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A B S T R A C T

Mammalian sperm are unable to fertilize the egg immediately after ejaculation. In order to gain fertilization
competence, they need to undergo a series of biochemical and physiological modifications inside the female
reproductive tract, known as capacitation. Capacitation correlates with two essential events for fertilization:
hyperactivation, an asymmetric and vigorous flagellar motility, and the ability to undergo the acrosome reac-
tion. At a molecular level, capacitation is associated to: phosphorylation cascades, modification of membrane
lipids, alkalinization of the intracellular pH, increase in the intracellular Ca2+ concentration and hyperpolar-
ization of the sperm plasma membrane potential. Hyperpolarization is a crucial event in capacitation since it
primes the sperm to undergo the exocytosis of the acrosome content, essential to achieve fertilization of the
oocyte.

1. Introduction

Fertilization involves the fusion of male and female gametes, which
is the first step in creating a new organism. However, mammalian
sperm, unlike spermatozoa of many other animals, are unable to ferti-
lize the egg immediately after ejaculation. In order to gain fertilization
competence, they need to undergo a series of physiological modifica-
tions inside the female reproductive tract, collectively known as capa-
citation (Austin, 1952; Chang, 1951). This process can be mimicked in
vitro by sperm incubation in chemically defined media containing
Ca2+, HCO3

−, energy sources, and a cholesterol acceptor that is usually
BSA, as first demonstrated by Toyoda et al. (1971) in the mouse. At a
molecular level, capacitation is associated to: activation of a cAMP/PKA
pathway (Harrison, 2004; Krapf et al., 2010), loss of membrane cho-
lesterol (Cross, 1996; Davis et al., 1980) and modification of other
membrane lipids (Gadella and Harrison, 2000), increase in protein
tyrosine phosphorylation, intracellular pH (pHi) and intracellular Ca2+

concentration [Ca2+]i (Ruknudin and Silver, 1990), and hyperpolar-
ization of the sperm plasma membrane potential (Em) (De La Vega-
Beltran et al., 2012; Escoffier et al., 2012; Gervasi and Visconti, 2016).
The sperm is a highly differentiated and compartmentalized cell,
composed of a flagellum, in charge of the cell propulsion, and a head,
which contains the highly compacted DNA surrounded by a vesicle
named acrosome. These compartments exhibit differential distribution
of membrane channels restricted to specific localizations (Fig. 1).

Capacitation correlates with flagellar vigorous motility called hyper-
activation (Yanagimachi, 1994a) and the ability to undergo the acro-
some reaction in response to a physiological agonist, both of which are
believed to be essential for successful sperm penetration into oocytes
(Yanagimachi, 1994b). Therefore, the two essential physiological
events, hyperactivation and acrosome reaction, take place in different
compartments. However, it is also now known that activation of sig-
naling pathways in the sperm tail plays a role in the regulation of events
happening in the head. Navarro et al. showed ten years ago, by in-
jecting fluorescent dyes, that diffusion among compartments is possible
(Navarro et al., 2007). It should be noted that trans-signaling events by
second messengers as cAMP, produced in micro-domains by the action
of transmembrane (only in the head) and/or soluble adenylyl cyclase
(presumably in the whole sperm) is improbable, since cAMP diffusion is
restricted by hydrolyzing enzymes and extrusion pumps (Alonso et al.,
2017; Wertheimer et al., 2013). However, signaling events can also be
orchestrated by diffusion of ions across compartments, influencing pH,
Ca2+ concentration, and membrane potential.

As already mentioned, capacitation correlates with changes in the
sperm plasma membrane potential (Em) (Zeng et al., 1995). When
cauda epididymal mouse sperm are incubated in culture media, their
Em is relatively depolarized. However, this membrane potential hy-
perpolarizes as capacitation proceeds, whereas no change is observed
when sperm are incubated in conditions that do not support capacita-
tion (Demarco et al., 2003; Zeng et al., 1995; Espinosa and Darszon,
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1995). This Em hyperpolarization has been shown to be both necessary
and sufficient to prepare mice sperm to undergo an induced acrosome
reaction. Non-capacitated sperm pharmacologically hyperpolarized,
acquire acrosomal responsiveness even when phosphorylation path-
ways associated to sperm capacitation are turned off. Moreover, when
sperm are capacitated in depolarized Em clamped conditions, therefore
unable to hyperpolarize, both PKA activation and tyr phosphorylation
activate normally, but the agonist-induced acrosome reaction is in-
hibited. This points towards the key role of hyperpolarization on en-
abling mouse sperm to undergo the acrosome reaction (De La Vega-
Beltran et al., 2012). Despite its importance, the mechanisms that un-
derlie hyperpolarization during capacitation are poorly understood.
This review will focus on the channels and events involved in the
regulation of membrane potential that takes place in capacitation, with
special emphasis on differences and similarities between mouse and
human sperm, and its implications on other capacitation-associated
events. The involvement of other channels, which have not been thor-
oughly studied and related to capacitation-associated hyperpolariza-
tion, cannot be completely ruled out, but were therefore not included in
this review.

2. Membrane potential

In sperm, as in most cells, the internal ion concentrations are
markedly different from those in the extracellular medium. These dif-
ferences result from the relative permeability of the plasma membrane
to each of the ions found in the inner and outer media given by the
specific ion channels and transporters present in the cell, to the gra-
dients they establish and the metabolic state of the cell. At rest, the
balance of these fluxes, gradients and permeabilities results in an
electric potential, known as the resting Em (Stival et al., 2016; Visconti
et al., 2011). Mammalian sperm encounter environments with very
different ionic composition on their journey to meet the egg. For ex-
ample, external K+ concentration ([K+]e) may change from ~39 to
5–8mM, external Cl− concentration ([Cl−]e) from ~27 to 130mM, and
external Na+ concentration ([Na+]e) from 38 to 140mM in the cauda
epididymus and oviduct respectively (Neill, 2006). Sperm must regulate
their Em and adapt to the changes in external ion concentration, while

also achieving membrane hyperpolarization at the appropriate time
(Chávez et al., 2013). Before capacitation mouse sperm are relatively
depolarized (Em around −35mV) and become hyperpolarized (Em
around −70mV) during capacitation (Arnoult et al., 1999; Zeng et al.,
1995), as determined by a fluorometric population assay (Fig. 2A, de-
scribed below). This change results from a combination of electrogenic
ion permeability alterations that shift the Em towards the K+ equili-
brium potential (around −90mV) (Demarco et al., 2003). However,
using flow cytometry (Fig. 2B, described below), it has been reported
that in mouse sperm samples subjected to capacitating medium, only
40% or less actually achieve the capacitated state, resulting in a het-
erogeneous sperm population with resting membrane potentials that
fall into two subpopulations; those that appear not to have achieved a
capacitated state with a membrane potential less than −50mV, while
those that appear to have achieved capacitation and hyperpolarization
with membrane potentials approaching −80mV (Arnoult et al., 1999).
This is also the case for human sperm, as shown by López-González
et al. (2014) using flow cytometry, only a subpopulation hyperpolarizes
under capacitating conditions. However, there is a large heterogeneity
in the percentage of hyperpolarized cells among samples from different
individuals. Therefore, it is likely that the membrane potential mea-
sured in population assays results from the average of these two sub-
populations (Escoffier et al., 2015).

2.1. Methodology used to study Em

2.1.1. Fluorometric population assay
The fluorometric population assay allows the determination of ab-

solute Em values, which are relatively easy to measure (Fig. 2A). The
equipment needed consists of a spectrofluorometer with a thermo-
statized holder at 37 °C, and a potentiometric probe. Among many, the
most widely used is DiSC3(5), a cationic carbocyanine dye with a short
(C3) alkyl tail that readily partitions across the membrane depending on
Em and aggregates within the membrane, causing self-quenching.
Therefore, upon Em hyperpolarization more dye enters the cell, re-
sulting in a decreased fluorescence from the extracellular millieu. When
constant concentrations of sperm and probe are used, this method
provides a highly reproducible value of plasma membrane potential

Fig. 1. Schematic representation of human and
mouse sperm. Cellular compartments and localiza-
tion of species-specific ion channels, found within
each section, which are important for (or directly
involved in) Em determination as described in this
review. H: human; M: mouse. Slowpoke potassium
channel (SLO1/3), leucine-rich repeat-containing
26/52 (LRRC26/52), sperm-specific Na+/H+ ex-
changer (sNHE), voltage-gated H+ channel (Hv1),
cation channel of sperm (CatSper), epithelial sodium
channel (ENaC), cystic fibrosis transmembrane con-
ductance regulator (CFTR), and voltage-activated
calcium channel (Cav).
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Fig. 2. Methodology used to study Em. A, Representative image of a fluorometric population assay. Non-capacitated (NC) and capacitated (CAP) sperm are loaded
with DiSC3(5) (1 μM) for 2–3min, transferred to a gently stirred quartz cuvette at 37 °C, and the fluorescence is monitored with a spectrofluorometer at 620/670 nm
excitation/emission wavelength. Recordings are initiated when steady-state fluorescence is reached (approximately 1min). Calibration is performed by adding 1 μM
valinomycin (Val) and sequential additions of KCl. The Nernst equation determines a theoretical Em value for every arbitrary fluorescence unit (AFU) obtained for
each KCl concentration (points 1–4). In order to construct the calibration curve, the difference between each point and the fluorescence obtained after the addition of
valinomycin (AFUVal) is calculated: AFU′(1′-4′). Finally, the sperm Em is obtained by linearly interpolating the theoretical Em values against the initial AFU re-
gistered. The dye is depicted in red, while the intracellular quenched fluorophore is in pink. B, Representative image of the flow cytometry analysis. Non-capacitated
(NC) and capacitated (CAP) sperm are loaded with DiSBAC2(3) (15 μM) at 37 °C for 30min. Alternatively, cells can be loaded with DiSC3(5) (50 nM). Then,
propidium iodide (PI) is added (at a final concentration of 2 μM for mouse sperm and 50 nM for human sperm) and the cells are analyzed in a flow cytometer. Non-
viable cells become PI positive, and their red fluorescent signal detected as fluorescence of wavelength≥ 670 nm. Orange fluorescence from DiSBAC2(3)-positive
cells was detected at 561–606 nm. The first two dot plots correspond to Sideways-Scatter versus Forward-Scatter analysis of NC and CAP sperm in the absence of 0.1%
Triton X-100. When Triton X-100 is added, since it solubilizes non-sperm particles, it makes it possible to distinguish between non-sperm particles and sperm cells
(maintained in the presence of detergent, circled in black), which are further analyzed in the DiSBAC2(3) versus PI two-dimensional fluorescence dot plot. Live sperm
populations (low PI, squared in black) were used for histogram analysis depicting number of cells versus DiSBAC2(3) fluorescence. Sperm incubated in capacitating
conditions show two subpopulations: one with high dye fluorescence, which are depolarized (Dep) and also present in the non-capacitating condition, and another
with low dye fluorescence corresponding to the capacitated hyperpolarized (Hyp) cells. The dye is depicted in orange.
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after calibration using valinomycin (a K+ ionophore) and sequential
additions of KCl, increasing extracellular K+ concentration to different
known values. The final Em is obtained following the Nernst equation,
assuming an intracellular K+ concentration of 120mM and that the
membrane is a K+ electrode under the influence of valinomycin, by
linearly interpolating the theoretical Em values (for each KCl con-
centration) against arbitrary fluorescence units of each trace (Espinosa
and Darszon, 1995). The fluorescence emission of DiSC3(5) is affected
by sperm number, dye concentration (which needs to be adjusted de-
pending on the species), sperm viability and dimensions of the quartz
cuvette, as well as by the presence of compounds that chemically in-
teract with DiSC3(5). However, the internal calibration compensates for
these variables, resulting in a robust determination. For mouse sperm,
no toxic effects on sperm function have been observed at the con-
centrations used (< 5 μM) (Zeng et al., 1995). Moreover, it has been
shown that mitochondrion Em contribution is negligible (Chávez et al.,
2013). In this regard, it should be noted that keeping dye loading times
to the minimum possible aids to avoid intracellular compartmentali-
zation.

2.1.2. Flow cytometry analysis
Cells are usually loaded with DiSC3(5) or with the fluorescent an-

ionic dye DiSBAC2(3), which contrary to the DiSC3(5) dye, increases its
signal inside the cell and exhibits enhanced fluorescence and a red
spectral shift (Fig. 2B). Considering the DiSBAC2(3) properties, hy-
perpolarization results in a decrease in fluorescence, while with
DiSC3(5) hyperpolarization results in an increase in fluorescence, in a
condition where only cell-originated fluorescence is recorded. DiSBAC
dyes are excluded from mitochondria because of their overall negative
charge (Escoffier et al., 2015). This method allows the study of Em of
individual cells in a population, but does not provide absolute Em va-
lues.

3. Channels involved in Em hyperpolarization

There are two mechanisms that mainly contribute to sperm Em
hyperpolarization: 1) Decreasing activity of Na+ channels reduces Na+

permeability (PNa) since both, the decrease in [Na+]e, or the addition of
the Na+ channel blocker amiloride, produce membrane hyperpolar-
ization in non-capacitated sperm (Hernández-González et al., 2006). 2)
Activation of K+ selective channels increases K+ permeability. The
involvement of K+ channels in this change was proposed because hy-
perpolarization was affected by external K+ and reduced by K+ channel
blockers (Espinosa and Darszon, 1995; Zeng et al., 1995).

3.1. Epithelial sodium channels (ENaCs)

ENaCs are made up of four subunits: α, β, γ and δ, where α and δ
can replace each other and are directly involved in forming the channel
pore (Canessa et al., 1994). These channels may be regulated by pH,
Ca2+, Na+, Cl− and phosphorylation (Kellenberger and Schild, 2002),
parameters that change during capacitation. ENaCs are expressed in
many invertebrate and vertebrate cell types. The presence of ENaC α
and δ subunits in mouse sperm was confirmed by Western blot analysis
using polyclonal antibodies, which detected the proteins in testis and
sperm. As seen by immunolocalization, although ENaC α was observed
in the flagellum mid-piece, ENaC δ antibodies stained the anterior ac-
rosome. Neither subunit changed its localization following sperm ca-
pacitation (Hernández-González et al., 2006). Furthermore, ENaC type
currents were detected using electrophysiological techniques in sper-
matogenic cells, the precursors of sperm (Hernández-González et al.,
2006) and in testicular sperm (Martínez-López et al., 2009). In human
sperm, Kong et al. (2009) demonstrated by immunoblotting the pre-
sence of ENaC α protein in the flagellar mid-piece. Na+ permeability is
involved in the establishment of the sperm resting Em and this per-
meability is thought to be reduced during sperm capacitation (Demarco

et al., 2003; Hernández-González et al., 2006), since [Na+]i decreases
(Escoffier et al., 2012) and replacement of external Na+ by non-
permeable cations results in sperm Em hyperpolarization. The addition
of external Na+ produces a depolarization that is potently inhibited by
amiloride and its analog EIPA (5-(N-ethyl-N-isopropyl)-amiloride), two
ENaC inhibitors. Altogether, these results suggest that epithelial Na+

channels (ENaCs) are present in mouse (Hernández-González et al.,
2006) and human (Kong et al., 2009) sperm and that they may con-
tribute to the capacitation-associated hyperpolarization.

3.1.1. ENaC regulation by Cystic Fibrosis Transmembrane conductance
Regulator (CFTR)

Capacitation is associated with an elevation of intracellular cAMP
levels. It is noteworthy that elevated cAMP levels inhibit ENaCs in other
cell types. This inhibition can be caused by a cAMP-dependent activa-
tion of the cystic fibrosis transmembrane regulator (CFTR), either
through direct stimulation involving a nucleotide binding domain of
CFTR (Schreiber et al., 1999) or through increase of intracellular Cl−

concentration (König et al., 2001).
CFTR is an ATP-gated cAMP-modulated Cl− and HCO3

− channel
with a modest permeability ratio (PHCO3

−/PCl− ~0.25) (Tang et al.,
2009), and a regulator of several transporters and proteins, including
K+ channels, such as ROMK1 and ROMK2 (Kunzelmann and Schreiber,
1999), anion exchangers, aquaporins, and ENaCs. Cystic fibrosis, the
most prevalent human genetic disease, is caused by CFTR mutations
(Guggino and Stanton, 2006). Additionally, the involvement of CFTR in
male and female infertility has long been recognized (Jarzabek et al.,
2004). Nearly all men with cystic fibrosis are infertile due to a con-
genital bilateral absence of the vas deference. In addition, the higher
incidence of CFTR mutations in a male infertile subpopulation may
indicate its participation in other fertilization related events like sperm
capacitation (Schulz et al., 2006).

CFTR mRNA was detected in rat testis and in spermatogenic cells
(Gong et al., 2001). In 2007, Hernandez-Gonzalez et al. (2007) docu-
mented the presence of CFTR in both mouse and human sperm and
demonstrated that diphenylamine-2-carboxylic acid (DPC), an inhibitor
of CFTR, blocks the capacitation-associated hyperpolarization. More-
over, genistein, known to activate CFTR channels, hyperpolarized
sperm under conditions that do not support capacitation. These genis-
tein-induced changes in Em were inhibited by DPC (Hernandez-
Gonzalez et al., 2007). Electrophysiological evidence indicates that
functional CFTR channels are present in mouse sperm (Figueiras-Fierro
et al., 2013). Moreover, sperm from CFTR-mutated heterozygous mice
have reduced fertilizing capacity in vitro and in vivo, implying an im-
portant role of CFTR in determining sperm-fertilizing ability (Xu et al.,
2007) and consistent with the fact that inhibition of CFTR impairs the
ability of sperm to undergo increases in intracellular pH (see below,
Section 5.2) (Xu et al., 2007) and membrane hyperpolarization
(Hernandez-Gonzalez et al., 2007). It was reported that human sperm
treated with a specific CFTR inhibitor reduces the percentage of sperm
undergoing progesterone-induced acrosome reaction, hyperactivation
and penetration of zona-free hamster eggs (Li et al., 2010).

Genistein, the CFTR activator, diminished the amiloride-induced
hyperpolarization and the amiloride-sensitive Na+ permeability in non-
capacitated sperm suggesting that CFTR regulates the capacitation-as-
sociated hyperpolarization in mouse sperm through the inhibition of
ENaCs. Both CFTR and ENaC are found in the mid-piece and head of the
sperm. Although there is no data implying their physical interaction,
their localization in the same sperm region is consistent with the hy-
pothesis that ENaC may be regulated by CFTR (Hernandez-Gonzalez
et al., 2007; Xu et al., 2007).

Although all the aforementioned results indicate that the closure of
Na+ channels after capacitation might have a larger influence on hy-
perpolarization, Chavez et al. measured no significant decrease in the
Na+ permeability of mouse sperm in capacitating conditions (0.13 in
non-cap and 0.13 in cap) and only a slight decrease when
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hyperpolarization is elicited by pH 8 external media (from 0.15 to 0.12)
(Chávez et al., 2013). A small decline in PNa after alkalization might be
expected since amiloride-sensitive Na+ channels have been reported to
be sensitive to external pH (Chen et al., 2009). On the other hand, the
PK exhibits a significant increase when incubated in capacitating con-
ditions (1.6 in non-cap and 4.38 in cap) or in a pH 8 external media
(from 1.6 to 8.2). These results show the primacy of K+ channels in
hyperpolarization, since the permeability changes reported account for
approximately 95% of membrane potential changes, where PK increases
~5 times (Chávez et al., 2013).

3.2. SLO potassium channel

Spermatogenic cells and mature spermatozoa have been reported to
possess Ca2+-activated K+ channels (Chan et al., 1998), voltage-gated
K+ channels (Felix et al., 2002; Salvatore et al., 1999), two-pore do-
main K+ channels (Hur et al., 2009), inwardly rectifying K+ (Kir)
channels (Muñoz-Garay et al., 2001) and SLO K+ channels (Navarro
et al., 2007; Santi et al., 2010; Schreiber et al., 1998).

The SLO or BK (Big Potassium) channels, originally cloned from
Drosophila (Atkinson et al., 1991; Elkins et al., 1986), are characterized
by their large conductance for potassium ions (K+) through cell
membranes. Opening of BK channels allows K+ to passively flow
through the channel, down the electrochemical gradient. Under typical
physiological conditions, this results in an efflux of K+ from the cell,
which leads to cell membrane hyperpolarization. The Slo gene family is
represented by Slo1, Slo2, and Slo3 (Gutman et al., 2005). These
channels possess seven transmembrane helices S0–S6, with the S1–S6
helices exhibiting homology to classic voltage-gated K+ channels; the
K+-selective pore is formed by S5 and S6 (Adelman et al., 1992; Butler
et al., 1993). The pore-forming α subunits of SLO channels are asso-
ciated with auxiliary β and γ subunits (Behrens et al., 2000; Brenner
et al., 2000; Uebele et al., 2000), which interact with the S0 segment of
the α subunit. Several studies demonstrated that the association with
different subunits impacts channel pharmacological and gating prop-
erties. There are four α subunits, where each type can form a functional
tetramer (Salkoff et al., 2006) and four different β subunits that reg-
ulate the function and expression of SLO channels (Yang et al., 2009).

The family of SLO channels evolved from voltage-dependent po-
tassium channels, but acquired a large conserved carboxyl extension,
called the gating ring, which allows channel gating to be altered in
response to direct sensing of different intracellular ions, and by other
second-messenger systems. The α subunit has the large cytosolic C-
terminal proposed to be responsible for ligand regulation. A specific
cytosolic ion regulates each of the SLO members: Ca2+ for SLO1, Na+

for both SLO2.1 (Slick) and SLO2.2 (Slack), and H+ for SLO3 (reviewed
in Salkoff et al., 2006).

SLO1 is conserved in Drosophila, C. elegans and mammals. Slo1
channels cloned from mouse and human show strong conservation of
sequence and functional properties (Butler et al., 1993; Dworetzky
et al., 1994). SLO1 channels are expressed in many tissues where vol-
tage-gated calcium channels are present, such as in hippocampus (Hicks
and Marrion, 1998), smooth muscle cells (Knaus et al., 1994) and
adrenal chromaffin cells (Solaro and Lingle, 1992).

In contrast to other multigene voltage-gated K+ channel families,
SLO1 was for many years the sole functionally characterized re-
presentative of its family (Wei et al., 1996), until Schreiber et al. (1998)
described mSLO3, a pH- and voltage-dependent SLO family member,
which was thought to be exclusively expressed in mammalian sperm
until Vicens et al. (2017) challenged this notion. Using a phylogenomic
approach that involves comparative genomics and transcriptomic ana-
lyses, they found that the emergence of the Slo3 gene dates to the ra-
diation of ancestral vertebrates and that it is conserved in birds and
reptiles. However, to date, the role of SLO3 channels in non-mamma-
lian sperm is not known (Vicens et al., 2017). SLO1 and SLO3 are
homologues closely related in amino acid sequence, and, in fact,

sequence analysis suggests that SLO3, which exists only in mammals,
evolved from a duplication of the Slo1 gene, which is found across
metazoans (Salkoff et al., 2006). The mSlo3 cDNA was isolated from a
testis cDNA library based on its homology to mSlo1. A detailed com-
parison of mSLO3 and mSLO1 sequences implied two functional prop-
erties of mSLO3: 1) The absence of the “calcium bowl” (Schreiber and
Salkoff, 1997) suggested that mSLO3 is activated by factors other than
Ca2+; and 2) A GFG motif in the K+-selective pore, rather than the
typical GYG, suggested differences in ionic selectivity between the two
channels, rendering SLO3 only mildly sensitive to voltage-activation
(Hartmann et al., 1991; Yool and Schwarz, 1991). When expressed in
Xenopus oocyte, mSlo3 cRNA produced currents that were sensitive to
both pH and voltage. This was demonstrated in observations of single
channel behavior, macroscopic currents in the patch configuration, and
whole-cell oocyte currents recorded in the two-electrode voltage clamp
mode. Despite similarity in sequence of mSLO3 to mSLO1, mSLO3 is
insensitive to calcium over a wide concentration range. Furthermore,
they display a low selectivity for K+ over Na+ (PK/PNa ~ 5) in com-
parison with SLO1 channels (PK/PNa > 50) (Schreiber et al., 1998).
The expression of mouse and human Slo3 transcripts is largely re-
stricted to the testis, where it is expressed in the seminiferous tubules
with the signal directly over developing spermatocytes (Schreiber et al.,
1998).

By using whole-sperm and whole-flagellum current clamp, Navarro
et al. (2007) found that a pHi-sensitive K+ current (KSper) was re-
sponsible for changes of epididymal spermatozoan Em. Both putative
SLO3 currents observed in sperm, and SLO3 currents recorded in het-
erologous oocyte expression are similarly activated by cAMP, blocked
by 1mM Ba2+ and high tetraethylamonium (TEA) concentration
(60mM), and activated by alkaline pHi (Martínez-López et al., 2009).
The identity and importance of the SLO3 channel for murine sperm
physiology was confirmed by recordings from Slo3-deficient mice that
also display severely reduced male fertility where these currents are
absent (Santi et al., 2010; Zeng et al., 2011). Sperm from Slo3 null mice
are unable to swim progressively, to hyperpolarize and to undergo the
acrosome reaction. Remarkably, these sperm cannot acrosome react
even when exposed to Ca2+ ionophore A23187. These results show the
importance of SLO3 channel activation in the capacitation-associated
processes necessary for fertilization (Santi et al., 2010). In murine
sperm, SLO3 mediates a voltage- and alkalization-activated K+ current
essential for fertility. However, while KSper is activated by alkalization
in the range of pH 6.4–7.2 at membrane potentials between −50 and
0mV, the heterologously expressed SLO3 channels are largely closed at
potentials negative to 0mV at physiological pH. The auxiliary subunit
LRRC52 (leucine-rich repeat-containing 52), shifts SLO3 gating into a
range of voltages and pH values similar to that producing KSper current
activation. LRRC52 protein is detected only in testis. It is markedly
diminished from Slo3−/− testis and completely absent from Slo3−/−

sperm, indicating that LRRC52 expression is critically dependent on the
presence of SLO3 (Yang et al., 2011). LRRC52 is a homolog of the SLO1-
modifying LRRC26, which has been shown to markedly shift gating of
SLO1 in prostate tumor cells, even in the absence of Ca2+ (Yan and
Aldrich, 2010). These accessory proteins belong to an extracellular
leucine-rich-repeat-only (Elron) cluster, which includes other LRRC
proteins: LRRC38, LRRC55, LRTM1 and LRTM2. Elron cluster members
are all predicted to contain a single transmembrane segment with an N-
terminal signal peptide resulting in extracellular localization of the LRR
domain and a short cytoplasmic C-terminal tail containing a short
stretch of acidic residues. Despite shared organization of leucine-rich-
repeats among Elron family LRRC proteins, additional amino acid
homology is modest. However, their common structural organization
suggests that they may share structurally similar interaction partners
(Yang et al., 2011).

Human SLO3 (hSLO3) also functions as a pH-gated channel when
expressed in Xenopus oocytes, as determined by inside-out patch-clamp
electrophysiology experiments, in which the intracellular solution can
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be precisely controlled (Leonetti et al., 2012). hSLO3 currents open in
the same range of pH as mSLO3. However, upon co-expression with the
associated subunit LRRC52, the pH dependences of mSLO3 and hSLO3
differ markedly: hSLO3+LRRC52 currents show significant activation
at pH < 6.7, a pH at which mSLO3+LRRC52 activity is essentially
suppressed (Leonetti et al., 2012). However, the K+ current in human
sperm is much less sensitive to changes in intracellular pH than the K+

current of mouse sperm (Lishko et al., 2012). This led to an uncertainty
about hSLO3 being responsible for K+ currents in human sperm. In this
regard, Mannowetz et al. (2013) by applying the patch-clamp technique
to ejaculated and epididymal human sperm, found that human K+

currents, originating from the flagellum, are insensitive to intracellular
alkalinization, and dependent on intracellular [Ca2+]. Correspond-
ingly, Em is strongly regulated by Ca2+ and less so by pHi. On the other
hand, the hKSper is inhibited by three known SLO1 channel inhibitors,
as well as by micromolar concentrations of progesterone. These results
indicated that the molecular identity of human KSper was distinct from
that of murine KSper, which is represented by the SLO3 protein, and
that SLO1 was the principal potassium channel in human sperm
(Mannowetz et al., 2013). However, Brenker et al. (2014) refuted this
idea, identifying the SLO3 and LRRC52 proteins in the flagellum of
human sperm and showing that SLO3 inhibitors, but not SLO1 in-
hibitors, suppressed human KSper. López-González et al. (2014), also
found that human sperm hyperpolarization is partially sensitive to di-
verse K+ channels blockers, suggesting that two or more K+ channels,
including SLO3, are involved in it. The pharmacological profile com-
parison of capacitation-associated hyperpolarization and hetero-
logously expressed hSLO3 in CHO cells indicates the involvement of
other K+ channels, possibly hSLO1, in addition to hSLO3 (Sánchez-
Carranza et al., 2015). Moreover, human KSper and heterologously
expressed hSLO3 currents shared similar biophysical properties, phar-
macology, and ligand dependence, showing that activation of human
SLO3 is regulated by [Ca2+]i and also, more weakly, by cytosolic al-
kalization (Brenker et al., 2014). This is unconventional because, as
stated above, SLO channels are defined based on their gating properties:
SLO3 is pH-gated, SLO2 is Na+-gated and SLO1 is gated by Ca2+. Be-
sides, the crystal structure of human SLO3 indicated the channel lacks a
calcium-sensitive bowl (Leonetti et al., 2012). A conceivable explana-
tion could be that hKSper consists of a heteromer of SLO1 and SLO3
subunits (Mansell et al., 2014; Sánchez-Carranza et al., 2015). Another
possibility could be that hSLO3 is rapidly evolving, and that it acquired
Ca2+ sensitivity. Geng et al. (2017) analyzed Slo3 sequence conserva-
tion within the Exome Aggregation Consortium (a database
of> 64,000 individuals), and identified a conspicuous non-synon-
ymous single nucleotide polymorphism that maps to the site of inter-
action between the gating ring and the pore gate domain. The bio-
physical characterization of this variant showed that it confers
heightened sensitivity to both Ca2+ and pHi relative to the wild-type
hSLO3 channel (Geng et al., 2017).

4. The importance of K+ channels in fertility

Since Slo3 or Lrrc52 null mice have markedly reduced fertility and
sperm from these animals show functional impairments (Santi et al.,
2010; Zeng et al., 2015, 2011), it is inferred that the malfunction of K+

channels in human spermatozoa might also contribute significantly to
the occurrence of subfertility in men. In order to determine the im-
portance of K+ channels in human fertility, Brown et al. (2016) used
whole-cell patch clamp electrophysiology to assess the biophysical
characteristics of spermatozoa from semen samples provided by men
undergoing fertility treatments and healthy donors. In ~10% of pa-
tients there was either a negligible outward conductance or an en-
hanced inward current, both of which caused depolarization of Em.
Analysis of clinical data from the IVF patients showed significant as-
sociation of depolarized Em with low fertilization rate (Brown et al.,
2016).

5. Capacitation-associated events related to Em hyperpolarization

5.1. Protein phosphorylation

One of the first events of the capacitation-signaling pathway is the
HCO3

−-dependent stimulation of cAMP synthesis, which activates PKA
(Buffone et al., 2014). In mice sperm, PKA activation appears to be
involved in Em hyperpolarization since the percentage of sperm un-
dergoing membrane hyperpolarization increased as a function of
HCO3

− concentration and sperm incubation with increasing con-
centrations of the PKA inhibitor H89 significantly reduced the percen-
tage of sperm membrane hyperpolarization (Escoffier et al., 2015).
These results are consistent with the hypothesis that sperm hyperpo-
larization is downstream of a cAMP/PKA signaling pathway. However,
the activation kinetics of PKA (~1min) and hyperpolarization
(~30min) suggest that the role of PKA in the regulation of hyperpo-
larization is indirect. In this regard, Stival et al. (2015) showed that Src
kinase (Krapf et al., 2012) is a connecting player between PKA activa-
tion and hyperpolarization in mouse sperm. Inhibition of Src activity
blocks the capacitation-induced hyperpolarization of the sperm plasma
membrane, as well as the ability of progesterone to induce the acro-
some reaction, without blocking the increase in tyrosine phosphoryla-
tion. However, the acrosome reaction responsiveness was rescued by
pharmacologically inducing hyperpolarization with the K+ ionophore
Valinomycin. In addition, Src inhibition decreases mSLO3 currents
when heterologously expressed in Xenopus oocytes (Stival et al., 2015).
Consistently, in human (Varano et al., 2008), bovine (Etkovitz et al.,
2009) and porcine sperm (Bragado et al., 2012), Src was shown to be
involved in the acquisition of acrosomal responsiveness, its inhibition
completely blocked the progesterone-induced acrosome reaction. Fur-
thermore, the SLO3 homolog SLO1 is known to be regulated by Src
activation in other cell types, through phosphorylation of a tyrosine
located in the highly conserved carboxyl-terminus of the channel (Ling
et al., 2000). Altogether, these results support the hypothesis that Src is
involved in the regulation of Em downstream of PKA activation.

5.2. Intracellular pH

Regulation of sperm pHi is fundamental for capacitation, being so
for both hyperactivation and the acrosome reaction. Even the basal
sperm motility is pH-sensitive since dynein's ability to hydrolyze ATP
and provide axonemal bending greatly increases with the rise of pHi.
The motile sperm flagellum constantly generates intracellular protons
via glycolysis, ATP hydrolysis and proton/calcium exchange (Lishko
et al., 2012). The faster a flagellum moves, the more acidic it becomes.
Babcock et al. (1983) suggested that the mechanism for proton efflux
from bovine sperm was via a voltage-gated proton channel, based on
the fact that the sperm cytosol becomes alkaline upon membrane de-
polarization (Babcock et al., 1983). On the basis of experiments with
pHi-sensitive fluorescent probes that detect changes in pHi, the NHE
(Garcia and Meizel, 1999) and a Na+-dependent Cl−/HCO3

− ex-
changer (Zeng et al., 1996) were proposed to participate in sperm al-
kalinization. The Na+/H+ exchangers (NHE), involved in pH home-
ostasis of the cytosol and intracellular organelles, are encoded by the
SLC9 gene family that comprises nine members in mammals (Donowitz
et al., 2013; Orlowski and Grinstein, 2011). These can be divided in two
subfamilies: a plasma membrane subfamily including NHE1–5 and an
organellar subfamily comprising NHE6–9. Sperm express a specific
member of the mammalian NHE superfamily of Na+/H+ exchangers,
sNHE (Wang et al., 2003), which is localized in the principal piece of
the sperm flagellum and predicted to have 14 membrane-spanning
helices. sNHE contains a nucleotide-binding domain close to its in-
tracellular C-terminus and four putative transmembrane helices ana-
logous to the voltage sensor of voltage-dependent channels. These
characteristics suggest that sNHE may be regulated by cyclic nucleo-
tides and Em (Wang et al., 2007). sNHE−/− mice were completely
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infertile due to impaired motility; however, they also had unexpectedly
low expression of soluble adenylate cyclase (sACY) (Wang et al., 2003).
Since the motility could be rescued by application of membrane
permeable cAMP analogues, it is likely that the absence of sACY was the
cause of the infertile sNHE−/− phenotype (Wang et al., 2007). Re-
cently, Oberheide et al. (2017) reported that mice lacking the Golgi-
localized NHE8 globally or only in germ cells produce round-headed
spermatozoa with no acrosomal cap, abnormal mitochondrial dis-
tribution and decreased motility, resulting in male infertility. This re-
sembles human globozoospermia, which likewise is associated with
infertility (Oberheide et al., 2017).

The proton-selective, voltage-gated ion channel Hv1 (HVCN1) was
cloned in 2006. This channel is composed of a voltage sensor domain
homologous to that of voltage-gated cation channels, and is activated
by the combination of the pH gradient and membrane depolarization
(Ramsey et al., 2010, 2006). In addition, it is proposed that Hv1 may
also be activated by the removal of zinc during sperm passage through
the female genital tract and by encountering anandamide during sperm
penetration through the cumulus oophorus (Lishko et al., 2010; Lishko
and Kirichok, 2010). In 2010, direct electrophysiological recordings of
human sperm revealed a large voltage-activated outwardly rectifying
H+ current (HSper) highly H+ selective. Hv1 is abundantly expressed
in human sperm cells within the principal piece of the sperm flagellum,
making it ideally positioned to activate pH-dependent proteins of the
axoneme and thus to control sperm motility (Lishko et al., 2010). In
contrast to human sperm, mouse spermatozoa do not possess Hv1, and,
not surprisingly, Hv1−/− mice are fertile. Furthermore, electro-
physiological recordings assessing rat and bovine spermatozoa have
indicated that these animals do not possess an Hv1 current. It would
appear that humans are unique in this respect (Miller et al., 2015). In
species that lack sperm Hv1, it is still unclear how intracellular pH is
regulated, though sNHE remains an attractive mechanism. Un-
fortunately, as sNHE is suggested to be electro-neutral (no overall net
charge), traditional electrophysiological techniques cannot be im-
plemented to investigate if this is in fact the alkalizing mechanism
(Miller et al., 2015).

5.3. Calcium influx and hyperactivation

Calcium signaling is essential for all cell types. In spermatozoa,
swimming behavior is controlled by a propagation of a Ca2+-induced
wave that changes flagellar beat pattern. This asymmetrical, whip-like
bending of the flagellum, commonly referred to as hyperactivation, is
essential for mammalian sperm to overcome the protective vestments of
the oocyte (Suarez et al., 1993; White and Aitken, 1989). Apart from its
fundamental role in motility and phosphorylation signaling pathways
(Navarrete et al., 2015), Ca2+ is also required for initiation of the ac-
rosome reaction (Lucchesi et al., 2016).

5.3.1. Cav channels
Before 2001, the channel responsible for sperm Ca2+ elevation was

believed to be a voltage-gated Ca2+ channel (Cav). These channels
convert Em changes into Ca2+ signals and are present in several cell
types. Electrophysiological evidence has revealed the functional pre-
sence of Cav3 channels in mouse and human spermatogenic cells
(Lievano et al., 1996; Publicover and Barratt, 1999) and in mouse
testicular sperm (Arnoult et al., 1996). Weak depolarizations can open
Cav3 channels, while high depolarizations are needed to open Cav1 and
Cav2 isoforms (Catterall and Few, 2008). However, data from several
experiments challenge the Cav-based models in mammalian sperm.
First, genetic ablation studies of Cav2.2, Cav3.1, and Cav3.2 suggested
that these proteins were not necessary for male fertility or that some
compensatory mechanism for their loss may be present (Escoffier et al.,
2007; Ino et al., 2001; Saegusa et al., 2000). Second, whole-cell patch-
clamp recordings using non-capacitated mouse corpus epididymal
sperm showed that sperm do not have detectable Cav currents.

Although Cav currents could be detected in spermatocytes, they gra-
dually disappear along spermatogenesis to finally become undetectable
in mature sperm (Ren and Xia, 2010). On the other hand, Cohen et al.
(2014), recently explained this undetected Cav current as a con-
sequence of the maturational state of the sperm analyzed plus technical
limitations. When they used a mouse model null for the α1E subunit of
Cav2.3, they observed subfertility in natural matings and severe defects
in acrosome reaction and in vitro fertilization of zona-intact oocytes.
Removal of the ZP from the oocytes resulted in complete rescue of the
phenotype, providing evidence that the defect was in sperm-egg inter-
actions, consistent with a physiologic failure in acrosome reaction and/
or penetration of the ZP. Furthermore, sperm lacking α1E subunit
showed altered Ca2+ responses (Cohen et al., 2014).

5.3.2. CatSper channel
The molecular identity of the first sperm-specific ion channel re-

quired for male fertility in mice was determined in 2001 with the
cloning of CatSper1 (Ren et al., 2001). The first member of the CatSper
family of genes, CatSper1 is the pore forming α subunit of the Cation
channel of Sperm (CatSper). Since then, nine CatSper subunits com-
posing the heteromeric CatSper channel have been identified, and at
least five of them—CatSper1–4 and CatSperδ—have been shown to be
indispensable for proper channel formation and function (Carlson et al.,
2005; Chung et al., 2017, 2011; Liu et al., 2007; Lobley et al., 2003; Qi
et al., 2007; Quill et al., 2003; Wang et al., 2009). CatSper's pore is
formed by four α subunits (CatSper 1–4) and contains five auxiliary
subunits (CatSper β, CatSper γ, CatSper δ, CatSper ε and CatSper ζ). All
subunits are sperm-specific proteins located in the principal piece of the
sperm flagellum and they express interdependently. Humans with
mutations within the CatSper1 or CatSper2 genes were also shown to be
infertile (Avidan et al., 2003; Hildebrand et al., 2010). The CatSper
channel forms a quadrilateral arrangement in three dimensions that
organizes structurally distinct Ca2+ signaling domains along the fla-
gella, which focus protein phosphorylation in time and space and are
indispensable for hyperactivated motility (Chung et al., 2014).

CatSper activity was directly recorded by patch-clamp in mice
(Kirichok et al., 2006) and human (Lishko et al., 2010) sperm, estab-
lishing CatSper as the principal Ca2+ channel in both cells. The char-
acteristic current (ICatSper) is lost in mice lacking any of the α subunits
(CatSper 1–4) or the accessory subunit δ and, as previously mentioned,
are all infertile due to an inability of spermatozoa to hyperactivate
resulting in failure of sperm to pass into the oviduct to reach the egg
(Miller et al., 2015). CatSper current is weakly voltage-dependent with
a slope factor (k) of 30 in mice and 20 in human, where true voltage-
gated ion channels must have much steeper k ~ 4, and potently acti-
vated by intracellular alkalinization. This weak voltage dependency is
thought to be the result of heterogeneity of the arginine and lysine
composition of the putative voltage sensor domains within the CatSper
α subunits. Importantly, the V1/2 (the voltage at which half of the
channels are activated) of human CatSper is +85mV versus +11mV of
mouse CatSper at the same pHi (pHi= 7.5) (Kirichok et al., 2006),
leading to the question of how human CatSper might be activated at
such high membrane potentials. Progesterone, a major steroid hormone
released by the ovaries and the cumulus cells surrounding the egg, in-
duces robust Ca2+ influx into both human and mouse sperm cells
(Blackmore et al., 1990; Romarowski et al., 2016; Thomas and Meizel,
1989). However, progesterone (P4) activates human CatSper, but not
murine, at low concentrations by shifting the voltage dependency of the
human CatSper channel into the physiological range (Lishko et al.,
2011). In human sperm, the alpha/beta hydrolase domain containing
protein 2 (ABHD2) serves as the progesterone flagellar receptor. It
functions as a lipid hydrolase by removing endogenous CatSper in-
hibitors, endocannabinoids 1AG/2AG, upon association with P4 (Miller
et al., 2016). Interestingly, ABHD2 expression was also detected in
mouse epididymal sperm cells in spite of murine CatSper being in-
sensitive to P4. Murine and human ABHD2 proteins share a high degree
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of sequence similarity, but they have different subcellular localizations,
which could explain the absence of CatSper P4 sensitivity. While in
human sperm, ABHD2 locates in the flagellum where it co-localizes
with CatSper, in murine sperm it is restricted to the acrosomal region,
and is absent from the flagellum (Miller et al., 2016).

In order to reveal the role of SLO3 channels in activating CatSper
channels, Chávez et al. (2014) showed that the Ca2+ increase that fails
to occur in capacitated Slo3−/− mutant sperm in response to high KCl,
can be restored by two different experimental treatments: 1) artificial
hyperpolarization using the K+-ionophore valinomycin, and 2) in-
creasing extracellular pH, which results in an increase in intracellular
pH. Therefore, in mice, SLO3 channels activate CatSper channels in-
directly by promoting a rise in intracellular pH through a voltage-de-
pendent mechanism. Since the treatment of sperm with valinomycin to
achieve hyperpolarization in itself elevates internal pH, a plausible
hypothesis is that hyperpolarization per se, which increases the inward
driving force of Na+, is contributing to intracellular alkalization, pos-
sibly by augmenting the efficiency of H+ export by sNHE and/or bi-
carbonate transport (Chávez et al., 2014).

5.4. Acrosome reaction and changes in Em

The acrosome reaction (AR) is the fusion between the outer acro-
somal membrane and the overlying plasma membrane, at multiple
points, resulting in vesiculation and loss of the fused outer acrosomal
membrane/plasma membrane. This allows the acrosomal content to be
released and the inner acrosomal membrane becomes the new cell
surface. Membrane fusion proteins from the SNARE family are present
in the acrosomal region and may be integrated into microdomains that
facilitate Ca2+-regulated membrane fusion (Belmonte et al., 2016;
Correia et al., 2015; Mayorga et al., 2007). The release of acrosomal
content at the surface of the zona may, in combination with hyper-
activated motility, facilitate zona penetration. However, observation of
mouse IVF using sperm with GFP-labelled acrosomes showed that, in

addition to cells that undergo AR at the surface of the zona, sperm
which arrive having already lost their acrosome may go on to penetrate
the zona and fertilize (Jin et al., 2011). In this regard, hyperpolarization
was proven to be necessary and sufficient for agonist-induced AR (De La
Vega-Beltran et al., 2012). Considering that the Em from a capacitated
sperm population is typically taken as the average between two sub-
populations, the status of the acrosome in these subpopulations was
evaluated using genetically modified mice that carry Acr-GFP in their
sperm acrosomes and lose it after the AR. Acrosome-reacted sperm are
composed almost exclusively of the depolarized population, and that
almost all hyperpolarized sperm have an intact acrosome (Escoffier
et al., 2015).

6. Concluding remarks

Fig. 3 shows a schematic model representing all the sperm channels
discussed in this review that are involved in membrane potential reg-
ulation. Despite all the above-cited work, the mechanisms involved in
Em hyperpolarization regulation of acquisition of acrosomal respon-
siveness are still poorly understood. Although there is no doubt that the
two main physiological hallmarks of capacitation are hyperactivation
and acrosomal responsiveness, whether these processes are completely
independent or somehow coordinately regulated is still known. In the
present review we analyzed evidence that points towards a signaling
flow where changes in the flagellum originate acrosomal responsive-
ness in the head. These changes in the flagellum correspond to changes
of Em that would propagate to the head. However, how this Em shifts in
the flagellum signals the preparation for the acrosome reaction is an
unanswered question. On one hand, the answer could be found in the
role of Em changes on inactive/active switching state of T Ca2+ chan-
nels (Arnoult et al., 1999). Another possibility relates to favoring a
closed primed state of the outer acrosomal membrane to the plasma
membrane as seen using electron microscopy (Zanetti and Mayorga,
2009). A third unexplored possibility could reside in actin dynamics as

Fig. 3. Schematic model representing sperm channels involved in membrane potential regulation in mouse and human sperm. The model shows the channels
involved in the determination of the membrane potential and summarizes their regulation as well as mechanisms involved, as described in the text. Arrows inside
channels indicate the direction of ion movement. The connecting arrows indicate inhibition (bar-headed) or activation (arrow-headed). See text for details.
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a result of Em fluctuations. There is a clear need of work to be done in
order to answer these unsolved pathways. Added to this complexity,
conservation of pathways among species seems nowadays more the
exception than the rule, when talking about sperm capacitation. New
technical advances such as super resolution microscopy (Alvau et al.,
2016; Chung et al., 2014), image-based flow cytometry (Matamoros-
Volante et al., 2017) and genome editing techniques (Abbasi et al.,
2017) promise exciting developments on our knowledge of how these
pathways interplay to achieve capacitation.

Acknowledgments

This work was supported by Agencia Nacional de Promoción
Científica y Tecnológica de Argentina PICT 2014-2702 and PICT 2015-
3102 (to DK).

References

Abbasi, F., Miyata, H., Ikawa, M., 2017. Revolutionizing male fertility factor research in
mice by using the genome editing tool CRISPR/Cas9. Reprod. Med. Biol. 17 (1), 3–10.

Adelman, J.P., Shen, K.Z., Kavanaugh, M.P., Warren, R.A., Wu, Y.N., Lagrutta, A., Bond,
C.T., Alan North, R., 1992. Calcium-activated potassium channels expressed from
cloned complementary DNAs. Neuron 9, 209–216.

Alonso, C.A.I., Osycka-Salut, C.E., Castellano, L., Cesari, A., Di Siervi, N., Mutto, A.,
Johannisson, A., Morrell, J.M., Davio, C., Perez-Martinez, S., 2017. Extracellular
cAMP activates molecular signalling pathways associated with sperm capacitation in
bovines. Mol. Hum. Reprod. 23, 521–534.

Alvau, A., Battistone, M.A., Gervasi, M.G., Navarrete, F.A., Xu, X., Sánchez-Cárdenas, C.,
De la Vega-Beltran, J.L., Da Ros, V.G., Greer, P., Darszon, A., Krapf, D., Salicioni,
A.M., Cuasnicu, P., Visconti, P.E., 2016. The tyrosine kinase FER is responsible for the
capacitation-associated increase in tyrosine phosphorylation in murine sperm.
Development 143 (13), 2325–2333 dev.136499.

Arnoult, C., Cardullo, R. a, Lemos, J.R., Florman, H.M., 1996. Activation of mouse sperm
T-type Ca2+ channels by adhesion to the egg zona pellucida. Proc. Natl. Acad. Sci. U.
S. A. 93, 13004–13009.

Arnoult, C., Kazam, I.G., Visconti, P.E., Kopf, G.S., Villaz, M., Florman, H.M., 1999.
Control of the low voltage-activated calcium channel of mouse sperm by egg ZP3 and
by membrane hyperpolarization during capacitation. Proc. Natl. Acad. Sci. U. S. A.
96, 6757–6762.

Atkinson, N., Robertson, G., Ganetzky, B., 1991. A component of calcium-activated po-
tassium channels encoded by the Drosophila slolocus. Science 253, 551–555.

Austin, C., 1952. The capacitation of the mammalian sperm. Nat. Rev. Mol. Cell Biol. 170,
326.

Avidan, N., Tamary, H., Dgany, O., Cattan, D., Pariente, A., Thulliez, M., Borot, N., Moati,
L., Barthelme, A., Shalmon, L., Krasnov, T., Ben-Asher, E., Olender, T., Khen, M.,
Yaniv, I., Zaizov, R., Shalev, H., Delaunay, J., Fellous, M., Lancet, D., Beckmann, J.S.,
2003. CATSPER2, a human autosomal nonsyndromic male infertility gene. Eur. J.
Hum. Genet. 11, 497–502.

Babcock, D.F., Rufo, G.A., Lardy, H.A., 1983. Potassium-dependent increases in cytosolic
pH stimulate metabolism and motility of mammalian sperm (intracellular pH/car-
boxyfluorescein/cyclic AMP/proton permeability). Cell Biol. 80, 1327–1331.

Blackmore, P.F., Beebe, S.J., Danforth, D.R., Alexander, N., 1990. Progesterone and 17
alpha-hydroxyprogesterone. Novel stimulators of calcium influx in human sperm. J.
Biol. Chem. 265, 1376–1380.

Behrens, R., Nolting, A., Reimann, F., Schwarz, M., Waldscḧtz, R., Pongs, O., 2000.
HKCNMB3 and hKCNMB4, cloning and characterization of two members of the large-
conductance calcium-activated potassium channel β subunit family. FEBS Lett. 474,
99–106.

Belmonte, S.A., Mayorga, L.S., Tomes, C.N., 2016. The molecules of sperm exocytosis. In:
Advances in Anatomy Embryology and Cell Biology, pp. 71–92.

Bragado, M.J., Gil, M.C., Martin-Hidalgo, D., De Llera, A.H., Bravo, N., Moreno, A.D.,
Garcia-Marin, L.J., 2012. Src family tyrosine kinase regulates acrosome reaction but
not motility in porcine spermatozoa. Reproduction 144, 67–75.

Brenker, C., Zhou, Y., Muller, A., Echeverry, F.A., Trotschel, C., Poetsch, A., Xia, X.M.,
Bonigk, W., Lingle, C.J., Kaupp, U.B., Strunker, T., 2014. The Ca2+-activated K+

current of human sperm is mediated by Slo3. elife 2014, 1–19.
Brenner, R., Jegla, T.J., Wickenden, A., Liu, Y., Aldrich, R.W., 2000. Cloning and func-

tional characterization of novel large conductance calcium-activated potassium
channel beta subunits, hKCNMB3 and hKCNMB4. J. Biol. Chem. 275, 6453–6461.

Brown, S.G., Publicover, S.J., Mansell, S.A., Lishko, P.V., Williams, H.L., Ramalingam, M.,
Wilson, S.M., Barratt, C.L.R., Sutton, K.A., Da Silva, S.M., 2016. Depolarization of
sperm membrane potential is a common feature of men with subfertility and is as-
sociated with low fertilization rate at IVF. Hum. Reprod. 31, 1147–1157.

Buffone, M.G., Wertheimer, E.V., Visconti, P.E., Krapf, D., 2014. Central role of soluble
adenylyl cyclase and cAMP in sperm physiology. Biochim. Biophys. Acta, Mol. Basis
Dis. 1842 (12 Pt B), 2610–2620.

Butler, A., Tsunoda, S., McCobb, D.P., Wei, A., Salkoff, L., 1993. mSlo, a complex mouse
gene encoding “maxi” calcium-activated potassium channels. Science 261, 221–224.

Canessa, C.M., Schild, L., Buell, G., Thorens, B., Gautschi, I., Horisberger, J.D., Rossier,
B.C., 1994. Amiloride-sensitive epithelial Na+ channel is made of three homologous

subunits. Nature 367, 463–467.
Carlson, A.E., Quill, T.A., Westenbroek, R.E., Schuh, S.M., Hille, B., Babcock, D.F., 2005.

Identical phenotypes of CatSper1 and CatSper2 null sperm. J. Biol. Chem. 280,
32238–32244.

Catterall, W.A., Few, A.P., 2008. Calcium channel regulation and presynaptic plasticity.
Neuron. http://dx.doi.org/10.1016/j.neuron.2008.09.005.

Chan, H.C., Wu, W.L., Sun, Y.P., Leung, P.S., Wong, T.P., Chung, Y.W., So, S.C., Zhou,
T.S., Yan, Y.C., 1998. Expression of sperm Ca2+-activated K+ channels in Xenopus
oocytes and their modulation by extracellular ATP. FEBS Lett. 438, 177–182.

Chang, M., 1951. Fertilizing capacity of spermatozoa deposited into the fallopian tubes.
Nat. Rev. Mol. Cell Biol. 168, 697–698.

Chávez, J.C., De la Vega-Beltrán, J.L., Escoffier, J., Visconti, P.E., Treviño, C.L., Darszon,
A., Salkoff, L., Santi, C.M., 2013. Ion permeabilities in mouse sperm reveal an ex-
ternal trigger for SLO3-dependent hyperpolarization. PLoS One 8.

Chávez, J.C., Ferreira, J.J., Butler, A., De La Vega Beltrán, J.L., Treviño, C.L., Darszon, A.,
Salkoff, L., Santi, C.M., 2014. SLO3 K+ channels control calcium entry through
CATSPER channels in sperm. J. Biol. Chem. 289, 32266–32275.

Chen, C.-H., Hsu, Y.-T., Chen, C.-C., Huang, R.-C., 2009. Acid-sensing ion channels in
neurones of the rat suprachiasmatic nucleus. J. Physiol. 587, 1727–1737.

Chung, J.J., Navarro, B., Krapivinsky, G., Krapivinsky, L., Clapham, D.E., 2011. A novel
gene required for male fertility and functional CATSPER channel formation in sper-
matozoa. Nat. Commun. 2.

Chung, J.J., Shim, S.H., Everley, R.A., Gygi, S.P., Zhuang, X., Clapham, D.E., 2014.
Structurally distinct Ca2+ signaling domains of sperm flagella orchestrate tyrosine
phosphorylation and motility. Cell 157, 808–822.

Chung, J.J., Miki, K., Kim, D., Shim, S.H., Shi, H.F., Hwang, J.Y., Cai, X., Iseri, Y., Zhuang,
X., Clapham, D.E., 2017. Catsperς regulates the structural continuity of sperm
Ca2+signaling domains and is required for normal fertility. elife 6.

Cohen, R., Buttke, D.E., Asano, A., Mukai, C., Nelson, J.L., Ren, D., Miller, R.J., Cohen-
Kutner, M., Atlas, D., Travis, A.J., 2014. Lipid modulation of calcium flux through
CaV2.3 regulates acrosome exocytosis and fertilization. Dev. Cell 28, 310–321.

Correia, J., Michelangeli, F., Publicover, S., 2015. Regulation and roles of Ca2+ stores in
human sperm. Reproduction. http://dx.doi.org/10.1530/REP-15-0102.

Cross, N.L., 1996. Effect of cholesterol and other sterols on human sperm acrosomal re-
sponsiveness. Mol. Reprod. Dev. 45, 212–217.

Davis, B., Byrne, R., Bedigian, K., 1980. Studies on the mechanism of capacitation: al-
bumin-mediated changes in plasma membrane lipids during in vitro incubation of rat
sperm cells. Proc. Natl. Acad. Sci. U. S. A. 77, 1546–1550.

De La Vega-Beltran, J.L., Sánchez-Cárdenas, C., Krapf, D., Hernandez-González, E.O.,
Wertheimer, E., Treviño, C.L., Visconti, P.E., Darszon, A., 2012. Mouse sperm
membrane potential hyperpolarization is necessary and sufficient to prepare sperm
for the acrosome reaction. J. Biol. Chem. 287, 44384–44393.

Demarco, I.A., Espinosa, F., Edwards, J., Sosnik, J., De la Vega-Beltrán, J.L., Hockensmith,
J.W., Kopf, G.S., Darszon, A., Visconti, P.E., 2003. Involvement of a Na+/HCO3

−

cotransporter in mouse sperm capacitation. J. Biol. Chem. 278, 7001–7009.
Donowitz, M., Ming Tse, C., Fuster, D., 2013. SLC9/NHE gene family, a plasma membrane

and organellar family of Na+/H+ exchangers. Mol. Asp. Med. 34 (2-3), 236–251.
Dworetzky, S.I., Trojnacki, J.T., Gribkoff, V.K., 1994. Cloning and expression of a human

large-conductance calcium-activated potassium channel. Brain Res. Mol. Brain Res.
27, 189–193.

Elkins, T., Ganetzky, B., Wu, C.F., 1986. A Drosophila mutation that eliminates a calcium-
dependent potassium current. Proc. Natl. Acad. Sci. U. S. A. 83, 8415–8419.

Escoffier, J., Boisseau, S., Serres, C., Chen, C.C., Kim, D., Stamboulian, S., Shin, H.S.,
Campbell, K.P., De Waard, M., Arnoult, C., 2007. Expression, localization and func-
tions in acrosome reaction and sperm motility of Cav3.1 and Cav3.2 channels in
sperm cells: an evaluation from Cav3.1 and Cav3.2 deficient mice. J. Cell. Physiol.
212, 753–763.

Escoffier, J., Krapf, D., Navarrete, F., Darszon, A., Visconti, P.E., 2012. Flow cytometry
analysis reveals a decrease in intracellular sodium during sperm capacitation. J. Cell
Sci. 125, 473–485.

Escoffier, J., Navarrete, F., Haddad, D., Santi, C.M., Darszon, A., Visconti, P.E., 2015.
Flow cytometry analysis reveals that only a subpopulation of mouse sperm undergoes
hyperpolarization during capacitation. Biol. Reprod. 92, 1–11.

Espinosa, F., Darszon, A., 1995. Mouse sperm membrane potential: changes induced by
Ca2+. FEBS Lett. 372, 119–125.

Etkovitz, N., Tirosh, Y., Chazan, R., Jaldety, Y., Daniel, L., Rubinstein, S., Breitbart, H.,
2009. Bovine sperm acrosome reaction induced by G protein-coupled receptor ago-
nists is mediated by epidermal growth factor receptor transactivation. Dev. Biol. 334,
447–457.

Figueiras-Fierro, D., Acevedo, J.J., Martínez-López, P., Escoffier, J., Sepúlveda, F.V.,
Balderas, E., Orta, G., Visconti, P.E., Darszon, A., 2013. Electrophysiological evidence
for the presence of cystic fibrosis transmembrane conductance regulator (CFTR) in
mouse sperm. J. Cell. Physiol. 228, 590–601.

Felix, R., Serrano, C.J., Treviño, C.L., Muñoz-Garay, C., Bravo, A., Navarro, A., Pacheco,
J., Tsutsumi, V., Darszon, A., 2002. Identification of distinct K+ channels in mouse
spermatogenic cells and sperm. Zygote 10, 183–188.

Gadella, B.M., Harrison, R.A.P., 2000. The capacitating agent bicarbonate induces protein
kinase A-dependent changes in phospholipid transbilayer behavior in the sperm
plasma membrane. Development 127, 2407–2420.

Garcia, M.A., Meizel, S., 1999. Regulation of intracellular pH in capacitated human
spermatozoa by a Na+/H+ exchanger. Mol. Reprod. Dev. 52, 189–195.

Geng, Y., Ferreira, J.J., Dzikunu, V., Butler, A., Lybaert, P., Yuan, P., Magleby, K.L.,
Salkoff, L., Santi, C.M., 2017. A genetic variant of the sperm-specific SLO3 K+

channel has altered pH and Ca2+ sensitivities. J. Biol. Chem. 292, 8978–8987.
Gervasi, M.G., Visconti, P.E., 2016. Chang's meaning of capacitation: a molecular per-

spective. Mol. Reprod. Dev. 83 (10), 860–874.

C. Ritagliati et al. Mechanisms of Development xxx (xxxx) xxx–xxx

9

http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0005
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0005
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0010
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0010
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0010
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0015
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0015
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0015
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0015
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0020
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0020
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0020
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0020
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0020
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0025
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0025
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0025
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0025
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0030
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0030
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0035
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0035
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0040
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0040
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0040
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0040
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0040
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0045
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0045
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0045
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0050
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0050
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0050
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0055
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0055
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0055
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0055
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0060
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0060
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0065
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0065
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0065
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0070
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0070
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0070
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0075
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0075
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0075
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0080
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0080
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0080
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0080
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0085
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0085
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0085
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0090
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0090
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0095
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0095
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0095
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0100
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0100
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0100
http://dx.doi.org/10.1016/j.neuron.2008.09.005
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0110
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0110
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0110
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0115
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0115
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0120
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0120
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0120
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0125
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0125
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0125
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0130
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0130
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0135
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0135
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0135
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0140
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0140
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0140
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0145
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0145
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0145
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0150
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0150
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0150
http://dx.doi.org/10.1530/REP-15-0102
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0160
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0160
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0165
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0165
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0165
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0170
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0170
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0170
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0170
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0175
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0175
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0175
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0180
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0180
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0185
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0185
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0185
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0190
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0190
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0195
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0195
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0195
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0195
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0195
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0200
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0200
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0200
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0205
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0205
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0205
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0210
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0210
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0215
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0215
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0215
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0215
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0220
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0220
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0220
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0220
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0225
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0225
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0225
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0230
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0230
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0230
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0235
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0235
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0240
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0240
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0240
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0245
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0245


Gong, X.D., Li, J.C., Cheung, K.H., Leung, G.P., Chew, S.B., Wong, P.Y., 2001. Expression
of the cystic fibrosis transmembrane conductance regulator in rat spermatids: im-
plication for the site of action of antispermatogenic agents. Mol. Hum. Reprod. 7,
705–713.

Guggino, W.B., Stanton, B.A., 2006. New insights into cystic fibrosis: molecular switches
that regulate CFTR. Nat. Rev. Mol. Cell Biol. 7 (6), 426–436.

Gutman, G.A., Chandy, K.G., Grissmer, S., Lazdunski, M., McKinnon, D., Pardo, L.A.,
Robertson, G.A., Rudy, B., Sanguinetti, M.C., Stühmer, W., Wang, X., 2005.
International Union of Pharmacology. LIII. Nomenclature and molecular relation-
ships of voltage-gated potassium channels. Pharmacol. Rev. 57, 473–508.

Harrison, R.A.P., 2004. Rapid PKA-catalysed phosphorylation of boar sperm proteins
induced by the capacitating agent bicarbonate. Mol. Reprod. Dev. 67, 337–352.

Hartmann, H.A., Kirsch, G.E., Drewe, J.A., Taglialatelas, M., Joho, R.H., Brown, A.M.,
Druwe, J.A., Taglialatelas, M., Joho, R.H., Brown, A.M., Drewe, J.A., 1991. Exchange
of conduction pathways between two related K+ channels. Science 251, 942–944.

Hernández-González, E.O., Sosnik, J., Edwards, J., Acevedo, J.J., Mendoza-Lujambio, I.,
López-González, I., Demarco, I., Wertheimer, E., Darszon, A., Visconti, P.E., 2006.
Sodium and epithelial sodium channels participate in the regulation of the capaci-
tation-associated hyperpolarization in mouse sperm. J. Biol. Chem. 281, 5623–5633.

Hernandez-Gonzalez, E.O., Trevino, C.L., Castellano, L.E., de la Vega-Beltran, J.L.,
Ocampo, A.Y., Wertheimer, E., Visconti, P.E., Darszon, A., 2007. Involvement of
cystic fibrosis transmembrane conductance regulator in mouse sperm capacitation. J.
Biol. Chem. 282, 24397–24406.

Hicks, G.A., Marrion, N.V., 1998. Ca2+-dependent inactivation of large conductance
Ca2+-activated K+ (BK) channels in rat hippocampal neurones produced by pore
block from an associated particle. J. Physiol. 508, 721–734.

Hildebrand, M.S., Avenarius, M.R., Fellous, M., Zhang, Y., Meyer, N.C., Auer, J., Serres,
C., Kahrizi, K., Najmabadi, H., Beckmann, J.S., Smith, R.J.H., 2010. Genetic male
infertility and mutation of CATSPER ion channels. Eur. J. Hum. Genet. 18 (11),
1178–1184.

Hur, C.-G., Choe, C., Kim, G.-T., Cho, S.-K., Park, J.-Y., Hong, S.-G., Han, J., Kang, D.,
2009. Expression and localization of two-pore domain K+ channels in bovine germ
cells. Reproduction 137, 237–244.

Ino, M., Yoshinaga, T., Wakamori, M., Miyamoto, N., Takahashi, E., Sonoda, J., Kagaya,
T., Oki, T., Nagasu, T., Nishizawa, Y., Tanaka, I., Imoto, K., Aizawa, S., Koch, S.,
Schwartz, A., Niidome, T., Sawada, K., Mori, Y., 2001. Functional disorders of the
sympathetic nervous system in mice lacking the 1B subunit (Cav 2.2) of N-type cal-
cium channels. Proc. Natl. Acad. Sci. 98, 5323–5328.

Jin, M., Fujiwara, E., Kakiuchi, Y., Okabe, M., Satouh, Y., Baba, S.A., Chiba, K., Hirohashi,
N., 2011. Most fertilizing mouse spermatozoa begin their acrosome reaction before
contact with the zona pellucida during in vitro fertilization. Proc. Natl. Acad. Sci.
108, 4892–4896.

Jarzabek, K., Zbucka, M., Pepinski, W., Szamatowicz, J., Domitrz, J., Janica, J.,
Wolczynski, S., Szamatowicz, M., Pepiński, W., Szamatowicz, J., Domitrz, J., Janica,
J., Wołczyński, S., Szamatowicz, M., 2004. Cystic fibrosis as a cause of infertility.
Reprod. Biol. 4, 119–129.

Kirichok, Y., Navarro, B., Clapham, D.E., 2006. Whole-cell patch-clamp measurements of
spermatozoa reveal an alkaline-activated Ca2+ channel. Nature 439, 737–740.

Knaus, H.G., Folander, K., Garcia-Calvo, M., Garcia, M.L., Kaczorowski, G.J., Smith, M.,
Swanson, R., 1994. Primary sequence and immunological characterization of beta-
subunit of high conductance Ca2+-activated K+ channel from smooth muscle. J. Biol.
Chem. 269, 17274–17278.

Kellenberger, S., Schild, L., 2002. Epithelial sodium channel/degenerin family of ion
channels: a variety of functions for a shared structure. Physiol. Rev. 82, 735–767.

Kong, X. Bin, Ma, H.G., Li, H.G., Xiong, C.L., 2009. Blockade of epithelial sodium channels
improves sperm motility in asthenospermia patients. Int. J. Androl. 32, 330–336.

König, J., Schreiber, R., Voelcker, T., Mall, M., Kunzelmann, K., 2001. The cystic fibrosis
transmembrane conductance regulator (CFTR) inhibits ENaC through an increase in
the intracellular Cl− concentration. EMBO Rep. 2, 1047–1051.

Krapf, D., Arcelay, E., Wertheimer, E.V., Sanjay, A., Pilder, S.H., Salicioni, A.M., Visconti,
P.E., 2010. Inhibition of Ser/Thr phosphatases induces capacitation-associated sig-
naling in the presence of Src kinase inhibitors. J. Biol. Chem. 285, 7977–7985.

Krapf, D., Chun Ruan, Y., Wertheimer, E.V., Battistone, M.A., Pawlak, J.B., Sanjay, A.,
Pilder, S.H., Cuasnicu, P., Breton, S., Visconti, P.E., 2012. CSrc is necessary for epi-
didymal development and is incorporated into sperm during epididymal transit. Dev.
Biol. 369, 43–53.

Kunzelmann, K., Schreiber, R., 1999. CFTR, a regulator of channels. J. Membr. Biol. 168
(1), 1–8.

Leonetti, M.D., Yuan, P., Hsiung, Y., Mackinnon, R., 2012. Functional and structural
analysis of the human SLO3 pH- and voltage-gated K+ channel. Proc. Natl. Acad. Sci.
U. S. A. 109, 19274–19279.

López-González, I., Torres-Rodríguez, P., Sánchez-Carranza, O., Solís-López, A., Santi,
C.M., Darszon, A., Treviño, C.L., 2014. Membrane hyperpolarization during human
sperm capacitation. Mol. Hum. Reprod. 20, 619–629.

Ling, S., Woronuk, G., Sy, L., Lev, S., Braun, a P., 2000. Enhanced activity of a large
conductance, calcium-sensitive K+ channel in the presence of Src tyrosine kinase. J.
Biol. Chem. 275, 30683–9.

Li, C.Y., Jiang, L.Y., Chen, W.Y., Li, K., Sheng, H.Q., Ni, Y., Lu, J.X., Xu, W.X., Zhang, S.Y.,
Shi, Q.X., 2010. CFTR is essential for sperm fertilizing capacity and is correlated with
sperm quality in humans. Hum. Reprod. 25, 317–327.

Lievano, A., Santi, C.M., Serrano, C.J., Trevino, C.L., Bellve, A.R., Hernandez-Cruz, A.,
Darszon, A., 1996. T-type Ca2+ channels and alpha1E expression in spermatogenic
cells, and their possible relevance to the sperm acrosome reaction. FEBS Lett. 388,
150–154.

Lishko, P.V., Kirichok, Y., 2010. The role of Hv1 and CatSper channels in sperm activa-
tion. J. Physiol. 588, 4667–4672.

Lishko, P.V., Botchkina, I.L., Fedorenko, A., Kirichok, Y., 2010. Acid extrusion from
human spermatozoa is mediated by flagellar voltage-gated proton channel. Cell 140,
327–337.

Lishko, P.V., Botchkina, I.L., Kirichok, Y., 2011. Progesterone activates the principal Ca2+

channel of human sperm. Nature 471, 387–392.
Lishko, P.V., Kirichok, Y., Ren, D., Navarro, B., Chung, J.-J., Clapham, D.E., 2012. The

control of male fertility by spermatozoan ion channels. Annu. Rev. Physiol. 74,
453–475.

Liu, J., Xia, J., Cho, K.H., Clapham, D.E., Ren, D., 2007. CatSperβ, a novel transmembrane
protein in the CatSper channel complex. J. Biol. Chem. 282, 18945–18952.

Lobley, A., Pierron, V., Reynolds, L., Allen, L., Michalovich, D., 2003. Identification of
human and mouse CatSper3 and CatSper4 genes: characterisation of a common in-
teraction domain and evidence for expression in testis. Reprod. Biol. Endocrinol.
1, 53.

Lucchesi, O., Ruete, M.C., Bustos, M.A., Quevedo, M.F., Tomes, C.N., 2016. The signaling
module cAMP/Epac/Rap1/PLCε/IP3mobilizes acrosomal calcium during sperm
exocytosis. Biochim. Biophys. Acta, Mol. Cell Res. 1863, 544–561.

Mannowetz, N., Naidoo, N.M., Choo, S.A.S., Smith, J.F., Lishko, P.V., 2013. Slo1 is the
principal potassium channel of human spermatozoa. elife 2013.

Mansell, S.A., Publicover, S.J., Barratt, C.L.R., Wilson, S.M., 2014. Patch clamp studies of
human sperm under physiological ionic conditions reveal three functionally and
pharmacologically distinct cation channels. Mol. Hum. Reprod. 20, 392–408.

Martínez-López, P., Santi, C.M., Treviño, C.L., Ocampo-Gutiérrez, A.Y., Acevedo, J.J.,
Alisio, A., Salkoff, L.B., Darszon, A., 2009. Mouse sperm K+ currents stimulated by
pH and cAMP possibly coded by Slo3 channels. Biochem. Biophys. Res. Commun.
381, 204–209.

Matamoros-Volante, A., Moreno-Irusta, A., Torres-Rodriguez, P., Giojalas, L., Gervasi,
M.G., Visconti, P.E., Treviño, C.L., 2017. Semi-automatized segmentation method
using image-based flow cytometry to study sperm physiology: the case of capacita-
tion-induced tyrosine phosphorylation. MHR Basic Sci. Reprod. Med. 24 (2), 64–73
gax062-gax062.

Mayorga, L.S., Tomes, C.N., Belmonte, S.A., 2007. Acrosomal exocytosis, a special type of
regulated secretion. IUBMB Life 286–292.

Miller, M.R., Mansell, S.A., Meyers, S.A., Lishko, P.V., 2015. Flagellar ion channels of
sperm: similarities and differences between species. Cell Calcium 58 (1), 105–113.

Miller, M.R., Mannowetz, N., Iavarone, A.T., Safavi, R., Gracheva, E.O., Smith, J.F., Hill,
R.Z., Bautista, D.M., Kirichok, Y., Lishko, P.V., 2016. Unconventional en-
docannabinoid signaling governs sperm activation via the sex hormone progesterone.
Science 352, 555–559.

Muñoz-Garay, C., De la Vega-Beltrán, J.L., Delgado, R., Labarca, P., Felix, R., Darszon, A.,
2001. Inwardly rectifying K+ channels in spermatogenic cells: functional expression
and implication in sperm capacitation. Dev. Biol. 234, 261–274.

Navarrete, F.A., García-Vázquez, F.A., Alvau, A., Escoffier, J., Krapf, D., Sánchez-
Cárdenas, C., Salicioni, A.M., Darszon, A., Visconti, P.E., 2015. Biphasic role of cal-
cium in mouse sperm capacitation signaling pathways. J. Cell. Physiol. 230,
1758–1769.

Navarro, B., Kirichok, Y., Clapham, D.E., 2007. KSper, a pH-sensitive K+ current that
controls sperm membrane potential. Proc. Natl. Acad. Sci. U. S. A. 104, 7688–7692.

Neill, J., 2006. Physiology of Reproduction, Third edition. 1.
Oberheide, K., Puchkov, D., Jentsch, T.J., 2017. Loss of the Na+/H+ exchanger NHE8

causes male infertility in mice by disrupting acrosome formation. J. Biol. Chem. 292,
10845–10854.

Orlowski, J., Grinstein, S., 2011. Na+/H+ exchangers. Compr. Physiol. 1, 2083–2100.
Publicover, S.J., Barratt, C.L., 1999. Voltage-operated Ca2+ channels and the acrosome

reaction: which channels are present and what do they do? Hum. Reprod. 14,
873–879.

Qi, H., Moran, M.M., Navarro, B., Chong, J.A., Krapivinsky, G., Krapivinsky, L., Kirichok,
Y., Ramsey, I.S., Quill, T.A., Clapham, D.E., 2007. All four CatSper ion channel
proteins are required for male fertility and sperm cell hyperactivated motility. Proc.
Natl. Acad. Sci. 104, 1219–1223.

Quill, T.A., Sugden, S.A., Rossi, K.L., Doolittle, L.K., Hammer, R.E., Garbers, D.L., 2003.
Hyperactivated sperm motility driven by CatSper2 is required for fertilization. Proc.
Natl. Acad. Sci. U. S. A. 100, 14869–14874.

Ramsey, I.S., Moran, M.M., Chong, J.A., Clapham, D.E., 2006. A voltage-gated proton-
selective channel lacking the pore domain. Nature 440, 1213–1216.

Ramsey, I.S., Mokrab, Y., Carvacho, I., Sands, Z.A., Sansom, M.S.P., Clapham, D.E., 2010.
An aqueous H+ permeation pathway in the voltage-gated proton channel Hv1. Nat.
Struct. Mol. Biol. 17, 869–875.

Ren, D., Xia, J., 2010. Calcium signaling through CatSper channels in mammalian ferti-
lization. Physiology 25, 165–175.

Ren, D., Navarro, B., Perez, G., Jackson, A.C., Hsu, S., Shi, Q., Tilly, J.L., Clapham, D.E.,
2001. A sperm ion channel required for sperm motility and male fertility. Nature 413,
603–609.

Romarowski, A., Sánchez-Cárdenas, C., Ramírez-Gómez, H.V., del Puga Molina, L.C.,
Treviño, C.L., Hernández-Cruz, A., Darszon, A., Buffone, M.G., 2016. A specific
transitory increase in intracellular calcium induced by progesterone promotes acro-
somal exocytosis in mouse sperm. Biol. Reprod. 94.

Ruknudin, A., Silver, I.A., 1990. Ca2+ uptake during capacitation of mouse spermatozoa
and the effect of an anion transport inhibitor on Ca2+ uptake. Mol. Reprod. Dev. 26,
63–68.

Saegusa, H., Kurihara, T., Zong, S., Minowa, O., Kazuno, A.–., Han, W., Matsuda, Y.,
Yamanaka, H., Osanai, M., Noda, T., Tanabe, T., 2000. Altered pain responses in mice
lacking alpha 1E subunit of the voltage-dependent Ca2+ channel. Proc. Natl. Acad.
Sci. 97, 6132–6137.

Sánchez-Carranza, O., Torres-Rodríguez, P., Darszon, A., Treviño, C.L., López-González,
I., 2015. Pharmacology of hSlo3 channels and their contribution in the capacitation-

C. Ritagliati et al. Mechanisms of Development xxx (xxxx) xxx–xxx

10

http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0250
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0250
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0250
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0250
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0255
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0255
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0260
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0260
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0260
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0260
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0265
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0265
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0270
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0270
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0270
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0275
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0275
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0275
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0275
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0280
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0280
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0280
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0280
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0285
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0285
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0285
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0290
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0290
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0290
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0290
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0295
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0295
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0295
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0300
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0300
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0300
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0300
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0300
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0305
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0305
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0305
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0305
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0310
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0310
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0310
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0310
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0315
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0315
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0320
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0320
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0320
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0320
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0325
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0325
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0330
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0330
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0335
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0335
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0335
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0340
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0340
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0340
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0345
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0345
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0345
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0345
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0350
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0350
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0355
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0355
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0355
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0360
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0360
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0360
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0365
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0365
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0365
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0370
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0370
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0370
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0370
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0375
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0375
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0380
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0380
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0380
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0385
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0385
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0390
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0390
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0390
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0395
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0395
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0400
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0400
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0400
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0400
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0405
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0405
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0405
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0410
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0410
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0415
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0415
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0415
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0420
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0420
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0420
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0420
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0425
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0425
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0425
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0425
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0425
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0430
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0430
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0435
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0435
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0440
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0440
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0440
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0440
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0445
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0445
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0445
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0450
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0450
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0450
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0450
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0455
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0455
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0460
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0465
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0465
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0465
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0470
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0475
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0475
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0475
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0480
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0480
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0480
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0480
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0485
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0485
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0485
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0490
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0490
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0495
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0495
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0495
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0500
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0500
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0505
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0505
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0505
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0510
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0510
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0510
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0510
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0515
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0515
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0515
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0520
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0520
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0520
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0520
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0525
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0525


associated hyperpolarization of human sperm. Biochem. Biophys. Res. Commun. 466,
554–559.

Santi, C.M., Martínez-López, P., de la Vega-Beltrán, J.L., Butler, A., Alisio, A., Darszon, A.,
Salkoff, L., 2010. The SLO3 sperm-specific potassium channel plays a vital role in
male fertility. FEBS Lett. 584, 1041–1046.

Schreiber, M., Salkoff, L., 1997. A novel calcium-sensing domain in the BK channel.
Biophys. J. 73, 1355–1363.

Schreiber, M., Wei, A., Yuan, A., Gaut, J., Saito, M., Salkoff, L., 1998. Slo3, a novel pH-
sensitive K+ channel from mammalian spermatocytes. J. Biol. Chem. 273,
3509–3516.

Schreiber, R., Hopf, A., Mall, M., Greger, R., Kunzelmann, K., 1999. The first-nucleotide
binding domain of the cystic-fibrosis transmembrane conductance regulator is im-
portant for inhibition of the epithelial Na+ channel. Proc. Natl. Acad. Sci. 96,
5310–5315.

Schulz, S., Jakubiczka, S., Kropf, S., Nickel, I., Muschke, P., Kleinstein, J., 2006. Increased
frequency of cystic fibrosis transmembrane conductance regulator gene mutations in
infertile males. Fertil. Steril. 85, 135–138.

Xu, W.M., Shi, Q.X., Chen, W.Y., Zhou, C.X., Ni, Y., Rowlands, D.K., Yi Liu, G., Zhu, H.,
Ma, Z.G., Wang, X.F., Chen, Z.H., Zhou, S.C., Dong, H.S., Zhang, X.H., Chung, Y.W.,
Yuan, Y.Y., Yang, W.X., Chan, H.C., 2007. Cystic fibrosis transmembrane con-
ductance regulator is vital to sperm fertilizing capacity and male fertility. Proc. Natl.
Acad. Sci. U. S. A. 104, 9816–9821.

Salkoff, L., Butler, A., Ferreira, G., Santi, C., Wei, A., 2006. High-conductance potassium
channels of the SLO family. Nat. Rev. Neurosci. 7 (12), 921–931.

Solaro, C., Lingle, C., 1992. Trypsin-sensitive, rapid inactivation of a calcium-activated
potassium channel. Science 257, 1694–1698.

Stival, C., La Spina, F.A., Graf, C.B., Arcelay, E., Arranz, S.E., Ferreira, J.J., Le Grand, S.,
Dzikunu, V.A., Santi, C.M., Visconti, P.E., Buffone, M.G., Krapf, D., 2015. Src kinase is
the connecting player between Protein Kinase A (PKA) activation and hyperpolar-
ization through SLO3 potassium channel regulation in mouse sperm. J. Biol. Chem.
290, 18855–18864.

Stival, C., Puga Molina, L.D.C., Paudel, B., Buffone, M.G., Visconti, P.E., Krapf, D., 2016.
Sperm capacitation and acrosome reaction in mammalian sperm. In: Advances in
Anatomy Embryology and Cell Biology, pp. 93–106.

Suarez, S.S., Varosi, S.M., Dai, X., 1993. Intracellular calcium increases with hyper-
activation in intact, moving hamster sperm and oscillates with the flagellar beat
cycle. Proc. Natl. Acad. Sci. U. S. A. 90, 4660–4664.

Salvatore, L., D'Adamo, M.C., Polishchuk, R., Salmona, M., Pessia, M., 1999. Localization
and age-dependent expression of the inward rectifier K+ channel subunit Kir 5.1 in a
mammalian reproductive system. FEBS Lett. 449, 146–152.

Tang, L., Fatehi, M., Linsdell, P., 2009. Mechanism of direct bicarbonate transport by the
CFTR anion channel. J. Cyst. Fibros. 8, 115–121.

Thomas, P., Meizel, S., 1989. Phosphatidylinositol 4,5-bisphosphate hydrolysis in human
sperm stimulated with follicular fluid or progesterone is dependent upon Ca2+ influx.
Biochem. J. 264, 539–546.

Toyoda, Y., Yokoyama, M., Hosi, T., 1971. Studies on the fertilization of mouse eggs in
vitro. Jpn. J. Anim. Reprod. 147–157.

Uebele, V.N., Lagrutta, A., Wade, T., Figueroa, D.J., Liu, Y., McKenna, E., Austin, C.P.,
Bennett, P.B., Swanson, R., 2000. Cloning and functional expression of two families
of beta-subunits of the large conductance calcium-activated K+ channel. J. Biol.
Chem. 275, 23211–23218.

Varano, G., Lombardi, A., Cantini, G., Forti, G., Baldi, E., Luconi, M., 2008. Src activation
triggers capacitation and acrosome reaction but not motility in human spermatozoa.
Hum. Reprod. 23, 2652–2662.

Vicens, A., Andrade-López, K., Cortez, D., Gutiérrez, R.M., Treviño, C.L., 2017.
Premammalian origin of the sperm-specific Slo3 channel. FEBS Open Bio 7, 382–390.

Visconti, P.E., Krapf, D., de la Vega-Beltrán, J.L., Acevedo, J.J., Darszon, A., 2011. Ion
channels, phosphorylation and mammalian sperm capacitation. Asian J. Androl. 13,
395–405.

Wang, D., King, S.M., Quill, T.A., Doolittle, L.K., Garbers, D.L., 2003. A new sperm-spe-
cific Na+/H+ exchanger required for sperm motility and fertility. Nat. Cell Biol. 5,
1117–1122.

Wang, D., Hu, J., Bobulescu, I.A., Quill, T.A., McLeroy, P., Moe, O.W., Garbers, D.L.,
2007. A sperm-specific Na+/H+ exchanger (sNHE) is critical for expression and in
vivo bicarbonate regulation of the soluble adenylyl cyclase (sAC). Proc. Natl. Acad.
Sci. U. S. A. 104, 9325–9330.

Wang, H., Liu, J., Cho, K.-H., Ren, D., 2009. A novel, single, transmembrane protein
CATSPERG is associated with CATSPER1 channel protein. Biol. Reprod. 81, 539–544.

Wei, A., Jegla, T., Salkoff, L., 1996. Eight potassium channel families revealed by the C.
elegans genome project. Neuropharmacology 35, 805–829.

Wertheimer, E., Krapf, D., De La Vega-Beltran, J.L., Sánchez-Cárdenas, C., Navarrete, F.,
Haddad, D., Escoffier, J., Salicioni, A.M., Levin, L.R., Buck, J., Mager, J., Darszon, A.,
Visconti, P.E., 2013. Compartmentalization of distinct cAMP signaling pathways in
mammalian sperm. J. Biol. Chem. 288, 35307–35320.

White, D.R., Aitken, R.J., 1989. Relationship between calcium, cyclic AMP, ATP, and
intracellular pH and the capacity of hamster spermatozoa to express hyperactivated
motility. Gamete Res. 22, 163–177.

Yan, J., Aldrich, R.W., 2010. LRRC26 auxiliary protein allows BK channel activation at
resting voltage without calcium. Nature 466, 513–516.

Yanagimachi, R., 1994a. Mammalian fertilization. In: The Physiology of Reproduction. 1.
Raven Press, Ltd., New York, pp. 189–317.

Yanagimachi, R., 1994b. Fertility of mammalian spermatozoa: its development and re-
lativity. Zygote 2, 371–372.

Yang, C.-T., Zeng, X.X.-H., Xia, X.X.-M., Lingle, C.J.C., 2009. Interactions between β
subunits of the KCNMB family and Slo3: β4 selectively modulates Slo3 expression and
function. PLoS One 4, e6135.

Yang, C., Zeng, X.-H., Zhou, Y., Xia, X.-M., Lingle, C.J., 2011. LRRC52 (leucine-rich-re-
peat-containing protein 52), a testis-specific auxiliary subunit of the alkalization-
activated Slo3 channel. Proc. Natl. Acad. Sci. 108, 19419–19424.

Yool, A.J., Schwarz, T.L., 1991. Alteration of ionic selectivity of a K+ channel by muta-
tion of the H5 region. Nature 349, 700–704.

Zanetti, N., Mayorga, L.S., 2009. Acrosomal swelling and membrane docking are required
for hybrid vesicle formation during the human sperm acrosome reaction. Biol.
Reprod. 81, 396–405.

Zeng, Y., Clark, E., HM, F., 1995. Sperm membrane potential: hyperpolarization during
capacitation regulates zona pellucida-dependent acrosomal secretion. Dev. Biol. 171,
554–563.

Zeng, Y., Oberdorf, J.A., Florman, H.M., 1996. pH regulation in mouse sperm: identifi-
cation of Na+-, Cl−-, and HCO3

−-dependent and arylaminobenzoate-dependent
regulatory mechanisms and characterization of their roles in sperm capacitation. Dev.
Biol. 173, 510–520.

Zeng, X.-H., Yang, C., Kim, S.T., Lingle, C.J., Xia, X.-M., 2011. Deletion of the Slo3 gene
abolishes alkalization-activated K+ current in mouse spermatozoa. Proc. Natl. Acad.
Sci. U. S. A. 108, 5879–5884.

Zeng, X.-H., Yang, C., Xia, X.-M., Liu, M., Lingle, C.J., 2015. SLO3 auxiliary subunit
LRRC52 controls gating of sperm KSPER currents and is critical for normal fertility.
Proc. Natl. Acad. Sci. 112, 2599–2604.

C. Ritagliati et al. Mechanisms of Development xxx (xxxx) xxx–xxx

11

http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0525
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0525
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0530
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0530
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0535
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0535
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0535
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0540
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0540
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0540
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0540
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0545
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0545
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0545
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0550
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0550
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0550
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0550
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0550
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0555
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0555
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0560
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0560
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0565
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0565
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0565
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0565
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0565
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0570
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0570
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0570
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0575
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0575
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0575
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0580
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0580
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0580
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0585
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0585
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0590
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0590
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0590
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0595
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0595
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0600
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0600
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0600
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0600
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0605
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0605
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0605
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0610
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0610
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0615
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0615
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0615
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0620
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0620
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0620
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0620
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0625
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0625
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0630
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0630
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0635
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0635
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0635
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0635
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0640
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0640
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0640
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0645
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0645
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0650
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0650
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0655
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0655
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0660
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0660
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0660
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0665
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0665
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0665
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0670
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0670
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0675
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0675
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0675
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0680
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0680
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0680
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0685
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0685
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0685
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0685
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0690
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0690
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0690
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0695
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0695
http://refhub.elsevier.com/S0925-4773(18)30032-7/rf0695

	Regulation mechanisms and implications of sperm membrane hyperpolarization
	Introduction
	Membrane potential
	Methodology used to study Em
	Fluorometric population assay
	Flow cytometry analysis


	Channels involved in Em hyperpolarization
	Epithelial sodium channels (ENaCs)
	ENaC regulation by Cystic Fibrosis Transmembrane conductance Regulator (CFTR)

	SLO potassium channel

	The importance of K+ channels in fertility
	Capacitation-associated events related to Em hyperpolarization
	Protein phosphorylation
	Intracellular pH
	Calcium influx and hyperactivation
	Cav channels
	CatSper channel

	Acrosome reaction and changes in Em

	Concluding remarks
	Acknowledgments
	References




