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Abstract
Mammalian spermatozoa lose plasma membrane cholesterol during their maturation in the
epididymis and during their capacitation in the female reproductive tract. While acceptors such as
high-density lipoproteins (HDL) and apolipoproteins A-I (apoA-I) and J have been found in male
and female reproductive tracts, transporters that mediate cholesterol efflux from plasma membranes
of spermatozoa to such acceptors have not yet been defined. Candidate transporters are members of
the ATP-binding cassette (ABC) transporter superfamily including ABCA1, ABCA7, ABCG1 and
ABCG4, which have all been implicated in the transport of sterols and phospholipids to
apolipoproteins and HDL. Here we show that mouse spermatozoa in the seminiferous tubules and
epididymis express ABCA1, ABCA7 and ABCG1, but not ABCG4. Moreover, we show that
ABCA1, ABCA7 and ABCG1 antibodies decrease cholesterol efflux from spermatozoa to lipid
acceptors apoA-I and albumin and inhibit in vitro fertilization.
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INTRODUCTION
The loss of cholesterol from the spermatozoa plasma membrane is key to spermatozoa
maturation and capacitation, which together render the spermatozoa capable of interacting with
an oocyte and inducing the acrosome reaction [1–3]. In the male reproductive tract, the
cholesterol acceptors apoA-I and apoJ are both secreted by the epididymis and implicated in
spermatozoa maturation [4–6]. However, the significance and role of these epididymal proteins
are still poorly understood. ApoA-I and apoJ are also synthesized by epithelial cells of the
uterus and oviduct [7,8]. As components HDL particles, these apolipoproteins are thought to
mediate association of HDL particles with spermatozoa plasma membranes and to serve as
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cholesterol and phospholipid acceptors in the process of lipid efflux. Lipid efflux is considered
one of the key events of spermatozoa capacitation that leads to acrosome reaction and
fertilization. Apolipoprotein particles enriched with spermatozoa lipids are believed to deliver
the cholesterol to principal cells of the epididymis [4,5,9] and to epithelial cells of the female
reproductive tract where the apolipoprotein particles can be endocytosed via endocytic
receptors such as megalin/LRP-2 and cubilin [7].

Although the mechanism by which cholesterol is effluxed from spermatozoa plasma
membranes to lipid acceptors is not known, ABC transporters including ABCA1, ABCA7,
ABCG1 and ABCG4 represent candidates since they mediate the transport of cholesterol from
other types of cells to lipid-poor apoA-I and to lipoprotein particles (e.g., HDL) [10]. Here we
evaluated murine spermatozoa for the expression of ABC transporters known to support
apolipoprotein-mediated cholesterol release. We also evaluated their roles in the transport of
cholesterol from the sperm plasma membrane to lipid-poor apoA-I and albumin and in
facilitating fertilization.

MATERIALS AND METHODS
Antibodies

Rabbit ABCA1 antibody was purchased from Novus Biologicals (Littleton, CO). Rabbit
antibodies to ABCG1 and ABCG4 were from Alpha Diagnostics International (San Antonio,
TX). Monoclonal ABCA7 antibody (KM3096) [11] was provided by Dr. Katzumitsu Ueda
(Kyoto University, Japan) and Kyowa Hakko Kogyo Co. Ltd (Tokyo, Japan).

Immunocytochemistry
Testes and epididymides from CD-1 mice (Charles River, Montreal, QC) and 7-week mice
homozygous for targeted deletion of ABCA1 [12] (provided by Dr. Yves Marcel, University
of Ottawa Heart Institute) were immersed in Bouin’s or in 5% paraformaldehyde. The tissues
were embedded in paraffin, sectioned and immunostained with ABCA1, ABCG1 and ABCG4
antibodies as previously described [5,6]. For ABCA7 staining, sections were blocked with
2.5% horse serum in PBS prior to antibody incubation. Sections were incubated for 30 min
with horse anti-rabbit/mouse Biotinylated Universal Antibody (Invitrogen, Burlington, ON)
and incubated with Vectastain Elite ABC Reagent (Burlingame, CA).

For confocal microscopy, the caput epididymis was removed and placed in HEPES-buffered
Krebs Ringers bicarbonate (KRB-HEPES) and minced. The spermatozoa-containing
supernatant was collected, centrifuged at 800 × g at rt for 5 min and the pellet resuspended in
2ml PBS. An aliquot (100µl) of the suspension was fixed on a glass slide with 3.7%
formaldehyde for 10 min and blocked with 3% goat serum or with 2% horse serum for 30 min.
The slides were incubated with ABCA1, ABCA7 or ABCG1 antibodies or non-immune IgG
for 60 min at rt and washed with PBS. The slides were incubated with FITC-conjugated
secondary antibodies followed by PBS washing. Nuclei were stained with Hoechst 33342
(Molecular Probe, Eugene, OR).

RNA isolation and RT-PCR
Testes from an adult male CD-1 mouse were removed, washed with Hank's Balanced Salt
Solution (HBSS), decapsulated and minced. The seminiferous tubules were then suspended in
10 ml of HBSS containing 0.4 mg/ml collagenase, 0.664 mg/ml DNaseI, 6 mM sodium
pyruvate and 2 mM sodium L-lactate and incubated at 37°C for 10 min. Trypsin (18 mg) was
added and the suspension incubated for 15 min with agitation. The supernatant, containing
germ cells, was collected and subjected to centrifugation at 700×g for 5 min. The pellet
containing 90% spermatids was resuspended in HBSS and 2×107 cells extracted using an
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Oligotex RNA isolation kit (Qiagen). Total RNA was isolated from mouse neonatal brain using
Trizol (Invitrogen, Carlsbad, CA). cDNA was made from total RNA (1µg) using an iScript kit
(BioRad, Hercules, CA). Primers pairs and cycling conditions used for RT-PCR are shown in
Supplemental Table I.

Immunoblot analysis of spermatozoa extracts
The epididymides were separated into caput, corpus and cauda. The tissues were placed in
Dulbecco’s Modified Eagle Medium (Invitrogen Corporation, Burlington, ON) containing
Complete Protease Inhibitor Cocktail (Roche, Palo Alto, CA), and minced. The spermatozoa-
containing supernatant was collected and centrifuged at 500×g, 4°C for 5 min. The spermatozoa
were resuspended in 100µl of 1.0% NP40, 154mM NaCl, 0.4mM Tris pH8.0 containing
protease inhibitors (Roche). After 30 min incubation, the lysate was centrifuged at 10,000×g,
4°C for 10 min. Aliquots (20µg protein) were subjected to SDS-PAGE (reducing conditions)
and transferred to Hybond-ECL membranes (Amersham Biosciences, Piscataway, NJ).
Detection was achieved using the ECL+ Western Blotting Detection System (Amersham).

Spermatozoa cholesterol efflux assays
Caput, corpus and cauda epididymides (n=3) were removed and finely chopped and transferred
to 5ml of KRB-HEPES. The homogenates were incubated at 37°C for 10 min and the released
spermatozoa pelleted by centrifugation at 500×g, for 10 min at 25°C. The pellets were
resuspended in 2ml of KRB-HEPES at 1×107 spermatozoa/ml. An aliquot (100µl) of the cell
suspension was mixed with 100µl of 50µg/ml human apoA-I in KRB-HEPES plus and minus
antibodies to ABCA1 (10µg IgG/ml) or ABCG1 (5µg IgG/ml) and incubated at 37°C and 5%
CO2 for 1h. In control reactions, spermatozoa were mixed 1:1 with KRB-HEPES lacking apoA-
I. In separate experiments, delipidated BSA was used instead of apoA-I. After 1h incubation,
spermatozoa were pelleted at 500×g for 10 min, the supernatant saved and the pellet washed
with KRB and resuspended in 140µl of PBS. Aliquots (50µl) of the spermatozoa suspension
and supernatant were analyzed for cholesterol using an Amplex Red Cholesterol Kit (Molecular
Probes).

Fertilization assays
Epididymides were in M2 capacitating medium (M2) [13] plus and minus ABC transporter
antibodies (0.1µg IgG/ml). The contents of the epididymides were squeezed out, using sterile
forceps. Spermatozoa were allowed to "swim out" for 10 min at 37°C, 5%CO2. The
spermatozoa were overlaid with 2x volume of M2 for 30 min at 37°C, 5%CO2 for “swim-up”.
The upper 1/3 of the suspension was taken and adjusted to 1–5×106 spermatozoa/ml for
fertilization. Oocytes were isolated from 10-week CD-1 females superovulated by
intraperitoneal injection of 7 IU pregnant mare serum gonadotropin (Sigma) followed 24h later
with 5.0 IU human chorionic gonadotropin (hCG, Sigma). Oocytes were collected from
oviducts into antibody-containing M2 15h after hCG injection. Cumulus oophorus cells were
removed by treatment with 0.1% hyaluronidase in M2. The cumulus-free oocytes were rinsed
in M2 and groups of 10 oocytes fertilized with spermatozoa at 37°C, 5%CO2. Fertilization was
assessed 18h later by counting the number of zygotes as compared to oocytes [14].

Statistical analysis
The Chi-square test was used to test the significance of differences between groups.
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RESULTS
ABC transporter expression in the testis

Immunohistological analysis of testicular sections revealed ABCA1 staining of the cytoplasm
of Sertoli cells (Fig. 1A, C). ABCA1 was also detected on the head and tail of step 16 spermatids
(stage VII–VIII of spermatogenesis) (Fig. 1A, C). By contrast, spermatogonia, spermatocytes
and round spermatids (step 1–7) and elongating spermatids (step 8–15), showed no reactivity
with ABCA1 antibody (Fig. 1A).

The expression of ABCA7 in testis was similar to that of ABCA1. Sertoli cells exhibited
staining, as did the heads and tails of step 16 spermatids, albeit the relative level of ABCA7
staining of the tails was less than that observed for ABCA1. No ABCA7 expression was
detected in spermatogonia, spermatocytes or round spermatids (Fig. 1D).

By contrast to ABCA1 and ABCA7, only faint, intermittent ABCG1 immunolabeling was
observed in Sertoli cells. While there was pronounced ABCG1 staining in the tails of step 16
spermatids, the heads were negative. No ABCG1 expression was evident in spermatogonia,
spermatocytes or round spermatids (Fig. 1E).

No ABCG4 immunoreactivity was detected in the testis. However, the ABCG4 antibody was
found to react with other mouse tissues including the brain cortex in which neuronal cells were
positive (data not shown). The results of histological analysis of ABC transporter expression
in the testis are summarized in Supplemental Table II.

ABCA1, ABCA7, and ABCG1 transcripts were detectable in spermatid RNA preparations,
however, ABCG4 RNA was not detectable. The ability of the ABCG4 primers to specifically
amplify mouse ABCG4 was verified using brain cDNA. The findings obtained from RT-PCR
analysis are consistent with those from immunohistological analyses (Supplemental Fig 1).

ABC transporter expression in the epididymis
Immunostaining of epididymal sections revealed ABCA1 staining of the heads and tails of
spermatozoa located throughout the caput, corpus and cauda epididymis (Supplemental Fig.
2A, B). Principal cells of the caput, corpus and cauda epididymis also exhibited a pronounced
cytoplasmic ABCA1 immunostaining (Supplemental Fig. 2A–C). A stronger staining was
observed along the apical surface at the base of the microvilli (Supplemental Fig. 2A–C,
arrows). The degree of ABCA1 immunostaining of principal cells was similar in all three
region of the epididymis.

ABCA7 immunostaining was detected on spermatozoa throughout the epididymis. As seen in
the testis, ABCA7 was detected on the heads of spermatozoa in the epididymis (Supplemental
Fig. 2D–F). Principal cells of the epididymal epithelium were also positive for ABCA7. As
for ABCA1, a stronger degree of ABCA7 staining was observed along the apical surface at the
base of the microvilli (Supplemental Fig. 2D–F, arrows). The degree of ABCA7
immunostaining of Principal cells was similar in all three regions of the epididymis.

ABCG1 immunolabeling of spermatozoa in the caput and corpus epididymidis was slightly
stronger as compared to spermatozoa in the cauda epididymis (Supplemental Fig. 2G,I).
Principal cells in the caput exhibited prominent staining of microvilli, with occasional cells
showing cytoplasmic staining. Moderate to strong ABCG1 staining was also apparent on the
microvilli in the corpus and cauda, but no cytoplasmic staining was observed.
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No ABCG4 immunostaining was apparent in any of the three segments of the epididymis (data
not shown). The results of histological analysis of ABC transporter expression in the
epididymis are summarized in Supplemental Table III.

Localization of ABC transporters in epididymal spermatozoa
ABCA1 and ABCA7 were detected on the dorsal aspect of sperm heads and on the middle
piece of the sperm tail (Fig. 2A and B). Moderate levels of ABCA1 immunolabeling, but no
ABCA7 labeling were detected on the first third portion of the principal piece of sperm tails.
No ABCG1 immunoreactivity was apparent in either the dorsal aspect of the sperm head or in
the middle piece of the sperm tail. However, strong ABCG1 immunolabeling of the principal
piece of the sperm tail was observed. Furthermore, ABCG1 immunolabeling was also detected
in the capitulum located where the mid piece connects to the ventral region of the sperm head
(Fig. 2C arrowhead). No ABCG4 immunolabeling was detectable on spermatozoa (Fig. 2D).

ABC transporter expression in sperm preparations
ABCA1, ABCA7 and ABCG1 were detected in extracts of sperm obtained from each region
of the epididymis. Consistent with findings from immunocytochemical analyses, relatively
lower levels of ABCG1 were detected in membrane extracts of cauda spermatozoa. Also
consistent with the immunohistological data was that no ABCG4 was detectable in membrane
extracts of epididymal spermatozoa (Supplemental Fig. 3).

Involvement of ABC transporters in spermatozoa cholesterol efflux
ABCA1, ABCA7 and ABCG1 antibodies were found to effectively inhibit cholesterol efflux
to apoA-I (Fig. 3A) and albumin (Fig. 3B) by 15–40%. Inhibition of cholesterol efflux using
antibodies to ABCA1, ABCA7 and ABCG1 was achieved using spermatozoa isolated from
each of the three segments of the epididymis. The level of inhibition elicited by each of the
antibodies was statistically significant (p<0.05) as compared to controls with or without ApoA-
I. Consistent with the finding that the ABC antibodies reduced cholesterol efflux were findings
that ABC antibody treatment caused an increase in cell-associated cholesterol (7–15% greater
compared to spermatozoa treated with control IgG, data not shown).

Evaluation of ABCA1, ABCA7 and ABCG1 in fertilization
The level of oocyte fertilization was reduced between 50–70% when spermatozoa were treated
with antibodies to ABCA1, ABCA7 or ABCG1 (Fig. 3C). The level of inhibition by each of
the antibodies was statistically significant (p<0.05) as compared to the no IgG treatment or
treatment with control IgG. Treatment with a combination of ABCA1 plus ABCA7 antibodies
or ABCA1 plus ABCG1 antibodies did not produce a significant level of inhibition over that
of the individual antibodies.

DISCUSSION
Maturation and capacitation are processes that mammalian spermatozoa must undergo to
become fully competent to fertilize an egg. Of critical importance is the loss of cholesterol
from the spermatozoa plasma membrane, which destabilizes lipid raft structures in the plasma
membrane and initiates protein phosphorylation-based signaling cascades [15]. The loss of
cholesterol from the plasma membranes of spermatozoa is mediated by lipid-binding proteins
present in epididymal, uterine and oviduct fluids. ApoA-I and apoJ are two major lipid-binding
proteins in these fluids, which are constituents of HDL [16]. In the male reproductive tract,
apoAI and apoJ are both secreted by epididymal epithelial cells [4] and apoJ was shown to
interact with spermatozoa membranes [5,6]. Both apolipoproteins have also been shown to
dissociate from spermatozoa and to be endocytosed by epididymal epithelial cells via the
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endocytotic receptors megalin and cubilin [4,5,9,17,18]. ApoA-I and apoJ are also expressed
in the female reproductive tract by the uterine and oviduct epithelium [7]. Incubation of
spermatozoa with oviductal fluid causes a transfer of cholesterol from spermatozoa to apoA-
I-containing HDL in the fluid [19].

Our findings indicate that ABCA1, ABCA7 and ABCG1 are expressed by mouse spermatozoa
in the seminiferous tubules and epididymis and that these transporters function to mediate
cholesterol efflux from spermatozoa to lipid acceptors. The physiological significance of these
transporters is underscored by the finding that antibodies to ABCA1, ABCA7 and ABCG1
inhibit the capacity of spermatozoa to fertilize oocytes. These findings imply that mutation of
ABCA1, ABCA7 and ABCG1 transporter genes or other conditions that impair their
expression could reduce male fertility. Indeed, ABCA1-deficient mice display a significant
reduction (21%) in fertility [12]. In this regard, it is important to note that alterations in Sertoli
cell and/or a Leydig cell functions may also be contributing factors given the fact that ABCA1
is also expressed by these cells [12]. Infertility has not been reported in human males carrying
mutations in ABCA1 that cause Tangier disease [12,20,21]. However, there are no studies of
males with ABCA1 mutations that have focused on the status of sperm function by assessing
motility, acrosome reaction, sperm-egg binding and fertilization capacity. In addition, there
are wide variations in clinical lipid phenotypes observed in individuals with mutations in
ABCA1 that may obscure fertility abnormalities. It is also possible that lost of ABCA1 function
may be compensated by other ABC transporters. In support of this are our findings showing
that ABCG1 expression is increased in both the spermatozoa and epithelial lining of the
epidydimides from ABCA1-deficient mice as compared to wild-type mice (Supplemental Fig.
2J–R). Furthermore, other ABC transporters may be involved. For example, ABCA17 is
expressed in mouse spermatocytes,[22] however, its role in lipid transport remains to be
established.

We also show that ABCA1, ABCA7 and ABCG1 are expressed in a regionally distinct manner
in spermatozoa. Treatment of spermatozoa with albumin alters the lipid composition of plasma
membrane differently in the major morphological regions [23]. Regional alterations in
membrane lipid composition may correlate with regionally distinct responses to lipid acceptor
treatments such as induction of the acrosome reaction and hyper flagellar activity. Thus, it may
be speculated that the observed regionalization in the distribution of spermatozoa ABC
transporters may account for regional changes in membrane lipid composition that are induced
by lipid acceptors, such as albumin.

Based on findings from this and other studies we have formulated a model for cholesterol loss
by mammalian spermatozoa during maturation and capacitation. The model entails apoA-I and
apoJ being synthesized and secreted by the epididymal epithelium [4–6]. The model further
predicts that these apolipoproteins bind to ABCA1, ABCA7 and ABCG1 on the epididymal
plasma membrane in the caput were transporters translocate cholesterol and phospholipids
from plasma membrane to the apolipoproteins bound to the transporters. This results in the
formation of nascent HDL particles which then bind to the ABCA1 and ABCA7 on the head
and ABCG1 on the tail of spermatozoa and accept cholesterol and phospholipids being effluxed
from the plasma membrane. Subsequently, the HDL particles become removed by the
epididymal epithelium via receptor-mediated endocytosis by megalin/LRP-2 and cubilin [17,
18]. Once spermatozoa enter the female reproductive tract, an analogous process may occur
in which HDL particles shuttle cholesterol and phospholipids from the spermatozoa to the
uterine and oviduct epithelium via the action of the ABC transporters, megalin/LRP-2 and
cubilin [7], culminating in capacitation of the spermatozoa.

In summary, ABCA1, ABCA7 and ABCG1 are expressed on the surface of mouse
spermatozoa. ABCA1, ABCA7 and ABCG1 antibody treatment of immature spermatozoa
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reduces cholesterol efflux to lipid acceptors and inhibits in vitro fertilization. The findings
suggest that these transporters play a role the process of sterol efflux which renders spermatozoa
capable of interacting and fertilizing an oocyte.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Immunolocalization of ABCA1, ABCA7 and ABCG1 in mouse seminiferous tubules
A, anti-ABCA1 immunohistochemical labeling of a seminiferous tubule at stage VII of the
cycle. Arrows in A points to staining of the heads of late step 16 spermatids (located at apical
border) and on the tails of the spermatids in the lumen (L). Arrowheads in A point to anti-
ABCA1 staining in Sertoli cells. B, control IgG labeling of a seminiferous tubule. C, D and
E, comparative immunolabeling of seminiferous tubules at stage VII using antibodies to
ABCA1, ABCA7 and ABCG1, respectively. Arrows in C point to ABCA1 staining of the heads
and tails of step 16 spermatids. Arrowheads in D point to anti-ABCA7 staining of a
spermatogonium. Arrows in E point to anti-ABCG1 staining of the head and tail (in lumen) of
late step 16 spermatids. Bar in A=30µm and applies to A and B. Bar in E=25µm and applies
to C–E.
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Figure 2. Analysis of ABCA1, ABCA7 and ABCG1 expression in spermatozoa
A–D, confocal microscopic analysis of ABC transporter expression in spermatozoa.
Spermatozoa isolated from the caput epididymis were immunolabeled with antibodies to
ABCA1 (A), ABCA7 (B), ABCG1 (C) and ABCG4 (D) and detected with FITC-conjugated
anti-IgG (green). Nuclei were stained with Hoechst 33342 (blue). Bar in D=10µm.

Morales et al. Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Morales et al. Page 11

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. ABC transporter antibody treatment of spermatozoa affects cholesterol efflux and
inhibits in vitro fertilization
A, levels of spermatozoa cholesterol efflux to apoA-I in the absence or presence of antibodies
to ABCA1, ABCA7 or ABCG1. B, levels of spermatozoa cholesterol efflux to BSA in the
absence or presence of antibodies to ABCA1, ABCA7 or ABCG1. As controls, spermatozoa
were incubated with IgG without apoA-I (Control) or with apoA-I or with BSA alone. *
indicates that when compared to both controls the difference is significant (p<0.05). **
indicates that when compared to the IgG control without apoA-I or BSA the difference is
significant (p<0.05). C, epididymides spermatozoa were treated with control antibody (IMA32)
or antibodies to ABCA1, ABCA7 and ABCG1 (0.1µg IgG/ml), either alone or in combination
and incubated with groups of 10 oocytes. Fertilization was assessed 18h later. The plotted
values are means from assessments of the indicated number of oocytes for each treatment. The
difference between a and b or b and c are significant at the p<0.05 level.
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