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The fusion of a sperm with an oocyte to form new life is a highly regulated event. The
activationdalso termed capacitationdof the sperm cell is one of the key preparative steps
required for this process. Ejaculated sperm has to make a journey through the female
uterus and oviduct before it can approach the oocyte. The oocyte at that moment also has
become prepared to facilitate monospermic fertilization and block immediately thereafter
the chance for polyspermic fertilization. Interestingly, ejaculated sperm is not properly
capacitated and consequently is not yet able to fertilize the oocyte. During the capacitation
process, the formation of competent lipid-protein domains on the sperm head enables
sperm-cumulus and zona pellucida interactions. This sperm binding allows the onset for a
cascade reaction ultimately resulting in oocyte-sperm fusion. Many different lipids and
proteins from the sperm surface are involved in this process. Sperm surface processing
already starts when sperm are liberated from the seminiferous tubules and is followed by
epididymal maturation where the sperm cell surface is modified and loaded with proteins
to ensure it is prepared for its fertilization task. Although cauda epididymal sperm can
fertilize the oocyte IVF, they are coated with so-called decapacitation factors during
ejaculation. The seminal plasma–induced stabilization of the sperm surface permits the
sperm transit through the cervix and uterus but prevents sperm capacitation and thus
inhibits fertilization. For IVF purposes, sperm are washed out of seminal plasma and
activated to get rid of decapacitation factors. Only after capacitation, the sperm can fertilize
the oocyte. In recent years, IVF has become a widely used tool to achieve successful
fertilization in both the veterinary field and human medicine. Although IVF procedures are
very successful, scientific knowledge is still far from complete when identifying all the
molecular players and processes during the first stages the fusion of two gametes into a
new life. A concise overview in the current understanding of the process of capacitation
and the sperm surface changes is provided. The gaps in knowledge of these prefertilization
processes are critically discussed.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

When mammalian sperm cells are ejaculated, they are
initially unable to fertilize the oocyte. In vivo, sperm are
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activated in the female genital tract and acquire fertilizing
potential once reaching the isthmus of the oviduct [1,2].
Sperm activation is known as sperm capacitation and can
be mimicked by incubating sperm in IVF media in which
the composition of ions and metabolites resemble that of
oviduct (synthetic oviductal fluid). Before putting ejacu-
lated sperm into IVF media, semen is first precisely washed
for almost total removal of seminal plasma components
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(decapacitation factors [3]). The IVF media facilitate
capacitation medium by containing high concentrations of
bicarbonate [4] allowing stimulation of protein phosphor-
ylation and cells signaling leading to hyperactivated sperm
motility and surface reorganizations [5]. In vitro fertiliza-
tion media also typically contain millimolar extracellular
Ca2þ ions that are required for stimulating the acrosome
reaction, the fertilization fusion, and the activation of the
oocyte [6,7]. Note that the induction of the acrosome re-
action is prevented in liquid storage media used for porcine
artificial insemination. For instance, Beltsville Thawing
Solution that contains high concentrations of EDTA to
scavenge all extracellular Ca2þ [8]. Finally, IVF media
contain fatty acid–free albumin, which is required to
extract free sterols from the surface of capacitating sperm
(note that lipoprotein particles that are residing in the
oviduct fluid are supposed to act similarly) [9–11]. The
cholesterol removal can also be achieved by cyclodextrins
[12], although success IVF rates are low, and only at a nar-
row cyclodextrin concentration range, high cyclodextrin
levels have deteriorative effects on the sperm cell and the
oocyte [12–14]. For two reviews on the concerted action of
these three capacitation factors in IVF media on sperm
surface changes during sperm capacitation, see [15,16]. The
current review provides an update of our knowledge about
the organization of the porcine sperm plasma membrane
with special emphasis on the role of lipid microdomain
dynamics in sperm physiology. It will deal with how lipid
microdomain organization (also referred to as membrane
rafts) is influenced by in vitro capacitation factors and how
this relates to sperm cell signaling networks, sperm surface
organization, and the consequences for sperm physiology
in terms of (1) hyperactivated sperm motility, (2) zona
binding, and (3) the acrosome reaction. These three
different sperm transitions are prerequisites for sperm
being able to penetrate the zona pellucida (ZP) and fertilize
the oocyte, and all rely on a capacitation-induced aggre-
gation of membrane rafts in the apical surface area of the
sperm head.

2. Capacitation factors and the generation of
hyperactivated sperm motility

Bicarbonate enters the cell facilitated by bicarbonate
sodium co-transport [17]. Intracellular bicarbonate binds
and activates soluble adenylyl cyclase (sAC) in a stoichi-
ometry of 1:1 [18]. The production of cAMP in turn
activates protein kinase A (PKA) and results in the phos-
phorylation of a certain proteins [19]. The bicarbonate-
responsive cells require both albumin and Ca2þ for the
removal of surface cholesterol [10,11,13]. The removal of
cholesterol will be discussed in the next paragraphs, and
this removal causes additional and activation of PKA [20].
The PKA-mediated phosphorylation of A-kinase anchoring
proteins (AKAP-3) is of specific interest, as it is a protein
that is present in the outer dense fibers of the sperm fla-
gellum [21] and therefore links the PKA signaling pathway
with the capacitation-specific induction of tyrosine kinase,
which in turn causes extensive tyrosine phosphorylation of
proteins in the sperm tail [22]. The altered protein phos-
phorylation status of tail proteins is responsible for the
typical altered and hyperactivated sperm motility in which
also additional glycolytic metabolism is stimulated [23]. In
fact, specific glycolytic enzymes are present in the principal
piece and are substrates for the activated protein kinases
discussed previously [24].

Although the consensus is that the cAMP/PKA pathway
plays a large role in the increase in tyrosine phosphoryla-
tion by Ca2þ-efflux and HCO3

�, other protein kinases have
also been found to be present in sperm. An example is
protein kinase C, and treatment of sperm with phorbol
esters (protein kinase C stimulators) gives rise to changes in
sperm motility, the acrosome reaction, and cAMP levels
[25]. Also, serine/threonine protein kinases have been
identified to be activated during sperm capacitation such as
the extracellular-signal-regulated kinases 1 or 2; glycogen
synthase kinase 3; calmodulin-dependent protein kinase
IV; casein kinase II, and members of the testis-specific
serine kinase family [25]. One other interesting finding is
that cholesterol efflux regulated a proline-directed phos-
phorylation [25]. These results together indicate that there
aremultiple pathways active during sperm capacitation [5].
3. Capacitation factors induce increased lipid fluidity
in the sperm plasma membrane

As mentioned previously, activation of the sperm cell by
bicarbonate/Ca2þ/albumin also causes sperm surface alter-
ations [26]. The changes in the sperm head plasma mem-
brane of the bicarbonate-responsive cells can be monitored
by labeling sperm with specific surface stains such as
chlortetracycline [27], merocyanine [28], or filipin [29].
These membrane dyes detect fluidity changes in capacitat-
ing sperm [30]. The alterations at the sperm surface coincide
with the typical increased amount of tyrosine phosphory-
lation in the sperm tail and thus to cells with hyperactivated
motility [29]. The subpopulation with surface responses to
bicarbonate/albumin/Ca2þ all showed extensive tyrosine
phosphorylation in the sperm tails. The increased mem-
brane fluidity also coincides with a bicarbonate-dependent
cholesterol uptake from the surface to lipid-free albumin
[9,31]. Remarkably, the only type of lipids that is extracted
by albumin from the surface of responsive sperm is free
sterols (desmosterol and cholesterol [31]). These relatively
rather hydrophobic lipids most likely do not passively
diffuse from the sperm surface into the hydrophobic pocket
of albumin. Therefore, a model was proposed in which
cholesterol transfer from the sperm surface to a hydro-
phobic pocket of albumin is mediated by an active protein-
mediated transport of sterol monomers [31]. Recently, the
possible mechanism of reverse cholesterol transport has
been reviewed [11] as well as the possibility that reverse
cholesterol transport is regulated by a lateral reorganization
of the membrane lipids (see Section 4). Another recent
finding is that a small portion of cholesterol is converted to
oxysterols during capacitation, and that this conversion is
linked to the activation of reverse cholesterol transport [13]:
Failure of oxysterol formation and reverse cholesterol (for
instance, by administering the antioxidant vitamin A to the
IVF medium) resulted in a complete inhibition of IVF (see
Section 8).



Fig. 1. The classical proposed sequence of events around fertilization related
to sperm-zona interactions. Spermatozoa that have entered the oviduct will
shed decapacitation factors that were adhered peripherally to the sperm
surface. During this process, the acrosome docks to the sperm plasma
membrane at the docking area, resulting in the formation of high-affinity
zona binding complexes [7,33,52]. (1) It is not clear whether an associa-
tion between the spermatozoa and the extracellular matrix of the expanded
cumulus mass (here represented as a two-cell layer but, in reality, composed
of more cell layers) surrounding the unfertilized oocyte results in the in-
duction of some early steps of acrosomal fusion (as proposed by Jin et al.
[107]) or whether acrosome-intact spermatozoa penetrate through the
cumulus due to their hyperactive motility in combination with surface
proteins [108]. Oviductal-secreted proteins have also been reported as
important in determining the properties of the cumulus and zona pellucida
(ZP) [109]. (2) Recognition of the ZP (primary zona binding to the ZP proteins
ZP3/ZP4; [110]) and subsequent initiation of the acrosome reaction (or of the
acute secretory phase of it; see [1] stage) that is induced by the ZP. (3) The
acrosome reaction causes local modifications of zona proteins, and the
hyperactivated spermatozoa can penetrate this structure due to secondary
zona binding (to ZP2). The surface of the penetrating spermatozoa will be
further remodeled, and this probably enables fertilization fusion [30]. (4)
Immediately after fertilization fusion, the cortical reaction results in overall
coating of the oolemma and the hardening of ZP, by chemically altering the
zona proteins; in particular, cleavage of ZP2 appears to be instrumental for
the release of spermatozoa from the ZP and for efficient block of polyspermy.
Modified from [30].
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4. Functional heterogeneity of the sperm surface

The sperm cell contains a typical polarized arrangement
of organelles in the sperm head, the midpiece, and the tail:
(1) the sperm head contains a large secretory vesicle called
the acrosome and a nucleus containing the super-
condensed protaminated DNA of male haploid genome;
(2) the midpiece contains a proximal and immobile part of
the flagellum and coiled at the periphery, thereof a couple
of 100 mitochondria can generate ATP by aerobic meta-
bolism; and (3) the tail (principal piece and end piece) with
the distal and motile part of the flagellum and additional
dense fibers and elastic fibrous sheath containing cyto-
skeletal structures surrounding the microtubular struc-
tures of the flagellum. These specific properties of these
additional structures and the flagellum itself as well as the
phosphorylation status of proteins within these structures
determine the motility and hypermotility patterns of
sperm [32].

Similarly, the surface of the three sperm regions is also
differentiated as two transmembrane protein ring struc-
tures, which separate the midpiece from the head and tail
and are called the posterior and annular rings, respectively.
These structures are lateral diffusion barriers allowing
different lipid compositions in the sperm head, midpiece,
and tail, respectively and functionally be compared with
ring-shaped tight-junction structures [26]. The sperm head
surface also has further lateral surface heterogeneity [26].
The boar sperm head surface can be subdivided into the
apical ridge area, the pre-equatorial area, the equatorial
area (together the entire acrosome region), and the
post-acrosomal area. In part, these areas mirror the polar
organization of underlying organelles; furthermore, the
ergonomics of the fertilization cascade rely on specific
features of these surface areas (see also Fig. 1): (1) sperm
binding to the cumulus or ZP is restricted to the apical ridge
area; (2) the acrosome reaction inwhichmultiple fusions of
plasma membrane and outer acrosomal membrane take
place at the anterior area of the sperm surface but not at the
equatorial membrane area of the sperm head [33]; and (3)
this remaining intact equatorial surface area is the specific
site of the sperm cell that, after zona penetration, becomes
involved in the fusion with the oocyte membrane fertil-
ization fusion [34]. Of specific interest is the finding on
observing freeze-fracture replicas of the boar sperm head
surface that no ultrastructural diffusion barriers can be
observed [35]. In other words, the lipid microdomains are
formed and reorganized by other forces than structures
preventing lateral diffusion.

5. Lipid ordering and sperm membrane heterogeneity

The Singer–Nicolson model of the fluid-mosaic mem-
brane was proposed as a prediction as to how cellular
membranes are constructed [36]. Cholesterol, like phos-
pholipids, behaves as an amphipathic molecule in the lipid
bilayer, and the free hydroxyl group in cholesterol can be
considered the hydrophilic part and the entire steroid
backbone as hydrophobic stabilizing the lipid bilayer [37].
At physiological temperature, a large proportion of mem-
brane lipids and membrane proteins have lateral mobility
[38], and the degree of lateral fluidity depends on the de-
gree of acyl chain length saturation and the amount of
cholesterol, as well as on the temperature [39,40]. Below
the phase transition temperature, fluid membrane lipids
freeze into a crystalline phase causing their lateral phase
segregation from membrane lipids with still fluid proper-
ties [41]. Other causes for lipid or membrane protein
immobilization can be their attachment either to the
cytoskeleton or the glycocalyx (for models, see [20,42]). Not
only sperm membrane proteins [43] but also glycolipids
[44,45] and cholesterol [10] did not randomly diffuse over
the sperm head but were localized in specific surface areas;
and to our surprise, sperm capacitation treatments caused
redistribution of membrane proteins [46] and lipids [26]
into other surface areas of the sperm head: Seminolipid
moved from the apical ridge toward the equatorial domain
of the sperm head [44,45], and it was proposed that this
negatively charged glycolipid is stabilizing the sperm sur-
face for intracellular fusion events (plasmamembrane with
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the outer acrosomal membrane). Thus, the original apical
distribution of seminolipid could be explained as to prevent
the premature acrosome reaction after the ejaculation,
whereas after redistribution to the equatorial surface area,
it prevents the equatorial plasma membrane to fuse with
the outer acrosomal. Interestingly, this surface area needs
to remain intact as it is the specific area of the sperm head
that is able to bind and fuse with the oolemma [34]. Note
that a retrograde movement and concentration of choles-
terol [11,13,26] is simultaneously occurring in the apical
surface area of the sperm head, which is further detailed in
Section 6.

6. Membrane microdomains and sperm surface
heterogeneity

In the mid-1990s of the previous century, a refinement
of the Singer–Nicolsonmodel has been proposed by Simons
and Toomre: The so-called lipid raft model predicts that
small lipid-ordered microdomains contain larger pro-
portions of cholesterol, sphingomyelin, gangliosides, and
phospholipids with saturated long-chain acyl chains, as
well as post-transcriptionally lipid-modified proteins such
as GPI-anchored proteins and sterol or acyl-modified pro-
teins (for a review, see [47]). A questionable [48] but
widespread method to isolate these lipid-ordered mem-
brane domains was to subject cells or cell homogenates to a
low-ionic detergent at 4 �C. The non-raft fraction is dis-
solved by detergent (often 0.1% by volume of Triton X-100),
whereas the fraction supposed to resemble the membrane
raft remains non-dissolved. This so-called detergent resis-
tant membrane (DRM) fraction can be isolated by discon-
tinuous sucrose gradients.

Detergent resistant membranes are enriched with
membrane-associated proteins that are considered to be
raft marker proteins, and two of them (caveolin-1 and
flotillin-1 [49,50]) were also shown to be present in sperm
[31]. Indeed, the sperm DRM fraction is enriched in
cholesterol and can be dissolved by cholesterol-disrupting
agents, indicating that the DRM of sperm is comparable
to that of Madin-Darby canine kidney cells or other cell
lines [12]. Interestingly, caveolin and flotillin predomi-
nantly localized in the area of the sperm cell that is
involved in sperm-zona binding and the zona-induced
acrosome reaction [31]. Moreover, the capacitation-
specific lateral redistribution and concentration at this
apical sperm head area is followed by an albumin-mediated
depletion of cholesterol [10]. Thus, studies were conducted
to unravel the organization of lipid microdomains in sperm
under in vitro capacitation/fertilization conditions. Both
flotillin and caveolin migrated from the entire acrosome
overlying plasma membrane toward the apical ridge area
[51,52]. This process also involved oligomerization of cav-
eolin, which indicates that sperm rafts aggregate in this
membrane area. Albumin under the changed lateral orga-
nization of lipid microdomains extracts cholesterol from
the non-DRM membrane area only [53]. The altered lipid
composition of the fluid or lipid-disordered phase (Ld)
membrane in capacitation-responsive cells may allow lipid
microdomain aggregation (lipid-ordered phase of Lo) [11].
Although albumin is the protein of choice as a cholesterol
acceptor during IVF treatment, likely it is not the acceptor
of cholesterol in the oviduct. High density lipoprotein
complexes are better suited for this as albumin in the
oviduct will not be in fatty acid–free form, which is
required for cholesterol extraction from boar sperm [10].
The reverse cholesterol transport also relies on other
specialized proteins involved, and one group of sterol
transporters that has been identified in mouse sperm is the
ATP-binding cassette transporters ABCA-1, 7, 17 and ABCG-
1 [11,54–56]. Interestingly, knockout mice for the ATP-
binding cassette transporters have been shown to be
infertile [57–59], showing their importance in fertilization
processes. Another protein that is involved in reverse
cholesterol transport is SRB-1 [60], but its presence on
sperm has not been established yet. Interestingly, knockout
mice for SRB-1 are also infertile [61], at least suggesting an
important role for these proteins in mammalian fertiliza-
tion (for a recent review on reverse cholesterol transport
from the sperm surface, see [11]). Replacement of albumin
by means of expressing sterol-depleting proteins, and use
of purified batches to study their effect on sterol efflux on
sperm should be considered in the future: Molecular bio-
logical tools can be used to modify proteins of interest to
manipulate the efficiency of sterol depletion. One advan-
tage of replacing albumin with in vitro–produced proteins
is that more standardized protein material can be used for
IVF with minimal risk contamination with biohazardous
materials. Each new batch of albumin has intrinsic varia-
tions in efficiency on sperm activation and IVF and thus is a
cause of increased experimental variation. Beyond this, as
component extracted from blood, albumin is not chemi-
cally defined and could bear microbes such as viruses.

Attempts have been made to induce cholesterol deple-
tion from sperm cells by artificial cholesterol acceptors. As
mentioned in Section 4, high levels of cyclodextrin (a well-
known cholesterol-depleting agent), was spermicidal to
porcine sperm [12] and caused cholesterol depletion and
disruption from the DRM and the Triton X-100 soluble
sperm lipid fraction, consistent with observations from the
group of Jones [62]. Nevertheless, cyclodextrins have been
shown also to induce some capacitation responses in sperm
[13]. Both cyclodextrins at a very narrow concentration
range in absence of albumin result in IVF rates [13] under
conditions in which the cyclodextrins already induce
oocyte deterioration [13,14,63]. Recently, it has been shown
that cholesterol incorporation into mammalian sperm by
cholesterol-complexed cyclodextrins improves cryopres-
ervation of sperm and subsequent IVF results of thawed
treated sperm [64,65].

7. Aggregation of lipid microdomains and
fertilization

As mentioned previously, the presence of the capacita-
tion factors albumin, bicarbonate, and Ca2þ evokes revers-
ible and irreversible cell signaling responses to a
subpopulation of sperm (the responding cells [28]). The idea
around the heterogeneity of individual sperm cells to
respond either quickly or slowly to capacitation factors is
that this allows in vivo an extended time frame, after ejac-
ulation, for sperm cells to reach the oviduct and respond
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appropriately to accomplish fertilization [19]. Capacitating
sperm have signs of hyperactivated motility and surface
remodeling. Advances have been made in the understand-
ing of lipidmicrodomains in a variety of cell types [48,50]. In
our laboratory, we found that one of the surface changes
taking place in the capacitating sperm subpopulation is the
aggregation of lipid microdomains in the apical ridge area of
the sperm head, and that those cells also acquired hyper-
activated motility [31,66]. The aggregated lipid micro-
domains are highly enriched in proteins that are involved in
the primary binding of the ZP [31,52]. How the aggregation
of lipid rafts is induced is to a large extend unknown
although a lipocalin-2 (a phosphatidylethanolamine-
binding lipid) has been shown to be involved in a
PKA-dependent movement of rafts in mouse sperm [67].
Interestingly, in our laboratory, the relationship between the
capacitation-induced apical raft aggregation and the acro-
some reactionwas investigated [66]. A first observationwas
that the specific proteins involved in membrane docking
and fusion between the plasma membrane and the outer
acrosomalmembranewere indeed concentrated in the DRM
fraction [66]. More of interest was that of these so-called
SNARE proteins not only aggregation was noted at the
sperm surface but also at the outer acrosomal membrane.
Laborious experiments using dedicated cell disruption
techniques showed that capacitation indeed caused docking
of the twomembranes [7] by the formation of trans-trimeric
SNARE complex exactly at the area where raft aggregation
wasmonitored. In fact, the trimeric complex was heat stable
and with a boiling dithiothreitol treatment could be disso-
ciated into the three SNARE monomers. Interestingly, the
trans-SNARE complexes did not convert into cis-SNARE
complexes (which would execute the fusion of the two
docked membranes and thus initiate the acrosome reac-
tion). This premature acrosome reaction is prevented by
locking the SNARE complex to complexin [33]. Of further
note is the observation that caveolin-1 (a marker protein for
rafts) and CDC42 are involved in the regulation of the
acrosome reaction [68]. In summary, the raft aggregation
did cause SNARE aggregation and docking of the acrosome
rendering this structure ready to carry out multiple mem-
brane fusions at a whole apical surface area in response to
the acrosome reaction inducing agent [7]. It is at the
moment uncertain for the pig whether or not the ZP is
involved in inducing the acrosome reaction or the inter-
cellular matrix of the cumulus layers (as discussed in an
earlier review [69]). At any rate, the priming agentwill allow
Ca2þ entry in the space between the plasma membrane and
the docked acrosomal membrane, and this immediately
executes the acrosome fusions by forcing a Ca2þ-dependent
trans to cis conversion of the trimeric SNARE complexes and
the unlocking of complexin [33]. It is also noteworthy to
mention that cholesterol removal at the sperm surface is
activating phospholipase B and by doing so stimulates
acrosome exocytosis [70,71]. This shows that lateral redis-
tribution of membrane components, the reverse cholesterol
transport, the acrosome docking, and the acrosome reaction
are regulated in a complex and partly synergistic mode.
Recently, the surface organization of the oolemma and the
interaction of sperm with these microdomains have been
reported to be of potential interest for fertilization of the
oocyte [72]; they observed CD9 to be present in rafts at the
oocyte’s surface, and CD9 is involved in the sperm-oolemma
contact/fertilization fusion [34,73].

GPI-anchored proteins are enriched in DRMs and are
covalently linked the lipid bilayer via a conserved glycolipid
anchor (Fig. 2). As a consequence, a GPI-anchored protein is
covalently attached to the sperm surface at the outer lipid
monolayer of the plasma membrane. This class of intrinsic
membrane proteins is described to have a preference for
residing in cholesterol-rich domains [74]. Cholesterol-rich
domains are also termed membrane rafts and possess low
lateral fluidity of lipids when compared to non-raft mem-
brane fractions [47]. It is proposed that the membrane
fluidity changes in the sperm membrane and that choles-
terol extraction is necessary for proper microdomain for-
mation [11]. The formed microdomain in turn is
hypothesized to lead to a functional ZP-binding complex
[52,75]. However, the exact role of GPI-anchored proteins
in those processes is still elusive despite the fact that these
proteins are highly enriched in the ZP-binding area of the
capacitated sperm. It is known that GPI-anchored proteins
are involved in the protection of sperm in the genital tract
[76–80]. However, recent reports also showed that sperm
GPI-anchored proteins play a role in the recognition of the
ZP [31,52]. For example, PH-20 is known to have hyal-
uronidase activity, which enables it to penetrate the ZP
[81,82]. Interestingly, there are reports in literature that a
testis-specific angiotensin-converting enzyme is capable of
cleaving of GPI-anchored proteins from sperm. Kondoh
et al. [82] reported that knockout mice lacking the
expression of this protein were infertile. This suggests that
shedding of GPI-anchored proteins is an important step for
sperm to gain fertilizing competence [82]. We have shown
that there is also spontaneous release of GPI-anchored
proteins CD55 and CD52 under the influence of bicarbon-
ate [83]. Both are members of a family of proteins involved
in protecting cells from being attacked by the immune
system [78,84]. These results might imply that in vivo,
sperm migrating through the female genital tract, with
increasing concentrations of bicarbonate higher up the
tract, release these proteins progressively. Beyond the
release of such proteins, other peripheral surface proteins
such as the 15 to 25 kDa wheat germ agglutinin-binding
protein are released [85]. The release of this sperm
plasma membrane marker protein [86] may have a func-
tional role in the process of sperm oocyte interaction. At
any rate, after the removal of GPI-anchored proteins and
peripheral proteins, the membrane is rearranged in such a
way that the surface of sperm has a fully competent apical
ridge that is in place for ZP recognition and penetration
[52,87]. An alternative way to release GPI-anchored pro-
teins from the sperm surface is the treatment with
phosphatidylinositol-specific phospholipase C (PI-PLC;
[83]). PI-PLC treatment caused and altered the aggregation
of flotillin-1 in the apical ridge area of the sperm head in
absence of bicarbonate. This suggests that PI-PLC mediated
loss of GPI-anchored proteins induces a similar lateral ag-
gregation of lipid rafts to the apical ridge area as was
induced by bicarbonate and that both treatments elicit this
by GPI-anchored protein removal. Full capacitation in
presence of PI-PLC probably leads to excessive removal of



Fig. 2. Schematic overview of a GPI-anchored protein and the cleavage site of phosphatidylinositol-specific phospholipase C. The cleavage site of the angiotensin-
converting enzyme is still not fully known, but it is expected to cleave somewhere close to the mannose residues near the GPI anchor [82].
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GPI-anchored proteins, which turned out to be destructive
for sperm and cannot be recommended as a sperm treat-
ment before IVF or artificial insemination [83]. However, in
absence of either albumin, bicarbonate, or both, PI-PLC
induced several other capacitation-like responses in
sperm such as increased tyrosine phosphorylation and
hyperactivated motility. This shows that regulated removal
of GPI-anchored proteinsmay be required to prepare sperm
for proper interactions with the cumulus oocyte complexes
at the site of fertilization. Beyond the aforementioned
endogenous enzyme angiotensin-converting enzyme ,
which has been reported to be capable of cleaving of GPI-
Table 1
Oxysterol-forming enzymes.

Enzymes Cellular distribution

24-hydroxylase (CYP46A1) Neurons, neural retina, hepat

25-hydroxylase Hepatocytes

27-hydroxylase (CYP27) Hepatocytes macrophages,
endothelial cells

7a-hydroxylase (CYP7A1) Hepatocytes ovary cells
CYP3A4 Hepatocytes
11b-hydroxysteroid dehydrogenase type-1 Hepatocytes

The distribution and subcellular localization for different enzymes capable of ox
Adapted from [96].
anchored proteins on sperm cells, it is possible that
in vivo sperm cells migrating through the uterus and
oviduct will interact with other surface modifying extra-
cellular compounds such as the metalloproteinases [88–
90]. Therefore, it is of great importance for future studies
to investigate whether other extracellular modifying en-
zymes are present on the sperm surface and/or are present
in the female genital tract and how these enzymes might
play a role in sperm activation and the subsequent
binding of sperm to the ZP. For instance, the glioma
parthenogenesis-related 1-like protein 1 is a sperm raft
associated protein that becomes covalently GPI-linked
Subcellular localization Oxysterol

ocytes Endoplasmatic reticulum and
golgi apparatus

24S-hydroxycholesterol

Endoplasmatic reticulum and
golgi apparatus

25-hydroxycholesterol

Mitochondria 27-hydroxycholesterol

Endoplasmatic reticulum 7a-hydroxycholesterol
Microsomes 4b-hydroxycholesterol
Microsomes 7-ketocholesterol,

7b-hydroxycholesterol

idizing cholesterol (CYP-cytochrome P450).



Fig. 3. Structure of cholesterol and the major oxysterols resulting from autooxidation (7-ketocholesterol; 7a-hydroxycholesterol, and its enantiomer 7b-
hydroxycholesterol, cholesterol-5a, 6a-epoxide and its enantiomer cholesterol-5b,6b-epoxide) and enzymatic oxidation of the 25-hydroxycholesterol and 27-
hydrocholesterol are also enzymatic products from respectively cholesterol 25-hydroxylase and 27-hydroxylase (CYP27). Adapted from [96].
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during bovine sperm transit through the epididymis and is
after capacitation still present and functionally involved in
sperm-zona binding [91].

8. Sperm capacitation reactive oxygen species and
cholesterol removal

One of the interesting observations in recent years is
the fact that oxidative stress on sperm not only has
detrimental effects and should be avoided but that
oxidative stress also can impose stimulatory effects on
sperm [92,93]. High levels of reactive oxygen species
(ROS), and especially H2O2, have harmful effects on
important sperm functions such as membrane integrity,
cell viability, and motility [93]. On the other hand, it has
become clear that mild ROS production has a positive
effect on the capacitation of sperm and the subsequent
acrosome reaction [94]. Reactive oxygen species
has been described as one of the regulators that influ-
ence protein tyrosine phosphorylation [92], which, as
described previously, is an indicator of sperm
capacitation. Reactive oxygen species has also been hy-
pothesized to activate PKA and the extracellular-signal-
regulated kinases pathways acting independently on
the modulation of tyrosine phosphorylation such as
bicarbonate [5].
Although capacitation leads to the formation of ROS in
sperm, it is still not exactly known how raft dynamics and
membrane fluidity are regulated during sperm capacitation
and which role ROS plays in this process. The reported in-
crease in membrane fluidity and exact mechanism behind
the efflux of cholesterol from the membrane is still un-
known. Interestingly, cholesterol is a substrate for enzy-
matic oxidation with oxysterols as a final product and can
be regarded as a ROS [95]. The cholesterol molecule can be
divided into three regions: (1) a lateral chain composed of
hydrocarbons, (2) a four hydrocarbon ring structure
(termed A, B, C, and D), and (3) a hydroxyl group (Fig. 3).
The B hydrocarbon ring and its double bond is one of the
suitable targets for free radical attack and is therefore the
most sensitive for autooxidation. The autooxidation of the B
hydrocarbon ring leads to different species of oxysterols,
7a- and 7b-hydroxycholesterol, 7-ketocholesterol, 5a,6a-
epoxycholesterol, 5a,6b-epoxycholesterol, and cholestane-
3b, 5a,6b–triol [96]. The formed oxysterols are more polar
compounds when compared to cholesterol. Oxysterols are
known to cause lateral membrane expansion, reduce the
size of the membrane bilayer, and thus cause higher
membrane permeability. Due to this, the thickness differ-
ences between cellular membranes are thought to aid in
sorting membrane proteins to their intended place in the
membrane [97–100]. Autooxidation processes do not only



Fig. 4. Cholesterol and oxysterol behavior in model membranes. The additionally added hydroxyl groups cause another topology of the oxysterols in the lipid
bilayer (here only drawn for the outer monolayer). Oxysterols are increasingly reoriented more to the polar headgroup side as compared with their native
cholesterol molecules. Adapted from [97].
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form oxysterols but there are also enzymes capable of
changing cholesterol into oxysterols. Species of oxysterol
generated by enzymes are 24S-hydroxycholesterol, 25-
hydroxycholesterol, 27-hydroxycholesterol, and 7a-
hydroxycholesterol (see Table 1 for matching enzymes)
[96]. Oxysterols have been shown to be important in pro-
cesses related to cholesterol turnover, atherosclerosis,
apoptosis, and among others [99]. Current consensus is that
the oxysterols are physiological mediators involved in
cholesterol-induced metabolic effects.

The mechanism of how bicarbonate-activated sperm
cells oxidize sterols and how this relates to the reverse
transport of cholesterol to lipoproteins or in vitro to albu-
min is not understood. In recent literature [96,97,101], it has
become evident that cholesterol is a substrate for autoox-
idation by intrinsic formed ROS or alternatively oxysterols
can be formed by specific enzymes. Therefore, the
Fig. 5. Model depicting the influence of oxysterols on sterol efflux during
sperm capacitation and fertilization of the oocyte. Bicarbonate induces
reactive oxygen species/oxysterol primed sperm. Vitamin E inhibits this
process. Incubation with oxysterol-binding protein leads to capacitation
signs but does not result in sperm capable of fertilizing the oocyte. Using
albumin as a sterol acceptor in IVF procedures does lead to sperm competent
in fertilizing the oocyte (based on results of Boerke et al. [13]).
emergence of oxysterols and the partition of sterols as well
as oxysterols were measured between sperm cell pellets
and supernatants of centrifuged sperm samples under
various capacitation incubation conditions [11,13,102].
Brouwers et al. [102] showed that when bovine spermwere
incubated in several ways to investigate whether these
incubations led to the formation of oxysterols. Addition of
active prooxidants was tested for detection of autoox-
idation of cholesterol in sperm [102]. We have found that
HPLC and mass spectrometry–based techniques can detect
in the fmole-mmole detection range of sterol species
quantification and identification of the various oxidation
products formed out of cholesterol and desmosterol [102].
The differences in molecular composition of oxysterols
formed after prooxidant treatments either of reconstituted
sperm membrane vesicles or intact spermwhen compared
to in vitro capacitation conditions are also of interest. More
detailed analysis of these differences may elucidate
autooxidation and enzymatic steps involved in oxysterol
formation [61,103,104] and those prooxidation as well as
antioxidation pathways that are switched on or are
inhibited during the process of sperm activation. This
knowledge may be useful to minimize adverse effects of
oxysterol formation in sperm processed before
cryopreservation.

Oxysterol formation also takes place under in vitro
capacitation conditions in porcine and mouse sperm [13].
Indeed, in both mammalian species, sperm capacitation led
to the formation of oxysterols and the depletion of free
sterols [13]. The formation of oxysterols was bicarbonate-
dependent and could also be induced by prooxidants in
absence of bicarbonate or blocked by hydrophobic antiox-
idants in presence of bicarbonate. The capacitation condi-
tions that resulted in oxysterols formation also allowed the
depletion of cholesterol and desmosterol in both species.
However, addition of prooxidants did not have such effects
showing that the relationship between oxysterol formation
and sterol depletion is more complex. Moreover, it is of
note that oxysterol formation in cryopreserved sperm was
not succeeded by sterol removal from the sperm surface
indicating that the different topologies (Fig. 4) of oxysterols



Fig. 6. Proposed model of cholesterol efflux mediated by the oxysterol induced changes in the membrane. (A) Depicts a rigid membrane with cholesterol. (B)
When oxysterols are formed, they may push the cholesterol partially out of the outer lipid monolayer of the plasma membrane. This mechanism is explained by
the parallel position of oxysterols relative to the polar headgroups of phospholipids in the lipid monolayer. (C) In the presence of oxysterols, cholesterol is now
accessible to a cholesterol acceptor (for IVF, this would be albumin). Active cholesterol may also be preferentially transported by sterol transporter proteins such
as the ATP-binding cassette transporters ABCA-1, 7, 17 and ABCG-1 [11].

B.M. Gadella, A. Boerke / Theriogenology 85 (2016) 113–124 121
and free sterols in biomembranes are not per se allowing
cholesterol depletion. Capacitation-dependent sterol
depletion is one of the steps required for downstream
sperm activation processes such as increased protein
tyrosine phosphorylation in the sperm tail and a related
induction of hyperactivated motility (see Sections 2 and 7).
Cholesterol loss also induces lateral rearrangements of
membrane components in the sperm head and increases
membrane fluidity (Section 3). Such preparative steps are
required for optimal binding of capacitated sperm to the ZP
and to allow rapid induction of the acrosome reaction in
sperm after the initial recognition of the ZP (Section 6).
Failure of proper capacitation also blocks fertilization. We
observed that indeed capacitationwas required for not only
oxysterol formation and sterol depletion but also the gen-
eration of tyrosine phosphorylation, hyperactivated
motility, and rearrangements of molecules at the sperm
head surface [13]. Under IVF conditions, these changes
were required for the induction of the acrosome reaction
after zona binding and were required for fertilization.
When IVF was carried out under conditions in which hy-
drophobic antioxidants were added to themedium, this not
only blocked oxysterol formation but also fertilization of
the oocyte (Fig. 5). The amount of sperm bound to the ZP
was not significantly affected. Moreover, the polyspermic
fertilization rates of fertilized oocytes in control versus
antioxidant conditions also were identical. Both observa-
tions indicate that the antioxidant inhibition effect was
specific for sperm and that the oocyte’s developmental
competence was unaffected.

Interestingly, sperm incubated with oxysterol-binding
proteins (ORPs) also showeddin partdsigns of sperm
capacitation [13]. The ORPs induced sperm protein tyrosine
phosphorylation, hyperactivated motility, lateral rear-
rangements of molecules at the sperm head, and affinity for
the ZP. In fact, the ORP interaction with the sperm surface
scavenged oxysterol formation by greater than 50% and
induced premature acrosome reactions of incubated sperm
in capacitation media. However, ORPs did not allow IVF or
the efflux of free sterols from the sperm surface (Fig. 5).

An alternative way to deplete the sperm surface from
(oxy)sterols is treatment with cyclodextrin (see also
Section 6). Successful depletion of cholesterol and des-
mosterol was observed with methyl-beta-cyclodextrin
(MBCD), which results in tyrosine phosphorylation,
hyperactivated motility, and moderate IVF rates (about 30%
instead of the usual 60%) at 2-mMMBCD levels [13]. Lower
levels of MBCD did not result in these effects, and higher
levels were detrimental to sperm [12] and oocytes. Oocyte
deterioration was also manifested in 30% of the oocytes;
thus, the permissive concentration range for IVF using
MBCD is narrow, and adverse effects on oocytes are
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forming a coinciding problem (a process also noted for
mouse oocytes [13,14]).

It is of special interest to sperm physiology that oxy-
sterol formation may enable altered lateral and bilayer
behavior of cholesterol and/or desmosterol in the mem-
brane: oxysterols can rigidify model membranes [97]. This
could be detrimental, for instance for cryopreserved sperm;
and thus, the presence of oxysterols can be used for di-
agnostics in assessing the cryopreservability of semen do-
nors. Another possibility is that oxysterols can promote
sterol depletion. Sterols are flat hydrocarbon steroid
structures with one polar hydroxyl group in the polar
headgroup region of phospholipid monolayers and the full
steroid structure in parallel oriented with the fatty acids
esterified to phospholipids. However, oxysterols by virtue
of additional polar hydroxyl groups will orient to a more
surface-exposed orientation (i.e., in parallel with the polar
headgroups; see Fig. 6). This phenomenon may not only
lead to changes in the fluidity of the membrane, but has
also been predicted to tilt free sterols into a more accessible
topology for sterol accepting proteins. If this is the case in
sperm cells, the oxysterol formation could be a preparative
step for sterol depletion.

9. Conclusions

In this review, we have overviewed the current under-
standing of the process of sperm capacitation with special
emphasis on the effects of the in vitro–induced surface al-
terations and their role in sperm signaling, membrane
fusion, and IVF. New information on the role of lipid
microdomain dynamics, cholesterol efflux, cholesterol
oxidation, and GPI-anchored protein release is included.
Recently, it has been established that just preovulatory
oviductal fluid improves IVF when added to fresh porcine
sperm [105]. Likewise, oviduct interactions modulate
sperm physiology [106]. The effects of the intraoviductal
environment on the sperm surface remains a largely un-
disclosed area that needs to be further elucidated in the
future. The picture is far from complete, but fundamental
understanding of the ergonomics of the sperm surface
rearrangements may help to improve IVF. Likewise, the
methods to store sperm may have negative side effects on
the capacitation-specific surface rearrangements, and bet-
ter understanding of this may help in the design of better
sperm preservation protocols (see also [11]).
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