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Following spermatogenesis and spermiogenesis, mam-
malian spermatozoa leaving the testis appear to be
morphologically mature but clearly are immature from
a functional standpoint; that is, they have acquired nei-
ther progressive motility nor the ability to fertilize a
metaphase II–arrested egg. Although progressive motil-
ity is acquired and signaling pathways mature during
sperm transit through the epididymis, complete fertil-
ization capacity in vivo is conferred only during resi-
dence in the female reproductive tract. Similar obser-
vations have been made using a variety of in vitro
assays, suggesting that a series of events, some initiat-
ed by environmental cues, confer on sperm the ability
to fertilize the egg.

This acquired capacity to fertilize was first observed by
Austin (1) and Chang (2), who demonstrated that freshly
ejaculated sperm cannot fertilize eggs until they reside in
the female reproductive tract for a finite period of time. All
of the cellular events that allow the ejaculated sperm to
fertilize an egg were subsumed into a single phenomenon
that was termed “capacitation.” The ability to capacitate
sperm in vitro has been of great importance to both sci-
entists and clinicians, who have used it to study the basic
biology of fertilization and to develop various assisted
reproductive technologies for humans and other species.

Work by many investigators has established that the
process of fertilization, not surprisingly, represents a
series of elegant intercellular communication and cel-
lular activation events (3–5). Sperm functions such as
motility and capacitation in the female reproductive
tract are likely modulated by environmental cues in the
luminal fluid, as well as by interactions with oviductal
epithelium or other female tissues (6). When sperm

arrive in the oviduct and encounter the ovulated,
metaphase II–arrested egg enclosed in its cumulus cell
matrix, a complex series of cell-cell and cell-ECM inter-
actions ensues, initiating cellular signaling events that
permit the fusion of the sperm and egg plasma mem-
branes. Several of these cell-matrix and cell-cell inter-
actions involve novel gamete surface proteins and
matrices. Signal transduction events leading to gamete
activation, in particular sperm acrosomal exocytosis
and egg cortical granule secretion, share some features
with signaling events described in somatic cells.

Sperm membrane cholesterol efflux contributes to one
such novel signaling mechanism that controls sperm
capacitation, and the details of this effect are now begin-
ning to be understood at the molecular level. Knowledge
of how cholesterol efflux occurs in these cells, as well as
how this efflux is integrated with transmembrane sig-
naling to regulate sperm function, may reveal much
about the fertilization process and may also provide
insights into the role and dynamics of membrane cho-
lesterol efflux in somatic cell function. Here, we offer a
short overview of the role of cholesterol efflux in regu-
lating sperm capacitation, with an aim toward identify-
ing areas of future investigation that may ultimately pro-
vide a greater understanding of the role of this sterol in
regulating signal transduction. The reader is referred to
several extensive reviews of this subject (7, 8).

Molecular basis of capacitation
After attaining morphological maturity in the testis,
sperm must undergo two distinct processes of functional
maturation to be able to fertilize an egg. The first occurs
in the epididymis of the male reproductive tract, as sperm
move from the caput to the corpus and then to the caudal
regions of this organ, where they are stored prior to ejacu-
lation. During this transit, the signaling pathways that
regulate capacitation are enabled. Thus, caput epididymal
sperm fail to be capacitated in the presence of molecular
stimuli (defined below) that are sufficient to capacitate
sperm residing in the cauda epididymis (9).

Several molecular events are likely involved in the acqui-
sition of signaling competence. For example, concomi-
tant with the maturation of these signaling pathways,
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epididymal sperm undergo dramatic alterations in their
membrane sterol content. Such changes are highly
species-specific and are also highly specific with regard to
the class of sterol that is being changed (10). In addition,
intracellular signaling systems that control capacitation
mature during epididymal transit (ref. 11; M. Fornes et al.
unpublished data). How alterations in membrane sterol

composition integrate with the maturation of signaling
pathways is still not fully understood.

The majority of alterations of epididymal sperm sterol
content probably result from interactions of the sperm
with the epididymal epithelium. Epithelial linings of
both the epididymis and the vas deferens appear to have
a highly developed sterol-producing capacity (12),
although the impact of sterol synthetic capacity in the
vas deferens on sterol levels in ejaculated sperm is
unclear. There are also changes in the content of other
sperm lipids during epididymal maturation. In some
species, phospholipids are the major source of energy for
endogenous oxidative respiration and therefore phos-
pholipid levels decline during epididymal maturation
(13). Changes in either sperm sterol or phospholipid lev-
els might serve to alter the membrane cholesterol/phos-
pholipid molar ratio, which has been implicated in the
regulation of capacitation, as described below.

Given the species-specific nature of these large-scale
alterations in lipid content, it is difficult to speak gen-
erally about their function. However, in all species exam-
ined thus far, cauda epididymal sperm possess clearly
delineated membrane domains that differ in their sterol
composition. Initially characterized by the presence of
filipin-sterol complexes (FSCs) visible by freeze-fracture
electron microscopy, these domains impart hetero-
geneity on the sperm surface within a given region of
these cells. Such subdomains suggest the possibility of
still more precise compartmentalization of function
beyond the obvious polarization of these cells into head
and tail domains that contribute to egg interaction and
motility regulation, respectively. Indeed, these subdo-
mains have recently been hypothesized to act as scaf-
folds or foci for signaling pathways regulating sperm
capacitation in both the head and flagellum (14).

Signaling and the control of fertilization
competence in sperm
Recent studies by several laboratories using in vitro
models support the idea that capacitation requires
transmembrane signaling and intracellular signal trans-
duction. The development of in vitro capacitation pro-
tocols for sperm of several different species has shown
the critical importance of three media constituents,
namely Ca2+, HCO3

–, and a protein that can function as
a cholesterol acceptor, such as serum albumin.

Work by several laboratories shows that capacitation
is likely regulated by a novel signal transduction path-
way involving cross-talk between cAMP, protein kinase
A (PKA), and tyrosine kinases (Figure 1). This signaling
leads to the phosphorylation on tyrosine residues of sev-
eral proteins, the identities of which are only starting to
be elucidated (7). As initially demonstrated by Visconti
et al. (11), cauda epididymal mouse sperm, when incu-
bated in vitro in media known to support capacitation,
display a time-dependent increase in protein tyrosine
phosphorylation that correlates with the onset of func-
tional capacitation, operationally defined by the ability
of the sperm population to fertilize eggs. The apparent
absence of external stimuli, such as hormones or
cytokines, that might initiate the observed tyrosine
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Figure 1
Model for the organization of cholesterol in the membranes of the sperm
head, and its role in signaling. Schematic diagrams of a murine sperm
incubated under noncapacitating conditions (a) and capacitating condi-
tions (b). In this model, membrane rafts (regions enriched in sterols) are
organized in the plasma membrane of the anterior head. Membrane
fusion proteins are inactive due to being tethered by caveolin. The distri-
bution of phospholipids in the membrane leaflets is asymmetrical, as the
scramblases are inactive. When exposed to capacitating conditions (bicar-
bonate, calcium, albumin, and HDLs), cholesterol is removed via a spe-
cific pathway (HDL–SR-BI) and a nonspecific pathway (albumin). Increas-
es in sAC activity elevate cAMP levels and PKA activity and stimulate
downstream kinases. This signaling results in increased phospholipid
scrambling, causing a disordered distribution of amino- and neutral phos-
pholipids. Together with the increase in membrane fluidity caused by the
sterol efflux, this change results in lateral movement of some sterols and
caveolin from the anterior to the posterior head. The loss of sterols from
the membrane causes a disruption of the interaction between caveolin and
the membrane fusion proteins, resulting in their activation. The plasma
membrane (PM) and outer acrosomal membrane (OAM) are shown
immediately adjacent to the subacrosomal ring (SAR). For simplicity, both
an anion and a cation are drawn as passing through a single ion channel
in b. Cholesterol can exist in a free state in the membrane or be associat-
ed with cholesterol acceptors such as HDLs or albumin (A). sAC, a novel
HCO3

–-activated adenylyl cyclase that associates at least in part with
membranes, is shown here in the sperm cytoplasm. Membrane fusion pro-
teins (MF) can associate with either the PM or the OAM.



phosphorylation suggested that signaling might be reg-
ulated by a time-dependent mechanism or by specific
components in the media. Subsequent work showed
that the extracellular Ca2+, HCO3

–, and serum albumin
in the capacitation medium are all absolutely required
for these molecular and functional changes (11) and
implicated a novel adenylyl cyclase/cAMP/PKA signal-
ing system in sperm capacitation (7).

Just as interesting as this novel mode of signal trans-
duction is the unusual mechanism by which these
medium components activate cAMP signaling (Figure
1). Although there is clear evidence that Ca2+ can regu-
late the activity of specific adenylyl cyclase and cyclic
nucleotide phosphodiesterase family members, the
effects of HCO3

– on adenylyl cyclase activity have been
demonstrated in only a small number of cells or tissues,
including ocular ciliary processes, corneal endothelium,
choroid plexus, the medullary and cortical regions of
the kidney (15), and sperm (4). Presently, most is known
about the sperm adenylyl cyclase. This enzyme is not
regulated in a manner similar to that seen with the clas-
sical 12-transmembrane, G protein–regulated somatic
cell adenylyl cyclases (4). A considerable amount of
effort has been devoted to characterizing the sperm
HCO3

–-activated adenylyl cyclase, which was recently
purified and cloned (16). This protein, now termed
“sAC,” has many novel characteristics and is likely to
exist in multiple forms as a consequence of alternative
splicing and proteolysis. Its catalytic domains resemble
the adenylyl cyclases of Cyanobacteria, enzymes that can
also be regulated by HCO3

– (17, 18).

Role of cholesterol efflux in signal 
transduction leading to capacitation
The historical requirement for serum albumin in
defined media to support capacitation had been
hypothesized by several groups to be due to the ability
of albumin to serve as a sink for cholesterol removal
from the sperm plasma membrane (10, 19). Removal of
this sterol likely accounts for the changes in membrane
fluidity observed during capacitation and the subse-
quent decrease in the membrane cholesterol/phospho-
lipid ratios (7). Such changes in membrane dynamics
are likely to significantly affect cellular function (see
below). Coupled with evidence that sperm membrane
sterol levels decline following exposure to albumin, the
observation that other cholesterol acceptors like HDL
and β-cyclodextrins effectively support capacitation
suggests that the primary action of serum albumin is in
mediating cholesterol efflux (20, 21). Interestingly, the
action of serum albumin, HDL, and β-cyclodextrins as
cholesterol acceptors is somehow coupled to the cAMP-
dependent pathway described above (Figure 1) (20, 21).

How might changes in the sterol content of the mem-
brane regulate transmembrane signaling leading to
capacitation? Biophysical studies demonstrate that
cholesterol alters the bulk properties of biological
membranes. For example, this sterol can increase the
orientation order of the membrane lipid hydrocarbon
chains, restricting the ability of membrane proteins to
undergo conformational changes by rendering their

surrounding membrane less fluid. High concentra-
tions of cholesterol can thereby inhibit capacitation
indirectly by diminishing the conformational freedom
and hence the biological activity of sperm surface pro-
teins. Alternatively, cholesterol might directly affect
specific membrane proteins that function in trans-
membrane signaling. As shown in Figure 1, either or
both of these effects of cholesterol could modulate ion
transporters and effector enzymes like sAC. This story,
however, is likely to be more complex and to involve
additional lipid and sterol species, particularly in light
of evidence that phospholipids move between distinct
sperm membrane subdomains during capacitation.

Roles of sperm membrane subdomains in signaling
In all species examined thus far by visualization of FSCs
the plasma membrane overlying the acrosome has been
found to be markedly enriched in sterols, relative to either
the post-acrosomal plasma membrane or the acrosomal
or nuclear membranes (21–24) (Figure 2). The highly con-
served demarcation of these two subdomains in the plas-
ma membrane of the sperm head suggests their impor-
tance in the organization or control of signal
transduction or cellular metabolism. Membrane subdo-
mains enriched in cholesterol and sphingolipids, as
opposed to phospholipids, have been suggested to per-
form these functions in somatic cells. These domains
have been termed “membrane rafts,” as they are believed
to represent liquid-ordered domains in a “sea” of liquid-
disordered membrane (refs. 25, 26; see also Simons and
Ehehalt, this Perspective series, ref. 27). Their lipid com-
position makes the raft fractions of membranes separa-
ble from nonraft fractions based on their insolubility in
detergents such as Triton X-100 or on their lighter buoy-
ant density when centrifuged through density gradients.
Using these two biochemical criteria, we have recently
demonstrated that mammalian sperm possess such
membrane rafts (14).

What then are the functions of cholesterol and these
rafts in sperm membranes? The first potential role is in
compartmentalizing pathways to specific regions of the
cell. This “prefabricated” ordering of pathway compo-
nents is critical in sperm because of their extraordinarily
polarized design, as well as the fact that they are both
transcriptionally and translationally inactive. Sperm
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Figure 2
Localization of sterols and caveolin-1 in noncapacitated murine sperm.
(a) The localization of sterols in murine sperm, as visualized by the inher-
ent fluorescence properties of filipin. (b) Immunolocalization of caveolin-
1 in murine sperm. As performed in ref. 14.



must assemble and organize their pathways so that they
may function precisely where needed, as they cannot syn-
thesize new proteins to meet changing needs in the
female tract. One protein enriched in sperm membrane
rafts that might function to compartmentalize pathways
is caveolin-1 (14). In somatic cells, this protein has been
suggested to anchor a variety of signaling and metabolic
proteins to membrane rafts (28–30). By scaffolding such
molecules, caveolins have been suggested to tether path-
way components in “preassembled complexes” that then
can be activated by the dissociation of the interaction
between the proteins and caveolin (31). Although specif-
ic caveolin-interacting proteins have yet to be identified
in sperm, we have localized caveolin to the same regions
of the sperm that are enriched in cholesterol (Figure 2)
and have determined that proteins believed to be impor-
tant for acrosomal exocytosis are enriched in membrane
raft fractions (ref. 14; A.J. Travis et al., unpublished data).
Together, these data suggest a role for membrane rafts
and caveolin in mediating the localization and/or organ-
ization of specific signaling pathways in sperm.

In addition to physically compartmentalizing specific
pathways, membrane rafts may regulate such pathways
by facilitating the efflux of cholesterol from the sperm
plasma membrane. Cholesterol efflux from rafts might
initiate signaling by at least two mechanisms. First, efflux
could increase membrane fluidity and thus allow previ-
ously partitioned integral membrane proteins or mem-
brane-anchored proteins to interact with one another in
order to initiate signaling. In this regard, proteins
believed to be important in the fusion of the sperm with
the egg plasma membrane have been shown to translo-
cate from the anterior to the posterior sperm head dur-
ing capacitation, suggesting that the loss of cholesterol
and the concomitant increase in membrane fluidity is
essential for fertilization (32). Second, cholesterol efflux
could activate signaling by disrupting the interaction of
caveolin with specific signaling molecules, thereby free-
ing them to form functional signaling complexes. One
argument against this latter possibility being critical to
sperm function is the finding that mice carrying a tar-
geted deletion of the Caveolin1 gene appear to be fertile
(33, 34). However, given the essential role of sperm in the
propagation of life, a redundancy of systems would not
be unexpected. Indeed, knockout models of several genes
hypothesized to be critical for fertilization have resulted
in only subtle reductions in male fertility (35, 36).

If sperm membrane rafts function in part by mediat-
ing cholesterol efflux, then a loss of cholesterol from
such regions should be observed when sperm are incu-
bated under capacitating conditions. In fact, cholesterol
efflux results in dramatic changes in the pattern and
number of FSCs, with loss from the plasma membrane
overlying the acrosome, some diffusion of FSCs into the
post-acrosomal plasma membrane, and loss from the
plasma membrane of the flagellum (21, 23, 24). A semi-
quantitative analysis of cholesterol efflux, based on the
density of FSCs in different sperm regions before and
after capacitation, suggests that efflux occurs from all
areas of the sperm that originally contained cholesterol,
including both the head and the flagellum (24). Hence,

the molecule or molecules that mediate this efflux are
likely widespread throughout this cell.

Models of cholesterol efflux 
from sperm membranes
In somatic cells, several molecular pathways have been
proposed to carry out cholesterol efflux (see Tall et al.,
this Perspective series, ref. 37). These include unmediat-
ed aqueous diffusion, interactions with lipid-poor
apolipoproteins, membrane micro-solubilization, or
efflux that is mediated by specific molecules by either
facilitated or active transport mechanisms (38, 39). Mol-
ecules proposed to mediate these processes include the
scavenger receptors SR-BI and CD36 (40), members of
the ATP-binding cassette (ABC) transporter family (41),
and caveolin (42), although the role of this latter candi-
date has been controversial (43). Several of these proteins
function most efficiently in concert with a specific class
of sterol acceptor. For example, SR-BI mediates efflux to
HDL, whereas ABC-A1 mediates efflux to lipid-poor
apolipoproteins such as apoA1. Because simple diffusion
into an aqueous medium is inefficient, physiological
cholesterol efflux from sperm most likely is enhanced by
the presence of cholesterol acceptors in the luminal fluid
of the female tract. As mentioned above, this phenome-
non can be mimicked in vitro by incubating sperm in the
presence of a cholesterol acceptor such as serum albu-
min or β-cyclodextrins.

Several reports suggest that the cholesterol accep-
tors HDL and albumin, which are both found in
oviductal and follicular fluid, can stimulate capacita-
tion (44, 45). Interestingly, human follicular fluid
albumin provides a more efficient sink for cellular
cholesterol than does the better described serum albu-
min (44). Moreover, HDL levels in bovine oviductal
fluid vary over the estrous cycle, having an inverse log
relationship with serum progesterone (45). Thus, the
abundance of a known cholesterol acceptor increases
at the time of estrus. A better understanding of the
nature of these changes and their regulation could
shed light on the mechanism of cholesterol efflux
from the sperm plasma membrane and might be of
great benefit for helping define specific subsets of
idiopathic infertility. Such information might also
suggest alternative approaches to contraception.
However, knockout mice lacking each of the genes
encoding the most obvious candidates mentioned
above have been generated and are apparently fertile
(33, 34, 46, 47). These negative findings may be
explained by the effect of oviductal fluid albumin,
which is plentiful and can function as a cholesterol
acceptor to activate sperm function. Albumin is
believed to function nonspecifically by providing a
relatively hydrophobic environment in the vicinity of
the plasma membrane, facilitating the otherwise inef-
ficient diffusion of cholesterol into an aqueous medi-
um. Efflux to oviductal fluid albumin might provide
a redundant, nonspecific mechanism for efflux in
vivo, thus safeguarding sperm signaling and fertiliza-
tion competence when the specific pathways are com-
promised, as in the knockout models studied.
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Recent work on phospholipid scramblases has begun
to clarify the relationship between HCO3

– and Ca2+ sig-
naling and the induction of cholesterol efflux during
capacitation (48, 49). These enzymes translocate choline
phospholipids to the inner leaflet, and aminophospho-
lipids to the outer leaflet along their concentration gra-
dients, thus reducing the asymmetry of phospholipid
distribution across the membrane bilayer (50). Phos-
pholipid scrambling in sperm appears to require both
exposure to HCO3

– and PKA activity (48, 51–53), and it
has been proposed that cAMP generated by sAC triggers
a downstream increase in phospholipid scramblase
activity, which in turn facilitates cholesterol efflux,
potentially through a mediator such as SR-BI (53). A
variation of this model, reflecting our observation that
rafts are dissipated during capacitation, is shown in Fig-
ure 1. Either caveolin or the local topography of a mem-
brane subdomain such as a raft might also promote
efflux by providing a clustering of cholesterol, raising
its local concentration. This would, in turn, promote
efflux down a gradient either specifically through 
SR-BI to HDL, or nonspecifically to albumin.

Other sterols and lipids in the sperm
Despite the focus on cholesterol above, it should be
noted that sperm are remarkable for the variety of
sterols they possess. The sperm of rodents, primates,
and other species contain varying amounts of desmos-
terol (21, 54), which undergoes efflux from the sperm
membrane during capacitation and could function in
a manner similar to that of cholesterol (21). Sperm cells
of different species also contain variable amounts of
sterol sulfates (10, 21). Sterol sulfotransferases, which
have been reported to exist within the female tract, are
presumed to render sperm membranes more fluid as
part of capacitation (55).

Ceramides, another class of membrane lipids that has
been implicated in cell signaling, may also contribute to
the control of sperm function. For example, increasing
sperm ceramide levels has been shown to enhance capac-
itation by increasing the efflux of cholesterol and
desmosterol (56). However, it is unclear whether this
effect is through the direct action of the ceramide pro-
duced on downstream signaling proteins, or through an
increase in lipid disorder, such as that promoted by the
phospholipid scramblases. The basic structural compo-
nent of sphingolipids, ceramide, can be formed by the
degradation of sphingomyelin by sphingomyelinase. As
recently reviewed by Kolesnick (57), ceramide can exert
signaling effects on cells via several independent mecha-
nisms. First, it can increase membrane fluidity by chang-
ing lipid packing. In addition, ceramide can directly affect
the activity of protein phosphatases and protein kinases.
Finally, ceramide can act indirectly by its degradation via
ceramidase into sphingosine, which can be phosphory-
lated by sphingosine kinase into sphingosine-1-phos-
phate (S1P). This highly reactive compound has been
shown to stimulate a G protein–coupled receptor, S1P1

or EDG-1 (58). Given the complex and dynamic sterol
and lipid composition of sperm, much work needs to be
done to elucidate the pathways regulating sterol/lipid

efflux and transducing such efflux into downstream sig-
naling events that ultimately regulate sperm function.

Conclusions and future directions
We are now in a position to make significant advances in
our understanding of sperm capacitation at the molec-
ular level, progress that should ultimately lead to new
and better techniques for enhancing fertility, identifying
and treating certain forms of male infertility, and pre-
venting conception. One remarkable insight from this
work has been the importance of membrane cholesterol
efflux in initiating transmembrane signaling events that
confer fertilization competence. The identity of the phys-
iologically relevant cholesterol acceptors and modula-
tors of cholesterol efflux is therefore of great interest.
Still, it is clear that cholesterol efflux represents only a
part of this story. The involvement of phospholipid
translocation in mediating dynamic changes in the
membrane, rendering it conducive to transmembrane
signaling, and the modulation of membrane compo-
nents of signal transduction cascades by cholesterol or
phospholipids will yield important insights into the
links between environmental sensing and transmem-
brane signaling in the sperm. How these dynamic events
within the membrane are integrated with membrane
microdomains and rafts should provide new and excit-
ing avenues of investigation for the foreseeable future.
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