated processes, such as
the increase in tyrosine phosphorylation, the preparation for a
physiologically induced acrosome reaction (AR), motility
hyperactivation, hyperpolarization, and in vitro fertilization.
Considering that Cl� is needed for subsequent cAMP-
dependent processes, we postulated that inward translocation
of Cl� is coupled to the activity of an electroneutral Cl�/
HCO3

� cotransporter; inward fluxes of HCO3
� through this

exchanger would stimulate SACY and increase cAMP levels
[3, 11].

[Cl�]i levels are determined by the relative contributions of
all Cl� transporters present in the plasma membrane of a given
cell type. Cl� can be transported through various systems
across the plasma membrane including different types of Cl�

channels and a series of specialized carriers. Cl� channels are a
subset of ion channels selective to Cl� and often permeable to
other small monovalent anions [12]. Among these channels, we
and others have shown that spermatozoa have cystic fibrosis
transmembrane conductance regulator (CFTR), and that this
Cl� channel is involved in the regulation of sperm hyperpo-
larization [9, 10]. However, considering that in spermatozoa
the Cl� equilibrium potential (EmCl� ) (�32 mV) is close to the
cell membrane potential (Em) (�40 mV), the opening of any
Cl� channel (including CFTR) would not result in a
considerable Cl� influx into spermatozoa. Therefore, CFTR
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most likely regulates other Cl� transporters during capacitation,
as it occurs in other tissues (kidney, intestine, pancreas, and
epididymis cells), where, for instance, a direct interaction
between CFTR and Cl� anion exchangers from the SLC26
family has been reported [13–16]. Specifically, SLC26A3 and
SLC26A6 interact with CFTR through the regulatory (R)
domain of CFTR and the sulfate transporter and anti-sigma
(STAS) domain of SLC26 [10, 17]. The interaction requires the
phosphorylation (via PKA) of both domains [18]. In addition to
the R and STAS domains, CFTR and SLC26 transporters can
interact via PDZ domain containing proteins or scaffolding
proteins, such as SLC9A3R1 and SLC9A3R2 (Na

þ
/H
þ

exchanger regulatory factor) [19–21], which contain two
PDZ domains, allowing simultaneous interactions with multi-
ple binding proteins forming large protein complexes under-
neath the plasma membrane [22].

Recently, SLC26A3 was detected in guinea pig sperm,
where it appears to play an important role during sperm
capacitation, in association with CFTR. The authors proposed
that CFTR mediates HCO3

� entry into spermatozoa by
working in parallel with SLC26A3 and providing a recycling
pathway for Cl�. Moreover, considering the fact that a number
of sperm functions, including motility, hyperactivation,
capacitation, and AR, depend on HCO3

� and Cl�, SLC26A3
and CFTR may regulate diverse guinea pig sperm functions [7,
23]. Considering the latter, in this work we confirm the
presence of SLC26A3 in mouse sperm, and show that this
protein interacts with SLC26A6 and with SLC9A3R1. In
addition, our results suggest that these proteins interact with
CFTR and regulate the [Cl�]i increase, the Em, and the pHi

changes observed in mouse sperm capacitation.
In this study, we found that SLC26A3, SLC26A6, and

SLC9A3R1 are present in the mouse sperm midpiece, where
CFTR is located [10]. Our findings also indicate that
SLC26A3, SLC26A6, CFTR, and SLC9A3R1 coimmunopre-
cipitate and colocalize in mouse sperm. We also show that
SLC26A3 participates in the [Cl�]i increase and capacitation-
associated hyperpolarization. CFTR is also involved in these
events, as already reported [10]. Finally, our findings are
consistent with the participation of SLC26A3, SLC26A6, and
CFTR in the pHi increase that takes place during capacitation.
These results suggest that SLC26A3, SLC26A6, and CFTR are
important for mouse sperm capacitation.

MATERIALS AND METHODS

Materials

TRIzol reagent, dibutyryl cAMP (db-cAMP), 3-isobutyl-1-methylxantine
(IBMX), carbonyl cyanide m-chlorophenylhydrazone (CCCP), valinomycin,
digitonin, 5-[(4-carboxyphenyl) methylene]-2-thioxo-3-[(3-trifluoromethyl)
phenyl-4 thiazolidinone (inh-172) and polyclonal antibody against SLC9A3R1
(catalog no. N-7286) were purchased from Sigma (St. Louis, MO). N-
[ethoxycarbonylmethyl]-6-methoxy-quinolinium bromide (MQAE), 3, 3 0-
dipropyl-thiadicarbocyanine iodide (DiSC3(5)) and secondary antibodies
(Alexa Fluor donkey anti-goat IgG [H þ L] 647 and 488) were obtained
from Invitrogen (Carlsbad, CA). 20, 70-bis-(2-carboxyethyl)-5-(and-6)-carbox-
yfluorescein (BCECF) was obtained from Molecular Probes (Eugene, OR).
Polyclonal antibodies against SLC26A3 (catalog no. sc-34939), SLC26A6
(catalog no. sc-26728) and CFTR (catalog no. sc-8909) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). 1,2-Dioctanoyl-sn-glycerol
(DOG) and phorbol 12-myristate 13-acetate (PMA) were purchased from
Calbiochem (San Diego, CA). Tenidap (Tdap) and UK-5099 (5099) were
kindly provided by Pfizer Inc. (Groton, CT).

MQAE, DiSC3(5), BCECF, CCCP, and valinomycin were prepared in
dimethyl sulfoxide (DMSO) and stored at �208C until use.

The db-cAMP (1 mM) and IBMX (100 lM) were prepared on the day of
the experiment using Whitten Hepes-buffered medium (100 mM NaCl, 4.7 mM
KCl, 1.2 mM KH2PO4, 1.2 mM MgSO4, 5.4 mM dextrose, 0.8 mM pyruvic
acid, 4.8 mM calcium L-lactate, 20 Hepes).

Sperm Preparation

Cauda epididymal mouse sperm were collected from CD1 retired male
breeders. The animals were killed using protocols approved by the local Animal
Care and Bioethics Committee of the Instituto de Biotecnologı́a—Universidad
Nacional Autónoma de México (this study was specifically approved by the
Bioethics Committee [no. 94-2008/2010]). Minced cauda epididymides from
each animal were placed in Whitten Hepes-buffered medium. This medium
does not support capacitation unless supplemented with 5 mg/ml bovine serum
albumin (BSA) and 24 mM NaHCO3. After 10 min, the sperm suspension was
washed in 10 ml of the same medium by centrifugation at 300 3 g for 5 min at
room temperature. Sperm were diluted to a final concentration of 2 3 107 cells/
ml in the appropriate medium according to the experiment. In all cases, pH was
maintained at 7.4.

RNA Isolation and RT-PCR Experiments

Mouse pachytene, round, and elongated spermatids were isolated from
testes [24]. Briefly, the testes were decapsulated and subjected to enzymatic
digestion (collagenase/trypsin). The cell suspension was sedimented at unit
gravity using a 2%–4% BSA/enriched Krebs-Ringer bicarbonate (EKRB; 120
mM NaCl, 25.2 mM NaHCO3, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 1.3 mM CaCl2, and 11 mM glucose) linear gradient. After
sedimentation, 10-ml fractions were collected and cell identity was determined
by bright-field microscopy according to size and shape and similar fractions
were pooled. Total RNA was prepared from isolated pachytene, round, and
elongated spermatids [25] using TRIzol Reagent according to the manufactur-
er’s instructions. Complimentary DNA was synthesized from total RNA
samples with random hexamer-primed reverse transcription (Superscript II
RNase H-reverse transcriptase; Invitrogen). Complimentary DNA was then
subjected to PCR amplification using TaqDNA polymerase (Invitrogen).
SLC26A3, SLC26A6, and SLC9A3R1 primers were designed using the mouse
reported nucleotide sequence for these genes (see Table 1). PCR programs
included 35 cycles of amplification (948C for 1 min, 558C for 1 min, and 728C
for 30 sec, and a final extension at 728C for 5 min). The absence of genomic
DNA contamination in the RNA samples was confirmed with reverse
transcription-negative controls (reverse transcription enzyme was omitted) for
each experiment. Amplified products were analyzed by DNA sequencing in
order to confirm their identity.

Sperm Membrane Purification

The preparation of sperm fractions was carried out as described previously
[8]. Briefly, sperm (20 3 107 cells) were homogenized using 10 strokes with a
Teflon Dounce homogenizer in Tris-HCl/EDTA buffer (50 mM Tris-HCl [pH
7.5], 1 mM EDTA) supplemented with protease inhibitors (protease inhibitor
mixture; Roche Applied Science, Mannheim, Germany) plus 0.4 mM leupeptin,
0.4 mM aprotinin, 0.1 mM pepstatin, 300 mM benzamidine, and 0.32 mg/ml
calpain I and II inhibitor. After homogenization, the sample was sonicated three
times for 15 sec on ice at intervals of 1 min. Cell debris was pelleted (1000 3 g
for 10 min at 48C), and the supernatant was centrifuged at 10 000 3 g for 10 min
at 48C. The resultant pellet was discarded, and the supernatant was centrifuged at
100 000 3 g for 1 h at 48C. The final pellet, which contained the membrane
fraction, was resuspended in sample buffer (10% SDS, 50% glycerol, 8 mM
EDTA, 500 mM Trizma-base, pH 6.8) and used for SDS-PAGE and
immunoblotting.

SDS-PAGE and Immunoblotting

Sperm membrane extracts were resuspended in sample buffer containing
protease inhibitors without b-mercaptoethanol, and boiled for 5 min. Sperm
samples were centrifuged at 10 000 3 g for 15 min. After centrifugation, the
supernatants were collected and b-mercaptoethanol was added to a final
concentration of 5% (v/v). The samples were boiled for an additional 5 min and
then subjected to SDS-PAGE 7 on 10% polyacrylamide gels. Electrotransfer of
proteins to Immobilon P (Bio-Rad, Hercules, CA), and immunodetection was
carried out as previously described [26]. Immunoblots were incubated with
anti-SLC26A3 (1:100), anti-SLC26A6 (1:100), anti-CFTR (1:500), and anti-
SLC9A3R1 (1:500) and developed with the appropriate (see below) secondary
antibody (1:10 000) conjugated to horseradish peroxidase (HRP) (Zymed, San
Francisco, CA) and the chemoluminescent ECL kit (Thermo Scientific,
Waltham, MA) according to the manufacturer’s instructions. Since the
molecular weight of SLC9A3R1 is around 55 kDa, a secondary antibody that
detects heavy chains, the molecular weight of which is also 55 kDa, could not
be used. Therefore, for SLC9A3R1 detection, we used the following secondary
antibody: HRP conjugate IgG fraction monoclonal mouse anti-rabbit IgG, light
chain specific (catalog no. 211-032-171; Jackson Immunoresearch, West
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Grove, PA). All other proteins were detected using HRP conjugate rabbit anti-
goat IgG (H þ L) (Invitrogen; catalog no. 81-1620).

Indirect Immunofluorescence

Spermatozoa, collected as described above, were washed in PBS medium.
After washing, sperm were resuspended in fixing solution (4% paraformaldehyde
final concentration in PBS) and placed onto slides. Cells were allowed to settle for
30 min at room temperature in a humid chamber and washed (three times for 5
min) with PBS. After washes, cells were permeabilized in PBS-Triton X-100
(0.1% final concentration) for 10 min at room temperature in a humid chamber,
and washed (three times for 5 min) with PBS. Slides were removed from the
humid chamber and allowed to air dry. The sperm preparation was blocked with 5
% BSA for at least 2 h. Specific primary antibodies for SLC26A3 (1:20),
SLC26A6 (1:20), CFTR (1:100), and SLC9A3R1 (1:100) were added to sperm
samples and incubated overnight at 48C. These samples were washed (33 5 min)
with PBS, and then incubated with the appropriate secondary antibody (1:10 000)
(Alexa-488) for 1 h at 378C followed by three 5-min washes with PBS. In the case
of double immunofluorescence experiments, the first primary antibodies were
incubated overnight at 48C. The samples were washed (three 5-min washes with
PBS) and incubated with the secondary antibodies (Alexa-594) for 1 h at room
temperature. Then, the second primary antibodies were added and incubated
overnight. The samples were again washed (three 5-min washes with PBS) and
incubated with secondary antibodies (Alexa-488 or Cy5) for 1 h at room
temperature. Finally, the samples were washed three times for 5 min with PBS and
mounted in PBS-glycerol or gelvatol, and examined using a confocal unit (Zeiss
LSM510 META with a Zeiss Axiovert 200 M inverted microscope) with a 603
objective. Peptide competition control experiments were performed preincubating
the antibody with its corresponding antigenic peptide for 1 h at room temperature,
and the samples were then processed equally. The peptide for SLC9A3R1
antibody was not available; the control experiment was performed incubating only
with the secondary antibody. In the case of double immunofluorescence
experiments, the peptide competition controls were made separately.

Immunoprecipitation Assay

Sperm membrane proteins (50–60 lg) were resuspended in RIPA buffer (50
mM Tris [pH 7.4], 150 mM NaCl, 10% glycerol, 0.1% SDS, 1% Triton X-100,
protease inhibitors cocktail [Roche], 10 mM NaF, 1 mM Na Vanadate, and 50
mM b-glycerophosphate) and then mixed with 5–10 lg of anti-SLC26A3, anti-
SLC26A6, anti-CFTR, or anti-SLC9A3R1. This mixture was incubated for 2–4
h, maintaining the sample in a rocking platform at 48C. Subsequently, 25 lg of
protein G-sepharose (Pharmacia Biotech, Uppsala, Sweden) were added, and
the mixture was incubated overnight on a rocking platform at 48C. The sample
was centrifuged at 1000 rpm for 1 min, the supernatant recovered and washed
by centrifugation three times with PBS-Triton X-100 (0.1%) and three times
with PBS. The immunoprecipitated samples were eluted by adding 100 ll of
glycine-HCl buffer (0.1 M glycine [pH 2.5]), stirred for 60 sec, and centrifuged
at 1000 rpm for 1 min. The supernatant was mixed with 25 ll of trizma-base
1 M. The resulting sample was loaded onto SDS-PAGE 7 on 10%
polyacrylamide gels.

Intracellular Cl� Measurements in Sperm Populations

The [Cl�]i was measured in sperm populations using MQAE, a Cl�-
sensitive fluorescent dye, as previously described [10]. Briefly, sperm were
incubated with 10 mM MQAE for 30 min at 378C. Excess MQAE was removed
by diluting sperm with Whitten medium and centrifuging for 3 min at 300 3 g.
The sperm pellet was resuspended in aliquots of 4 3 106 sperm/ml in the same
medium. The influence of different drugs on [Cl�]i was determined using sperm
suspensions loaded with MQAE after recording the basal fluorescence (350/
460 nm excitation/emission) for 1–3 min, and measuring for a further 5–10 min
after the addition of the drug. Two controls were performed: 1) drug solvents
(DMSO or water) were added while the fluorescence was recorded; and 2)
MQAE fluorescence without cells was recorded, and the drugs were added. No
significant fluorescence changes were observed after performing both controls.

The sperm [Cl�]i was calibrated according to Garcia and Meizel [27]. Briefly,
mouse sperm were incubated for 30 min in Whitten Hepes-buffered medium
containing different Cl� concentrations (0–100 mM) and 10 mM MQAE.
Excess MQAE was removed as described above, and emission fluorescence
intensity data from sperm suspensions (2 3 106 sperm/ml) were recorded for
120 sec. The intracellular and extracellular [Cl�] were equilibrated by
permeabilizing the sperm membrane with digitonin (10 lM), and the
fluorescence was recorded for another 120 sec. The [Cl�]i was calculated as
described previously [27].

Membrane Potential Assay in Sperm Populations

Em was measured as previously described [5]. Briefly, sperm were
collected as previously indicated, and diluted in the appropriate medium.
Spermatozoa were incubated in complete Whitten Hepes-buffered medium
(supplemented with BSA and NaHCO3) for 10 and 60 min for noncapacitated
and capacitated condition, respectively. The 10-min incubation for the
noncapacitated condition does not promote the capacitation-associated
hyperpolarization (clearly observed after 60-min incubation). At 8 min before
the measurement, DiSC3(5) (1 lM final) was added to the sperm suspension
and the mixture was further incubated for 5 min at 378C. Afterwards, CCCP (1
lM final) was added to induce the collapse of the mitochondrial potential, and
sperm suspension was incubated for an additional 3 min. After this period, 800
ll of the suspension were transferred to a gently stirred cuvette at 378C, and the
fluorescence (640/670 nm excitation/emission) was recorded continuously.
Calibration was performed as described previously [5] by adding 1 lM
valinomycin and sequential additions of KCl.

Intracellular pH Measurements in Sperm Populations

The pHi was measured using the pH-sensitive fluorescent dye BCECF (0.5
lM) in spermatozoa (collected as previously indicated). Cells were incubated
with the dye for 15 min at 378C. Excess BCECF was removed by diluting
sperm with Whitten Hepes-buffered medium and centrifuging for 3 min at 300
3 g. The sperm pellet was resuspended in the same medium to obtain a
concentration of 4 3 106 sperm/ml. The effect of different drugs on pHi was
determined using sperm suspensions loaded with BCECF incubated during 10
min (noncapacitated) or 60 min (capacitated) in complete Whitten Hepes-
buffered medium (supplemented with BSA and NaHCO3). We recorded the
fluorescence (510/450 nm for excitation and 550 nm for emission) for 1 min.
The short incubation period for the noncapacitated condition does not promote
the capacitation-associated hyperpolarization, but provides equal experimental
conditions. Calibration was performed as described previously [28], adding
0.12% Triton X-100 and subsequent HCl additions (0.1%). The addition of
Triton X-100 increased the fluorescence ratio to a value corresponding to the
pH of Whitten Hepes-buffered medium. Three consecutive aliquots of HCl
were then added to the cuvette, which resulted in step-wise decreases in
fluorescence ratios. At each step (including the one reached after Triton
addition), the pH was determined with a conventional pH electrode. The
BCECF ratio values were converted to pHi with the software FeliX version
1.41 (Photon Technology International, Birmingham, NJ).

Statistical Analysis

The data are expressed as the mean 6 SEM. Statistical analysis was
performed using the Wilcoxon (Mann-Whitney) nonparametric test for
unpaired and paired data.

RESULTS

SLC26A3, SLC26A6, and SLC9A3R1 Are Present in Mouse
Sperm

Previous reports have shown that the activation of CFTR is
required for sperm capacitation [9, 10]; however, its opening

TABLE 1. Sets of primers designed to amplify SLC26 members and SLC9A3R1 from mouse spermatogenic cells.

Gene Forward primer 50-30 Reverse primer 50-30 At (8C)a Predicted size (bp) Genbank accession no.

Slc26a3 TACAGCGACCCATTCT CCTTCAGGCTCATACAC 50 893 NM_021353.2
Slc26a6 TATCCTGTGCGTGAA AATGAGCGTGAGTAGTT 52 657 NM_134420.4
Slc9a3r1 TTTATCCGTCTGGTAGAA CC GGCTTAGACTTGTCGCTGT 56 398 NM_012030.2

a At, annealing temperature.

ANION EXCHANGERS IN MOUSE SPERM CAPACITATION
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cannot explain the [Cl�]i increase observed during this process,
which suggests that other transporters could be involved [10].
In tissues like pancreas, epididymis, and intestine, CFTR and at
least two members of the SLC26 family, SLC26A3 and
SLC26A6, have been shown to interact [13–16]. Therefore, we
investigated whether these proteins were present in mouse
spermatozoa and if they interacted.

First, RT-PCR using specific primers for SLC26A3,
SLC26A6, and SLC9A3R1 revealed transcript fragments of
the expected length in spermatogenic cells (SLC26A3, 893 bp;
SLC26A6, 657 bp; and SLC9A3R1, 398 bp) (Fig. 1A). Their
identities were confirmed by DNA sequencing. In addition,
these proteins were detected in purified sperm membranes by
Western blot (Fig. 1B). The protein bands had the expected

molecular weights for SLC26A3 (98 kDa), SLC26A6 (95
kDa), and SLC9A3R1 (55 kDa) (Fig. 1B). Moreover,
preincubation of SLC26A3 and SLC26A6 antibodies with
the corresponding antigenic peptide eliminated the signal (Fig.
1B). In the case of SLC9A3R1, although the antigenic peptide
was not available, secondary antibody alone served as negative
control (Fig. 1B). Using immunofluorescence, these validated
antibodies localized SLC26A3, SLC26A6, and SLC9A3R1 in
the sperm midpiece (Fig. 1C).

SLC26A3, SLC26A6, and SLC9A3R1 Colocalize
and Interact with CFTR in Mouse Sperm

In a previous report, we found that, similar to SLC26A3,
SLC26A6, and SLC9A3R1, CFTR also localized to the

FIG. 1. SLC26A3, SLC26A6, and SLC9A3R1 are localized in the mouse sperm midpiece. A) RT-PCR showing transcripts for SLC26A3, SLC26A6, and
SLC9A3R1 from mouse spermatogenic cells: Pachytene (Pa), round (R), and elongated cells (E), in the presence (þ) or absence (�) of reverse transcriptase;
the size of the molecular weight markers (M) is indicated in base pairs (bp). B) Western blot experiments using sperm membrane extracts to detect
SLC26A3, SLC26A6, and SLC9A3R1. The left lane (Ab) shows the signal with the antibody; the right lane corresponds to samples preincubated with the
corresponding antigenic peptide (P) or with the secondary (S) antibody only. The molecular weight markers in kiloDaltons (kDa) are shown to the left of
each panel. Expected size: 98, 95, and 55 kDa for SLC26A3, SLC26A6, and SLC9A3R1, respectively. C) Immunocytochemistry experiments for SLC26A3,
SLC26A6, and SLC9A3R1; left panels show staining with the indicated Ab, and right panels show signal competition by preincubation of the primary
antibody with the corresponding antigenic peptide. In the case of SLC9A3R1, the control experiment was performed incubating with the secondary
antibody only (peptide is not available). All proteins localize to the sperm midpiece. The insets in each panel show the corresponding phase-contrast
image. Bar¼ 20 lm. The images are representative of four independent experiments.
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midpiece of mouse spermatozoa [10]. Immunofluorescence
experiments were designed to determine the colocalization of
each of the new proteins reported here with CFTR. We found
that SLC26A3 (Fig. 2A), SLC26A6 (Fig. 2B), and SLC9A3R1
(Fig. 2C) colocalize with CFTR, suggesting that these proteins
may interact and participate in the regulation of the Cl�/HCO3

�

concentration in spermatozoa, as observed in other tissues [16,
17, 19, 29, 30].

CFTR interacts and positively regulates the activity of
SLC26A3 and SLC26A6 in many tissues, such as intestines
[13, 30], pancreas [15, 29], and epididymis [16, 31]. This
regulation is mediated by PDZ domain containing proteins [20,
32]. Since we found that all these proteins colocalize in
spermatozoa, we next investigated whether the same type of
interaction occurs in sperm. To this end, we performed
reciprocal immunoprecipitation experiments using purified
sperm membranes and antibodies to SLC26A3, SLC26A6,
CFTR, or SLC9A3R1, and blotted against SLC26A3,
SLC26A6, SLC9A3R1, or CFTR (Fig. 3, A–D, respectively).
We confirmed the interaction of these four proteins in all
experimental conditions. The targeted protein was always
detected in the eluted fraction except, as expected, in the
negative control in which an unrelated antibody (anti-pyruvate
dehydrogenase E1b chain, PDHE1b) was used for immuno-
precipitation. Moreover, we did additional controls to ensure
the specificity of our detection (Supplemental Fig. S1; all
Supplemental Data are available online at www.biolreprod.
org).

Slc26A3 and CFTR Are Involved in the [Cl�]i Increase
Induced by db-cAMP in Noncapacitated Sperm

Previously, our group reported that the addition of db-
cAMP in noncapacitated mouse sperm elevated the [Cl�]i; this
increase was inhibited by diphenylamine 2-carboxylate (DPC),
a CFTR antagonist [10]. This finding supported the notion that
CFTR is involved in [Cl�]i increase during sperm capacitation.
Taking into consideration that SLC26A3 and SLC26A6 are
present in spermatozoa and interact with CFTR, we explored
whether these exchangers were involved in this [Cl�]i increase.
Figure 4A shows that addition of 1 mM db-cAMP (a permeable
analogue of cAMP) to noncapacitated sperm in the presence of
100 lM IBMX (a phosphodiesterase inhibitor) increased their
[Cl�]i by approximately 10 mM (25–35 mM). This increase
was inhibited 50% by two SLC26A3 antagonists (Tdap and
5099) with estimated half-maximal inhibitory concentration
values for Tdap and 5099 of 2.9 and 2.8 lM, respectively (Fig.
4B), similar to those described for these inhibitors [33]. The
CFTR inhibitor, inh-172 (Fig. 4D), also eliminated 50% of the
db-cAMP-stimulated [Cl�]i increase (estimated IC50¼ 90 nM),
supporting previous results using DPC as CFTR inhibitor [10].
In contrast, inhibitors of SLC26A6 (DOG and PMA) did not
affect the [Cl�]i increase stimulated by db-cAMP (Fig. 4C). It
is worth mentioning that DOG and PMA inhibit SLC26A6
indirectly [34] through the activation of PKC [35]. Together,
these results suggest that SLC26A3 and CFTR, but not PKC
and/or SLC26A6, participate in regulating the [Cl�]i during
capacitation.

FIG. 2. SLC26A3, SLC26A6, and SLC9A3R1 colocalize with CFTR. Swim-up-separated sperm were fixed, permeabilized, and exposed to anti-SLC26A3
(A), anti-SLC26A6 (B), and anti-SLC9A3R1 (C) (red signal); the same cells were also exposed to anti-CFTR (green or blue signal). The merged and phase-
contrast images are also shown (DIC). Bar ¼ 20 lm. Images are representative of four independent experiments.
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SLC26A3 and CFTR Are Involved in the Capacitation-
Associated Hyperpolarization

Cl� is an important element for the capacitation-associated
hyperpolarization in mouse sperm, and CFTR contributes to
this hyperpolarization [10]. In order to determine whether
SLC26A3 and SLC26A6 are also involved in the capacitation-
associated hyperpolarization, we measured Em using DISC3(5)
dye in noncapacitated and capacitated spermatozoa in the
presence or absence of SLC26A3, SLC26A6, and CFTR
inhibitors (Fig. 5). To perform these experiments, noncapaci-
tated spermatozoa were incubated in capacitating medium for
only 10 min in order to ensure the same experimental
conditions as for capacitated spermatozoa, but without the
time required to promote hyperpolarization. As previously
reported [36], Em hyperpolarizes during capacitation. We
obtained an Em of �36 mV and �60 mV for noncapacitated
and capacitated spermatozoa, respectively (Fig. 5A). Subse-
quently, spermatozoa were incubated with SLC26A3 inhibitors
(Tdap and 5099) during capacitation; both antagonists (Tdap
and 5099) inhibited the hyperpolarization by about 30%, with
an estimated IC50 of 2.6 and 3.0 lM, respectively (Fig. 5B).
Interestingly, CFTR inhibitor (inh-172) almost completely
blocked hyperpolarization, with an estimated IC50 of 100 nM
(Fig. 5D), which is in agreement with results previously
reported [10], suggesting the participation of CFTR in the
capacitation-associated hyperpolarization. Finally, we found
that SLC26A6 inhibitors (DOG and PMA) did not affect the

capacitation-associated hyperpolarization (Fig. 5C). These
results are also consistent with the contention that SLC26A3
and CFTR, but not SLC26A6, contribute to the capacitation-
associated hyperpolarization in mouse sperm.

The addition of HCO3
� to noncapacitated spermatozoa

induces Em hyperpolarization, a response that is Na
þ

dependent [5]. These results are consistent with the involve-
ment of an NBC in HCO3

� entry into the cell. However, the
presence of an NBC does not exclude the participation of other
transporters, a possibility consistent with the inhibition caused
by 4,40-diisothio-cyanatostilbene-2,20-disulfonic acid (DIDS)
and 4-acetamido-40-isothiocyanato-stilbene-2,2 0-disulfonic ac-
id (SITS) (;80% inhibition with both compounds), two broad-
spectrum inhibitors of anionic transport [5]. To determine
whether SLC26A3, SLC26A6, and/or CFTR mediate the
HCO3

�-induced hyperpolarization, we measured the effect of
SLC26A3, SLC26A6, and CFTR inhibitors in the HCO3

�-
induced hyperpolarization. Figure 6A shows that HCO3

�

addition to noncapacitated spermatozoa induces a hyperpolar-
ization of about 20 mV, as previously reported [5]. SLC26A3
inhibitors (Tdap and 5099) blocked ;50% of the HCO3

�-
induced hyperpolarization (Fig. 6B), whereas DOG and PMA
did not (Fig. 6C). Finally, the CFTR inhibitor inh-172 also
blocked the HCO3

�-induced hyperpolarization by ;60% (Fig.
6D). Our results suggest that SLC26A3 and CFTR are also
involved in the HCO3

�-induced hyperpolarization.

FIG. 3. SLC26A3, SLC26A6, and SLC9A3R1 interact with CFTR in mouse sperm. Purified sperm membranes were used to immunoprecipitate SLC26A3,
SLC26A6, CFTR, and SLC9A3R1. The input (SM), the supernatant (S), and the eluted fraction (E) were loaded in 7% acrylamide gels, blotted, and probed
by Western blot assays with anti-SLC26A3 (A), anti-SLC26A6 (B), anti-SLC9A3R1 (C), and anti-CFTR (D). Molecular weight markers (in kDa) are shown on
both sides of each panel. An immunoprecipitation negative control was performed in each case using PDHE1b (shown at the right of each panel).
Expected sizes: 98, 95, 55, 165, and 37 kDa for SLC26A3, SLC26A6, SLC9A3R1, CFTR, and PDHE1b, respectively. The 50-kDa band in blots for
SLC26A3, SLC26A6, and CFTR and the 25-kDa band in the blot for SLC9A3R1 correspond to the light chains from IgGs, which were detected by the
secondary antibody used in each case (goat and rabbit, respectively). These blots are representative of three independent experiments.
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SLC26A3, SLC26A6, and CFTR Are Involved
in the Capacitation-Associated pHi Increase

In human [28, 37] and mouse [38] spermatozoa, pHi

increases during capacitation. The estimated increase in mouse
sperm is approximately 6.4 to 6.8. HCO3

� influx may
contribute to this pHi increase [38, 39]. SLC26A3, SLC26A6,
and CFTR inhibitors were used to determine whether these
transporters are involved in the pHi increase associated with
capacitation. The permeable fluorescent indicator BCECF was
used to measure pHi in mouse spermatozoa. Figure 7 shows
that pHi is 6.4 in noncapacitated spermatozoa and increases to
6.8 after 60 min of capacitation, in complete Whitten Hepes-
buffered medium (containing BSA and NaHCO3; black bars).
Tdap and 5099 inhibited the capacitation-associated pHi

increase by 34%, with an estimated IC50 of 3.5 and 8 lM,
respectively (Fig. 7A, gray bars). Unexpectedly, SLC26A6
antagonists also inhibited ;30% of the capacitation-associated
pHi increase (Fig. 7B), with IC50 values of 5 lM and 160 nM
for DOG and PMA, respectively. Because SLC26A6 inhibition
by these compounds is indirect, the interpretation of these

results is complex (see Discussion). Finally, the CFTR
inhibitor (inh-172) diminished the capacitation-associated pHi

increase by 36%, with an estimated IC50 of 240 nM (Fig. 7C).
Figure 7D exemplifies the calibration method used for pHi

determination. These results are in accordance with the
involvement of SLC26A3 and CFTR in the pHi increase
associated with mouse sperm capacitation.

DISCUSSION

It is well established that Cl� and HCO3
� play an essential

role in sperm capacitation and are required for tyrosine
phosphorylation, Em hyperpolarization, and the preparation
for a physiologically induced AR [7, 8, 10, 40]. Experiments
using specific CFTR inhibitors strongly suggest that this
channel participates in the capacitation-associated hyperpolar-
ization and the AR [9, 10], although its inhibition does not
affect tyrosine phosphorylation [8, 41]. In many cell types,
there are interrelationships between the transport of Cl� and
HCO3

� [7, 8, 42]. It is important to consider that in mouse
spermatozoa, EmCl� is close to the cell EM, so the opening of

FIG. 4. Slc26A3 and CFTR are involved in the [Cl�]i increase induced by db-cAMP in noncapacitated sperm. Intracellular Cl�measurements with MQAE
(10 mM) were performed in noncapacitated mouse spermatozoa. Addition of db-cAMP/IBMX increases [Cl�]i (detected as a reduction in fluorescence),
previous addition of solvent (DMSO) as negative control is also shown (A). The [Cl�]i increase was partially blocked by SLC26A3 (Tdap and 5099) (B) and
CFTR (inh-172) (D) inhibitors, but not by SLC26A6 inhibitors (DOG and PMA) (C). Left panels show representative fluorescent traces plotted as F/F0 (left
axis) vs. time. The right axis shows the corresponding [Cl�]i, calculated as described in Materials and Methods. Right panels summarize the change (D) in
the [Cl�]i in response to db-cAMP in the absence (black bars) or presence (gray bars) of different concentrations of the inhibitors used. Results are means 6

SEM. N.S., P . 0.05; **P � 0.01 (n ¼ 4).
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any Cl� channel would not result in a considerable Cl� influx
into the cell. Therefore, its increase during capacitation can
only be explained by the participation of other Cl� transporters.
In guinea pig spermatozoa, it was recently reported that Cl�

and HCO3
� are also essential for sperm capacitation, and that

SLC26A3 and CFTR are present in this species [7]. However,
in that paper, the authors report that CFTR was localized to the
equatorial segment and SLC26A3 to the acrosome region,
making it difficult to explain how these two proteins can
physically interact, being located at different cellular regions.
We tested our set of antibodies against CFTR, SLC26A3, and
SLC26A6 in guinea pig sperm and obtained, as for mouse
sperm, strong staining in the midpiece, although some faint
staining can also be observed in the head; therefore, we cannot
rule out that these proteins are also present in the head, as

reported by Chen et al. [7] (data not shown). In kidney,
pancreas, intestine, and epididymis, CFTR physically and
functionally interacts with members of the SLC26 family—
specifically, SLC26A3 and SLC26A6 [13–16]. Establishing
colocalization is very important, since it has been recently
demonstrated that the interactions among SLC26 transporters,
and those with CFTR, are determinant for the type and
direction of transport they perform [43, 44].

We found the presence of SLC26A3, SLC26A6, and
SLC9A3R1 in membrane extracts of mouse sperm with
Western blot experiments. It is important to point out that we
observed some differences in the molecular weight of
SLC26A3 and SLC26A6 compared with other reports. For
example, some report a band 75 kDa for SLC26A3 [7, 33], and
others found SLC26A3 with a size of 98 kDa [45]. In this

FIG. 5. SLC26A3 and CFTR are involved in the capacitation-associated hyperpolarization. Membrane potential measurements in mouse spermatozoa
using DISC3(5) 1 lM, as described in Materials and Methods. The traces on the left in all panels are representative fluorescence traces with internal
calibration using valinomycin (val) and subsequent KCl additions to determine the Em in each condition. The numbers to the right of each KCl addition
correspond to the estimated theoretical potential using the Nerst equation. A) Representative traces from noncapacitated spermatozoa (nCap) (left),
capacitated spermatozoa (Cap) (middle), and summary of the results (right). Representative traces (left) from capacitated sperm in the presence of Tdap (B),
DOG (C), and inh-172 (D) at the indicated concentration. Summary of the sperm Em (right) in control conditions (black bars, noncapacitated [nCap] and
capacitated [Cap]) or in the presence during capacitation of SLC26A3 (Tdap or 5099), SLC26A6 (DOG or PMA), or CFTR (inh-172) inhibitors (gray bars) at
the indicated concentrations. Results are means 6 SEM. N.S., P . 0.05; **P � 0.01; ***P � 0.001 (n¼ 3).
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work, we used antibodies from Santa Cruz Biotechnology. The
data sheet shows a Western blot with two bands of about 90
and 120 kDa; we also obtained two bands of approximately the
same weights. It is also important to consider that SLC26A3
undergoes posttranslational modifications, such as glycosyla-
tion, which can alter its molecular weight [46, 47]. With
respect to the molecular weight of SLC26A6, there are reports
showing that it has a size of between 80 and 85 kDa [48, 49].
The antibody data sheet from Santa Cruz Biotechnology shows
a band of about 90 kDa. However, there are also reports of
splice variants for SLC26A6 with varying molecular weights
[48, 49]. Given that peptide competition experiments blocked

the signal, we are confident that the band we obtained (100
kDa) corresponds to SLC26A6.

In this report, we show that SLC26A3 and SLC26A6 are
present in the midpiece of mouse sperm, the same location
reported for the CFTR channel [10], and that a PDZ-binding
protein, SLC9A3R1, is also in the midpiece. These domains
bind to the carboxyl termini of SLC26A3 and SLC26A6, and
help to maintain their assembly with CFTR channels, forming a
functional Cl�/HCO3

� transporter complex. The Cl�/HCO3
�

transporter function is regulated through the STAS domain of
SLC26 transporters and the R domain of the CFTR, with
mutual enhancement of their transport activity [17, 18].

FIG. 6. SLC26A3 and CFTR are involved in the HCO3
�-induced hyperpolarization. Measurements of membrane potential using DISC3(5) in

noncapacitated mouse spermatozoa. On the left are Representative fluorescent traces with internal calibration using valinomycin (val) and subsequent KCl
additions to determine the Em obtained by HCO3

� addition. The Em values (calculated with the internal calibration, right side of the trace) before and after
the addition of HCO3

� are indicated in each trace (arrows) in the presence of DMSO (A), Tdap (B), DOG (C), or inh-172 (D). On the right is a summary of
the initial Em (In), the Em reached after the HCO3

� addition (HCO3
�) in the absence (black bars) or presence of SLC26A3 (Tdap and 5099), SLC26A6

(DOG and PMA) or CFTR (inh-172) inhibitors (gray bars) at the indicated concentrations. Results are means 6 SEM. N.S., P . 0.05; *P � 0.05; **P �
0.01; ***P � 0.001 (n ¼ 3).
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Interestingly, we provide evidence for the physical interaction
between SCL26A3, SLC26A6, SLC9A3R1, and CFTR in
mouse sperm, suggesting that the regulatory mechanisms
described in other cell types are preserved in spermatozoa.

To study the contribution of SLC26A3, SLC26A6, and
CFTR in the events related to capacitation, [Cl�]i, Em, and pHi

were measured. Our results indicate that the dp-cAMP-induced
[Cl�]i increase and the capacitation-associated hyperpolariza-
tion were partially inhibited by the two SLC26A3 antagonists
used here. Our Em results with the SLC26A3 inhibitors are
consistent with the recently reported stoichiometry of two Cl�

inwards in exchange for one intracellular HCO3
� [50, 51].

As expected from our previous work [10], the specific
CFTR inhibitor, inh-172, also reduced the db-cAMP-induced
increase in [Cl�]i and the capacitation-associated hyperpolar-
ization. However, the simultaneous inhibition of SLC26A3 and
CFTR did not cause an additive effect on either the [Cl�]i

increase stimulated by db-cAMP or the capacitation-associated
hyperpolarization (data not shown). These findings suggest that

SLC26A3 and CFTR are part of a complex where, as
previously reported [17, 18, 52], each transporter activity
affects the other. Interestingly, inhibition of CFTR [8, 41] and
SLC26 (this work, data not shown) do not affect tyrosine
phosphorylation. This result was not unexpected, since it is
likely that capacitation-associated events are not necessarily
correlated or connected.

Since CFTR can also conduct HCO3
� [29, 53, 54], it is not

surprising that the CFTR inhibitor reduced the fast HCO3
�-

induced hyperpolarization. On the other hand, the action of
Tdap and 5099 on the HCO3

�-induced hyperpolarization
suggests that SLC26A3 is somehow involved in this change,
possibly causing a short-circuit, although unspecific effects on
NBC cannot be ruled out.

Data from the literature are conflicting with respect to the
hypothesis that CFTR expression, independently of its
transport activity, may be sufficient to activate the expression
and/or function of SLC26 transporters [55]. A recent report
indicates that CFTR transport activity, and not just its presence,

FIG. 7. SLC26A3, SLC26A6, and CFTR are involved in the capacitation-associated pHi increase. Intracellular pH measurements in mouse spermatozoa
using BCECF (0.5 lM), as described in Materials and Methods. Summary of the capacitation-induced pHi changes in noncapacitated (nCap) and
capacitated (Cap) control conditions (black bars) or in the presence (gray bars) during capacitation of Tdap/5099 (A), DOG/PMA (B), or inh-172 (C) at the
indicated concentrations. D) Representative fluorescence trace that exemplifies the calibration used in each experiment. Below the trace, the Triton X-100
addition and the subsequent HCl additions (arrows) are indicated. Above the trace, the corresponding pHe values measured using a conventional pH
electrode are indicated. The BCECF fluorescence ratio (y axis) obtained in each trace was converted to pHi using FeliX 1.41 software. Results are means 6

SEM. N.S., P . 0.05; *P � 0.05; **P � 0.01 (n ¼ 5).
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is required for HCO3
� transport via the SLC26 anion

exchangers [44]. Our results using the CFTR inhibitor indicate
that the CFTR functional activity regulates Cl� transport in
mouse spermatozoa.

It has been suggested that CFTR increases its permeability
to HCO3

� during sperm capacitation [7, 23]. Some groups
indicate that the HCO3

� permeability of CFTR is dynamically
regulated by extracellular Cl�. For example, in the pancreatic
duct, CFTR does not transport HCO3

� in the presence of
physiological Cl�. Only when luminal Cl� is reduced to about
20 mmol/L (as in the stimulated duct) does CFTR switch to a
higher HCO3

� permeability contributing to HCO3
� movement

[53, 56]. On the other hand, it has been indicated that an
HCO3

�/Cl� selectivity increase is not necessary to support
HCO3

� movement via CFTR, since the channel has a finite
permeability to this anion [57]. It remains to be defined how
much CFTR contributes to HCO3

� uptake, and how it mediates
Cl� entry to spermatozoa.

Unfortunately, to date there are no direct specific inhibitors
of SLC26A6. DOG and PMA, two compounds that activate
PKC [35], have been used to inhibit SLC26A6, as it is
phosphorylated by PKC [34]. These treatments did not affect
the [Cl�]i increase induced by db-cAMP, the capacitation-
associated hyperpolarization, or the HCO3

�-induced hyperpo-
larization. The lack of effect of these compounds suggests that
PKC and/or SLC26A6 do not have a significant involvement in
these processes. It is worth mentioning that, although the
cAMP/PKA signaling cascade has been shown to play an
important role during capacitation [58], other kinases, such as
PKC, are also present in mammalian spermatozoa and may
participate in motility and during the AR [59]. Immunolocal-
ization experiments have indicated the presence of PKC, both
in the equatorial segment and in the principal piece of human
sperm [60]. PKC inhibitors have been shown to reduce
motility, while PKC agonists increase it [61]. Capacitation
also involves the formation of an actin network between the
outer acrosomal membrane and the overlying plasma mem-
brane, and it has been proposed that PKC may participate in
this process [62]. To further explore the role of PKC in these
processes, we decided to investigate if PKC inhibitors
(bisindolylmaleimide and chelerythrine) affect the Cl�, Em,
and pH measurements. At the concentrations used, these
compounds did not affect the capacitation-associated changes
in [Cl�]i, Em, or pHi (Supplemental Fig. S2). These results
suggest that PKC does not participate in these changes.

Interestingly, experiments with SLC26A3 and CFTR
inhibitors suggest that these Cl� transporters participate in
the pHi increase that accompanies capacitation. This pHi

change may be directly mediated by HCO3
� entry or, as it was

recently reported, through the interaction of SLC26 with Na
þ

/
H
þ

exchangers. For example, the interaction of SLC26A3 with
NHE2 and NHE3 [44, 63–65], and the regulation of SLC26A6
by NHE3 [44, 66], has been documented. In general, it has
been suggested that SLC26A3 and SLC26A6 need proton
recycling via Na

þ
/H
þ

exchangers to operate in the Cl�

absorptive mode [44]. In fact, in kidney and intestinal cells,
the inhibition of SLC26A3, SLC26A6, or even CFTR causes
intracellular acidification [44, 49, 66]. This mode of regulation
is consistent with the observations that SLC26A3 and CFTR
inhibitors blocked the capacitation-associated pHi increase
during mouse sperm capacitation.

It is worth considering the possible participation of several
entry mechanisms for HCO3

� in mouse spermatozoa: 1) a fast
and transient HCO3

� influx mediated by the NBC, favored by
an abrupt increase in the extracellular bicarbonate concentra-
tion that occurs when sperm enter the female reproductive tract,
where there is a high concentration of this anion; 2) a sustained
increase in [HCO3

�]i, probably mediated by the SLC26/CFTR
complex—this complex would facilitate Cl� entry into the cell,
creating a driving force to favor HCO3

� uptake in exchange for
Cl�, likely through an electroneutral exchanger throughout
capacitation; and 3) it has been proposed that [HCO3

�]i

increases in spermatozoa can occur via diffusion of CO2,
followed by intracellular rehydration, facilitated by carbonic
anhydrases (CA) [11]. A permeable CA inhibitor (acetazol-
amide, which inhibits CA II) decreases flagellar beating in the
presence of HCO3

�. This effect is not seen in the presence of
an impermeable inhibitor of CA (benzolamide, nonspecific
inhibitor for extracellular CA) [11]. In addition, CA IV, an
external CA that is present in sperm [67], may equilibrate
HCO3

� and CO2 near the sperm surface, so that an increase in
external CO2 rapidly replenishes HCO3

� at the extracellular
membrane face, from where it can then enter the cell carried by
anion transporters [68]. Therefore, HCO3

� influx during
capacitation could (at least in part) be derived from the CO2

pathway.
Our proposed model illustrated in Figure 8 includes

SLC26A3, SL26A6, and SLC9A3R1, as we have shown that
they are present in mouse spermatozoa and localized to the
midpiece. Although both transporters are thought to serve as

FIG. 8. Model for Cl� and HCO3
� movement during capacitation. Once inside the female reproductive tract, spermatozoa encounter several

environmental changes. There is an external increase in HCO3
� that could cause an initial [HCO3

�]i elevation through NBC, provoking SACY activation
and cAMP augmentation, resulting in PKA increased activity and SLC26A3/CFTR/sNHE complex stimulation via phosphorylation. This complex would
transport Cl� inside the cell, and the resulting [Cl�]i increase would provide the driving force for the sustained uptake of HCO3

� in exchange for internal
Cl� through an electroneutral Cl�/HCO3

� exchanger (AE). The sustained elevated [HCO3
�]i would maintain high cAMP levels, which are needed for the

process of capacitation that ultimately leads to a pHi and [Ca2þ]i increase, tyrosine phosphorylation, and plasma membrane hyperpolarization.
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regulators of the Cl� and HCO3
� homeostasis during sperm

epididymal maturation and capacitation, our functional exper-
iments only support the involvement of SLC26A3 and CFTR
in capacitation. It is likely that SLC26A3, CFTR, and probably
sNHE are coupled, forming a transport complex. Our results
with the SLC26A3 and CFTR inhibitors are consistent with
this proposal. SLC26 transporters may be regulated in a similar
fashion to NKCC1 [8] and KCC [69] transporters, which are
functionally modulated by PKA and WNK kinases, also known
to influence the SLC26 family [70–73]. The external changes
in [HCO3

�] encountered by spermatozoa, upon departure from
the epididymis and when entering the female tract, would cause
an initial SACY activation and cAMP elevation, resulting in
PKA and SLC26A3 stimulation. The increased activity of the
SLC26A3/CFTR/sNHE complex would increase [Cl�]i, allow-
ing the sustained uptake of HCO3

� in exchange for internal Cl�

through an electroneutral Cl� and HCO3
� exchanger. The

sustained elevated [HCO3
�]i would maintain elevated cAMP

levels needed for the process of capacitation that lead to a pHi

and [Ca2þ]i increase, hyperpolarization, and tyrosine phos-
phorylation.

Fertilization success is crucial for species preservation, and
it is therefore conceivable that any given species may have
several alternative mechanisms to achieve fertilization. This
could explain why several knockout (KO) models of genes
apparently important for fertilization produce fertile pheno-
types. For instance, there are only two examples of ion channel
KOs in mice that produce male infertility (CATSPER and
KCNU1) [74, 75]. However, it is important to highlight that the
Slc26a3 KO mouse exhibits reduced fertility compared to wild-
type mice (the number of pups is reduced by 50%); their
survival rate is also low, and they have reduced size and a
condition known as congenital chloride diarrhea (CLD) [45]. In
humans, mutations in SLC26A3 also cause subfertility
(oligoasthenoteratozoospermia) and the CLD condition [76].
In that work, the authors demonstrated that patients with
mutations in SLC26A3 showed low sperm count, poor sperm
motility, and a high percentage of morphological defects. A
primary defect in Cl�/HCO3

� transport in the male reproduc-
tive tract was proposed after the observation of a high
concentration of Cl� and a low pH in the seminal plasma
among these males [76].

The Slc26a6 KO is fertile, although, interestingly,
SLC26A3 is strongly upregulated in pancreas, thus causing
secretin-stimulated bicarbonate secretion and pancreatic juice
volume to remain unchanged in these animals [66]. It was
proposed that deletion of Slc26a6 in pancreatic duct results in a
compensatory upregulation of SLC26A3, which helps maintain
bicarbonate secretion and pancreatic juice volume [77].
Interestingly, the double Slc26a3/Slc26a6 KO mice displayed
100% postpartum lethality before weaning. These results
strongly suggest that the upregulation of SLC26A6 in the
small intestine of Slc26a3 KO mice may play an important
compensatory role in electrolyte homeostasis. Other SLC26
isoforms, such as SLC26A4, SLC26A8, and SLC26A11, did
not show any compensatory upregulation in the colons of
Slc26a3 KO mice [45]. SLC9A3R1-null mice die 30–35 days
postpartum, and therefore fertility cannot be properly deter-
mined. The previous data support the notion that these
transporters play a role during fertilization.
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