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Abstract
Surface components of sperm isolated from the cauda epididymides were stabilized by whole
sperm fixation for immunization of rabbits. The resulting immunoglobulins (Igs) recognized a
single protein of 130 kDa (non-reduced) or 54–57 kDa (reduced) on western blots of cauda sperm.
Igs recognized the same 54–57 kDa protein band on whole tissue blots of the corpus and cauda
epididymidis and vas deferens. No immunoreactive bands were detected on blots of the prostate,
seminal vesicles, testes, caput epididymis, or any of various non-reproductive tissues. Removal of
sperm from the vas deferens prior to blotting eliminated the detection of the sperm antigen.
Antibodies raised to synthetic peptides, identical in amino acid sequence to two unique spans of
DEFB22, recognized the same 130/54–57 kDa antigen on western blots of both caudal sperm and
the purified antigen isolated with the anti-sperm Ig. From indirect immunofluorescence, both the
anti-sperm and anti-peptide Igs appeared to localize to the entire sperm surface, a pattern
confirmed at the ultrastructural level. Real-time PCR identified the corpus epididymides as the
major site of expression of DEFB22, with negligible expression in the testes, caput epididymides,
and vas deferens. Immunostaining of epididymal sections showed DEFB22 being released into the
lumen at the distal caput/proximal corpus, with sperm becoming intensely coated with DEFB22 as
they reached the distal corpus. Most uterine sperm recovered from mice 4 h following copulation
exhibited DEFB22 coating the entire sperm surface. By contrast, some sperm recovered from the
oviduct and cumulus extracellular matrix showed loss of DEFB22 from the sperm head.

Introduction
Mammalian spermatozoa exit the testes as highly differentiated, but functionally
incompetent cells (Yanagimachi 1994). The sperm must undergo a secondary stage of
development termed ‘sperm maturation’ before they initiate motility and become capable of
fertilization (Cooper 1986). The acquisition of motility and the potential to fertilize an egg,
coupled with lipid membrane stabilization and surface protection, are attained by sperm
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during transit through the various regions of the epididymis (Cooper 1986, Bedford 1990,
Yanagimachi 1994). The phenomenon of sperm maturation is viewed primarily as a
membrane or surface event (Turner 1995, Cooper 1998). A host of alterations to the plasma
membrane has been reported to occur in the different regions of the epididymis, and these
include enzymatic modifications and/or adsorption of masking molecules (Hinton &
Palladino 1995). Each of the functions acquired during epididymal transport may be directly
related to the epididymal secretions and their effect on the sperm plasma membrane (Cooper
1998, Jones 1998). The epididymis is a very long and highly convoluted tube that is
separated into at least three major anatomical structures (caput, corpus, and cauda), but
recently the mouse epididymis was further dissected into at least ten sub-segmental regions
based on discrete patterns of gene expression (Johnston et al. 2005, Oh et al. 2006). Of the
three major anatomical regions, the caudae epididymides have been designated as the sperm
storage site and primarily function to keep sperm compacted together and in a protected
quiescent state (Hinton et al. 1996, Jones 1999). The caput and corpus regions thereby
become the principal sites of the sperm maturation process (Cooper 1998). Of the four
different cell types that line the intralumen of the epididymis, the principal cells are
considered the primary secretory cells and are thought to control the complex
microenvironment that sperm traverse before deposition and storage in the caudae
epididymides (Hinton & Palladino 1995, Moore 1998, Dacheux et al. 2003).

One of the crucial functions of the epididymis is the establishment of a surface glycocalyx
that accumulates and encapsulates the entire sperm (Schroter et al. 1999). The functions of
the glycocalyx may involve membrane stabilization, sperm survival, and control of
capacitation, as well as transport in the female reproductive tract (Bedford 1975, Cooper
1986, Jones 1998, Tollner et al. 2008a, 2008b). While there have been hundreds of
epididymal secretory products reported, only a handful has been shown to be integrated or
adsorbed onto the sperm surface (Dacheux et al. 2003, Oh et al. 2006). One secretory
product, β-defensin 126 (DEFB126; also termed epididymal secretory protein (ESP) 13.2),
coats the entire surface of cynomolgus macaque sperm and is a dominant component of the
sperm glycocalyx (Yudin et al. 2003, 2005b). Furthermore, DEFB126 is involved in a
number of physiological events, including sperm penetration of cervical mucus, sperm
capacitation, and sperm binding to the oviductal epithelium (Tollner et al. 2004, 2008a,
2008b). The β-defensins are a large family of antimicrobial peptides, many of which have
antibiotic and/or chemotactic activities and almost all are found within the male
reproductive tract (Patil et al. 2005, Oh et al. 2006). β-Defensin 126 has an extended
carboxyl region that is highly glycosylated with terminal sialic acids that form the negative
shell around the sperm (Yudin et al. 2005a, 2005b). To determine whether the mouse sperm
surface possess a similarly uniform surface coat, we employed the same technique used
previously in monkeys, and immunized rabbits with whole fixed mouse sperm (Yudin et al.
2005a). We report that β-defensin 22 (DEFB22), a β-defensin 126 orthologue, is synthesized
in the murine corpora epididymides and coats mature sperm. Our data support the
hypothesis that in mice, and also in monkeys, this molecule may be involved in sperm
transport within the male and female.

Results
Historically, whole sperm injections have been used successfully to elicit an immune
reaction to surface molecules, so that identification, localization, and function could be more
clearly discerned (Lopo & Vacquier 1980, Vernon et al. 1982, Gaunt 1983). Recently, the
use of fixed macaque sperm at different stages of capacitation yielded interesting results.
When noncapacitated fixed macaque sperm were used as the immunogens, rabbits produced
antibodies primarily to a single glycopeptide, β-defensin 126 (Yudin et al. 2005a). Using
this approach, noncapacitated mouse sperm released from the cauda epididymidis or the vas

Yudin et al. Page 2

Reproduction. Author manuscript; available in PMC 2012 October 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



deferens elicited a consistent single immunorecognition in all of the whole fixed sperm
immunizations (Fig. 1). Four separate rabbits were immunized with fixed mouse sperm
(FMS), two receiving fixed cauda sperm and two receiving fixed vas deferens sperm, and all
gave a very similar immune response (data not shown). The western blot of whole cauda
sperm before and after chemical reduction showed immunorecognition to a single 130/54–
57 kDa (non-reduced/reduced) antigen (Fig. 1B and F). In order to confirm that the single
recognized antigen was in fact DEFB22, polyclonal antibodies were developed to two
regions along the DEFB22 molecule. The amino acid sequence of DEFB22 is shown with
bracketed residues indicating the peptide sites synthesized for antibody production (Fig. 2).

Antibodies to the two DEFB22 synthetic peptides recognized a protein band at both the 130
and 54–57 kDa regions on western blots of the same cauda epididymal sperm used in prior
blots probed with antibodies generated to whole sperm (Fig. 1C and I). No sperm proteins
are recognized when blots are probed with preimmune sera from rabbits later immunized
with FMS (Fig. 1E) or DEFB22 synthetic peptides (Fig. 1G). Blots probed with DEFB22
synthetic peptide together with anti-DEFB22 antibody show no recognition of sperm
proteins (Fig. 1H). Purification of the FMS antigen showed a protein with similar molecular
weight (54–57 kDa; Fig. 1J), which when probed after western blotting with anti-DEFB22
synthetic peptides recognized the same 54–57 kDa FMS protein (Fig. 1K).

Samples from a variety of mouse tissues were solubilized in reducing buffer before
electrophoresis. Proteins from the following tissue lysates – bladder, small intestine, kidney,
liver, lung, lymphatic, pancreas, spleen, heart, and muscle – from both males and females
were separated on 8–16% gels and stained with GelCode Blue for visualization (Fig. 3A, 1–
10). A western blot revealed no immunorecognition of any of the mouse tissue proteins
examined (Fig. 3B, 1–10). Extracts of the caudae epididymides from two other rodents, rat
and hamster, showed no cross-reactivity with the mouse anti-FMS Ig and anti-DEFB22 Ig,
but the mouse vas deferens had a broad 54–57 kDa band (Fig. 3B, 11–13). Two male
reproductive secretory organs, prostate and seminal vesicle, secrete a copious amount of
material at the time of ejaculation, but neither tissue was recognized by antibodies to
DEFB22 (Fig. 4A and B, 1, 2). The same held true for the testis and caput epididymidis,
which showed no sign of immunorecognition (Fig. 4A and B, 3, 4). The corpus epididymidis
was the initial site in which DEFB22 became recognizable and it appeared as a single band
on a western blot (Fig. 4B, 5). The caudal epididymis also showed a single broad band, 54–
57 kDa (Fig. 4B, 6). The vas deferens also showed a strong immune reaction to a single 54–
57 kDa band, but if the sperm were removed from the vas deferens duct, DEFB22
immunorecognition was lost (Fig. 4B, 7, 8). Prior to copulation the uterine tissue was not
recognized by anti-DEFB22 Igs, but uteri obtained from mated females exhibited a
prominent band at the 54–57 kDa range, which is consistent with the presence of sperm (Fig.
4B, 9, 10).

An immunohistological examination of the proximal corpus epididymidis revealed
numerous cross-sectional views of the highly convoluted nature of the duct (Fig. 5A). While
the epididymis has been divided into three gross anatomical regions, caput, corpus, and
cauda, each region was further subdivided into individual segments that are known to have
unique protein expression patterns (Johnston et al. 2005). Exactly where the caput ended and
the corpus began was not easily discerned, but it would appear that there was
immunorecognition of DEFB22 at the portion of the corpus that merges with the caput (Fig.
5B). The duct was highly coiled and lined with columnar cells (Fig. 5A), but
immunoreactivity to DEFB22 was confined to the luminal surface of the duct and the
lumens content (Fig. 5A and B). The proximal corpus showed divided segmentation, but for
most of the parts the intraluminal components showed strong immunoreaction to anti-
DEFB22 and were most intense as the lumen became swollen with sperm (Fig. 5C). A
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preimmune serum control staining of the same corpus region showed no immunorecognition
(Fig. 5D).

Higher magnification images at the juncture of the caput and proximal corpus showed that
the columnar cells lining the lumen exhibited an array of stereocilia along the apical border
(Fig. 6A). The apical border with the stereocilia are highly immunoreactive to anti-DEFB22
(Fig. 6B). Directly below the apical membrane there was labeling of the DEFB22, but this
label did not appear in other regions of the cells (Fig. 6B). The sperm found within the
lumen also showed some labeling, but the luminal matrix surrounding the sperm did not
show immunorecognition to anti-DEFB22 (Fig. 6B). A fine structural view of this region
clearly shows the luminal matrix, the stereocilia extending from the apical surface of the
epididymal cells and the sperm embedded within the matrix (Fig. 6C). The region directly
opposed to the stereocilia and just below the apical membrane possessed an abundance of
small vesicles and their location corresponds to the labeling found with anti-DEFB22 (Fig.
6B and C).

To determine the pattern of Defb22 mRNA expression in reproductive tissues, we employed
quantitative real-time RT-PCR of RNA from specific tissues (Fig. 7). Expression levels
were normalized to total input RNA for each reaction (10 ng) and absolute mRNA copy
numbers were determined using gene-specific standard curves. There was negligible Defb22
expression in the testes, caput, and vas deferens (less than 100 copies per 10 ng RNA), and
very low expression in the cauda (~400 copies/10 ng total RNA). By contrast, highly
abundant Defb22 mRNA expression (~7×104 copies/10 ng total RNA) was detected
specifically in the corpus (Fig. 7). The housekeeping gene β-actin was also analyzed for all
tissue samples as a control for RNA integrity and efficiency of RT reaction in each sample
(Fig. 7).

Sperm from the caudal epididymis and/or the vas deferens were fixed upon release from the
ruptured ducts and examined for presence of DEFB22. Immunorecognition with the
polyclonal antibody to anti-FMS revealed a bright fluorescent label of goat anti-rabbit
(GAR)-Alexa 488 over the entire sperm cell (Fig. 8A). While all regions of the sperm
surface had labeling for DEFB22, the equatorial segment was clearly less intense (Fig. 8A).
The sperm all appeared to be acrosome intact, when viewed with phase microscopy (not
shown). The same sperm sample was also exposed to anti-DEFB22 peptide, which gave a
very similar fluorescent pattern as seen with anti-FMS (Fig. 8B).

At the fine structural level, the gold label closely reflected what was observed at the
fluorescence level (Fig. 8C). Gold particles were found along each of the five
morphologically unique regions of the sperm (Fig. 8C). The flagellum, posterior head, and
acrosome each had a very similar dispersion of gold particles, while the equatorial segment
had less gold distribution along the surface (Fig. 8C). The gold labeling at the fine structural
level was very close to the pattern noted at the fluorescent level (Fig. 8A–C). A higher
magnification of a cross-sectional view of the sperm head clearly demonstrated the gold
labeling of the plasma membrane covering the acrosome (Fig. 8D).

DEFB22 distribution on sperm within the female reproductive tract was examined by
looking at the sperm from the uterus, oviduct, and the oocyte–cumulus complexes collected
4 h after mating. A total of five females were examined, each with similar results. All
females had an abundance of highly motile sperm within the uterus, and the sperm were
embedded within a milky matrix. All of the sperm were fixed after suspension in the media,
and all of the sperm exhibited immunorecognition of DEFB22 over the entire surface,
although many sperm had less intense labeling over the equatorial region (Fig. 9A–C).
Immunofluorescent patterns were similar to those observed for a caudal or vas deferens
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sperm (Fig. 9A–C). The view of the entire sperm showed immunorecognition from the
apical acrosome to the tip of the flagellum (Fig. 9C). The sperm located in the oviduct
showed immunorecognition of DEFB22 over the entire surface as noted in the uterus, but
some sperm were occasionally found to have lost labeling from over the equatorial region
while other sperm exhibited complete loss over the acrosome (Fig. 10A–C). Some sperm
had already entered the oocyte–cumulus complex, but no fertilization was observed. The
sperm appeared to be confined to the surface of the cumulus matrix or were partially
embedded in it (Fig. 11A–C). The sperm found on the cumulus surface showed
immunoreactivity to DEFB22 along the entire sperm surface with the brightest fluorescence
along the apical acrosome of the sperm head (Fig. 11A and B). Those sperm found within
the cumulus matrix had lost most of the immunofluorescence over the sperm head, but label
was still detected along the midpiece and flagellum (Fig. 11C).

Discussion
There is a significant glycocalyx on sperm when they are ejaculated, and the systematic
removal or modification of this glycocalyx within the female reproductive tract is at least a
major component of the phenomenon known as capacitation (Chang & Pincus 1951, Piko
1969, Harrison 1996, Schroter et al. 1999). The mechanisms involved in epididymal
maturation and capacitation of sperm are still being actively investigated and many of the
pieces to the puzzle remain elusive (Jaiswal & Eisenbach 2002). One glycoprotein that has
been shown to cover the entire surface of macaque sperm is DEFB126, a β-defensin, which
has an extensive carboxyl tail region with many O-linked carbohydrates (Yudin et al. 2003,
2005b). The homologue of DEFB126 (β-defensin 22) is also found on rat sperm (Rao et al.
2003, Zanich et al. 2003). When antibodies were developed in rabbits to whole fixed
ejaculated macaque sperm there was an extensive immune response, but only to a single
sperm antigen (32–36 kDa; Yudin et al. 2005a). Virtually, the same technique was used in
the present study, except that FMS from the caudal epididymis or vas deferens were used as
the antigen. Immunization of rabbits resulted in a similarly restricted immune reaction to a
single broad band (130/54–57 kDa) in preparations of mouse sperm. These findings have led
us to conclude that sperm of these species have DEFB126/DEFB22 as their most exterior
component of the glycocalyx (Rao et al. 2003, Yudin et al. 2005a).

Previous studies have shown that monoclonal antibodies developed from sperm iso-antigens
(SMA4, T21, TSC4) recognize a coat that extends along the surface of mouse sperm
(Feuchter et al. 1981, Vernon et al. 1982, Okabe et al. 1986, Toshimori et al. 1988). The
anti-SMA4 and T21 antibodies are more than likely in recognizing a common antigen on the
mouse sperm flagellum, while the anti-TSC4 antibody also recognizes components along the
sperm head (Okabe et al. 1987, Feuchter et al. 1988, Toshimori et al. 1988, 1990).
Toshimori et al. (1988) reported that the sialic acid associated with the T21 antigen was
critical for creating the negative charge of mouse sperm, thereby masking the antigenic
determinants on the sperm surface, a phenomenon also thought to be involved in the
protection of macaque sperm by DEFB126 (Yudin et al. 2005a). Furthermore, the mouse
antibodies to T21, SMA4, and TSC4 have all been shown to recognize a glycoprotein
secreted in the distal caput or proximal corpus of the epididymis, which once released into
the lumen, adsorbs to the sperm surface (Feuchter et al. 1987, Toshimori et al. 1988). The
polyclonal antibody developed to FMS, in this report recognized an antigen of similar
molecular mass, but all of our antibodies recognized the entire sperm surface. As sperm are
known to vary in lipid and protein composition in their various surface segments, the
different labeling patterns observed in earlier studies may stem from the inability of some
monoclonal antibodies to identify an epitope of DEFB22 that is obscured by components of
the surface unique to the head region. Antibodies developed to mouse sperm DEFB22
peptide sequences also recognized a polypeptide of the same 130/54–57 kDa molecular
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weight and labeled the entire mouse sperm surface; therefore, it is concluded that mouse
sperm are similar to rat and monkey sperm in that the same β-defensin (126/22) may well
serve as the most external sperm coating glycoprotein in primates and rodents.

The recent division of the mouse epididymis into ten genetically unique segments that are
specialized to express maturation components (Johnston et al. 2005) is consistent with the
reports of past researchers that placed the initial site of production as the distal caput
(Vernon et al. 1982, Toshimori et al. 1988) or segments 5 and 6 with 6 being the initial
corpus (Johnston et al. 2005). The results of the present investigation clearly show that
DEFB22 is primarily expressed within the corpora epididymides where it is located along
the stereocilia extending into the lumen and the vesicle-enriched region directly underlying
the apical surface of the plasma membrane. DEFB22 is primarily expressed within a single
region of the epididymis and then is readily absorbed to the sperm surface such that the
lumen of the distal corpus is completely filled with labeled sperm, a situation similar to that
described in rats (Rao et al. 2003). The real-time PCR clearly demonstrates that the highest
level of mRNA expression is in the corpus and that there is little, if any, sign of DEFB22
production outside this narrow region of the epididymis.

In the present study, the FMS antibody and anti-DEFB22 did not recognize any rodent
sperm other than mouse. Similarly, anti-rat DEFB22 did not recognize other rodent sperm
such as mouse or hamster (Zanich et al. 2003). The homologues of DEFB22/126 must be
rapidly evolving to a point that they have developed unique carbohydrate moieties, so that
antibodies fail to recognize the same homologous glycoprotein in a closely related genus
species. The DEFB22 peptide backbone is only about 17 kDa in MW, but the native protein
has an apparent MW of 54–57 kDa. The difference in these molecular mass is thought to be
due in large part to the extensive array of O-linked glycans bearing terminal sialic acids,
which because of their negative charge, may function in sperm packaging and storage within
the epididymis, as well as in forming a protective coat that is needed by sperm during
residence in the female reproductive tract (Toshimori et al. 1990, 1991, Rao et al. 2003,
Yudin et al. 2005b).

We have shown in the macaque sperm that as capacitation progresses, sperm loses
DEFB126 over the head and that DEFB126 constitutes the vast majority of shed molecules
at the time of capacitation (Tollner et al. 2004). The loss of DEFB126 is directly correlated
with the acquisition of zona-recognition capability and its loss is required for sperm binding
to the oviductal epithelium (Tollner et al. 2004, 2008a, 2008b). Like DEFB126, its mouse
homologue DEFB22 is likely to be involved in capacitation and gamete recognition. In
mouse sperm, a decapacitation factor that has garnered much attention is the
phosphatidylethanolamine-binding protein 1 (PEBP1), which is released under capacitation-
inducing conditions (Gibbons et al. 2005). PEBP1 is, in fact, a 23 kDa GPI-anchored
protein, which is the receptor for the decapacitation factor that can activate Ca++

mobilization when released from the receptor (Fraser 1998, Gibbons et al. 2005, Moffit et al.
2007). Currently, the mechanism by which the β-defensin associate with the sperm plasma
membrane is not known, but is believed that the initial β-defensin segment (n-terminus) is
linked/inserted into the outer leaflet, leaving the carboxyl region to extend into the
surrounding milieu creating a glycocalyx shell around the sperm (Rao et al. 2003, Yudin et
al. 2005a). Monoclonal antibodies T21, SMA4, and TSG4 may all recognize mouse
DEFB22; the protein(s) they recognize have been proposed to be important for mouse sperm
protection within the male and female reproductive tracts due to the surplus of sialic acids
that are terminally positioned on the numerous O-linked glycocalyx sites (Feuchter et al.
1988, Toshimori et al. 1990).
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Macaque sperm recovered from the uterus retain the DEFB126 coating, and it has been
shown in vitro that DEFB126 contributes to sperm binding of the oviductal isthmus
epithelial cells, potentially leading to the formation of a sperm reservoir in vivo (Tollner et
al. 2008a, 2008b). The loss of DEFB126 from the head of macaque sperm resulted in the
loss of attachment of sperm to oviductal epithelia, suggesting that a release of DEFB126
from sperm in vivo may be associated with the detachment of sperm from isthmus cells and
liberation from the oviductal reservoir (Tollner et al. 2008a, 2008b). In the present study,
DEFB22 was shown to remain on mouse sperm in the uterus, oviduct, and oocyte–cumulus
complex. In some oviductal sperm, as well as sperm within the cumulus matrix there was
evidence that DEFB22 had been lost over the head, but not the tail, which is consistent with
the series of events that have been proposed to take place in the primate oviduct. This
phenomenon may also occur in rats, where DEFB22 is retained on the flagellum and
eventually incorporated into the oolemma at fertilization (Gaunt 1983).

The importance of retaining DEFB22 on the flagellum is not clear. In the macaque, the
sperm initiate and maintain binding to oviductal epithelial cells via the head (Tollner et al.
2008a, 2008b). DEFB126-mediated attachment appears to be facilitated by wedging of the
sperm head into spaces between neighboring epithelial cells (Tollner et al. 2008a, 2008b).
The flagella of motile sperm, on the other hand, do not appear to maintain contact with
epithelial cells although we have observed that the flagella of dead and non-motile cells will
attach to epithelial surfaces. We speculate that the greater surface area of the head,
combined with its tapered, paddle-like shape, aids sperm in the attachment to oviductal
epithelium. In contrast, motility of the flagellum probably overcomes what is likely a lower
binding avidity due to fewer points of contact with the epithelial surface.

The β-defensins are abundantly expressed throughout the epididymis and vas deferens and
likely form the backbone of innate immune protection, which is thought to be especially
critical because of the absence of adaptive immune protection in this region (Patil et al.
2005). While a broad spectrum of these cationic peptides are expressed, only a few
(DEFB22/DEFB126, DEFB118, and DEFB132) have been shown to be integrated into the
sperm surface (Liu et al. 2001, Yudin et al. 2003, Oh et al. 2006, Lin et al. 2008). It is clear
that both DEFB22 and DEFB126 are applied to the entire sperm surface in the corpus
epididymis and retained on the sperm up to the time they reach the oviduct and their
ultimate goal, the oocyte (Gaunt 1983, Jones et al. 1985, Zanich et al. 2003).

Given the presence of DEFB22 on rodent sperm and DEFB126 on primate sperm, we
speculate that this glycoprotein may be the most external coat on most if not all mammalian
sperm and that it has a common critical role in the establishment of a barrier between sperm
and the external environment. We and others have provided evidence that the DEFB126/
DEFB22 glycoprotein is functionally important for 1) storage within the caudal epididymis,
2) protection from enzymatic attack, 3) protection from immunorecognition in the female, 4)
regulation of the capacitation process, 5) creation of a sperm reservoir in the oviduct, and 6)
anti-microbial protection. (Feuchter et al. 1988, Toshimori et al. 1991, Li et al. 2001, Rao et
al. 2003, Tollner et al. 2004, 2008a, 2008b, Yudin et al. 2005a). Further investigation of this
critical sperm component is clearly warranted.

Materials and Methods
Reagents

All chemicals and reagents were purchased from Sigma–Aldrich Chemical Co., unless
otherwise specified.
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Animals
Adult male and female BDF-1 (strain B6D2F1) mice were obtained from Charles River
Laboratories (Wilmington, MA, USA). All mice were 14 weeks old at the time of purchase
and most were used experimentally prior to 28 weeks of age. All mice were subjected to a
reverse light cycle, in which 0600 h to 1800 h was dark. Mice were housed in standard
plastic cages (two to three per cage) and fed a standard Purina mouse laboratory diet with
water given ad libitum in compliance with American Association of Accreditation of
Laboratory Animal Care Standards. At the time of experimentation, mice were exposed to
100% CO2 for 10 min before cervical dislocation. All methods and procedures with animal
subjects were approved by the Institutional Animal Care and Use Committee (IACUC) at
the University of California, Davis, CA, USA.

All of the rabbit injection procedures were pre-approved by the Research Animal Care
Committee, which strictly adheres to the Guide for the Care and Use of Laboratory Animals.

Mating
After a week of reversed light cycles, females were placed with breeding males to check for
signs of lordosis about 4–5 h after the initiation of the dark cycle (0600 h). Following initial
observation of copulation, females were left with the male for 1 h and then killed at 4 h
following the initial time of copulation. The sperm were recovered from the uterus by gently
milking or expelling the contents with tweezers, such that the uterine fluid matrix was
released into a Dulbecco’s PBS (DPBS)-filled Petri dish.

Antibody production
The cauda epididymidis and vas deferens of 14- to 20-week-old male mice were excised and
placed into a protein-free, defined Tyrode’s mouse medium at 37 °C (Wolf et al. 1976). The
sperm were gently extruded from the vas deferens with forceps and pipetted into the fresh
medium. The cauda epididymidis was perforated with fine-tipped forceps and the sperm
were allowed to swim out for 10–20 min at 37 °C. Both the caudal and vas deferens sperm
(500 μl) were layered over a 40% Percoll solution (800 μl) and centrifuged for 10 min at
300 g. The pelleted sperm were washed in fresh medium at room temperature (RT) by
centrifugation at 300 g for 5 min. The washed sperm were immediately resuspended in 3.2%
paraformaldehyde/0.125% glutaraldehyde in DPBS. After overnight fixation at 4 °C the
sperm were washed thoroughly (4×) by centrifugation in fresh DPBS. The initial
immunization was accomplished with 106 sperm that had been suspended in Freund’s
adjuvant. The sperm from two different mice were combined for each rabbit injection. Two
rabbits received injections of fixed cauda sperm and two rabbits received injections of fixed
vas deferens sperm. Boost injections with whole fixed sperm combined with Freunds
incomplete adjuvant were given on days 30 and 50. Rabbits bled on days 60 and 75. The
antibodies developed from whole fixed sperm will be referred to as FMS.

A peptide antibody was developed in cooperation with YenZym Antibodies (Burlingame,
CA, USA). The peptides were a 19mer peptide and a 14mer peptide derived from the protein
sequence for the β-defensin 22 (Mm.99065/AK078980) found in mice. The two regions
were amino acids 39–52 (RDGEKQ-TEPATSKC-) and 72–89 (-
CGGQNSDNLVTAGGDEGSS). Prior to injection for production of an antibody specific to
β-defensin 22, both peptides were conjugated to Keyhole Limpet Hemocyanin (KLH) using
the added terminal cysteine. Antibody titers were monitored for each peptide and the sera
from all of the rabbits were collected 84 days after the initial immunization. Ig was purified
from the serum with ammonium sulfate precipitation and resuspended in DPBS and dialyzed
overnight in DPBS.
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Purification and identification of DEFB22
Cauda epididymidis and vas deferens were isolated from 16- to 20-week-old males and the
sperm were released by gentle extraction into previously described medium, in which BSA
(2.6 mg/ml) was added. The sperm were removed from the minced tissue and layered over a
40% Percoll suspension. The sample was microfuged for 5 min at 600 g and the resulting
pellet was washed (2 × at 300 g) with fresh medium. Purified FMS-Ig was added to sperm
(107/ml) such that the sperm did not agglutinate (100 μg/ml), and incubated for 1 h at 37 °C.
The sperm were washed (2 × at 300 g) with BSA-free buffer and the resulting pellet was
resuspended in extraction buffer (25 mM NaCl, 5 mM KCl, 2 mM HEPES, 10 mM n-octyl
β-D-glucopyranoside, 1% Brijj, 0.1% Triton X-100, and protease inhibitor 1 cocktail: EMB
Biosciences, LaJolla, CA, USA). The pH was adjusted to 7.3 and maintained at 4 °C for 2 h
with constant agitation. The sample was centrifuged (1000 g) for 10 min before filtering
through a 0.22 μm syringe filter. Washed Protein A (3.5 mg)-linked agarose beads were
resuspended in extraction buffer overnight and washed (2×) before mixing with the sperm-
extraction buffer for 2 h with continual rolling at 4 °C. The Protein A beads were washed
(5×) with fresh cold (4 °C) medium over a 2-h period. The washed beads were resuspended
in low ionic strength, high pH elution buffer (25 mM NaCl and 8 mM NaHPO4, pH10) for 1
h and the supernatant was concentrated with a Centricon 10 NMWL (Millipore, Billerica,
MA, USA) and mixed with a 1:4 solution of SDS solubilizing buffer (Pierce, Rockford, IL,
USA).

Histology and immunolabeling
Reproductive tissue from killed male mice were excised and immediately placed in 3.2%
paraformaldehyde in DPBS. After 24 h at 4 °C the samples were exchanged with fresh
fixative for an additional 24 h. The samples were dehydrated through a graded ethanol
series, cleared in toluene, and embedded in Paraplast. Sections of the tissue were cut at 6 μm
and mounted on clean glass slides. After mounting, the tissue slices were deparaffinized 2×
in xylene, followed by a four-step rehydration from 100% ethanol to water. Rehydrated
tissue slices were then stained with Papanicolaou stain (Fisher, Pittsburg, PA, USA) or
transferred into DPBS/1%BSA. The sections were blocked for 30 min before being exposed
to a 1:200 dilution of specific antibody: block. Exposure to the primary antibody, both
preimmune and immune, was carried out at RT for 1 h, and then the slides were thoroughly
washed by dipping through a series of DPBS washes and returned to blocking solution.
Recognition of the labeled antigen was accomplished using the VECTASTAIN ABC-AP
procedure (Vector Laboratories, Burlingame, CA, USA). Visualization of the goat anti-
rabbit-linked enzyme marker, alkaline phosphatase (AP), was achieved with BCIP/NBT
(Pierce) as the reaction product. The reaction was stopped with 10 mM EDTA (2× washes)
and then the slides were dehydrated and cleared with xylene before mounting with Protexx
medium (Baxter Diagnostics, Deerfield, IL, USA) as the cover slip was applied.

RNA isolation and cDNA synthesis
Five different tissues of the male reproductive tract (testis, caput, corpus, cauda, and vas
deferens) were carefully dissected and samples from each were pooled from three BDF-1
mice. Pooled tissue samples (0.02–0.1 g) were homogenized by ultrasonification in a
guanidine thiocyanate buffer, and the RNA was isolated by ultracentrifugation over a cesium
chloride gradient as described (Chirgwin et al. 1979, Jones & Bevins 1992, Mallow et al.
1996). Isolated total RNA was quantified in duplicate by u.v. absorbance at 260 nm using a
spectrophotometer (Nanodrop ND-1000 Wilmington, DE, USA). To synthesize cDNA, 0.5–
1.0 μg of total RNA was reverse transcribed with SuperScript II reverse transcriptase (50
units) using an oligo-(dT) 12–18 primer according to the supplier’s protocol (Invitrogen).
After RT, the reaction product was treated with RNase-H (two units; Wehkamp et al. 2006).
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The tissue-specific cDNA was then purified using column absorption chromatography
(Qiagen) and the eluate was diluted to an equivalent of 10 ng/ul in 10 mM Tris–HCL (pH
8.5) based on the initial input concentration of total RNA.

Cloning of gene-specific plasmids
Partial-length cDNAs encoding Defb22 and β-actin were cloned from mouse epididymis
tissue by RT-PCR. For Defb22, gene-specific primers (Table 1) were used in a standard
PCR and the cDNA product was cloned into Bluescript II +s/k plasmid (Stragagene, La
Jolla, CA, USA) according to the standard procedures (Jones & Bevins 1992, Mallow et al.
1996). For β-actin, a 3′-RACE protocol was used as described (Mallow et al. 1996). Briefly,
2 μg of total RNA from mouse epididymis was reverse transcribed using the RACE/anchor
primer 5′-TTCTAGAATTCAGCGGCCGC(T)30VN-3′ (Wehkamp et al. 2006). The
resulting cDNA product was used as a template in a PCR using the gene-specific and
antisense RACE primers (Table 1). The identity of each plasmid was confirmed by direct
DNA sequence analysis. The plasmids were quantified by spectrophotometric absorbance at
260 nm, and then serially diluted using yeast RNA (0.2 μg/μl as a carrier nucleic acid for all
dilutions). These diluted plasmid solutions were used as a template in quantitative real-time
PCR to generate standard curves for absolute quantification as described (Wehkamp et al.
2006).

Quantitative real-time PCR analysis
Gene-specific real-time PCR primers (Table 1) were selected using MacVector software
(MacVector Inc., Cary, NC, USA), and purchased from Invitrogen. Real-time PCR was
performed using the reproductive tissue-specific cDNA as a template with specific
oligonucleotide primer pairs as described previously (Wehkamp et al. 2006). Each 1 μl PCR
contained 4 mM MgC12, 0.5 μg of each gene-specific primer (Table 1) and 1×LightCycler-
Fast Start DNA Master SYBR Green I mis (Roche Diagnostics). The qRT-PCR was
performed using the LightCycler 2.0 system (Roche Diagnostics). A no-template reaction
was included as a negative control for each qRT-PCR experiment, and gene-specific plasmid
standards were included with every set of reactions both as a positive control and for
absolute quantification purposes. The PCR cycling times and temperatures, and methods of
data analysis were as described previously (Wehkamp et al. 2006). All samples were
analyzed in duplicate, and variation between duplicates was <10% for every reported value.

Fine structure and immunolabeling
The caput and corpus regions of the mouse epididymis were excised and immersed in 2.5%
glutaraldehyde/3.2% paraformaldehyde in 0.2 M cacodylate (pH 7.4) at 4 °C for 2 h. The
samples were washed in 0.2 M cacodylate for 2 h (2×) and placed into 2% osmium tetroxide
in 0.1 M cacodylate for 2 h. After post-fixation, the samples were dehydrated in a graded
alcohol series 50–100% over a 4-h period. After remaining in fresh 100% ethanol for 1 h the
sample was further dehydrated in 100% acetone. The dehydrated tissue samples were
infiltrated in Spurrs epoxy (Ted Pella, Redding, CA, USA) and embedded in an epon–
araldite mixture. Sections were cut with a diamond knife and stained with uranyl acetate and
lead citrate. Immunogold labeling was carried out with the sperm that were collected from
the cauda epididymidis or the vas deferens. The sperm were fixed with 3.2%
paraformaldehyde and 0.125% glutaraldehyde for 2 h and extensively (4×) washed with
blocking solution as described for fluorescent labeling. After washing, the sperm were
incubated with anti-FMS Ig that was at a final concentration of 50 μg/ml in blocking
solution and rolled for 2 h. Preimmune serum was substituted for anti-FMS Ig and used as
the control. After washing by continuously rolling the sample for 2–3 h in at least four
changes of blocking solution, the sperm were resuspended in goat anti-rabbit Ig (5 μg/ml)
linked to 15 nm gold (EY Laboratories, San Mateo, CA, USA). The sperm were again
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washed thoroughly and processed for transmission electron microscopy (TEM) as
previously discussed. All photographs were taken on a Philips 401 TEM (Eindhoven, The
Netherlands).

Electrophoresis and western blot analysis
All gels used were 8–16% Tris–glycine (Invitrogen). The sperm were solubilized in SDS-
buffer (Pierce) at 60 °C for 5 min, centrifuged, and the pellet was discarded. The soluble
fraction was filtered 22 μm) and chemically reduced with 100 mM of dithiolthreitol (DTT)
and returned to 60 °C for 5 min. All of the tissue samples were solubilized similarly, but the
tissue was first shredded prior to incubation with SDS buffer. All of the samples were run
electrophoretically and stained with GelCode Blue (Pierce) to find the appropriate
concentration for electroblotting to nitrocellulose membranes. 6–8 μg/well was applied for
both electrophoresis and western blotting. After the gels were transferred to nitrocellulose
membrane they were blocked in 2% BSA, 2% nonfat dry milk (BioRad), and 2% fish
gelatin, which were all added to TBS (50 mM Tris–HCl, pH 7.4, with 0.3 M NaCl and 0.1%
polyoxyethylene sorbitan monolaurate; Tween 20). Blots were incubated with the primary
antibody (50 μg/10 ml of blocking solution), purified from each of the immunized rabbits
and agitated for at least 2 h before washing in TBS for at least 30 min. Control blots of
solubilized mouse sperm were incubated with preimmune primary (50 μg/10 ml of blocking
solution) antibodies purified from serum collected from rabbits prior to immunization with
either FMS or β-defensin 22 peptide. Other control blots were incubated with a mixture of
the β-defensin 22 peptides (YenZym, Billerica, CA, USA) and serum from peptide-
immunized rabbits (10 μg of each peptide/10 μg of serum). Blots were then incubated in
secondary antibody (1:2000 goat anti-rabbit) that had been coupled to AP (BioRad). The
blots were incubated for 1 h in the secondary antibody and then washed for at least 3×/10
min in TBS. After washing, the blots were placed in AP substrate (1-Step NBT-BCIP;
Pierce) and continuously swirled until the bands were detected.

Immunofluorescence/photomicrography
Sperm were fixed in 2% paraformaldehyde/0.125% glutaraldehyde in DPBS for at least 1 h
before washing thoroughly in a blocking solution of 1% BSA in DPBS. The sperm were
incubated in anti-DEFB22, anti-FMS, or preimmune serum, each diluted in blocking
solution at 1:250. The samples were co-incubated for 1–2 h and washed (2–3×) before
incubation in a 20 g/ml goat anti-rabbit Alexa 488 blocking solution. The samples were
washed in blocking solution before resuspending in a fluorescent stabilization medium (50%
glycerol, 0.2% NaN3, 1% paraformaldehyde/DPBS). Images were taken with a cooled CCD
digital camera (Magnafire; Optronics, Santa Barbara, CA, USA) mounted on either a Leitz
Labolux microscope (Carl Zeiss Vision, Hamburg, Germany) or an Olympus BH-2
(Olympus Scientific, Tokyo, Japan). The Leitz Labolux was equipped with a 200W mercury
fluorescence vertical illuminator and α-1-λ Ploemopac incident light fluorescence vertical
illuminator employing an I3 filter cube, having a BP450-490 excitation filter, a RKP 0510
dichromatic mirror and a LP515 suppression filter. Images were captured using Magnafire
2.0 software (Optronics) and processed with Adobe Photoshop (Adobe Systems, San Jose,
CA, USA) for production of figures.
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Figure 1.
Cauda epididymidis sperm were solubilized in non-reducing and reducing buffer before
being electrophoretically separated on an 8–16% gel and stained with GelCode Blue for
identification of proteins (A and D). The same sperm preparation when blotted to
nitrocellulose and then probed with anti-FMS Ig and/or anti-DEFB22 peptide Ig show the
same labeling pattern (B, C, F, I, and K). The non-reduced sperm preparation had the
DEFB22 antigen as 130 kDa (B and C), but after chemical reduction it had an
electrophoretic mobility of 54–57 kDa (E and I). Isolation of the FMS antigen over an anti-
FMS Ig column gave a pure 54–57 kDa band when stained with GelCode Blue (J) and the
resulting western blot was recognized by the anti-DEFB22 peptide Ig (K).
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Figure 2.
Primary amino acid sequence of mature mouse DEFB22 deduced from the mRNA
nucleotide sequence (GenBank accession no. AK078980). The β-defensin domain is shown
with the grey shading and the canonical six cysteine arrays are highlighted with black C’s.
The two amino acid stretches that were chemically synthesized and used as antigens are
enclosed within the brackets. Serine and threonine residues that may serve as sites of O-
linked glycosylation are underlined. The predicted 20 amino acid signal sequence at the
amino terminus is not shown.
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Figure 3.
A variety of tissues were solubilized and electrophoresed on an 8–16% gel and stained with
GelCode Blue (A) and all of the same samples were western blotted (B). The selected
tissues included bladder (1), small intestine (2), kidney (3), liver (4), lung (5), lymphatic (6),
pancreas (7), spleen (8), heart (9), muscle (10), rat vas deferens (11), hamster vas deferens
(12), and mouse vas deferens (13). In all the samples, only the mouse vas deferens had
immunorecognition of the 54–57 kDa region with anti-FMS Ig (13).
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Figure 4.
The electrophoretic profile of the prostate (1), seminal vesicles (2), testis (3), caput
epididymidis (4), corpus epididymidis (5), cauda epididymidis (6), vas deferens (7), vas
deferens without sperm (8), uterus after mating (9), and uterus before mating (10). The gel
was stained with GelCode Blue. When the reproductive tissues were blotted onto
nitrocellulose and probed with anti-FMS Ig, the prostate, seminal vesicle, testis, and caput
epididymidis showed no cross reactivity (B:1–4). The corpus, caudal epididymis, and vas
deferen all had a prominent band at the 54–57 kDa region (B:5–7). While anti-FMS Ig
recognized vas deferens (B:7), the recognition was no longer observed after sperm were
removed (B:8). A similar situation was observed for the uterus, where the post-coital uterus
had a prominent band at 54–57 kDa (B:9), which was absent if the female had not been
mated (B:10).
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Figure 5.
Localization of FMS antigen (DEFB22) on 6 m thick paraffin sections of the corpus portion
of the mouse epididymis from the most proximal to the most distal region just before
entering the cauda epididymidis. The proximal corpus is the initial site of
immunorecognition of DEFB22. A composite picture of the entire corpus epididymides is
shown after staining with Papanicolaou and the numerous cross sections through the duct
show the convoluted nature of the epididymis (A). The arrows point from the proximal to
the distal regions (A). (B) The same or the next set of sections but after exposure to anti-
FMS, which clearly shows the ducts to be intensely labeled (B). A higher magnification of
the boxed area clearly shows a lack of label within the epididymal cells and tissue, but the
lumen as noted before is intensely labeled (C). The next section was labeled with
preimmune FMS serum and did not show any signs of label (D).
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Figure 6.
A closer examination at higher magnification of the proximal corpus and the initial site of
DEFB22 recognition. (A) A longitudinal section through a duct within the proximal corpus
which shows the epithelium having an array of stereocilia (SC) protruding into the sperm-
filled lumen (L). All of the nuclei (N) of the columnar epithelium are located in the opposing
surface of the cell away from the apical membrane (A). (B) The following section, which
shows anti-FMS Ig (DEFB22) clearly labeled as the stereocilia (SC) and the cell
components just below the apical membrane (AM). There was a noticeable label on the
sperm (Sp) found within the lumen and directly below the apical membrane. At the fine
structural level (C), the proximal corpus clearly illustrates the extensive layer of stereocilia
(SC). The sperm were embedded within a matrix (M) that did not label with the anti-FMS
Ig. The region just below the apical membrane (AM) is filled with small vesicles and this
region was recognized by the anti-FMS Ig (C).
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Figure 7.
Quantitative real-time PCR analysis is shown for Defb22 mRNA expression in the mouse
male reproductive tract. Samples of five male reproductive tract tissues (testes, caput,
corpus, cauda, and vas deferens) were pooled from three separate BDF1 mice. For each
tissue sample, total RNA was isolated, reverse transcribed into cDNA, and an aliquot of the
cDNA product (corresponding to 10 ng RNA) was used as a template for real-time PCR
analysis with specific primers (Table 1). The corpus epididymis was clearly the highest in
Defb22 expression, while the other regions of the male reproductive tract had non-detectable
level. The mRNA copy counts were determined in duplicate from a standard curve as
described in the methods. As a control, β-actin mRNA levels were similarly determined for
each tissue sample.
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Figure 8.
(A) Immunolocalization of FMS (DEFB22) on cauda epididymidis sperm fixed directly after
release into the medium. When fixed, cauda sperm incubated with anti-FMS Ig and exposed
to goat anti-rabbit Alexa 488, the entire sperm showed some level of fluorescence, although
there was a slightly less intensity over the equatorial segment. (B) The same labeling pattern
was exhibited when anti-DEFB22 peptide Ig was used. Bar=30 μm. Control sperm
incubated with preimmune serum had no immunofluorescence (not shown). (C)
Immunolocalization at the fine structural level revealed a layer of goat anti-rabbit gold
particles dispersed along the entire sperm surface. The flagellum (F), posterior head (PH),
equatorial segment (ES), and the acrosomal cap (A) had labeling along the plasma
membrane. (D) A higher magnification of the most anterior acrosomal region of the sperm
head clearly showed the uniform distribution of the gold particles (DEFB22) over the
acrosomal portion of the sperm head. Bar=0.5 μm (in C and D).
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Figure 9.
Mouse sperm were flushed from the uteri of mated females at 4 h post-coitus and fixed
before incubation with anti-FMS Ig and secondary labeling with goat anti-rabbit Alexa 488.
The sperm had detectable fluorescence from the tip of the acrosomal cap to the tip of the
flagellum, although the equatorial segment did show a decreased level of fluorescence (A–
C). The sperm found within the uterus were often in various degrees of clumping, but there
were ample individual, free swimming sperm. In all cases, sperm found within the uterus at
4 h post-coitus had labeling over the entire sperm (A–C). Bar=1 μm. Preimmune controls
showed no fluorescence (not shown).
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Figure 10.
At 4 h after mating sperm found within the oviduct showed a variety of anti-FMS labeling
patterns over the sperm head, but consistently the flagellum had a uniform label over the full
length (A–C). Occasionally there was a lack of recognition over the equatorial segment (B)
or over the entire acrosomal region (C). Bar=10 μm. Preimmune controls showed no
fluorescence (not shown).
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Figure 11.
Mouse sperm had reached the oocyte–cumulus complex 4 h after mating and were found
along the outer surface of the matrix (A and B) or partially embedded in the outer layer (C).
Fertilization was not observed at 4 h. The sperm found at the surface of the cumulus often
had anti-FMS Ig (DEFB22) labeling over the posterior head and apical acrosomal region and
covering the entire length of the flagellum (A and B). Sperm found embedded in the outer
layer had anti-FMS Ig over the midpiece and flagellum, but little or no fluorescence was
seen over the sperm head (C). Bar=10 μm.
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Table 1

Oligonucleotide primer sequences used in qRT-PCR.

Gene product Sense Antisense

DEFB22 Cloning 5′-
GAACCTACTGCCTACTGACAGGAGCC-3′
qPCR 5′ CCCATTTGGTCACAGGTGGCTG 3′

Cloning 5′-CCTCTTGGCTTTTTTCAACCAGGGAT-3′
qPCR 5′-AGGTTCCGTCTGCTTCTCCCCG-3′

β-actin Cloning 5′-TGATGGTGGGCATGGGTCAG-3′
qPCR 5′-GCTGAGAGGGAAATCGTGCGTG-3′

Cloning (RACE) 5′-
CCATCCTAATACGACTCACTATAGGGC-3′
qPCR 5′-CCAGGGAGGAAGAGGATGCGG-3′

Reproduction. Author manuscript; available in PMC 2012 October 09.


