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Abstract Mammalian spermatozoa acquire full fertiliz-
ing ability only after a morphofunctional maturation called
“capacitation.” During this process the high level of
bicarbonate present within the upper female genital tract or
in culture medium induces a marked reorganization of
sperm membranes characterized by a biphasic behavior: In
a few minutes, it promotes membrane phospholipid
scrambling preliminary to the apical translocation of sterol
that, 2—4 h later, enables spermatozoa to recognize zona
pellucida after albumin-mediated cholesterol extraction. In
the present research it was demonstrated that spermatozoa
incubated with bicarbonate in protein-free media under-
went a marked reorganization of lipid microdomains
present in a detergent-resistant membrane fraction (DRM)
isolated by ultracentrifugation on sucrose density gradient.
In fact, bicarbonate exposed sperm (ES) cells, compared
with ejaculated spermatozoa (nonexposed sperm [nES]
cells), displayed an increase in protein DRM content and,
in particular, in Cav-1 and CDS55, markers of caveolae and
lipid rafts, as well in acrosin-2, a marker of the outer
acrosomal membrane (OAM). Moreover, the amount of
certain proteins involved in capacitation, such as the
endocannabinoid system receptors cannabinoid receptor
type 1 (CBR1) and transient receptor potential cation
channel 1 (TRPV1), increased in DRM obtained from ES.
These data allow us to hypothesize that sperm membrane
reorganization takes place even in the absence of
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extracellular proteins; that not only the plasma membrane
but also the OAM participate in this process; and that
important molecules playing a key role in inside—out sig-
naling, such as the endocannbinoid receptors TRPV1 and
CBR1, are involved in this event, with potentially impor-
tant consequences on sperm function.
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Introduction

In mammals, the spermatozoa gain full fertilizing ability
only after they reside for a relatively long period (from
hours to days, depending on the species) within the female
genital tract. During this time the male gametes undergo an
important series of morphofunctional modifications, known
as “capacitation,” involving all the subcellular compart-
ments. In particular, the sperm membranes change their
architecture: The plasma membrane (PM) and the outer
acrosome membrane (OAM) become more unstable and
gradually acquire the ability to fuse with each other
(Gadella 2008; Gadella et al. 2008) only when the glyco-
protein coat of the oocyte, the zona pellucida (ZP), is met.
As a consequence, the exocytosis of acrosomal content, the
so-called acrosome reaction (AR), takes place.

At present, the biochemistry of sperm membrane reor-
ganization is still poorly understood and the information
now available consists of a two-step model (Flesch et al.
2001). In the presence of high levels of bicarbonate, a sol-
uble adenylate cyclase (sAC) is activated, triggering the
production of cAMP and activating protein kinase A (Chen
et al. 2000). This cAMP-dependent pathway leads to the
activation of phospholipid scrambling in the apical plasma
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membrane via a still unclear pathway, facilitating the
relocalization of cholesterol over the spermatozoa head
(Gadella and Harrison 2002). Cholesterol redistribution
seems to be a key event in the completion of sperm
capacitation, and it is preliminary to the cholesterol
extraction that takes place only in the presence of protein
acceptors. As a consequence, the membranes change their
physicochemical proprieties, the lipid disorder and the flu-
idity increase and PM and OAM fusion becomes possible.

This model has been confirmed by several investigations
(Gadella 2008; Gadella et al. 2008), even if what happens
in the interval between the bicarbonate-mediated lipid
scrambling and the protein-dependent cholesterol extrac-
tion remains unexplained. In fact, the exposure of phos-
phatidylserine (PS) occurs very rapidly, being clearly
detectable within 5 min and largely complete within
10 min; and the exposure of phosphatidylethanolamine
(PE), albeit with slower kinetics, is completed in 30 min
(Gadella and Harrison 2002). Successively, after 2—4 h, the
protein-mediated cholesterol extraction leads to the com-
pletion of membrane rearrangement and to the acquisition
of spermatozoa fertilizing ability. In addition, it has been
recently proposed (Gadella 2008) that this process involves
specific membrane domains. In fact, the existence of dis-
crete lipid domains (also known as “lipid microdomains’)
enriched in cholesterol and sphingolipids that specifically
compartmentalize the membrane has been proposed in
mammalian sperm, as well as their involvement in the
acquisition of fertilizing ability (Travis et al. 2001; Shadan
et al. 2004; Van Gestel et al. 2005). The lipid composition
confers to these lipid microdomains their characteristic
biochemical properties such as insolubility in non-ionic
detergent (Triton X-100) at 4°C and light buoyant density
after centrifugation in a discontinuous sucrose gradient. At
present, two common types of lipid microdomains have
been proposed: caveolae and lipid rafts. Lipid rafts are flat
domains rich in GPIl-anchored proteins and glyco-
sphingolipids (gangliosides) (Brown 2006) that rely on
lipid—lipid interaction for their formation and detergent
resistance (Linder and Naim 2009). Caveolae are smooth,
flask-shaped, cell-surface invaginations whose formation
seems to be dependent on caveolin oligomerization
(Anderson 1998; Parton and Simons 2007).

The rearrangement of membrane structure seems to act
as a modulator of signaling cascades involved in the
capacitation process. For instance, the function of the
endocannabinoid system, in several cellular systems, has
been found to be modulated by membrane components
(Dainese et al. 2007; Bari et al. 2008). Starting from this
basis, the aim of this work was to clarify the biochemical
events involving membrane architecture in spermatozoa
exposed to bicarbonate before the occurrence of protein-
mediated cholesterol extraction. In addition, the functional
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meaning of these events was explored, studying the bio-
chemical relocalization of two endocannabinoid system
receptors, cannabinoid receptor type 1 (CBR1) and transient
receptor potential cation channel 1 (TRPV1), known to be
involved in capacitation-related spermatozoa signaling.

Materials and Methods
Chemicals

The reagents used (analytical grade) and high-performance
thin layer chromatography (HPTLC) plates (Kieselgel 60)
were purchased from Merck (Darmstadt, Germany). Dul-
becco’s modified Eagle medium (DMEM), fetal bovine
serum (FBS), trypsin, penicillin/streptomycin, 3-(cyclo-
hexylamino)1-propanesulfonic acid (CAPS), 2-(N-mor-
pholino)ethansulfonic acid (MES), phenylmethylsulfonyl
fluoride (PMSF), antiprotease and horseradish peroxidase—
labeled cholera toxin B subunit (HRP-CTB) were from
Sigma (Milan, Italy). Primary antibodies against caveolin-1
(C2297) and flotillin-2 (610383) were from Transduction
Labs (Lexington, KY). CD55 (sc-9156) and vanilloid
receptor 1 (sc-20813) were from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibody against actin (A2066) was
from Sigma. Antibodies against CBR1 (ab40860) and
acrosin (ab1900) were from Abcam (Cambridge, UK).
Antibody against GM130 (Golgi marker), clone-35, was
from Becton Dickinson (Mountain View, CA). Secondary
antibodies for enhanced chemiluminescence (ECL) detec-
tion were anti-mouse, anti-rabbit and/or anti-goat HRP
conjugates from Pierce (Rockford, IL). All material for
electrophoresis was from Bio-Rad (Milan, Italy).

Sperm Collection and Incubation

Semen samples were collected from three boars of proven
fertility. After removal of seminal plasma by two centrif-
ugations (800x g, 10 min), sperm samples were immedi-
ately processed for biochemical analysis (nonexposed
sperm [nES]) or diluted in TCM 199 supplemented with
1.25 mM calcium lactate, 1.25 mM sodium pyruvate and
13.9 mM glucose (Maccarrone et al. 2005), to a final
concentration of 2 x 10® spermatozoa/ml to expose
in vitro the spermatozoa to the bicarbonate ion (exposed
sperm [ES]). Incubation was carried out at 38.5°C in a 5%
CO, humidified atmosphere for up to 4 h. The incidence of
AR recorded before and after exposure to solubilized ZP
for 30 min was used to ascertain the status of sperm
capacitation reached by each sample using the FITC-PSA
(Pisum sativum agglutinin) staining technique (Barboni
et al. 1995; Bernabo et al. 2007). Only sperm samples
displaying an incidence of spontaneous AR < 15% and of
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ZP-induced AR ranging 35-45% were used for the fol-
lowing biochemical analyses.

Membrane-Enriched Fraction Preparation

The membrane-enriched fraction (MEF) was prepared
according to Thaler et al. (2006). Briefly, suspensions of
nES or ES were pelleted (1,000xg, 15 min) and the
supernatant was removed. Then, spermatozoa were washed
in M2 salts (94.66 mM NaCl, 4.78 mM KCI, 1.19 mM
KH,POy,, 1.19 mM MgSO,, 20.85 mM HEPES [pH 7.4])
and pelleted. The sperm pellet was resuspended in hypo-
tonic buffer (2 mM Tris [pH 7.2], 12 mM NaCl) with
protease inhibitors (10 pg/ml aprotinin, 10 pg/ml leupep-
tin, | mM PMSF). The sperm suspension was sonicated six
times for 15 s on ice, with each pulse separated by 1 min.
This was repeated twice, and the cells were homogenized
by pipetting up and down. Following a low-speed spin
(2,500x g, 15 min) to remove cell debris, the supernatant
containing crude sperm membranes was collected and
centrifuged for 60 min at 108,000x g, 4°C. The obtained
pellet contained the MEF.

Soluble and Insoluble Fraction Preparation

The MEFs of nES and ES were utilized for membrane
subfractionation. The membrane pellet was resuspended in
MBS containing protease inhibitors, as above, and the
protein content assayed. A proper volume corresponding to
1 mg cellular proteins was adjusted to 500 pl by mixing
with MBS-containing protease inhibitors. MEF suspensions
were placed on ice, and an equal volume of cold 2% Triton
X-100 in MBS with protease inhibitors was added and
mixed. Tubes were held on ice for 30 min. The cell lysate
was centrifuged at 15,000x g for 30 min at 4°C to separate
the supernatant (soluble fraction) from the pellet (insoluble
fraction) containing the lipid microdomains (Simons et al.
1999).

Preparation of Detergent-Resistant Membrane Fraction

MEFs from nES and ES were submitted to purification of a
detergent-resistant membrane fraction (DRM), which
includes caveolae and lipid rafts. Flotation gradients were
prepared as described by Thaler et al. (2006) with minor
modifications. Briefly, MEFs were resuspended in MES-
buffered saline (MBS: 25 mM MES [pH 6.5], 150 mM
NaCl) containing protease inhibitors, as above. The protein
content was assayed, and a proper volume corresponding to
2.5 mg cellular proteins was adjusted to 0.5 ml, mixing it
with MBS containing protease inhibitors in order to main-
tain a constant protein/detergent ratio in all experiments.
Membrane suspensions were placed on ice, and then an

equal volume of cold 2% Triton X-100 in MBS with pro-
tease inhibitors was added and mixed. Tubes were held on
ice for 30 min. The cell lysate was adjusted to 40% sucrose
by mixing with an equal volume of 80% (w/v) sucrose in
MBS lacking Triton X-100 and layered on the bottom of a
centrifuge tube. The 40% sucrose/membrane preparation
was overlaid successively with 5 ml of 30% sucrose and
3 ml of 5% sucrose. The flotation gradients were centri-
fuged at 250,000x g for 18 h at 4°C with an SW-41 rotor
(Beckman Instruments, Fullerton, CA). Membrane com-
ponents were visible near the 5%/30% sucrose gradient
interface in both nES and ES membrane preparations. Ten
fractions of 1 ml were collected from the top of the gradient
and designated as fractions 1 (top) to 10 (bottom). Fractions
4 and 5 will be referred to as “DRM,” fractions 6 and 7 will
be referred to as “intermediate-density fractions” (IDFs)
and fractions 8—10 will be referred to as “high-density
fractions” (HDFs). All fractions collected from the gradient
were subjected to further analysis. For this study, two
independent gradients were prepared from nES and ES.

Protein Analysis

Aliquots of MEF, soluble and insoluble fractions and all
fractions collected from the sucrose gradient were sub-
jected to trichloroacetic acid precipitation as previously
described (Palestini et al. 2002); and the protein content
was quantified by a micro-BCA assay from Sigma.
Thereafter, 50 pg of MEF, 20 pg of soluble and insoluble
fractions and 20 pg of proteins collected from the gradient
fractions were loaded on SDS-PAGE (12% polyacrylamide
gel) and submitted to electrophoresis. Subsequently, pro-
teins were transferred to membranes that were stained with
Ponceau S to assess protein loading by densitometry (Bio-
Rad Densitometry 710, program Quantity one) (Salinovich
and Montelaro 1986; Moore and Viselli 2000; Daffara et al.
2004). We compared in our samples the densitometry of
the whole lane for protein loading obtained from one
control and one exposed sperm for soluble and insoluble
membrane fractions and gradient fractions.

Blots were washed with PBS and subsequently blocked
overnight in PBS-T/milk. After blocking, blots were incu-
bated for 2 h with the primary antibody diluted in PBS-T/
milk (anti-Cav1 1:100, anti-CD55 1:200, anti-Flot2 1:200,
anti-TPVR1 1:200, anti-CBR1 1:200, anti-actin 1:1,000,
anti-ACR2 1:200, anti-GM130 1:200) and then for
1.5 h with HRP-conjugated anti-rabbit/mouse/goat IgG
(5,000-10,000-fold diluted in PBS-T/milk). Protein sam-
ples were obtained from three controls and three treated
animals. We performed in parallel immunoblot analysis of
samples from one control and one exposed sperm for sol-
uble and insoluble membrane fractions and for gradient
fractions. Proteins were detected by ECL with the Super
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Signal detection kit (Pierce). Immunoblot bands were ana-
lyzed and quantified by Kodak Image Station 2000R
interfaced with a Kodak Molecular Imaging Software
(Kodak, Rochester, NY). The data reported for each protein
are the mean of four immunoblots + standard deviation
(SD), with different exposure times, obtained from two
independent sucrose gradients. The significance of the dif-
ferences was determined using one-way ANOVA and ¢-test.

Lipid Analysis

All fractions withdrawn from the gradient were dialyzed
against distilled water at 4°C and then lyophilized. Lipids
were extracted according to Tettamanti et al. (1973) with
small modifications. The organic phases of extracted lipid
samples were separated by HPTLC (solvent system hexane/
diethylether/acetic acid 20:35:1, v/v/v) for cholesterol
visualization and, then, sprayed with anisaldehyde reagent.
After heating the plate at 180°C for 15 min, HPTLC plates
were submitted to densitometric scanning. Quantification
was made on the basis of known amounts of standard lipids
loaded on the same plate. In the case of Gy, HPTLC sepa-
ration of the aqueous phase, blotting with HRP-CTB, ECL
detection and quantification were performed, using Molec-
ular Analyst Software (Bio-Rad), as already described (Wu
and Ledeen 1988; Botto et al. 2008). The data reported for the
amount of cholesterol and Gy in each sucrose gradient
fraction are the mean of four HPTLC separations £ SD
obtained from two independent sucrose gradients. The sig-
nificance of the differences was determined using one-way
ANOVA and t-test.

Results

The aim of the present research was to study the membrane
reorganization process induced in boar spermatozoa during

nEsS ES
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i 70kDa
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CD55

Fig. 1 Distribution of specific lipid microdomain protein markers
between soluble and insoluble membrane fractions prepared from nES
and ES. a Proteins extracted from soluble (Sol) and insoluble (Insol)
membrane fractions were resolved on 12% SDS-PAGE and, after
Western blotting, detected with anti-Cav1 and anti-CD55 antibodies,
followed by ECL. b Percent of soluble and insoluble Cav1/CDS55.
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in vitro culture carried out in the presence of bicarbonate
by focusing, in particular, on the modifications occurring
within lipid microdomains (caveolae and/or lipid rafts) and
their composition in endocannabinoid receptors (CBR1 and
TRPV1).

The first experiment was performed using spermatozoa
MEFs in order to evaluate the percentage of insoluble
membrane components before and after bicarbonate
stimulation.

The amount of Cav-1 (marker of caveolae) and CD55
(marker of lipid rafts) increased in the insoluble membrane
fraction derived from in vitro incubated spermatozoa (from
35 and 20% to 60 and 70%, respectively), thus displaying a
rise in the insolubility for both proteins (Fig. 1). By con-
trast, the cholesterol content (lipid marker) remained
unmodified, showing about 48% in either nES or ES.

Successively, the lipid microdomains were separated
from the MEF using the validated technique based on their
insolubility in cold non-ionic detergent and the capacity of
the DRM to float into the buoyant fractions of sucrose
gradients during ultracentrifugation.

The total protein amount of each gradient fraction was
analyzed and is reported in Fig. 2 in percentages: The
highest protein content was recovered in HDF (>80%)
independently of spermatozoa incubation. The total mem-
brane protein content in DRM (fractions 4 and 5) was about
1.6% in nES and increased significantly to 2.3% in ES
(Fig. 2a). In addition, a relevant increase in protein content
was recorded in IDF.

In order to check the efficiency of DRM purification, the
percentage distribution of cholesterol and Gy, ganglioside
in the gradient fractions was considered (Fig. 3a, c). Both
lipids were enriched in fractions 4 and 5, as expected; and
their distribution within the gradient was unaffected by
exposure to the bicarbonate ion. However, normalizing the
lipid levels for the protein total content (n[p]mol lipid/mg

i00
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Cav-1 CD55

Immunoblot bands were analyzed and quantified by Kodak Image
Station 2000R interfaced with Kodak Molecular Imaging software.
The data reported for each protein are the mean of four immuno-
blots £ SD, with different exposure times, obtained from two
independent sucrose gradients. nES vs. ES *P < 0.01
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Fig. 2 Percentage distribution of proteins in DRM fractions prepared
from MEFs obtained from nES and ES. MEFs were treated with 1%
Triton X-100-containing buffer for 30 min on ice. The suspension
was submitted to discontinuous sucrose density gradient centrifuga-
tion; ten fractions of 1 ml were collected from the top of the gradient
and designated as fractions 1 (fop) to 10 (bottom). Each fraction from
the gradient was submitted to protein assay, and fractions 4 and 5 are
referred to as “DRM.” Inset A Percentage of proteins in fractions 1-7
using a different scale. Data are the mean of three protein
determinations = SD obtained from two independent sucrose gradi-
ents. nES vs. ES *P < 0.05

proteins; Fig. 3b, d), cholesterol and Gy, amount in frac-
tions 4 and 5 significantly decreased in bicarbonate incu-
bated spermatozoa. This result indicated that the lipid
markers of DRM are enriched in fractions containing lipid
microdomains even if their percent distribution did not
change after bicarbonate exposure. This condition caused a
significant decrease of total cholesterol and Gy in all
gradient fractions.

In addition, the proteins known to be enriched in lipid
microdomains were analyzed. In detail, Cav-1 and CD55
(Fig. 4a, b) displayed a very similar distribution: In fact,
both proteins were detectable only in HDF in nES, whereas
their amount increased in DRM and IDF after sperm
incubation. In contrast, the distribution of Flot-2, a protein
enriched in both lipid microdomains (caveolae and lipid
rafts), showed minor modification within the gradient
(Fig. 4c) in sperm after bicarbonate exposure.

In order to exclude that the inadequate MEF purification
technique and/or the presence of a high amount of inner
membranes (i.e., Golgi), characterized by the presence of
lipid microdomains “in assembling,” were responsible for
the anomalous distribution of lipid microdomain markers,
additional membrane molecules were considered.

A good efficiency of MEF purification was confirmed by
actin (cytosolic marker) levels that never exceeded 5% in
nES or ES. Nevertheless, the high content in acrosin-2, an
acrosomal membrane marker (99%), demonstrated that MEF
included either inner or plasma membranes (data not shown).
Then, in order to assess the acrosome contamination of

DRM, the distribution of acrosin-2 in all gradient fractions
was also evaluated. Figure 5 clearly shows how proteins
were distributed in all gradients considered even if the
amount markedly increased in DRM and IDF of ES.

In addition, the absence of Golgi membrane contami-
nation in both nES and ES was confirmed using GM130
(data not shown).

Finally, the distributions of endocannabinoid receptors
TRPV1 (Fig. 6a) and CBRI1 (Fig. 6b) within gradient
fractions obtained from nES and ES were analyzed. In nES,
TRPV1 was exclusively localized in HDF and CBR1, even
if mainly localized in fraction 10, was also distributed
within DRM. After in vitro incubation, DRM was enriched
in both CBR1 and TRPV1 and, interestingly, CBR1 was
revealed by two different bands.

Discussion

The acquisition of fertilizing ability by mammalian sper-
matozoa is the result of a series of cellular interactions
between the male gamete and the female genital tract. The
completion of this process implies the reorganization of
virtually all of the cellular components and, in particular,
of membrane lipids and proteins. Following the explicative
model until now available, it is possible to distinguish two
different events related to membrane reorganization. First,
membrane lipid disorder increases within 2 min and
phospholipid scrambling takes place in a few minutes
(Gadella and Harrison 2002). Second, after 2—4 h, protein-
mediated cholesterol extraction leads to completion of
membrane rearrangement and to acquisition of spermato-
zoa fertilizing ability. What physiologically happens in the
interval between these events is still poorly understood.
Our result seems to indicate that the bicarbonate could
promote, in the absence of extracellular proteins, a massive
membrane reorganization. First of all, in vitro incubated
spermatozoa show an increase of DRM protein content.
This process is associated with a significant increase of
caveolae and CD55, a marker of lipid rafts, in insoluble
membrane fractions, thus suggesting an increase of both
lipid microdomains after bicarbonate exposure. These data
are confirmed when fractions enriched in lipid microdo-
mains (DRM) are obtained thanks to their insolubility in
Triton X-100 at 4°C and separation after centrifugation in a
discontinuous sucrose gradient (Botto et al. 2008). In
addition, the percentage of cholesterol in insoluble mem-
brane fractions and the percentage of cholesterol and Gy
in all gradient fractions are unchanged, thus demonstrating
that this process is cholesterol extraction—independent. It is
of interest to note that the data currently available, obtained
from several laboratories (Boerke et al. 2008; Bou Khalil
et al. 2006; Nixon and Aitken 2009; Shadan et al. 2004),
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Fig. 3 Content of Gy; and
cholesterol in sucrose density
gradient fractions prepared from
MEFs obtained from nES and 40
ES. Lipids were extracted from

all gradient fractions with
chloroform/methanol 2:1 (v/v)

and analyzed by HPTLC. Bands

are quantified by densitometric P
scanning (see “Materials and

Methods” section). a,

¢ Percentage distribution of

cholesterol and Gyy; ganglioside

in gradient fractions (1-10). b,

d Amount of cholesterol and

Gy; ganglioside, normalized to
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Fig. 4 Effects of capacitation on the content of Cav-1, CD55 and
Flot2 in gradient fractions. Representative immunoblots of Cav-1 (a),
CD55 (b) and Flot2 (¢) in the various fractions obtained from
discontinuous sucrose density gradient centrifugation of nES and ES.
Twenty micrograms of proteins collected from all gradient fractions

indicate that capacitation implies a marked reorganization
of membrane architecture when cholesterol is extracted by
extracellular proteins. Until now, it was universally
believed that microdomain remodeling can occur only
in the presence of extracellular proteins (in most
cases, albumin) or cholesterol-extracting molecules (e.g.,
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were loaded on SDS-PAGE (12% polyacrylamide gel) and submitted
to electrophoresis and Western blotting. Immunoblot bands were
analyzed by Kodak Image Station 2000R interfaced with Kodak
Molecular Imaging software. Numbers at top indicate fraction number

f-methylcyclodextrin) (Choi and Toyoda 1998). In the
present work, for the first time, it is proposed that the
reorganization of DRM starts before the cholesterol
extraction.

The behavior of protein markers Cav-1, Flot-2 and
CD55 in DRM corroborates the hypothesis that bicarbonate
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Fig. 5 Effects of capacitation on the content of acrosin-2 in gradient
fractions. Representative immunoblots of acrosin-2 in the various
fractions obtained from discontinuous sucrose density gradient
centrifugation of nES and ES. Twenty micrograms of proteins
collected from all gradient fractions were loaded on SDS-PAGE (12%
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polyacrylamide gel) and submitted to electrophoresis and Western
blotting. Immunoblot bands were analyzed by Kodak Image Station
2000R interfaced with Kodak Molecular Imaging software. Numbers
at top indicate fraction number
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Fig. 6 Effects of capacitation on the content of endocannabinoid
receptors in gradient fractions. Representative immunoblots of
TRPVI1 (a) and CBR1 (b) in the various fractions obtained from
discontinuous sucrose density gradient centrifugation of nES and ES.
Twenty micrograms of proteins collected from all gradient fractions

exposure induces an increase in the protein content of lipid
microdomains, even if the distribution of these proteins in
the gradient is atypical. In order to confirm this finding,
insufficient purification of MEF or of DRM is excluded. In
the first case, the efficiency of MEF extraction is confirmed
by the absence of contamination by cytosolic proteins
(actin). Adequate purification of DRM is indicated by the
finding that 90% of membrane proteins are localized in
HDFs of the gradient and lipid markers (cholesterol and
Gwp) are significantly enriched in DRM.

Thus, a possible explanation of protein distribution
within the gradient may be that MEF contains not only PM
but also components from OAM: The Golgi membrane
marker has not been found, while acrosin (marker of OAM)
is present in all gradient fractions. Since the Golgi, and in
particular the frans-Golgi, is the site of DRM assembly
(Zegers and Hoekstra 1998; Schuck and Simons 2004) and
the precursor of the acrosome (Burgos and Gutiérrez 1986;
Ho et al. 1999; Huang and Ho 2006), it is possible to
conceive that the acrosome membrane could contain a
DRM fraction “in assembling.”

Asano et al. (2009) demonstrated that in mouse sperm
the presence of Cav-1 in different subtypes of lipid
microdomains can reflect preferential contribution from

50 kDa - -

were loaded on SDS-PAGE (12% polyacrylamide gel) and submitted
to electrophoresis and Western blotting. Immunoblot bands were
analyzed by Kodak Image Station 2000R interfaced with Kodak
Molecular Imaging software. Numbers at top indicate fraction number

specific subcellular organelles. Moreover, the demonstra-
tion that CDS55, in human spermatozoa, is associated with
both the PM and acrosome (Cummerson et al. 2006)
strengthens the hypothesis that lipid microdomains, during
their formation, are also present in the acrosome
membrane.

Starting from these considerations, it is possible to
hypothesize that some DRM component could originate
from the acrosomal vesicle and be carried to the sperm
surface via an exocytotic process after the spermatozoa are
exposed to the bicarbonate. Thus, we proposed involve-
ment of the OAM in membrane remodeling. These data
have a logical explanation, considering that if the PM and
OAM must fuse, at the moment of AR, the signaling
machinery and reorganization must involve both compo-
nents of the system.

Also, evidence that the membrane reorganization
implies the biochemical reshaping of molecules, such as
the CBR1 and TRPVI1 endocannabinoid receptors
involved in spermatozoa signaling pathways, emerges.
The CBRI1, from our data, is not enriched in lipid
microdomains and localizes in HDFs but, after the
bicarbonate exposure, undergoes a redistribution,
increasing its content in DRM. In particular, it appears in
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the form of a double band in DRM and IDF but not in
HDF: a band at about 54 kDa, corresponding to the
unglycosylated form, and one at about 65 kDa, corre-
sponding to the glycosylated (mature) form (Howlett
1998). Whereas glycosylation is essential for receptor
function (Onaivi et al. 1996), the percentage that increa-
ses in DRM after bicarbonate exposure (about 50% of the
total) suggest an important role of CBRI1 in the signaling
pathways involved in AR. Recent findings (Maccarrone
et al. 2005) seem to indicate that CBR1 acts via a cAMP-
mediated pathway, slowing the membrane tendency to
become unstable, thus avoiding the premature loss of
acrosome integrity.

TRPV1 too is not enriched in DRM, but bicarbonate
exposure induces its increase in lipid microdomains. This
endocannabinoid—endovanilloid receptor has been shown
to regulate spermatozoa transmembrane potential, intra-
cellular calcium concentration and actin polymerization
(Bernabo et al. 2010). Thus, it is not possible to exclude
that the redistribution of these receptors in different bio-
chemical contexts within the PM and/or acrosome is
correlated to the spatiotemporal control of sperm-egg
interaction. Until now it has been reported that CBR1 and
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TRPV1 are involved in the acquisition of fertilizing
ability by modulation of important signaling pathways
(the cAMP and ionic intracellular concentrations,
respectively). Now, it is evident that, in turn, the process
of membrane remodeling strongly influences the bio-
chemical localization of these molecules, allowing us to
hypothesize that there exists a more complex and inte-
grated functional dialogue between membrane microdo-
main architecture and the endocannabinoid system.

From all of these data it is possible to increase the
information about the events occurring after the bicarbon-
ate-dependent activation of lipid reorganization. It emerges
that in this window of time an important membrane reor-
ganization takes place, involving the PM, the OAM and
receptors involved in important signal-transduction path-
ways. Starting from this basis, it is possible to complete the
schema proposed by Flesch et al. (2001), adding a new
step, as depicted (Fig. 7). On the one hand, this could
improve our understanding of the basics of capacitation
biochemistry, while on the other hand, it could have pos-
sible application in diagnostic and therapeutic strategies in
male reproduction.
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Fig. 7 Model for membrane reorganization in bicarbonate-stimulated
sperm cells. / In the absence of high levels of bicarbonate,
phospholipid scrambling is blocked. Cholesterol has a widespread
lateral localization in the sperm head plasma membrane and DRM
organization does not take place. 2 In the presence of high levels of

3
-
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|| The extracellular proteins extract
cholesterol from membranes

bicarbonate, phospholipid scrambling is activated in the apical plasma
membrane of the sperm head. 3 The DRMs associate and their content
in proteins increases. The endocannabinoid system receptors associate
to the DRMs. 4 The extracellular proteins extract cholesterol and the
membrane completes its reorganization
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