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Exocytosis of the sperm's single secretory granule, or acrosome, is a regulated exocytosis triggered by compo-
nents of the egg's investments. In addition to external calcium, sperm exocytosis (termed the acrosome reaction)
requires cAMP synthesized endogenously and calciummobilized from the acrosome through IP3-sensitive chan-
nels. The relevant cAMP target is Epac. In the first part of this paper, we present a novel tool (the TAT-cAMP
sponge) to investigate cAMP-related signaling pathways in response to progesterone as acrosome reaction trig-
ger. The TAT-cAMP sponge consists of the cAMP-binding sites of protein kinase A regulatory subunit RIβ fused to
the protein transduction domain TAT of the human immunodeficiency virus-1. The sponge permeated into
sperm, sequestered endogenous cAMP, and blocked exocytosis. Progesterone increased the population of
sperm with Rap1-GTP, Rab3-GTP, and Rab27-GTP in the acrosomal region; pretreatment with the TAT-cAMP
sponge prevented the activation of all three GTPases. In the second part of this manuscript, we show that phos-
pholipase Cε (PLCε) is required for the acrosome reaction downstream of Rap1 and upstream of intra-acrosomal
calciummobilization. Last, we present direct evidence that cAMP, Epac, Rap1, and PLCε are necessary for calcium
mobilization from sperm's secretory granule. In summary, we describe here a pathway that connects cAMP to
calcium mobilization from the acrosome during sperm exocytosis. Never before had direct evidence for each
step of the cascade been put together in the same study.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Cyclic adenosine monophosphate (cAMP) is a central second mes-
senger that controls a plethora of vital functions. The strategies used
to attribute cellular responses to cAMP typically rely on increasing
cAMP levels with membrane-permeant analogs, phosphodiesterase in-
hibitors, and/or protein G/adenylyl cyclase stimulators. While these
strategies have been fruitful, the irrefutable proof that a mechanism is
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mediated by cAMP can only be achieved if the said mechanism/cellular
response is abolished when endogenous cAMP is unavailable. To the
best of our knowledge, only two strategies have been designed to de-
plete cells of cAMP. One of them consists of introducing a phosphodies-
terase in permeabilized cells to digest cAMP [9]. The other applies a
genetically encoded buffer (named cAMP sponge) based on the high-
affinity cAMP-binding sites of the regulatory subunit of the cAMP-
dependent protein kinase (PKA) to deplete cAMP from the cytosol of
transfected cells [33].

Exocytosis of the acrosome, or acrosome reaction (AR), is a regulated
secretion event that sperm must undergo in order to fertilize the egg.
Each sperm contains a single, very large, and electron dense acrosome
that, in response to exocytosis inducers, first swells to contact the cell
membrane, second becomes attached to and fuses with it and third
sheds entirely, together with the portion of plasmamembrane that sur-
rounds it. These events are coupled to complex calcium signaling. Typi-
cally, AR triggers evoke a transient influx of calcium into the cytosol
through plasma membrane channels; this event initiates complex sig-
naling cascades that lead to intracellular calcium mobilization. Empty-
ing of intracellular reservoires causes the opening of store operated
calcium channels in the plasmamembrane that elicits a sustained calci-
um signal. An influx of external calcium into sperm driven by calcium
ionophores resembles the latter and induces the AR. So does the addi-
tion of CaCl2 to cells with their plasma membrane permeabilized with
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toxins such as streptolysin O (SLO [1,26,68]) or perfringolysin O [42]. In
the first part of this paper, we describe a permeable, recombinant ver-
sion of the cAMP sponge that we introduced into live human sperm
through a mechanism known as protein transduction. Thanks to this
tool, we demonstrate that AR triggers require cAMP to induce swelling
of the acrosome and to activate pathways that mobilize calcium from
the intra-acrosomal pool. In particular, relevant for sperm biologists
are the observations that progesterone requires cAMP to achieve the
AR and the elucidation of the signal transduction pathways involved
in the exocytotic response to this hormone.

In certain neurons, neuroendocrine, and exocrine acinar cells, cAMP
potentiates calcium-dependent exocytosis, whereas in various non-
neuronal cells, cAMP is the principal trigger of regulated secretion [10,
54,58]. Until not too long ago, it was thought that the effects of cAMP
in regulated exocytosisweremediated by PKA through phosphorylation
of relevant substrates. More recently, we learned that cAMP modulates
exocytosis via PKA-dependent and/or PKA-independent mechanisms.
The latter are mediated by guanine nucleotide exchange factors
(GEFs) activated by cAMP (Epacs, reviewed by [6,12,22,32,53]). Many
processes of stimulus-secretion coupling are regulated by both Epac
and PKA; how do they cross talk is still an open question. In sperm,
the Epac-selective cAMP analog 8-(p-chlorophenylthio)-2 prime-O-
methyladenosine-3′,5′-cyclic monophosphate (8-pCPT-2′-O-Me-
cAMP) induces exocytosis per se, while the PKA-selective analog N6-
benzoyladenosine-3′,5′-cyclic monophosphate (6-Bnz-cAMP) does not
[8]. Furthermore, calcium-induced AR in SLO-permeabilized human
sperm is mediated by cAMP/Epac and independent of PKA [9].

Epac proteins consist of a carboxyl-terminal catalytic region and an
amino-terminal regulatory region, which harbors one cAMP-binding
domain in Epac1 and two in Epac2 [22,32,51]. In the absence of cAMP,
the regulatory region covers the CDC25-homology domain and
autoinhibits Epac's enzymatic activity by hindering the access of its sub-
strates to the catalytic site [6,7,45]. Upon binding of cAMP, a subtle con-
formational change allows the regulatory region to move away, lifting
the autoinhibition [5,22]. Epac's catalytic portion bears a GEF activity
specific for Rap1 and Rap2 [17,29]. The small GTPase Rap1 is necessary
to achieve acrosomal exocytosis [8,35,47]. Importantly, Rap1 exchanges
GDP for GTP in response to calcium and 8-pCPT-2′-O-Me-cAMP [2,8,38,
47]. One of the advances reported here is that progesterone, perhaps the
most widely used AR inducer, increases the population of cells with ac-
tive Rap1 in the acrosomal region. Equally important is the finding that
progesterone requires cAMP but not PKA to activate Rap1.

Inmanymodels, cAMP/PKA and/or cAMP/Epac facilitate the opening
of calcium release channels located in intracellular stores. Metabolites
such as inositol 1,4,5-trisphosphate (IP3), cyclic ADP-ribose (the pro-
posed endogenous ligand for ryanodine receptors), and NAADP en-
hance the ability of cytosolic calcium to activate various calcium
release channels located on intracellular organelles [30,32]. Pharmaco-
logical blocking of these pathways impairs glucose-induced insulin se-
cretion, indicating that intracellular calcium is required for exocytosis
[39].What could be the link between cAMP/Epac and intracellular calci-
ummobilization in secretory cells? An interesting candidate is PLCε, the
only effector recruited/activated byGTP-boundRap that has been impli-
cated in Epac-mediated secretory responses [18,19]. In sperm, the acro-
some itself behaves as an internal calcium store [14,16,43,47,49]. We
have previously shown by single-cell confocal microscopy that intra-
acrosomal calcium is released through IP3-sensitive channels because
the blocker 2-aminoethoxydiphenylborate (2-APB) prevents – and the
agonist adenophostin A elicits – its mobilization [47]. The sensitivity of
the AR to these agents provides pharmacological evidence that intracel-
lular calcium ismobilized via IP3-sensitive channels in human sperm [8,
16,35]. One of the significant advances that we describe in this manu-
script is that PLCε is required to mobilize calcium from the acrosomal
reservoir. The stimulation of sperm's Epac with 8-pCPT-2′-O-Me-cAMP
suffices to elicit intra-acrosomal calcium efflux through a pathway
that involves Rap1 and PLCε.
2. Materials and methods

2.1. Reagents

Recombinant SLO was obtained from Dr. Bhakdi (University of
Mainz, Mainz, Germany). The rabbit polyclonal anti-GST (purified IgG)
antibodies were purchased from EMD Millipore Corporation (Billerica,
MA). The mouse monoclonal anti-His6 antibody (purified IgG 2a) was
from GE Healthcare (Buenos Aires, Argentina). The rabbit polyclonals
anti-PLCε1 (affinity purified, catalogue number ARP50613_P050) and
anti-PLCγ1 (affinity purified, catalogue number ARP33086_P050)
were fromAviva Systems Biol (San Diego, CA). The rabbit polyclonal an-
tibodies against Epac 1/2 were generated by Genemed Synthesis, Inc.
(San Francisco, CA) using the synthetic peptide LREDNCHFLRVDK, and
affinity purified on immobilized Epac peptide [9]. Anti-Rap 1A/B rabbit
polyclonal antibodies were raised against the peptide
EDERVVGKEQGQNLC and affinity purified on immobilized peptide
(GenScript Corporation, Piscataway, NJ) [8]. The rabbit polyclonal anti-
α-tubulin antibody (affinity purified with the immunogen) was from
Synaptic Systems (Göttingen, Germany). Horseradish peroxidase-
conjugated goat anti-mouse IgG (H + L) was from Kierkegaard &
Perry Laboratories, Inc. (Gaithersburg, MD). Horseradish peroxidase-
and Cy™3-conjugated goat anti-rabbit as well as Cy™3-conjugated
goat anti-mouse IgGs (H + L) were from Jackson ImmunoResearch
(West Grove, PA). 8-pCPT-2′-O-Me-cAMP and 6-Bnz-cAMP were
from Axxora, LLC (San Diego, CA). U73122 (1-(6-((17β-3-
methoxyestra-1,3,5(10)-trien-17-yl) amino)hexyl)-1 H-pyrrole-
2,5-dione) was from Merck Química Argentina SAIC (Buenos
Aires, Argentina). O-nitrophenyl EGTA-acetoxymethyl ester (NP-
EGTA-AM) and 1-[2-Amino-5-(2,7-dichloro-6-hydroxy-3-oxo-9-
xanthenyl) phenoxy]-2-(2-amino-5-methylphenoxy)ethane-N,N,N′,N
′-tetraacetic acid, pentaacetoxymethyl ester (Fluo3-AM) were
purchased from Life Technologies (Buenos Aires, Argentina). Prestained
molecular weight markers were from Boston BioProducts Inc.
(Worcester, MA). H89 (N-[2-(p-bromocinnamylamino)ethyl]-5-
isoquinolinesulfonamide) and KH7 were purchased from R&D Systems
(Minneapolis, MN). Adenophostin A, hexasodium salt, and 2-APB from
Calbiochem were purchased from Merck Química Argentina S.A.I.C.
(Buenos Aires, Argentina). Glutathione–Sepharose and Ni-NTA-agarose
were from GE Healthcare. All other chemicals were purchased from
Sigma-Aldrich™ Argentina S.A., Genbiotech, or Tecnolab (Buenos
Aires, Argentina).

2.2. Expression and purification of recombinant proteins

An expression plasmid pQE80L (Qiagen, Valencia, CA) containing the
cDNA encoding amembrane-permeant version of human Rab3A bearing
aQ81L pointmutation fused toHis6 (R-Rab3A, [34])was generously pro-
vided by Dr. C. López (Cuyo University, Mendoza, Argentina). GST fusion
protein with the Rab3-GTP-binding domain of rat RIM (amino acids 11–
398, RIM-RBD) [13] in a pGEX2p vector was generously provided by Dr.
R. Regazzi (University of Lausanne, Lausanne, Switzerland). The Rap-
GTP-binding cassette Ral-GDS-RBD fused to GST [63] was a kind gift
from Dr. O. Coso (Universidad de Buenos Aires, Buenos Aires,
Argentina). DNA encoding the Rab27-GTP-binding domain of Slac2-b
(synaptotagmin-like protein homology domain; amino acids 1–79) in
pGEX-2 T [31] was a kind gift from Dr. R. Shirakawa (Kyoto University,
Kyoto, Japan). The cDNA encoding the light chain of botulinum toxin B
fused to His6 (pQE3, Qiagen) was generously provided by Dr. T. Binz
(Medizinische Hochschule Hannover, Hannover, Germany).

The cDNA-encoding R-Rab3A was transformed into Escherichia coli
BL21(DE3) T1R and expression of the recombinant protein was accom-
plished by incubation with 0.5 mM isopropyl-β-D-thio-galactoside
(IPTG) for 3 h at 37 °C. R-Rab3A was geranylgeranylated and loaded
with GTP-γ-S as described [11]. The plasmid construct encoding botuli-
num toxin B was transformed into E. coli M15pRep4 (Qiagen) and
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protein expression was induced 4 h at 30 °C with 1 mM IPTG. Plasmids
enconding all GST-fused proteins were transformed in E. coli
BL21(DE3) T1R, and protein expression was induced with IPTG as fol-
lows: GST-Slac2-b-SHD, 0.5 mM IPTG for 3 h at 37 °C; GST-Ral-GDS-
RBD 0.1 mM IPTG, overnight at 22 °C; GST-RIM-RBD 0.5 mM IPTG,
overnight at 22 °C. GST-fused recombinant proteins were purified
on glutathione–Sepharose beads following standard procedures.
The purification of His6-tagged recombinant proteins was carried
out under native conditions according to Qiagen's instructions ex-
cept that the purification buffers contained 20 mM Tris–HCl,
pH 7.4, and 200 mM NaCl; lysis buffer contained 10 mM imidazole,
washing buffer contained 50 mM imidazole, and elution buffer
contained 250 mM imidazole. Recombinant protein concentrations
were determined by the Bradford method (BioRad) using bovine
serum albumin as a standard in 96-well microplates and quantified
on a BioRad 3550 Microplate Reader or from the intensities of the
bands in Coomassie blue-stained sodium dodecyl sulfate (SDS)–
polyacrylamide electrophoresis (SDS–PAGE) gels.

2.3. Construction and expression of the TAT-cAMP sponge

The cDNA encoding a permeable version of the cAMP sponge [33]
was synthesized by Genscript. Briefly, the DNA encoding amino acids
132 to 381 of the human PKA regulatory subunit I β was optimized for
bacterial expression. The insert was subcloned in framewith the TAT se-
quence of HIV virus (RKKRRQRRR) for protein transduction into the
HindIII–BamHI cloning site of pET28a(+) vector (Novagen, now
Merck-Millipore). The cDNA-encoding His6-TAT-cAMP sponge was
transformed into E. coli BL21(DE3) T1R (Stratagene, La Jolla, CA), and
the expression of recombinant protein was accomplished by incubation
with 0.5 mM IPTG overnight at 22 °C. The purification of the TAT-cAMP
sponge was carried out following standard procedures.

2.4. Human sperm sample preparation procedures

Human semen samples were obtained from normal healthy donors.
Semenwas allowed to liquefy for 30–60min at 37 °C. Following a swim-
up protocol to isolate highlymotile cells, sperm concentrationswere ad-
justed to 107/ml before incubating for at least 2 h under capacitating
conditions [Human Tubal Fluid media as formulated by Irvine Scientific
(Santa Ana, CA) supplemented with 0.5% bovine serum albumin (BSA),
HTF medium), 37 °C, 5% CO2/95% air]. Samples were processed for AR
assays, immunofluorescence, Western blot, transmission electron mi-
croscopy, and single-cell calcium imaging.

2.5. Trypsin protection assay for the TAT-cAMP sponge transduced into
human sperm

Capacitated sperm suspended in HTF medium were washed and re-
suspended (5 × 105 cells in 50 μl for immunofluorescence, 2 × 106 cells
in 200 μl for Western blot) in HTF (without BSA) and incubated with
1 μM TAT-cAMP sponge for 15 min at 37 °C. After washing once with
the same medium, sperm were exposed to 0.1 or 1 μg/ml trypsin
(Sigma) for 20 min at 37 °C. Cells were washed and processed for con-
ventional immunofluorescence orWestern blot with anti-His6 antibod-
ies as probe to detect the internalized sponge.

2.6. SDS–PAGE and Western blot

Cells were washed twice with PBS, lysed in cold 20 mM Tris–HCl,
pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 5 mM MgCl2,
and a protease inhibitor cocktail (P2714, Sigma). Sperm were soni-
cated (3 × 15 s), and proteins were allowed to diffuse into the lysis
buffer for 30min at 4 °C.Whole-cell detergent extracts were clarified
by centrifugation at 14,000×g for 20 min. Proteins extracted from
sperm and those recovered from the supernantant were precipitated
with CCl3H-CH3OH-H2O. Precipitated proteins were dissolved in
sample buffer by heating once at 60 °C for 10 min and once at 95 °C
for 3 min.

Proteinswere separated on polyacrylamide slab gels and transferred
to 0.22 μm nitrocellulose membranes (Hybond, GE Healthcare). Non-
specific reactivity was blocked by incubation for 1 h at room tempera-
ture with 3% skim milk dissolved in washing buffer (PBS pH 7.6, 0.1%
Tween 20). Blots were incubated with anti-His6 and anti-α-tubulin an-
tibodies (0.2 μg/ml in washing buffer) for 2 h at room temperature or
overnight at 4 °C. Horseradish peroxidase-conjugated goat anti-mouse
(for detection of anti-His6 antibodies) or anti-rabbit (for detection of
anti-α tubulin antibodies) IgGs were used as secondary antibodies
(0.1 μg/ml) with 1 h incubations. Excess first and second antibodies
were removed by washing 5 × 7 min in washing buffer. Detection was
accomplished with a chemiluminescence system from Millipore
(WBKLS, Biopore, Buenos Aires, Argentina) on a Luminescent Image
Analyzer LAS-4000 (Fujifilm, Tokyo, Japan).
2.7. AR assays

For experiments involving intact sperm, we aliquoted capacitated
sperm suspended in HTF, added the reagents to test followed by
10 μM A23187, 15 μM progesterone, 300 nM R-Rab3A, or 50 μM
8-pCPT-2′-O-Me-cAMP and incubated for 10–15 min at 37 °C after
each addition. For experiments involving permeabilized cells, sperm
were washed twice with PBS and resuspended in cold PBS containing
3 U/ml SLO for 15min at 4 °C. Cells were washed once with PBS and re-
suspended in ice-cold sucrose buffer (250 mM sucrose, 0.5 mM EGTA,
20 mM Hepes-K, pH 7) containing 2 mM DTT. We added inhibitors
and stimulants sequentially as indicated in the figure legends, and incu-
bated for 8–15 min at 37 °C after each addition. When indicated, we
preloaded SLO-permeabilized sperm with photosensitive NP-EGTA-
AM for 10 min at 37 °C before incubating in the presence of inhibitors
and/or calcium, carrying out all procedures in the dark. Photolysis was
induced after the last incubation by exposing twice (1 min each time)
to a UV transilluminator (FBTIV-614, Fisher Scientific, Pittsburgh, PA),
mixing, and incubating for 5 min at 37 °C. Sperm were spotted on
Teflon-printed slides, air dried, and fixed/permeabilized in ice-cold
methanol for 20 s. An alternatively fixation protocol (described in
Section 2.9) rendered identical results. Acrosomal status was evaluated
by staining with FITC-coupled Pisum sativum agglutinin (FITC-PSA,
25 μg/ml in PBS) for 40 min at room temperature followed by a
20 min-wash in water [37]. We scored at least 200 cells per condition
using an upright Nikon Optiphot II microscope equipped with
epifluorescence optics. Basal (“control,” no stimulation) and positive
(“Pg,” 15 μM progesterone for non-permeabilized and “calcium,”
0.5 mM CaCl2 [corresponding to 10 μM free calcium estimated by
MAXCHELATOR, a series of program(s) for determining the free metal
concentration in the presence of chelators; available on the World
Wide Web at http://www.stanford.edu/~cpatton/maxc.html, Chris
Patton, Stanford University, Standord, CA] for SLO-permeabilized) con-
trols were included in all experiments. Acrosomal exocytosis indices
were calculated by subtracting the number of spontaneously reacted
spermatozoa (basal control without stimulation, ranged from ≈5 to
25% before normalization) from all values and expressing the results
as a percentage of the AR observed in the positive control (ranged
from ≈15 to 60% before normalization; assigned 100% of responsive
cells for normalization). We only included in our analysis results de-
rived from experiments that produced similar responses and where
the difference between basal and stimulated conditions was of at least
8–10 percentage points. SLO-permeabilized samples with a level of
spontaneously reacted sperm higher than 30% were excluded from the
analysis. Data were evaluated with the program GraphPad Prism 5
using the Tukey–Kramer post hoc test for pairwise comparisons. Differ-
ences were considered significant at the P b 0.05 level.

http://www.stanford.edu/~cpatton/maxc.html
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2.8. Conventional indirect immunofluorescence

Sperm (5 × 105 cells) were fixed in 2% paraformaldehyde in PBS for
15 min at room temperature, centrifuged and resuspended in PBS con-
taining 100mM glycine to neutralize the fixative. Spermwere attached
Fig. 1. The TAT-cAMP sponge transduces into human sperm. (A) Schematic representation of th
cAMP-binding sites (green) was fused at its N-terminus to the TAT peptide from HIV viru
immunodetection. (B) Trypsin sensitivity of the TAT-sponge in solution; 720 ng (1 μM) of th
on 10% Tris–tricine–SDS–polyacrylamide gels, transferred to nitrocellulose, and immunoblotte
experiment representative of two repetitions. (C) The sponge was delivered to the intracellul
human sperm were incubated with 1 μM TAT-sponge for 20 min at 37 °C. Subsequently, cells
from both the sperm pellet (incorporated) and the extracellular supernatant (unincorporat
loads. Mr standards (×103) are indicated on the left. Shown is an experiment representative
(top and bottom panels) and second with 1 μg/ml trypsin were processed for anti-His6 immun
tibody was omitted (antibody specificity control). Cells were triple stained with a fluorescen
left panels), FITC-PSA (to assess the integrity of the acrosome; green, central panels), and Hoec
micrographs of typically stained cells. Bars = 5 μm.
to poly-L-lysine (stock 0.1% w/v (Sigma) diluted 1:20 in water)-coated,
12 mm round coverslips by incubating for 30 min at room temperature
in a moisturized chamber. Next, we permeabilized the plasma mem-
brane with 0.1% Triton X-100 in PBS for 10 min at room temperature
and washed three times with PBS containing 0.1% polyvinylpyrrolidone
e TAT-sponge. The carboxy-terminus of PKA-RIβ (amino acids 132–381) containing its two
s (blue) for protein transduction and a His6 tag (orange) for affinity purification and
e sponge was incubated with trypsin for 20 min at 37 °C. Samples were electrophoresed
d with the anti-His6 antibody. Mr standards (×103) are indicated on the left. Shown is an
ar compartment of human sperm because it resisted degradation by trypsin. Capacitated
were treated with trypsin. After 20 min at 37 °C, samples were centrifuged and proteins
ed) were processed for anti-His6 Western blot. Anti-α-tubulin was used to show equal
of two repetitions. (D) Capacitated human sperm incubated first with 1 μM TAT-sponge
ofluorescence. The central panels show images from experiments where the primary an-
t anti-mouse antibody as read out for the presence of the sponge (anti-mouse-Cy3, red,
hst 33342 (to visualize all cells in the field; blue, right panels). Shown are epifluorescence
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(PVP, average M.W. = 40,000; PBS/PVP). Nonspecific staining was
blocked by incubation in 5% bovine serum albumin in PBS/PVP for 1 h
at 37 °C. Anti-His6 antibodies were diluted at 4 μg/ml and anti-PLCε at
10 μg/ml in 3% bovine serum albumin in PBS/PVP, added to the cover-
slips, and incubated for 1 h at 37 °C in a moisturized chamber. After
washing three times, 6 min each with PBS/PVP, we added Cy™3-conju-
gated anti-rabbit (for detection of anti-PLCε antibodies) or anti-mouse
(for detection of anti-His6 antibodies) IgGs (2.5 μg/ml in 1% bovine
serum albumin in PBS/PVP) and incubated for 1 h at room temperature
protected from light. Coverslipswerewashed three times for 6minwith
PBS/PVP. Cells were subsequently treated with ice-cold methanol for
30 s and stained for acrosomal contents as described in 2.7 (butwithout
air drying), mounted with Mowiol® 4–88 in PBS containing 2 μM
Hoechst 33342 and stored at −20 °C in the dark until examination
with an Eclipse TE2000 Nikon microscope equipped with a Plan Apo
40×/1.40 oil objective. Images were capturedwith a Hamamatsu digital
C4742-95 camera operated with MetaMorph 6.1 software (Universal
Imaging Corp., USA). Background was subtracted and brightness/con-
trast were adjusted to render an all-or nothing labeling pattern using
Image J (freeware from N.I.H.).

2.9. Detection of GTP-Rab3, GTP-Rab27, and GTP-Rap1 by
far-immunofluorescence

Capacitated sperm suspensions were incubated with 100 μM 2-
aminoethoxydiphenylborate (2-APB) for 10 min at 37 °C to prevent ac-
rosomal loss due to exocytosis, treated with AR blockers and/or in-
ducers (10–15 min at 37 °C after each addition), fixed, smeared on
coverslips, permeabilized, and blocked as described in 2.8. Slides were
overlain with 140 nM GST-RIM-RBD, GST-Slac2-b-SHD, or GST-Ral-
GDS-RBD in 3% bovine serum albumin in PBS/PVP for 1 h at 37 °C.
After washing (three times, 6min each, PBS/PVP), coverslips were proc-
essed as described in Section 2.7 using anti-GST (31.5 μg/ml) as primary
antibodies.We scored the presence of immunostaining in the acrosomal
region by manually counting between 100 and 200 cells per condition,
either directly at the fluorescence microscope. Data were evaluated
with the program GraphPad Prism 5 using the Tukey–Kramer post hoc
test for pairwise comparisons. Differences were considered significant
at the P b 0.05 level.

2.10. Single-cell imaging of intra-acrosomal calcium

Capacitated, SLO-permeabilized sperm (250 μl aliquots, 4 × 107

cells) suspended in sucrose buffer were incubated with 100 nM
(final concentration) botulinum toxin B (preactivated with 1 mM
DTT during 15 min at 37 °C) and then loaded with Fluo3-AM (2 μM
final concentration, dispersed with pluronic acid F-127, 0.08% final
concentration) at 37 °C for 30 min. Cells were washed once to re-
move excess dye, resuspended in sucrose buffer and treated or not
for 15 min at 37 °C with the AR blockers to test. Twenty-five microli-
ters of each sample was gently introduced into an imaging chamber
Fig. 2. Progesterone and A23187 require endogenous cAMP to achieve acrosomal swelling and
cAMP sponge for 15min at 37 °C. Acrosomal exocytosiswas initiatedwith 15 μMprogesterone (
sponge (sp) was preincubated with 200 nM 6-Bnz-cAMP (6-Bnz) for 15 min at 37 °C before in
50 μM8-pCPT-2′-O-Me-cAMP (8-pCPT) and incubating for 15min at 37 °C (black bars). Control
ulated by 15 μM progesterone (Pg) or 50 μM 8-pCPT-2′-O-Me-cAMP (8-pCPT); inhibition by 10
mixed with 100 nM TAT-cAMP sponge (sp + 6-Bnz). Different letters indicate statistical signifi
sponge (sp) for 15min at 37 °C. Acrosomal exocytosis was initiated by adding 300 nMR-Rab3A
ther 15min (black bar). Controls (gray bars) are the same as inC, plus the AR stimulated by300 n
were fixed and the ARwas measured by FITC-PSA binding as described in Section 2.7. “AR assa
Capacitated human spermwere treated for 15min at 37 °C with 100 nM TAT-cAMP sponge (Ec
A23187 (Gb-d) and incubating as before. The following two controlswere conducted in parallel:
(Eb, Gb) 20 μM BAPTA-AM followed by the inducers as control for the morphology of swollen
category. (F, H) Quantification of the percentage of intact (Int), swollen (Swo) and reacted
0.001. Plotted are average ± range of two independent experiments.
fitted with a poly-L-lysine-coated 25 mm round coverslip. The cham-
ber was transferred to the microscope stage, washed with sucrose
buffer to remove unbound sperm, and replenished with 300 μl
fresh sucrose buffer. Cells were maintained at 37 °C at all times.
After the baseline was stabilized, 0.5 mM CaCl2, 50 μM 8-pCPT-2′-
O-Me-cAMP, or 200 μM 6-Bnz-cAMP was added to the medium. A
473 nm laser with an emission of 535 nm was used to generate the
excitation for Fluo-3. A Plan Apo 60× objective was used for imaging
in an Olympus FV 1000 confocal microscope. Images were collected
in every 3 s using the Fluoview FV-1000 software with a total record-
ing time of 300 s (30 s before and 270 s after addition of the in-
ducers). Cells that came out of focus because they moved or those
with uneven or no dye loading were excluded from the analysis.
Fluorescencemeasurements in individual spermweremade byman-
ually drawing a region of interest around the acrosome andmidpiece
of each cell after subtracting background noise. Results are presented
as pseudo color [Ca2+] of 10 images collected in every 30 s. Raw in-
tensity values were imported into Microsoft Excel and normalized
using F/Fo ratios after background subtraction, where F is fluores-
cence intensity at time t and Fo is the baseline as calculated by
averaging the 10 frames before addition of the stimuli. Cells with
peak changes of N50% in F/Fo after application of CaCl2 or 8-pCPT-
2′-O-Me-cAMP were counted as responsive. The total series of F/Fo
are plotted versus time. Relative fluorescence (%) is the fluorescence
normalized to that obtained before the addition of CaCl2 or 8-pCPT-
2-O′-Me-cAMP. Experiments were carried out three times, each re-
peat on a different sample. Data were plotted and analyzed with
GraphPad Prism 5.
2.11. Transmission electron microscopy

Capacitated human sperm (5×106 cells in 200 μl per condition)were
incubatedwith 100 nM TAT-cAMP sponge, 10 μMKH7, or 20 μMBAPTA-
AM for 15min at 37 °C and subsequently challengedwith 10 μMA23187
or 15 μM progesterone during 15 min at 37 °C. We then added 1.6 mM
tannic acid and incubated for 5 min at 37 °C. Afterward, sperm suspen-
sions were fixed in 2.5% glutaraldehyde in HTF overnight at 4 °C. Fixed
sperm samples were washed twice in PBS (20 min at 4 °C each) and
postfixed in 1% osmium tetroxide in PBS for 2 h at room temperature,
washed three times in PBS (20 min at 4 °C each), and dehydrated se-
quentially with increasing concentrations of ice-cold acetone (twice
with 50% for 5 min, once with 70%, once with 80%, and once with 95%,
all for 15 min, and three times with 100% for 15 min at room tempera-
ture). Cells were infiltrated in 1:1 acetone:Spurr (a low-viscosity epoxy
resin embedding medium) overnight at room temperature and finally
embedded in fresh pure resin overnight at room temperature. Samples
were cured 24 h at 70 °C and processed at an Academic facility (Facultad
de Ciencias Veterinarias, Universidad Nacional de La Plata, La Plata,
Argentina) where thin sections were cut, collected on 200-mesh copper
grids, and stained with saturated uranyl acetate in methanol plus lead
citrate. Grids were observed and photographed in a Zeiss 902 electron
the AR. Capacitated human sperm were exposed to increasing concentrations of the TAT-
A) or 10 μMA23187 (B) and incubating at 37 °C for a further 15min. (C) 100nMTAT-cAMP
troducing it into sperm as in A. The AR was elicited by adding 15 μM progesterone (Pg) or
s (gray bars) include: background AR in the absence of any stimulation (control); AR stim-
0 nM TAT-cAMP sponge (sp→ Pg); lack of effect of 200 nM 6-Bnz-cAMP alone (6-Bnz) or
cance (P b 0.001). (D) Capacitated human spermwere incubated with 100 nM TAT-cAMP
geranylgeranylated and loaded with GTP-γ-S (R-Rab3A) and incubating at 37 °C for a fur-
Mactive R-Rab3A. Different letters indicate statistical significance (P b 0.01). (A–D)Sperm

ys”. The data represent the mean± SEM of at least three independent experiments. (E–H)
, Gc) or 10 μMKH7 (Ed, Gd) before challenging with 15 μM progesterone (Eb-d) or 10 μM
(Ea, Ga) untreated cells as control for themorphology of unswollen, undocked acrosomes;
, docked acrosomes. Shown are transmission electron micrographs of cells typical of each
(Rea) sperm. Data were compared using the chi-square test for two sets of data. ***P b
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microscope at 50 kV.We included negative (not stimulated) and positive
(stimulated with A23187 or progesterone in the presence of 20 μM
BAPTA-AM to inhibit the final stages of the AR without affecting
acrosomal swelling) controls in all experiments. At least 100 cells were
counted per condition and acrosomal patterns were classified as intact,
reacted (vesiculated and lost), and swollen (enlarged and deformed).
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Data were plotted and analyzed with the program GraphPad Prism 5
using the chi-square test for pairwise comparisons. Differences were
considered significant at the P b 0.05 level
3. Results

3.1. The TAT-cAMP sponge transduces into human sperm

The biggest stumbling blockwhen trying to apply classic cell biology
and biochemistry approaches to sperm resides on their inability to syn-
thesize proteins. Our laboratory has successfully contributed to estab-
lishing two techniques to overcome this limitation: controlled plasma
membrane permeabilization with pore-forming toxins and delivery of
permeable proteins. The latter allows sophisticated molecular studies
of the pathways elicited by well-established AR inducers because it
grants access to intracellular compartments in non-permeabilized
cells. Here, we describe a tool designed to unveil cAMP-related signaling
pathways and their regulation in live sperm, something difficult to
achieve, save for pharmacological and genetic approaches.We designed
a permeable version of the cAMP sponge [33] that possesses the
sequence of the C-terminal domain of human PKA-RIβ (aa 132–381)
coupled to the protein transduction domain TAT of human immunodefi-
ciency virus-1 [27] and aHis6-tag for purification and detection (Fig. 1A).
We analyzed the incorporation – confirmed by resistance to tryptic
digestion – of the TAT-cAMP sponge into human sperm by Western
blot and indirect immunofluorescence with anti-His6 antibodies. First,
we conducted dose–response experiments to determine the
minimal amount of trypsin required to digest 1 μM TAT-cAMP
sponge. The minimal amount of trypsin capable of erasing the anti-
His6 signal was 1 μg/ml, with 0.5 μg/ml causing partial and 0.1 μg/
ml very little cleavage (Fig. 1B). Degradation products were visible
in Coomassie blue-stained gels (data not shown) but not byWestern
blot because of the many trypsin cleavage sites present in the
sequence of the protein (assessed by ExPASy Peptide Cutter), one is
very near the His6 tag. Thus, when trypsin cuts the sponge at this
site, fragments are not visible with the anti-His6 antibodies. Next,
we incubated sperm with the TAT-cAMP sponge for 15 min, divided
the sample, and added 0.1 μg/ml trypsin (negative control) to one
tube and 1 μg/ml to the other. After incubation, we recovered both
the cells and the supernantant and processed them for anti-His6
Western blot. A significant proportion of the TAT-cAMP sponge was
internalized by human sperm and not merely adhered to the extra-
cellular face of the plasma membrane because the signal was resis-
tant to tryptic digestion (Fig. 1C, “incorporated”). Trypsin (1 μg/ml)
removed the His6 signal of all the TAT-cAMP sponge remaining in
the supernatant, indicating that the enzyme was active and its
concentration sufficient (Fig. 1C, “unincorporated”). We conducted
similar experiments, revealing the transduction of the TAT-cAMP
sponge by indirect immunofluorescence. A high number (86%) of
cells exhibited trypsin-resistant staining mainly in the acrosomal
region and mid piece or entire flagellum (Fig. 1D). Neither cells
treated with the TAT-cAMP sponge but without primary antibodies
nor those treated with the antibodies but without the sponge
showed any detectable signal, suggesting that the staining was
specific. These experiments show that the TAT-cAMP sponge trans-
duced into human sperm.
Fig. 3. Progesterone activates Rap1, Rab3, and Rab27 in the acrosomal region in a cAMP-depe
indicated, with 100 nM TAT-cAMP sponge (sp, B–D) or 10 μM H89 (E), followed by 10 μM A
200 μM 6-Bnz-AMPc (6-Bnz) (E) for 15 min at 37 °C. Cells were processed for far-immunofl
Rap1 (A, B, E), GST-Slac2-b-SHD to detect active Rab27 (C) or GST-RIM-RBD to detect active
red, left panels), FITC-PSA (to confirm that the AR was effectively prevented by 2-APB; green,
Shown are epifluorescence micrographs of typically stained cells. Bars = 5 μm. (A–D) Quantifi
at the bottom of each group of micrographs. Tukey–Kramer post hoc test was used for pairwi
*P b 0.05; **P b 0.01; ***P b 0.001. (E) The percentage of cells with acrosomal Rap1 in the contr
tistical significance (P b 0.001).
3.2. Progesterone, R-Rab3A, and the calcium ionophore A23187 require
cAMP to accomplish acrosomal content release

We started by testing the effect of the TAT-cAMP sponge on the AR
triggered by two widely used inducers: progesterone and A23187. The
sponge inhibited these exocytosis in a dose–response manner. TAT-
cAMP sponge (100 nM) inhibited the AR triggered by progesterone by
≈80% (Fig. 2A), whereas a higher concentration was necessary to pre-
vent that elicited by A23187 (Fig. 2B). This might be due to a larger ac-
cumulation of cAMP in sperm as a consequence of the more robust
calcium influx evoked by the ionophore. To test the specificity of the
TAT-cAMP sponge, we preincubated it with 6-Bnz-cAMP, an analog
known to bind PKA's cAMP-binding sites, before introducing it into
sperm. Because the sponge contains two cAMP-binding sites, we used
200 nM 6-Bnz-cAMP to saturate 100 nM TAT-cAMP sponge. Progester-
one and 8-pCPT-2′-O-Me-cAMP accomplished the AR normally in
sperm loaded with the TAT-cAMP sponge preincubated with 6-Bnz-
cAMP (Fig. 2C, black bars). These results indicate that the ability of the
TAT-cAMP sponge to inhibit the AR was due to its capacity to sequester
endogenous cAMP. In other words, the TAT-cAMP sponge is a reliable,
specific tool to monitor cAMP-driven pathways. A permeant version of
recombinant Rab3A (R-Rab3A), when geranylgeranylated and persis-
tently active, induces the AR in non-permeabilized sperm as does the
non-permeant version in SLO-treated sperm [34]. To ask whether this
AR inducer also needs cAMP to achieve exocytosis, we depleted sperm
of cAMPwith the TAT-cAMP sponge before challengingwith permeable
Rab3A. The ARwas inhibited under these conditions (Fig. 2D, black bar).
These results suggest that, similarly to progesterone, R-Rab3A relies on
endogenous cAMP to achieve exocytosis.

Osmotic swelling of secretory granules and vesicles is proposed to be
an intermediate step in the exocytic fusion of the granuleswith the plas-
mamembrane [20]. Sperm are not the exception to this rule [69]. Swol-
len acrosomes are seldom observed by transmission electron
microscopy in resting sperm but can be transiently detected in sperm
that have initiated exocytosis before they lose their acrosomes
completely. To halt the AR and capture cells with swollen acrosomes,
we incubated sperm with 20 μM BAPTA-AM. This high affinity, fast cal-
cium chelator permeates through the plasma membrane into the cyto-
sol. At 20 μM, enough BAPTA-AM crosses the acrosomal membrane to
reach the acrosome [57]. BAPTA-AM halts the exocytotic cascade at a
post-swelling stage because it allows the reaction to proceed all the
way until intra-acrosomal calcium release is required [34,46]. The per-
centage of resting sperm with swollen acrosomes was very low. This
percentage increased to ≈40% upon treatment with BAPTA-AM and
progesterone. Preincubationwith the TAT-cAMP sponge prevented pro-
gesterone from inducing acrosomal swelling, which was only observed
in ≈20% cells (Fig. 2F). Likewise, challenging with A23187 in the pres-
ence of BAPTA-AM caused swelling in ≈50% cells; this percentage
was reduced to ≈25% by the TAT-cAMP sponge (Fig. 2H). These data
provide direct evidence that progesterone and A23187 require cAMP
to induce acrosomal swelling, an essential intermediate stage during
sperm exocytosis.

To gain further insight into the mechanism through which sperm re-
quire cAMP to accomplish acrosomal swelling,weprevented its synthesis
with the soluble adenylyl cylase (sAC) blocker KH7. Neither progesterone
(Fig. 2Ed) nor A23187 (Fig. 2Gd) were able to swell acrosomes when
sperm were pretreated with KH7. These data suggest that AR inducers
ndent manner. Capacitated human sperm were incubated with 100 μM 2-APB and, when
23187 (A) or 15 μM progesterone (Pg, A–E), 50 μM 8-pCPT-2′-O-Me-cAMP (8-pCPT) or
uorescence as described in Section 2.9, overlain with GST-Ral-GDS-RBD to detect active
Rab3 (D) and triple stained with the anti-GST antibody (to visualize the activity probes;
central panels), and Hoechst 33342 (to visualize all cells in each field; blue, right panels).
cations of the percentage of cells with active GTPases in the acrosomal region are shown
se comparisons. The data represent the mean ± SEM of three independent experiments.
ol condition (untreated cells) was subtracted from all values. Different letters indicate sta-
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require cAMP synthesized by sAC to achieve acrosomal swelling. The
morphologies scored in the quantifications (Fig. 2F and H) are “intact”
(Int), meaning unswollen acrosomes and illustrated in micrographs a, c,
Fig. 4. Extracellular calcium elicits calcium release from the acrosomal store in a cAMP/Epac-d
were treated with 100 nM botulinum toxin B to prevent exocytosis, loaded with the fluoresce
sp) or 10 μM H89 (C). Samples were stimulated with 0.5 mM CaCl2 (calcium) and the fluor
show intensity of fluorescence. Scales are shown on the right (“warm” colors represent high
were localized to the acrosome; fluorescence in themid piece was invariant. Scale bars=5 μm.
ted are the normalized Fluo3 fluorescence variations in the acrosome (ac, red) and themid piece
Bar graphs illustrate the population response to each treatment (mean± SEM; 6–13 cells in th
piece (mp, green) regions at the beginning (0 s, assigned 100%) and 300 s after the initiation of t
value (single group analysis, 95% confidence interval); ns indicates that statistical difference fr
and d of both series; “swollen” (Swo), meaning swollen acrosomes and
illustrated in micrographs b of both series; and “reacted” (Rea), meaning
lost acrosomes and not shown in the micrographs (but see [69]).
ependent and PKA-independent manner. Capacitated, SLO-permeabilized human sperm
nt calcium indicator Fluo3-AM (2 μM) and incubated with 100 nM TAT-cAMP sponge (B,
escence intensity visualized as described in Section 2.10. Images are pseudo-colored to
[Ca2+]). Numbers below the images indicate time in seconds. Changes in fluorescence
Each line graph shows the recording of [Ca2+] changes in the same cell shown above. Plot-
(mp, green) in response to the application of CaCl2 (indicated by vertical arrows) vs. time.

ree experiments). Shown is the relative fluorescence from the acrosomal (ac, red) and mid
he recording. Asterisks indicate significant difference (*P b 0.05; **P b 0.01) from the initial
om the initial value was nonsignificant (P N 0.05).



Fig. 5. Epac stimulation elicits calcium release from the acrosomal store. Experimentswere conducted and data analyzed and plotted as described in the legend to Fig. 4 except that 0.5mM
CaCl2 was replaced by 200 μM6-Bnz-AMPc (6-Bnz, A) or 50 μM8-pCPT-2′-O-Me-cAMP (8-pCPT, B, C). C, cells were treatedwith 6.7 nManti-Epac antibodies for 15min at 37 °C before the
cAMP analog. Bar graphs illustrate the population response to each treatment (mean± SEM; 7–17 cells in three experiments). Asterisks indicate significant difference (***P b 0.001) from
the initial value (single group analysis, 95% confidence interval); ns indicates that statistical difference from the initial value was nonsignificant (P N 0.05).
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3.3. Progesterone, R-Rab3A, and the calcium ionophore A23187 activate
Rap1 during the exocytotic cascade

Based on data gathered with SLO-permeabilized cells, we have put
together a model for some of the biochemical events during the AR in
human spermwherewe propose that they are organized in a bifurcated
pathway. cAMP/Epac sit at a central point of the signaling cascade after
which the exocytotic pathway splits into two limbs that must act in
concert to achieve exocytosis. Each limb is headed by a small GTPase:
the limb that culminates on the productive assembly of the fusion
machinery begins with the activation of Rab3; the limb that elicits
the release of intracellular calcium starts with the activation of Rap1
[8,47]. Rab27, another secretory Rab, acts upstream of Rab3 [11]. We
have developed a far-immunofluorescence technique that allows
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simultaneous determination of the activation status and localization of
Rabs 3 and 27 [11] and Rap1 [47] in individual cells. Briefly, themethod
consists of overlaying sperm fixed on slides with protein cassettes cor-
responding to active small GTPase-binding domains from known effec-
tors, fused to GST. These activity probes are subsequently detected by
indirect immunofluorescence with anti-GST antibodies. A similar ap-
proach has been described to assess the activation status of Ras2 in Sac-
charomyces cerevisiae [23]. Bymeans of this technology, we have shown
that Rap1 exchanges GDP for GTP in response to the initiation of the AR
with external calcium in SLO-permeabilized human sperm [47]. Rap1 is
the Rap isoform predominantly pulled down by Ral-GDS-RBD [21]. Only
Rap1 has been described in human sperm [8]. In addition, the acrosomal
Rap-GTP signal is erased by preincubation with anti-Rap1 antibodies
[47]. Thus, we conclude that Rap1 is likely the isoform detected by
Ral-GDS-RBD in human sperm and therefore we will refer to active
Rap1 throughout this manuscript.

We conducted far-immunofluorescence assays to ask whether Rap1
is activated in response to AR inducers in non-permeabilized sperm.
Ral-GDS-RBD detected active Rap1 in the acrosomal region of a small
population of resting cells. The percentage increased significantly
upon incubation with progesterone or A23187 (Fig. 3A). Likewise, per-
meable, geranylgeranylated and active Rab3A increased in 25 ± 3.65%
above the control the number of cells with acrosomal Rap1-GTP
(Fig. S1, top black bar). The activation of Rap1 in the acrosomal region
was comparable to that achieved by progesterone (22.25 ± 2.66%
above the control, gray bar). Taken together, these results suggest that
the activation of Rap1 is an essential step in the exocytosis cascade trig-
gered by all AR inducers.

3.4. Progesterone promotes the activation of Rap1, Rab3, and Rab27 via
cAMP-dependent pathways

Because of its relevance as physiological AR trigger, we focused on
progesterone to conduct the experiments we will describe next. To de-
termine whether this inducer requires cAMP to activate Rap1, we car-
ried out far-immunofluorescence experiments similar to the ones
described above but depleting sperm from cAMP by preincubation
with the TAT-cAMP sponge. Ral-GDS-RBD detected active Rap1 in 12%
of resting cells. The percentage increased to 55% upon treatment with
progesterone. The sponge prevented progesterone from activating
Rap1 (Fig. 3B). Preincubationwith the TAT-sponge also inhibited the ac-
tivation of Rap1 by R-Rab3A (Fig. S1, bottom black bar). These results
suggest that the mechanism involved in Rap1 activation elicited by
the two AR inducers requires cAMP.

Next, we asked whether progesterone activates Rabs3 and 27 to ac-
complish the AR. We replaced Ral-GDS-RBD by a Slac2-b-SHD cassette
that binds Rab27-GTP and found that this was the case (Fig. 3C). Like-
wise, far-immunofluorescence experiments using RIM-RBD as activity
probe showed that Rab3 was activated in the acrosomal region in re-
sponse to progesterone (Fig. 3D). In both cases, preincubation with
the TAT-cAMP sponge abolished the stimulatory effect of progesterone
on the activation of secretory Rabs. Taken together, our data indicate
that the signaling cascade initiated by progesterone activates all three
small G proteins and that it does so via a cAMP-mediated mechanism.
Fig. 6. PLCε is required for the AR downstream of Rap1 and upstream of intra-acrosomal calciu
antibodies to PLCε as described in Section 2.8 (see legend to Fig. 1D). (B) Permeabilized human
bodies. The ARwas initiated with 0.5 mM CaCl2, incubating as before. (C) Sperm were incubate
50 μM 8-pCPT-2′-O-Me-cAMP (8-pCPT) (top black bar). Alternatively, spermatozoa were treat
bating 10 min at 37 °C after each addition (bottom black bar). (D, E) Sperm were loaded with
bodies (E) and 453 μg/ml (283 nM) Rap1 peptide (black bars). Sampleswere incubated for 8mi
for 10min at 37 °C. The ARwas initiatedwith 0.5mMCaCl2 followed by 6.7 nManti-PLCε antibo
photolysis of the chelator was induced (hν, black bar). (B–F) The AR was measured as describe
iments. Controls (gray bars) include background AR (control) in the absence of any stimulation
hibition by134nManti-Rap1, 6.7 nManti-PLCε antibodies, 15 μMU73122, or NP-EGTA-AM in th
rescue of the anti-Rap1 antibodies by the Rap1 peptide and recovery of the AR in sperm loadedw
0.001; F, P b 0.5).
The importance of these findings is twofold: first, they contribute to
the biochemical characterization of the exocytotic cascade triggered
by progesterone during the AR. Second, they point to the robustness
and reliability of the SLO-permeabilized sperm model to elucidate the
signal transduction pathways that drive the AR.

3.5. Progesterone activates Rap1 via an Epac-dependent and PKA-
independent pathway

Because the activation of spermRap1 by progesteronewasmediated
by cAMP, we investigatedwhichwas the target involved. The treatment
of human spermwith the PKA-selective analog 6-Bnz-cAMP did not re-
sult in the activation of endogenous Rap1. Furthermore, progesterone
continued to augment the percentage of cells with Rap1-GTP in the
acrosomal region even after pretreatment with H89, an isoquinoline
sulfonamide that selectively inhibits PKA (Fig. 3E). These results suggest
that the cAMP-dependent increase in Rap1-GTP elicited by progester-
one was not due to the activation of PKA. We measured a strong
activation of Rap1 within 15 min of exposure to the Epac-selective
analog 8-pCPT-2′-O-Me-cAMP (Fig. 3E). These data demonstrate that
the activation of sperm Epac leads to the exchange of GDP for GTP on
endogenous Rap1. Despite the fact that the AR elicited by progesterone
in human sperm is sensitive to H89 [9], it would appear that the path-
way involving PKA does not include the activation of Rap1.

3.6. Acrosomal calcium is mobilized by a cAMP/Epac-dependent and PKA-
independent pathway

Our next goal at this point was to fill in the gaps between cAMP and
intra-acrosomal calciummobilization in the AR signaling pathway. This
is better achieved in the SLO-permeabilized sperm model because it is
more versatile than live preparations. Simply bathing permeabilized
sperm suspended in an isotonic buffer with 0.5 mM CaCl2 elicits exocy-
tosis. Preincubation with the TAT-cAMP sponge inhibited calcium-
triggered exocytosis in a dose–response fashion, reaching maximum
inhibition at 100 nM (Fig. S2A). Therefore, we selected this concentra-
tion of the TAT-cAMP sponge for the remaining experiments.

Sequestering endogenous cAMP should halt the AR at a step prior to
intra-acrosomalmobilization.We tested this predictionwith the photo-
sensitive calcium chelator NP-EGTA-AM. In the SLO-permeabilized
human spermmodel, this reagent crosses the plasma and outer acroso-
mal membranes, accumulates inside the acrosome, and prevents the AR
triggered by all inducers by sequestering intra-acrosomal calcium for as
long as the system is kept in the dark. UV photolysis of NP-EGTA-AM
rapidly replenishes the acrosomal calcium pool, resuming exocytosis
[1,16,25]. In NP-EGTA-AM-loaded permeabilized sperm, the TAT-
cAMP sponge blocked exocytosis when added before, but not after, ini-
tiating the AR with calcium (Fig. S2B). These data confirm that cAMP
plays its role in exocytosis prior to intra-acrosomal calcium efflux. In
the next section, we investigated if and how does cAMP drive intra-
acrosomal calciummobilization.

Fluo3-AM is an intracellular calcium indicator that is practically non-
fluorescent in its ligand-free form. When sperm with their plasma
membrane permeabilized with SLO are exposed to Fluo3-AM, the dye
m mobilization. (A) Human sperm were immunostained with (top) or without (bottom)
spermwere treated for 15 min at 37 °C with increasing concentrations of anti-PLCε anti-
d with 6.7 nM anti-PLCε antibodies for 15 min at 37 °C and subsequently challenged with
ed with 6.7 nM anti-PLCε antibodies, 0.5 mM CaCl2 and 5 μM adenophostin A (AdA) incu-
134 nM anti-Rap1 antibodies, 0.5 mM CaCl2, 15 μM U73122 (D), or 6.7 nM anti-PLCε anti-
n at 37 °C after each addition. (F) Spermatozoawere loadedwith 10 μMNP-EGTA-AM(NP)
dieswith 15min at 37 °C incubations. All procedureswere carried out in the dark. Last, UV
d in Section 2.7. The data represent the mean ± SEM of at least three independent exper-
; AR stimulated by 0.5 mM CaCl2 (calcium) or 50 μM 8-pCPT-2′-O-Me-cAMP (8-pCPT), in-
e dark, and the inhibitory effect of the blockerswhen present throughout the experiments;
ith NP-EGTA-AMon illumination. Different letters indicate statistical significance (C–E, P b
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diffuses into the acrosome and the mitochondria in the mid piece,
where esterases remove the AM moiety and thus trap the sensor.
Once inside these organelles, Fluo3 becomes fluorescent upon binding
to calcium. Thanks to the SLOpermeabilization protocol, we can actually
visualize the human sperm acrosomal calcium store with Fluo3-AM
(Figs. 4, 5, 7, S3 and [16,35,41,47]). This is more difficult to achieve in
non-permeabilized sperm, where cytosolic esterases remove the AM
moiety, trapping membrane impermeant Fluo3 in the cytosol. The
concentration of calcium in the granule remained high and without ap-
preciable changes in concentration during 5 min incubation at 37 °C
(data not shown but see [47]). Extracellular calcium, the AR inducer
used in the experiments shown in Fig. S2, depleted the acrosomal calci-
um store in 3–5 min (Fig. 4A). To avoid confusion in the read out be-
tween calcium signal loss (due to efflux from the acrosome) and
acrosomal loss (due to exocytosis), we performed these measurements
in the presence of botulinum toxin B, a late AR blocker. The mid piece
harbors the sperm mitochondria; as expected, calcium from this reser-
voir was not mobilized in response to the onset of exocytosis (Figs. 4,
5, 7 and S3, mp, green lines/bars). When cAMP was sequestered by
the TAT-cAMP sponge, external calcium failed to induce vesicular calci-
um efflux (Fig. 4B). Who is the target cAMP binds to? It does not appear
to be PKA, because inhibiting its catalytic activitywithH89did not inter-
fere with external calcium-triggered intra-acrosomal calciummobiliza-
tion (Fig. 4C), nor did treatment with the PKA-selective analog 6-Bnz-
cAMP mobilize calcium (Fig. 5A). In contrast, incubation with the
Epac-selective analog 8-pCPT-2′-O-Me-cAMP readily evoked internal
calcium mobilization (Fig. 5B). These results indicate that cAMP pro-
vokes intra-acrosomal calciummobilization via the activation of its tar-
get Epac. Last, we preincubated the cells with anti-Epac antibodies
before challenging with 8-pCPT-2′-O-Me-cAMP; under these condi-
tions, the analog failed tomobilize calcium (Fig. 5C). In short, our results
provide direct evidence that cAMP and its target Epac are essential
components of the signaling pathway that mobilizes intra-acrosomal
calcium to achieve exocytosis.

3.7. A PLCε is required for the AR downstream of Rap1 and upstream of
intra-acrosomal calcium mobilization

What are the missing components of the signaling pathway that
joins cAMP/Epac with intracellular calcium mobilization? Rap1-GDP
serves as a substrate for cAMP/Epac and therefore Rap1-GTP is likely
to be one such component. What would its target be? Calcium is mobi-
lized from the acrosome through IP3-sensitive channels [16,47]. There-
fore, our first candidate was PLCε, because it is both a Rap effector and
one of the enzymes that hydrolyzes PIP2 to generate IP3. PLCε has
been detected in a mouse testis transcriptome enriched in germ cells
[52] and in mouse type A spermatogonia, pachytene spermatocytes,
and round spermatids RNAs [66]. In addition, a probe detected PLCε
on a chip that contains mRNAs from human germ cells (http://biogps.
org/dataset/GSE1133/). We investigated the presence of this enzyme
in human sperm by indirect immunofluorescence and found it to local-
ize, although not exclusively, to the acrosomal region (Fig. 6A, top, red).
This is the subcellular localization expected of a protein with a role in
the AR. Next, we introduced anti-PLCε antibodies into SLO-
permeabilized human sperm and monitored their effect on the
calcium-triggered AR. Sequestration of sperm PLCε by specific antibod-
ies inhibited calcium-triggered exocytosis in a dose–response fashion,
reaching maximum inhibition at 6.7 nM (Fig. 6B). Therefore, the re-
maining experiments were conducted with this concentration. The AR
elicited by 8-pCPT-2′-O-Me-cAMP was also sensitive to 6.7 nM anti-
Fig. 7. 8-pCPT-2′-O-Me-cAMP requires Rap1 and PLCε to mobilize calcium from the acrosomal
legend to Fig. 4 except that 0.5 mM CaCl2 was replaced by 50 μM 8-pCPT-2′-O-Me-cAMP (8-p
U73122 (C), or 6.7 nM anti-PLCε antibodies (D) for 15 min at 37 °C before adding the cAMP a
15 cells in three experiments). Asterisks indicate significant difference (***P b 0.001) from the i
ference from the initial value was nonsignificant (P N 0.05).
PLCε antibodies (Fig. 6C, top black bar). The anti-PLCε antibodies we se-
lected for this study are raised against a peptide located in the RA2 do-
main of the protein, which is not present in other PLC isoforms [56].
Thus, the chances that the inhibitory effect of the anti-PLCε antibodies
might be due to cross-reactivity with other PLCs are low. Nevertheless,
we carried out experiments identical to those summarized in Fig. 6B
and C but substituting the anti-PLCε by anti-PLCγ1 antibodies in an ef-
fort to confirm the specificity of the effect of the former. We selected
anti-PLCγ1 antibodies raised against a peptide not present in PLCε.
These antibodies did not inhibit the AR triggered by calcium or 8-
pCPT-2′-O-Me-cAMP (Fig. S3A-B). In short, our data indicate that PLCε
is necessary for the human sperm AR.

We hypothesized that signaling through PLCε, with the ensuing pro-
duction of IP3, drives the intracellular calciummobilization required for
theAR. If thiswas the case, then anti-PLCε antibodies blocked exocytosis
because they prevented calciummobilization.We tested this possibility
with an indirect (AR assay, Fig. 6C and F) and a direct (calcium mobili-
zation, Fig. 7D) approaches. In AR assays, the IP3 receptor agonist
adenophostin A (AdA) promotes intravesicular calcium release and res-
cues the blockage on calcium-triggered exocytosis imposed by anti-
Rap1 antibodies [8,47]. The sole addition of adenophostin A rescued
exocytosis impaired by anti-PLCε antibodies (Fig. 6C, bottom black
bar), supporting the notion that the end point of the PLCε-catalyzed
step is the mobilization of intracellular calcium.

To narrow down the step in the cascade where PLCε is required, we
exploited a remarkable feature of the permeabilized sperm model that
confers the ability of reversibly halting exocytosis at specific stages
(see [8,11,47] for examples of reversible pairs previously used to study
stage-specific components of the AR). In this case, we used anti-Rap1
antibodies, known to block the AR in SLO-permeabilized human
sperm [8,35,47], as the inhibitor component and the peptide against
which the antibodies were raised as the rescue component of the
reversible pair. Anti-Rap1 antibodies preincubated with this peptide
are unable to block the AR [8]. Here we show that the Rap1 peptide
was able to rescue the inhibitory effect of the antibodies when added
to permeabilized sperm at the end of the incubation, demonstrating
that the anti-Rap1/Rap1 peptide behaves as a suitable reversible pair
(Fig. 6D, E). The mechanism is as follows: the antibodies sequester en-
dogenous Rap1 and impair its actions, halting the AR at the stage
when Rap1 is required; Rap1 peptide added at the end of the incubation
displaces the antibody from sperm Rap1 and allows the exocytotic cas-
cade to resume.

If the target of the inhibitor to test is required before Rap1, the
reaction will not be inhibited by adding it after anti-Rap1 and calcium
(sequence of additions: anti-Rap1 → calcium → inhibitor to
test → Rap1 peptide). On the contrary, if the target is required after
the AR has progressed up to the step when Rap1 is required, the inhib-
itorwill arrest the reaction in amanner that theRap1peptidewill not be
able to overcome. To ask whether a PLC activity is required after Rap1,
we tested the effect of U73122, an inhibitor of multiple
phosphatidylinositol-specific PLC isoforms, in the context of the anti-
Rap1/Rap1 peptide reversible pair. The AR was inhibited (Fig. 6D,
black bar), which suggests that a PLC is necessary downstream of
Rap1. Next, we conducted similar experiments but replacing U73122
by anti-PLCε antibodies. Once again, the Rap1 peptide was unable to
overcome the exocytotic block (Fig. 6E, black bar). These results indicate
that PLCε exhibits its role in the AR downstream that of Rap1.

AR inducers trigger a cascade that activates PLCε through the path-
way cAMP/Epac/Rap1/PLCε. The results shown in Fig. 6C (anti-PLCε →
calcium→AdA) suggest that the site of the cascadewhere PLCε exhibits
store. (A) Experiments were conducted and data analyzed and plotted as described in the
CPT). SLO-permeabilized cells were treated with 134 nM anti-Rap1 antibodies (B), 15 μM
nalog. Bar graphs illustrate the population response to each treatment (mean ± SEM; 5–
nitial value (single group analysis, 95% confidence interval), ns indicates that statistical dif-

http://biogps.org/dataset/GSE1133/
http://biogps.org/dataset/GSE1133/
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its role is upstream intra-acrosomal calcium mobilization. In other
words, intracellular calcium mobilization is a consequence of the
activation of PLCε. To confirm this view, we performed experiments
similar to those summarized in Fig. S2B, but substituting the TAT-
cAMP sponge by anti- PLCε antibodies. In the dark, NP-EGTA is active,
chelates intra-acrosomal calcium and maintains it temporarily unavail-
able. Thus, initiating the ARwith external calcium in sperm loadedwith
thephotosensitive chelator puts the exocytotic cascade intomotion. The
cascade, however, cannot advance beyond the stage when intra-
acrosomal calcium is required unless the chelator is destroyed by illumi-
nation. Sequestration of PLCε after challenging NP-EGTA-AM-loaded
sperm with external calcium did not prevent the AR resumed by UV
light. We interpret these findings as indicative that, before we added
the antibody, external calcium had triggered a cascade that activated
PLCε. As a consequence, PLCε hydrolyzed PIP2 to generate IP3, and this
opened IP3-sensitive calcium channels in the acrosomal membrane.
When the photosensitive intra-acrosomal calcium chelator was
destroyedwith UV light, intravesicular calciumwas available for release
and the ARwas resumed (Fig. 6F, black bar). In the control condition,we
added anti-PLCε antibodies to sperm loaded with NP-EGTA-AM and in-
cubated for 15 min before treating with external calcium. Under these
conditions, the cascade halted at the stage when PLCε should hydrolyze
PIP2, which presumably did not happen because somehow the antibod-
ies prevented the reaction. Thus, there was no IP3, no opening of sensi-
tive channels and therefore no AR after destroying NP-EGTA with UV
light (Fig. 6F, NP → anti-PLCε → calcium → hν). These results suggest
that the role of PLCε in theAR is to catalyze a step upstreamcalciummo-
bilization from the acrosome.

3.8. Rap1 and PLCε connect cAMP/Epac to intra-acrosomal calcium
mobilization

As stated above, we hypothesize that IP3 generated by hydrolysis of
PIP2 by PLCε drives the intracellular calcium mobilization required for
theAR. If thiswas the case, then anti-PLCε antibodies blocked exocytosis
because they prevented calciummobilization. The predictions extend to
Rap1, which operates between Epac and PLCε. We scrutinized intracel-
lular calcium mobilization directly by single-cell confocal microscopy
using the fluorescent sensor Fluo3-AM as described earlier. The activa-
tion of Epac with the selective analog 8-pCPT-2′-O-Me-cAMP induced
the efflux of calcium from the acrosome in SLO-permeabilized sperm
(Figs. 5B, 7A and S3C). Preincubation with anti-Rap1 antibodies
prevented it (Fig. 7B). Loading SLO-permeabilized sperm with U73122
(Fig. 7C) or anti-PLCε antibodies (Fig. 7D) abolished the capacity of
the Epac activator to mobilize intracellular calcium. Used at the same
concentration as anti-PLCε, anti-PLCγ1 antibodies did not interfere
with calcium mobilization (Fig. S3D). These findings lend further sup-
port to the view that the effect of the anti-PLCε antibodies is specific.
Taken together, our results suggest that cAMP/Epac/Rap1/PLCε/IP3 con-
stitute a signalingmodule that governs the intravesicular calciummobi-
lization essential for sperm exocytosis. A diagram illustrating our
currentmolecularmodel for theAR that highlights thefindings reported
here is supplied in Fig. 8.

4. Discussion

An influx of calcium into the cytosol through channels in the plasma
membrane almost universally triggers the fusion of secretory vesicles
with the cell membrane. Frequently, calcium mobilized from internal
sources is also necessary for exocytosis (see Section 1). The sperm
model is ideally suited to address the question of how does cAMP con-
nect to calcium mobilization because (i) exocytosis can proceed in the
absence of external calcium (which eliminates potentially confounding
recordings), (ii) the acrosome itself is a reservoir of releasable calcium,
and (iii) sperm do not undergo any trafficking processes other than
exocytosis.
The overexpression of proteins and ablation or silencing of genes
that encode themarewidely used in the exocytosis field. In sperm, how-
ever, only pre-made proteins can be delivered to the intracellular com-
partments through artificial pores or coupled to cell permeable
peptides.We have used both technologies to generate the data present-
ed here. Cell-penetrating peptides, also known as protein transduction
domains, efficiently transport cargo inside living cells [4]. Typically, pro-
tein transduction domains, such as TAT fromAIDS virus, are rich in basic
residues [27]. The delivery of a permeant version of Rab3A to live
human sperm pioneered the application of this technique in gametes
[34]. A screening of the incorporation of several cell-penetrating pep-
tides into sperm was recently published [28]. Here we describe a
cAMP buffer that penetrates into human sperm thanks to this mecha-
nism and abolishes cAMP-mediated functions because it captures the
endogenous secondmessenger from the cytosol. The TAT-cAMP sponge
inhibits the AR triggered by progesterone in a dose–response fashion
(Fig. 2A). The response to progesterone was abolished by 100 nM
TAT-cAMP sponge, the same concentration that prevented calcium-
triggeredAR in SLO-permeabilized sperm (Fig. S2A). These observations
suggest that transduction of the TAT-cAMP sponge across the plasma
membrane in non-permeabilized sperm was at least as efficient and
quantitative as was its diffusion in permeabilized cells. Although it
was expected that the sponge permeated into the entire sperm cell, it
appears to have accumulated mainly in the acrosomal region (Fig. 1D).
Interestingly, this localization coincides with that described for the en-
dogenous RIβ subunit in bovine sperm [64]. The TAT-cAMP sponge can-
not bind sperm AKAPs because it lacks the amino-terminal D2 domain
essential for such interaction [50], nor can it bind (amino acids 94–
169 and 236–244) or inhibit (amino acids 94–97) the catalytic subunit
because it lacks the initial amino acids required for the R-C interaction
[59]. Thus, we conclude that the effect of the TAT-cAMP sponge is due
to its capacity to sequester endogenous cAMP. Direct evidence in sup-
port of this mechanism comes from the experiments summarized in
Fig. 2C, where we show that the inhibitory effect of the sponge is
abolished by saturating it with cAMP.

Both progesterone and the calcium ionophore A23187 rely on the
synthesis of cAMP by sAC to elicit exocytosis in human sperm (Fig. 2E-
H and [8,60]). We had reported earlier that digestion of endogenous
cAMP with recombinant cAMP-specific phosphodiesterase 4D [9] or in-
hibition of its synthesis with the sAC blocker KH7 [8] prevents calcium
from accomplishing the AR in SLO-permeabilized sperm. A comparison
with results obtainedwith sAC−/−mouse sperm are discussed in a pre-
vious publication [8]. It has been proposed that sAC synthesizes cAMP in
the tail and that this cAMP binds PKA to elicit the protein phosphoryla-
tion events that correlate with capacitation in mouse [65] and human
[3] sperm. A transmembrane AC would be responsible for the synthesis
of cAMP in the mouse sperm head. Blocking this activity with SQ22536
does not prevent the AR triggered by A23187 [65]. Unfortunately, KH7
was not tested in the mouse studies, and therefore whether the appar-
ent discrepancies with the human are due to different models or to
some other reason cannot be ascertainedwith the information currently
available. In any case, what we know beyond any doubt is that sperm
exocytosis elicited by all inducers tested, notably progesterone, requires
cAMP.

Cyclic AMP modulates exocytosis in secretory cells by PKA-
dependent and/or PKA-independentmechanisms, the latter aremediat-
ed by Epacs. In human sperm, calcium-induced AR is mediated by
cAMP/Epac and independent of PKA [9]. Raps (Rap1a, b and Rap2a, b,
c) are small molecular weight GTPases of the Ras family. Raps serve as
substrates for Epac's enzymatic activity. The presence and localization
of Epac and Rap isoforms in mammalian sperm has been recently
reviewed [61]. A large body of evidence shows that the signaling mod-
ule cAMP/Epac/Rap governs many biological responses in a variety of
cells. Yet its relevance in regulated exocytosis has only been scrutinized
in a handful of studies: Epac2A/Rap1 are required for cAMP/Epac-
dependent potentiation of insulin secretion [19,55] and intracellular



Fig. 8. Updatedworkingmodel for the AR. Calcium enters the cell from the extracellular milieu through calcium channels opened in response to progesterone, through the SLO-generated
pores or is transported by the calcium ionophoreA23187. Downstream this calciumwefind sAC,which converts ATP into cAMP. Cyclic AMP synthesized by sAC activates Epac and here the
signaling pathway splits into two limbs. In one of them, Epac catalyzes the exchange of GDP for GTP on Rap1. In the other, secretory Rabs are activated. Rap1-GTP heads a pathway that
leads to acrosomal calciummobilization. This pathway includes, but is not restricted to, a PLCε and its reaction product IP3 (“calciumefflux” in the Figure). Rab27-GTPheads a pathway that
leads to the correct assembly of the fusionmachinery. This pathway includes the exchange of GDP forGTP onRab3 and several other reactions not represented in thediagram for simplicity
(“fusion competent SNAREs” in the Figure). Rab3A-GTP connects both pathways by activating Rap1 on the other limb. The step catalyzed by active SNAREs converges with the local in-
crease in calcium coming from the acrosome downstreamof Rap1-GTP/PLCε/IP3 to accomplish thefinal steps ofmembrane fusion (“AR” in the Figure). AR blockers used in thismanuscript
are shown in light gray. Adenophostin A (red) binds IP3-sensitive channels and mobilizes acrosomal calcium pharmacologically. Also in red are the AR inducers progesterone, A23187, R-
Rab3A-GTPγ-S, and 8-pCPT-2′-O-Me-cAMP. PM, plasmamembrane; OAM, outer acrosomal membrane. Solid arrowsmean there is one step between the terms connected, dashed arrows
mean that the number of steps is either unknown or not depicted for simplicity. Modified from Ruete et al. [47].
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calciummobilization [18]. Epac1/Rap1 are required for pancreatic amy-
lase [48] and non-amyloidogenic-soluble form of the amyloid precursor
protein α [36] release. Epac1/Rap2 contribute to chlorine secretion in
human intestinal epithelial cells [24]. Epac/Rap1 control cAMP-
mediated exocytosis of Weibel–Palade bodies in endothelial cells [62]
and the secretion of hepatic FGF21 elicited by glucagon [15]. The AR elic-
ited by 8-pCPT-2′-O-Me-cAMP, recombinant Rab3A-GTP-γ-S, and calci-
um requires endogenous, active Rap1. The amount of Rap1-GTP pulled
down from cells challenged with 8-pCPT-2′-O-Me-cAMP in human
(50 μM, 15 min, [8]), mouse (500 μM, 15 min, [2]), and boar (50 μM,
2 h, [38]) sperm is substantially higher than that from untreated con-
trols. Active Rap1 localizes to the acrosomal region upon challenging
SLO-permeabilized spermwith calcium [47]. Herewe show that proges-
terone and A23187 augment the percentage of non-permeabilized
sperm cells exhibiting acrosomal Rap1-GTP (Fig. 3A, B, E). Activation re-
quires cAMP (Fig. 3B) but not PKA (Fig. 3E). The stimulation of Epacwith
8-pCPT-2′-O-Me-cAMP is sufficient to achieve Rap1 activation in a high
percentage of sperm (Fig. 3E). Recombinant R-Rab3A-GTP-γ-S
promotes the exchange of GDP for GTP on Rap1 (Fig. S1) and the AR
(Fig. 2D) in a cAMP-dependent manner. In the last few years, it became
appreciated that Rap1 proteins serve in interconnected signaling net-
works [36,44]. The only references to a possible connectivity between
Rabs3 or 27 with Rap1 are indirect insofar as they describe the interac-
tions between Rap1GAP2 and the Rab27 effectors synaptotagmin-like
protein 1 [40] and 2 [67]. Here we presented direct evidence of the con-
nection between Rab3A and Rap1 during secretion. The pathway ap-
pears to be unidirectional because Rap1 is not required to exchange
GDP for GTP on Rab3 [8].

External calcium is dispensable for the AR elicited by cAMP [9], re-
combinant Rab3A [16,34], Arf6 [41], and diacylglycerol [35], but internal
calcium is not. Nevertheless, intracellular calcium mobilization alone
does not trigger secretion. In sperm with their plasma membrane
permeabilized with SLO, cAMP, but not PKA, is required to mobilize cal-
cium from the granule (Figs. 4 and 5). One important caveat to the inter-
pretation of findings obtained using PKA inhibitors is that they can only
establish PKA-independence but cannot definitively establish a role for
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Epac. Here we present direct evidence that cAMP/Epac/Rap1 mobilize
calcium from the acrosome because the stimulation of sperm's Epac
with 8-pCPT-2′-O-Me-cAMP suffices to elicit intra-acrosomal calcium
efflux shortly after the application (Fig. 5B). Anti-Epac (Fig. 5C) and
anti-Rap1 (Fig. 7B) antibodies antagonize this effect. Intravesicular cal-
cium mobilization exhibits a lag time that is not due to the kinetics of
cAMP diffusion. First, we took great care in mixing the drugs with the
bathing solution rapidly to accomplish homogeneous concentration.
Second, cellswere permeabilizedwith SLO so that access to the cytosolic
compartment was not slowed by diffusion across the plasma mem-
brane. Thus, the delaymust reflect the latency of signaling events down-
stream of Epac. Unlike excitable cells, sperm do not have their secretory
granules in close proximity to the plasmamembrane primed for imme-
diate exocytosis. Instead, the initiation of exocytosis must accomplish
the activation of the fusion machinery and concomitant approximation
of the acrosome to the plasma membrane achieved via swelling of the
acrosomal contents followed by docking. Swelling is cAMP dependent
(Fig. 2E-H) and rate limiting [57].

In SLO-permeabilized human sperm, the AR elicited by calcium, per-
sistently active Arf6 [41] and Rab3A, 8-pCPT-2′-O-Me-cAMP [8], diacyl-
glycerol and a non-hydrolyzable analog [35], is sensitive to the PLC
blocker U73122. Furthermore, 8-pCPT-2′-O-Me-cAMP elicits a calcium
signal in non-permeabilized sperm; this signal is abrogated by U73122
[8]. Here, we moved several steps forward and identified the presence
and localization of the ε isoform of PLC in human sperm (Fig. 6A).
PLCε is required for the AR triggered by calcium and 8-pCPT-2′-O-Me-
cAMP (Fig. 6B, C). Furthermore, 8-pCPT-2′-O-Me-cAMP failed to mobi-
lize intra-acrosomal calcium in sperm treated with U73122 (Fig. 7C)
or anti-PLCε antibodies (Fig. 7D). Likewise, experiments conducted
with pancreatic islets from PLCε−/− mice demonstrated the require-
ment of this enzyme downstream of Epac2/Rap1 for the potentiation
of glucose-induced insulin release and intracellular calcium mobiliza-
tion [18,19]. There is also pharmacological evidence of the requirement
of a PLC for Epac1/Rap2-regulated chlorine secretion in human intesti-
nal epithelial cells [24]. Thus, it is tempting to interpret the relationship
between Epac, Rap1, and PLCε as molecular links between the two uni-
versal second messengers calcium and cAMP.

5. Conclusions

Our findings indicate that Epac activation by cAMP leads to the
exchange of GDP for GTP on Rap1 in the acrosomal region of the
sperm, with the subsequent recruitment and/or activation of a PLCε
activity. This enzyme hydrolyzes PIP2 to generate IP3, which binds IP3-
sensitive channels and promotes the release of calcium stored in the
acrosomal granule. cAMP also mediates the activation of endogenous
Rabs 3 and 27, mandatory events in the exocytotic cascade. The efflux
of calcium from the acrosome and the assembly of the fusionmachinery
converge to accomplish the fusion of the acrosome to the plasmamem-
brane (Fig. 8). The contribution of this paper to the spermbiologyfield is
the characterization of signaling pathways through which the physio-
logical trigger progesterone achieves the AR; of particular relevance is
the finding that it requires endogenous cAMP and three small GTPases.
The contribution of this paper to the exocytosis field is to have generat-
ed direct evidence for the role of each and every component of the sig-
naling module cAMP/Epac/Rap1/PLCε in dense-core granule secretion.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.bbamcr.2015.12.007.
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