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Abstract

In many species, sperm binding to oviduct epithelium is believed to be an essential step in generating a highly fertile capacitated sperm

population primed for fertilization. In several mammalian species, this interaction is based on carbohydrate-lectin recognition.

D-galactose has previously been characterized as a key molecule that facilitates sperm–oviduct binding in the horse. We used oviduct

explant and oviduct apical plasma membrane (APM) assays to investigate the effects of various carbohydrates; glycosaminoglycans;

lectins; S-S reductants; and the capacitating factors albumin, Ca2C and HCO3
K on sperm–oviduct binding in the horse. Carbohydrate-

specific lectin staining indicated that N-acetylgalactosamine, N-acetylneuraminic acid (sialic acid) and D-mannose or D-glucose were the

most abundant carbohydrates on equine oviduct epithelia, whereas D-galactose moieties were not detected. However, in a competitive

binding assay, sperm–oviduct binding density was not influenced by any tested carbohydrates, glycosaminoglycans, lectins or

D-penicillamine, nor did the glycosaminoglycans induce sperm tail-associated protein tyrosine phosphorylation. Furthermore,

N-glycosidase F (PNGase) pretreatment of oviduct explants and APM did not alter sperm–oviduct binding density. By contrast, a

combination of the sperm-capacitating factors albumin and HCO3
K severely reduced (O10-fold) equine sperm–oviduct binding density

by inducing rapid head-to-head agglutination, both of which events were independent of Ca2C and an elevated pH (7.9). Conversely,

neither albumin and HCO3
K nor any other capacitating factor could induce release of oviduct-bound sperm. In conclusion, a combination

of albumin and HCO3
K markedly induced sperm head-to-head agglutination which physically prevented stallion sperm to bind

to oviduct epithelium.
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Introduction

Sperm storage after mating is a female reproductive tract
phenomenon that has been observed in various animals
with the presumed aim to preserving sperm fertilizing
capacity in species in which mating and ovulation are
poorly synchronized (Holt 2011). In the mare (Bader
1982, Scott et al. 2000) and many other mammals (rabbit
(Harper 1973), pig (Hunter 1981), sheep (Hunter &
Nichol 1983), mouse (Suarez 1987), cattle (Hunter &
Wilmut 1984) and hamster (Yanagimachi & Chang
1963)), an oviductal sperm reservoir is established at
the uterotubal junction and the caudal part of the
oviductal isthmus. This sperm reservoir contains sper-
matozoa bound to the epithelial surface by their apical
head region. Most of the bound sperm are found in
pockets formed by mucosal folds. The precise identity of
molecules involved in sperm–oviduct interaction is not
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clear, but there are indications that the interaction in
several mammals is mediated by carbohydrate ligands
in a species-specific manner (Suarez 2001). In general,
spermatozoa contain lectin-like receptors on their
plasma membrane with affinity for carbohydrate moi-
eties found on the surface of oviduct epithelial cells.
Interactions between the two can therefore be studied
using competitive carbohydrate-lectin binding assays.
It has also been hypothesized that, when ovulation is
imminent, oviduct-bound spermatozoa become capaci-
tated and subsequently release. The releasing factor needs
to have either a stronger affinity for the carbohydrate–
ligand receptors on the sperm plasma membrane, with
sperm release as a result of a competitive interaction
as shown in cattle (Talevi & Gualtieri 2001, Sostaric
et al. 2005, Gualtieri et al. 2010), or enzymatic activity
capable of disturbing the lectin recognition site or
substrate.
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Bull spermatozoa actively bind via the apical part of
the sperm head surface to the oviduct epithelium
(Hunter et al., 1991). Only non-capacitated bovine
spermatozoa are able to bind to oviductal epithelium
in vitro (Lefebvre et al. 1995a, Gualtieri & Talevi 2000).
Importantly, the bound spermatozoa appear to remain
in a rather quiescent state in the early pre-ovulatory
stage oviduct. This has been demonstrated by incu-
bation of rabbit, bull, boar and stallion spermatozoa
with the apical plasma membranes (APMs) of pre-
ovulatory oviductal epithelial cells; binding to oviductal
epithelium prolonged sperm longevity (Smith &
Nothnick 1997, Boilard et al. 2002) by maintaining
low cytoplasmic Ca2C levels (Dobrinski et al. 1997).
Oviduct binding of non-capacitated bull sperm can be
inhibited by fucose and fucoidan (a sulfated poly-
saccharide that predominantly consists of fucose)
(Lefebvre et al. 1997, Talevi & Gualtieri 2001, Sostaric
et al. 2005), while pretreatment of bovine oviduct
explants with fucosidase significantly reduces sperm
binding (Lefebvre et al. 1997). Not only the presence
of fucose but also its position within the complex
carbohydrate moieties is important for functional
sperm–oviduct binding. For instance, only trisaccharide
Lewis A (a-1-Fuc(1, 4)-b-D-Gal(1, 3)-d-GlcNAc) signi-
ficantly reduced binding of spermatozoa to oviduct
epithelia, whereas other fucose-containing oligo-
saccharides failed to influence sperm–oviduct binding
(Suarez et al. 1998, Sostaric et al. 2005). A competitive
carbohydrate-binding inhibition assay, using fetuin and
sialic acid individually, was successfully used to block
hamster sperm–oviduct binding (DeMott et al., 1995).
In pigs, the major inhibitory effect could be mimicked
by biantennary structures containing a mannose core
with six sialylated lactosamines at one or more termini.
In pigs, as in cattle, binding to carbohydrate moieties
was specific; different isomers of the specific motif did
not bind sperm (Kadirvel et al. 2012).

At the late pre-ovulatory stage, it is thought that
oviduct-bound sperm undergo final maturation or
capacitation and are released from oviduct epithelial
cells by undergoing plasma membrane changes and
achieving hyperactivated motility at various rates (Suarez
1998, 2008a). In many mammals, this release coincides
with raised levels of capacitation factors (Suarez 2008b).
In cattle, sulfated glycosaminoglycans both inhibit
sperm to bind to the oviduct and trigger the sperm to
release from the oviduct epithelium. These sulfated
moieties facilitate a reduction in fucose binding by
spermatozoa, which is regulated by direct competition.
In fact, dextran sulfate and heparin, but not dextran
and N desulfated heparin, are powerful inhibitors
of sperm–oviduct binding and trigger sperm release
from oviduct epithelium as well (Talevi & Gualtieri
2001). This suggests that sulfated glycosaminoglycans
released into the bovine oviduct near the time of
ovulation display a stronger affinity for sperm plasma
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membrane receptors than fucose moieties expressed on
the oviduct membrane (Sostaric et al. 2005).

In addition, disulfide reductants like D-penicillamine
inhibit sperm–oviduct binding and facilitate sperm
release from the oviduct epithelium. It was suggested
that reversible adhesion of bull spermatozoa to the
oviduct epithelium is modulated by redox control of
sperm surface protein sulfhydryls (Gualtieri et al. 2009).

Much less is known about sperm–oviduct epithelium
binding in the horse. Inhibition of stallion sperm binding
to oviduct epithelial monolayers has been reported after
adding fetuin, asialofetuin or D-galactose to the culture
medium (D-galactose gave the most prominent effects;
Dobrinski et al. 1996a). Moreover, since galactose-
binding proteins have been observed on the rostral and
post-acrosomal regions of the sperm head of non-
capacitated stallion spermatozoa (Sabeur & Ball 2007),
the authors concluded that D-galactose was the key
molecule facilitating the binding of non-capacitated
spermatozoa to oviduct epithelium in the horse
(Lefebvre et al. 1995b, Dobrinski et al. 1996a). Never-
theless, equine oviduct epithelium expresses very few
D-galactose moieties (Desantis et al. 2004, 2005), and
it is more likely that other, as yet undefined, factors are
involved in regulating binding of non-capacitated
stallion sperm to the oviduct epithelium.

For release of sperm from the epithelium lining the
equine oviduct, high concentrations of sulfated glyco-
saminoglycans in oviductal fluid (originating from the
ovulatory follicle or secreted from the oviduct epi-
thelium) may be important (Varner et al. 1991).
Glycosaminoglycans and disulfide reductants have
been reported to play a role in bovine sperm–oviduct
binding and sperm release from the epithelium (Gualtieri
et al. 2010). We, therefore, decided to investigate the
involvement of various carbohydrates in the regulation of
equine sperm–oviduct binding and release, as well as
that of known capacitation factors such as albumin,
Ca2C and HCO3

K ions.
Materials and methods

Chemicals and reagents

Dulbecco’s PBS (DPBS), HBS, fetal bovine serum (FBS)
(Batch: 07G8814F) and DMEM/Nutrient Mixture F-12
(DMEM/F12) were purchased from Gibco Life Technologies.
Various carbohydrates and glycosaminoglycans (D-galactose,
N-acetylgalactosamine, N-acetylglucosamine, fetuin, asialofe-
tuin, D-fucose, fucoidan, D-mannose, mannan, N-acetylneur-
aminic (sialic) acid, chondroitin sulfate, dextran sulfate,
heparan sulfate, heparin, hyaluronic acid and keratan sulfate),
D-penicillamine, fatty acid-free BSA (A9418; cell culture
tested), ethylene glycol tetraacetic acid (EGTA) and all
chemicals not otherwise listed were obtained from Sigma–
Aldrich. Various lectins (non-fluorescein conjugated and
fluorescein conjugated): Arachis hypogaea (peanut) agglutinin
(PNA), Dolichos biflorus agglutinin (DBA), Helix pomatia
www.reproduction-online.org
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agglutinin (HPA), Triticum vulgare (wheat germ) agglutinin
(WGA), Ulex europaeus agglutinin (UEA 1), Sambucus
nigra agglutinin (SNA), Canavalia ensiformis agglutinin (Con
A), Lens culinaris agglutinin (LCA) and Pisum sativum
(pea) agglutinin (PSA) were purchased from Labconsult
SPRL (Vector Labs, Brussels, Belgium). Hoechst 33342
and Alexa Fluor 488-conjugated goat anti-mouse antibody
were obtained from Molecular Probes (Ghent, Belgium).
Monoclonal 4G10 Platinum, anti-phosphotyrosine mouse
antibodies were obtained from Millipore (Overijse, Belgium).
Protease inhibitors (cOmplate, Mini, EDTA-free) were
purchased from Roche.
Animals

Oviducts were collected at a local slaughterhouse (Euro Meat
Group, Moeskroen, Belgium) from healthy Warmblood
mares aged between 5 and 22 years and without any
visible reproductive tract pathology. Only oviducts from
mares with growing follicles and without a corpus luteum on
the ovaries in combination with estrous oedema in the
uterine wall, indicating that the mare was in estrus, were
used for this study.
Preparation of oviduct explants and isolation
of oviduct APMs

Five oviducts per experiment were prepared for oviduct explant
culture, as previously described by Nelis et al. (2014). Briefly,
oviducts from mares in early estrus were dissected free of
extraneous connective tissue, clamped at both ends and
transported on ice in sterile 0.9% saline containing 50 mg/ml
gentamycin. Upon arrival at the laboratory, the oviducts were
washed in DPBS, and the epithelial cells were harvested by
scraping the ampullary-isthmic mucosa of the longitudinally
incised oviduct. The harvested cellular material was transferred
to a tube containing HEPES-buffered Tyrode’s albumin pyruvate
lactate (TALP) (10 mg/ml gentamycin sulfate, 10 mM HEPES and
3 mg/ml BSA; based on Rath et al. (1999)) and left to settle for
10 min, after which the cell pellet was resuspended in 3 ml
of fresh HEPES-buffered TALP washing medium. The process
of sedimentation was repeated twice. The time span from
slaughter of mares to seeding of the cells was w3–4 h. Next,
the harvested cellular material was washed and cultured
overnight in DMEM/F12 with 10% FBS at 38.5 8C in a
humidified atmosphere of 5% CO2 in air.

To isolate oviduct APM (Smith & Nothnick 1997), oviducts
from early estrous mares were collected as for oviduct explant
preparation. All further processing of the oviducts in the
laboratory took place on ice (0–4 8C). Upon arrival in the
laboratory, oviducts were dissected free from surrounding
tissue, opened longitudinally and rinsed with ice-cold saline.
Subsequently, oviduct epithelia from the ampullary-isthmic
mucosa was gently harvested by scraping and then suspended
in hypotonic buffer solution (HiP; 50 mM mannitol, 2 mM
Tris–HCl, pHZ7.1). This suspension was homogenized by
Turrax blending (IKA T-18 Ultra Turrax Digital Homogenizer;
115 VAC; Metrohm Belgium N.V., Antwerp, Belgium)
at maximum speed for 2!3 min and further sonicated
www.reproduction-online.org
for 5!5 s. To this homogenized suspension, 10 mM solid
MgCl2 (hexahydrate; Bornem, Belgium) was added, to cross-
link non-apical cell plasma membranes. After incubation on
a rotation plate for 30 min, the suspension was centrifuged at
3000 g for 15 min to remove large cellular debris and
agglutinated non-APMs. The pellet was discarded from the
supernatant, and the supernatant was subsequently centri-
fuged at 27 000 g for 30 min. After these centrifugation steps,
the resulting pellet was resuspended in mannitol buffer (MB;
100 mM mannitol, 20 mM Tris–Hepes buffer, pHZ7.4) and
homogenized by pipetting for 5 min. In order to improve
the degree of purity, unwanted debris was washed from the
APM fraction using a 15 min 6000 g centrifugation step.
The resulting pellet was discarded and the supernatant was
centrifuged at 23 000 g for 30 min to pellet the washed APM
vesicles. Pelleted APM vesicles were then suspended in HBS
supplemented with protease inhibitors and stored at K80 8C
until further use. Purity of the membrane isolates was assessed
by measuring APM g-glutamyl transpeptidase activity (Smith
& Nothnick 1997). Fractions of oviduct APM samples were
collected, and protein content was determined using a
modification of the method described by Lowry et al. (Flesch
et al. 1998), using BSA as the standard.
Semen collection and preparation

Semen was collected using an artificial vagina (Colorado State
University AV) from three adult stallions of proven fertility. The
raw ejaculate was filtered through gauze to remove the gel
fraction and any debris, before visual evaluation of sperm
motility by light microscopy (200!) on a heated stage at
37.0 8C. Semen with adequate sperm motility was immediately
transported to the laboratory for further processing. The nuclei
of spermatozoa in fresh semen with a concentration of
100–300!106 spermatozoa/ml were labelled by pre-incubat-
ing 1 ml semen with 3.2 mM Hoechst 33 342 for 10 min.
Subsequently, the suspension of Hoechst-stained spermatozoa
was washed using a 45/90% Percoll gradient (Parrish et al.
1988, Tremoleda et al. 2003). Next, the sperm pellet was
diluted in Whitten’s medium (100 mM NaCl, 4.7 mM KCl,
1.2 mM MgCl2, 5.5 mM glucose, 22 mM HEPES, 2.4 mM
sodium lactate, 1.0 mM pyruvate and 0.05% polyvinylpyrro-
lidone; pHZ7.4 and 280–300 mOsm/kg; adapted from
McPartlin et al. (2008; further referred to non-capacitating
medium) to the desired concentration (10, 20 or
50!106 spermatozoa/ml). At least three replicates of each
experiment were performed using an ejaculate from each of the
three stallions. The study was approved by the Ethical
Committee of Ghent University’s Faculty of Veterinary
Medicine (EC2013/175 and EC2013/176).
Sperm–oviduct explant and sperm–oviduct APM assay

Oviduct explants were cultured in DMEM/F12 medium with
10% FBS, equilibrated with 5% CO2 in a humidified
atmosphere at 38.5 8C, as described by Nelis et al. (2014).
After overnight incubation, oviduct explant material
contained vesicular epithelial cell clumps; vesicles with a
diameter of !200 mm were selected, washed and transferred
Reproduction (2016) 151 313–330



316 B Leemans and others
in groups of 5–45 ml incubation droplets. Sperm binding to
oviduct explants was performed in non-capacitating medium
at 38.5 8C in air. To provide sperm capacitation supporting
conditions, Whitten’s medium was modified to capacitating
medium by replacing the sodium lactate with 2.4 mM
calcium lactate and adding 25 mM NaHCO3 and 7 mg/ml
BSA (pHZ7.4 and 280–300 mOsm/kg; osmolality was
adjusted by stepwise addition of NaCl); this medium was
pre-equilibrated for at least 2 h in a humidified atmosphere
containing 5% CO2 at 38.5 8C (adapted from McPartlin et al.
(2008)). Elevated pH conditions were achieved by incubating
capacitating medium in air until a pH of 7.9 was attained.
In general, a final concentration of 2 million (carbohydrate-
glycosaminoglycan-D-penicillamine pre-incubation) or 5
million (lectin pre-incubation) Hoechst-stained spermatozoa
per ml was produced by adding 5 ml Percoll-washed and
-diluted sperm (20 or 50!106 spermatozoa/ml) to the 45 ml
medium droplets containing the oviduct explants (Leemans
et al. 2014). The 50 ml medium droplets (38.5 8C in air) were
covered under mineral oil to prevent evaporation. Similar
experiments were repeated under capacitating conditions
(38.5 8C in 5% CO2 in air). Sperm–oviduct binding was
additionally assessed in various non-capacitating conditions
with individual or combined addition of BSA, calcium
lactate, NaHCO3 or EGTA (pHZ7.4; media were pre-
equilibrated for 2 h at 38.5 8C in 5% CO2 in air to avoid a
pH change in the medium). Sperm–oviduct binding was also
tested in capacitating medium at pH 7.9. Identical conditions
were used to test sperm release from oviduct explants, for
which sperm–oviduct explants were previously established in
non-capacitating conditions, subsequently washed twice and
transferred to the sperm release conditions. Each replicate
was performed using different ejaculates.

To establish a sperm–oviduct APM binding assay, a dot blot
technique was adapted from Tsai et al. (2012). In brief, dot
blotting was performed using the Easy-Titer ELIFA dot blot
system (Pierce, Rockford, IL, USA). Nitrocellulose mem-
branes (Sigma–Aldrich) were rinsed in Milli-Q, and oviduct
APM samples containing 20 mg proteins were subsequently
pipetted (10 ml of 2 mg/ml APM proteins) into separate wells.
Membranes and adhering proteins were dried using a
vacuum system (flow rate 100 ml/1.5 min/well). After blotting,
non-specific binding was blocked using 50 ml 10% BSA in
HBS for 1 h at room temperature. Oviduct APM-coated
nitrocellulose membrane was subsequently washed twice
with non-capacitating medium, and the spots were then
individually cut. Per tested condition, three APM-coated blots
were further co-incubated with carbohydrate and glycosami-
noglycan pre-incubated, Hoechst-stained spermatozoa
(1!106 spermatozoa/ml) under non-capacitating conditions
(38.5 8C) in a 2 ml Eppendorf tube (Sigma–Aldrich). Similar
experiments were repeated under capacitating conditions
(38.5 8C in 5% CO2 in air). After 2-h co-incubation,
APM-coated blots were washed three times. Quantitative
analysis of dot blot labeling was performed by scanning the
blots with a GS-700 densitometer (Bio-Rad Laboratories).
Absorbance results achieved by the sperm–oviduct
APM assay were corrected for the control absorbance
(nitrocellulose membrane without coated oviduct APM).
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Effect of carbohydrate, glycosaminoglycan,
D-penicillamine, lectin, Ca2C, HCO3

K and albumin
pre-incubation on sperm–oviduct binding

Before adding sperm to either oviduct explants or oviduct APM,
Hoechst-stained spermatozoa were pre-incubated with various
carbohydrates (50 mM: D(C)-galactose, N-acetylgalactosa-
mine, N-acetylglucosamine, D(C)-fucose, D(C)-mannose and
N-acetylneuraminic (sialic) acid; 5 mg/ml: asialofetuin, fetuin,
fucoidan and mannan; 10 mg/ml: chondroitin sulfate, dextran
sulfate, heparan sulfate, heparin, hyaluronic acid and keratan
sulfate) or D-penicillamine (0.125, 0.25, 0.5, 1, 5 and 10 mM;
D-penicillamine stock solution was prepared max 10 min
before the start of sperm pre-incubation experiments).
Hoechst-stained sperm were pre-incubated at a concentration
of 10 or 20 ! 106 spermatozoa/ml in 500 ml non-capacitating
and capacitating conditions at 38.5 8C to saturate sperm
plasma membrane receptors so that they could have a
competitive inhibitory effect on sperm–oviduct binding. After
20 min, sperm suspensions were washed by centrifugation
(600 g; 5 min) with 500 ml non-capacitating or capacitating
medium, and 5 ml of the washed sperm solution was added to
either oviduct explants (2!106 spermatozoa/ml) or oviduct
APM (1!106 spermatozoa/ml) (control condition). The
competitive inhibitory effect of lectins on sperm–oviduct
binding was assessed by pretreating oviduct explants with
individual, or mixtures of, various lectins (50 mg/ml: PNA,
DBA, HPA, WGA, UEA 1I, SNA, Con A, LCA, PSA or in case of
the lectin mix; 20 mg/ml of each lectin; table in supplementary
information, see section on supplementary data given at the
end of this article) in 50 ml droplets of non-capacitating
medium under mineral oil at 38.5 8C. After 2 h, oviduct
explants were washed in non-capacitating medium, and 5 ml
Hoechst-stained sperm was added to the 45 ml oviduct explant
containing non-capacitating droplets (5!106 spermatozoa/ml).
These incubations were repeated using capacitating conditions
in which Hoechst-stained spermatozoa were pre-incubated in
either full capacitation medium, individual or combinations of
7 mg/ml BSA, 2.4 mM calcium lactate or 25 mM NaHCO3 in
non-capacitating medium (pHZ7.4; 2 h pre-equilibrated in
5% CO2 in air to avoid a pH change in the medium). To test the
role of Ca2C in sperm–oviduct binding, 2 (non-capacitating
medium) or 4 mM (capacitating medium) EGTA (Sorensen
et al. 1999, Loux et al. 2013) was added (pHZ7.4; 2 h
pre-equilibrated in 5% CO2 in air to avoid a pH change in
the medium). In addition, the effect of elevated pH 7.9
in capacitating medium was assessed. Similar incubation
conditions were used to test the ability of the capacitating
factors to trigger sperm–oviduct release after establishment
of sperm–oviduct complexes in non-capacitating medium.
Moreover, the effect of sperm concentration (range 1–100!
106 spermatozoa/ml) on binding capacity of pre-incubated
sperm to oviduct explants was assessed in non-capacitating,
capacitating and combined albumin and HCO3

K-enriched non-
capacitating conditions. Ultimately, sperm in both control non-
capacitating medium and in combined albumin and HCO3

K-
enriched non-capacitating medium were exposed to oviduct
explants at the same concentration of non-agglutinated sperm
(2!106 spermatozoa/ml). Each replicate was performed using
different ejaculates.
www.reproduction-online.org
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Individual and combined effect of Ca2C, HCO3
K

or albumin on head-to-head agglutination
of stallion spermatozoa

Head-to-head sperm agglutination was assessed after 0.5 and
2 h in non-capacitating medium containing 7 mg/ml BSA,
2.4 mM calcium lactate or 25 mM NaHCO3 individually or
in combinations. To test the role of Ca2C in sperm–oviduct
binding, 2 (non-capacitating medium) or 4 mM (capacitating
medium) EGTA (Sorensen et al. 1999, Loux et al. 2013) was
added (pHZ7.4; 2 h pre-equilibrated in 5% CO2 in air to avoid
a pH change in the medium). The effect of elevated pH (7.9) in
capacitating medium was also assessed. Sperm was incubated
at a concentration of 10!106 spermatozoa/ml in 500 ml of
each medium sample at 38.5 8C. After 0.5- and 2-h incubation,
sperm suspensions were evaluated for sperm agglutination by
placing a 10 ml aliquot onto a pre-warmed glass slide covered
with a warm glass cover slip. For each medium sample, 200
randomly selected motile spermatozoa were examined, and
subsequently, the percentage of head-to-head agglutinated
sperm was calculated.
Effect of N-glycosidase F (PNGase) treatment on
sperm–oviduct binding

To elucidate the involvement of N-linked carbohydrates
in sperm–oviduct interaction, oviduct explants and oviduct
APM were treated for 2400 h with and without (control) the
N-glycosidase F enzyme (Takasaki et al. 1982, Tarentino &
Plummer 1987). To this end, ten oviduct explants or 20 mg
oviduct APM proteins were incubated in DPBS to which 3 ml
N-glycosidase F was then added. Enzyme activity was
evaluated by Con A–FITC staining of oviduct explants before
and after N-glycosidase F treatment (Desantis et al. 2004).
The enzyme-treated oviduct explants and oviduct APM were
further processed for sperm binding assays as previously
described. Incubations were performed under non-capacitat-
ing and capacitating conditions.
Carbohydrate expression on oviduct explant
epithelial cells

To examine which carbohydrates could play a key role in
sperm–oviduct binding, the expression of carbohydrate moi-
eties on the oviduct epithelial explants was assessed using
fluorescein (FITC)-conjugated lectins (PNA, DBA, HPA, WGA,
UEA 1, SNA, Con A, LCA and PSA). Specificity of the lectins
was previously demonstrated by Desantis et al. (2004, 2005).
Briefly, after fixing in 4% (w/v) paraformaldehyde in DPBS for
15 min at room temperature, oviduct explants were washed
twice in 500 ml blocking buffer (DPBS containing 1% BSA) and
stained with 50 mg/ml FITC-conjugated lectins in DPBS
(Desantis et al. 2004, 2005) for 15 min at room temperature.
After two washes with DPBS, the stained oviduct explants were
mounted as described above using 1.4-diazabicyclo (2.2.2)
octane (DABCO) as antifade. Samples were examined using a
Leica DMR microscope (Brussel, Belgium) equipped with a
mercury lamp and appropriate filters, at 400! magnification.
Quantification of carbohydrate expression was performed by
www.reproduction-online.org
scoring the fluorescence intensity (CCC,CC,C and K).
Imaging of the lectin-stained oviduct explants was performed
using standard settings (camera exposure: 204.1 ms; camera
capture format: 2560!1920).
Tail-associated protein tyrosine phosphorylation after
exposure to various sulfated glycosaminoglycans

After 6-h incubation, the same glycosaminoglycan conditions
were used as during the pre-incubation steps to assess
competitive inhibition of sperm–oviduct binding. A portion of
the treated Hoechst-stained sperm suspensions (10!106 sper-
matozoa/ml) were further processed to detect protein tyrosine
phosphorylation, as previously described (Leemans et al.
2014). In brief, spermatozoa were washed twice in 1 ml
DPBS (600 g; 5 min) and fixed in 500 ml 4% paraformaldehyde
in DPBS at room temperature for 15 min. The fixative was
removed by three washing steps using 1 ml DPBS (600 g;
5 min). The washed spermatozoa were subsequently incubated
in 500 ml 0.1% Triton X-100 in DPBS for 10 min at room
temperature to ensure complete membrane permeabilization.
The immobilized and permeabilized spermatozoa were then
washed twice (600 g ; 5 min) in 1 ml DPBS and further
incubated in 500 ml blocking buffer (DPBS containing 1%
BSA) for 10 min at room temperature. Next, spermatozoa were
incubated in 200 ml buffer containing 0.1% BSA and supple-
mented with a mouse monoclonal 4G10 Platinum IgG2b

(Millipore) protein anti-phosphotyrosine antibody (diluted
1:500) at 4 8C. After overnight incubation, unbound antibody
was removed by washing the spermatozoa twice using 1 ml of
DPBS containing 0.1% BSA (600 g ; 5 min). The resulting
spermatozoa were then stained with a monoclonal goat anti-
mouse antibody conjugated to Alexa Fluor 488 (Invitrogen) for
1 h at room temperature. After immunolabeling, the non-
bound antibody conjugates were removed by washing three
times using 1 ml DPBS containing 0.1% BSA (600 g ; 5 min)
and once using DPBS. The immunolabeled spermatozoa were
mounted on glass slides as described above and sealed with
nail polish. The proportion of the total sperm population with
green fluorescent tails (and Hoechst 33342 fluorescent heads)
was determined by randomly assessing 200 spermatozoa.
Samples were examined using a Leica DMR microscope
equipped with a mercury lamp and appropriate filters, at
400! magnification.
Quantification of sperm–oviduct binding and
tail-associated protein tyrosine phosphorylation

Density of sperm binding to oviduct APM after 2-h co-incuba-
tion was determined after two washing steps, in either non-
capacitating or capacitating medium, by quantitative analysis
of dot blot labeling. This analysis was performed by scanning
the blots with a GS-700 densitometer equipped with a UV lamp
(Bio-Rad Laboratories) using Quantity One acquisition soft-
ware (version 4.3, Bio-Rad). Densitometric quantitation was
carried out using the Gel-Pro Analyzer Software (version 3.0;
Media Cybernetics, Silver Spring, MD, USA).

Density of sperm binding to the oviduct explants after 2-h
co-incubation was similarly determined in five microscopic
Reproduction (2016) 151 313–330
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fields (400! magnification), after two washing steps. The
percentage of spermatozoa with tail-associated protein
tyrosine phosphorylation (PYC/HoechstC) was determined
by evaluating 200 randomly selected spermatozoa (HoechstC).
Both parameters were evaluated by means of fluorescence
microscopy using a Leica DMR microscope equipped
with excitation filters BP 340/380 nm, BP 450/490 nm,
BP 560/40 nm and a 100 W mercury lamp. Alexa Fluor
488-conjugated goat anti-mouse antibody and Hoechst
33342 were sequentially excited using 499 and 345 nm
wavelengths. Emission spectra of the dyes were then filtered
at 519 and 478 nm. These emission spectra were detected by
blue (LP 425 nm), green (LP 515 nm) and red (BP 645/75 nm)
filters, corresponding to the emission peaks of the dyes. Images
were acquired using the Image Database program (Leica, Van
Hopplynus N.V., Brussel, Belgium). In addition, the surface
area of the oviduct explants in each microscopic field (at 400!
magnification) was measured using this program. The two
fluorophores were checked for signal overlap, and no leakage
of signals was detected.

Head-to-head sperm agglutination after 0.5 and 2 h in
various medium conditions was determined by evaluating
200 randomly chosen, motile spermatozoa and observed at
400! magnification using the DIC and warm stage (38.5 8C)
equipped Leica DM 5500 B fluorescence microscope, as
described above.
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Statistical analysis

Competitive carbohydrate/glycosaminoglycans/lectin/D-peni-
cillamine/N-glycosidase F inhibition of sperm–oviduct bind-
ing, the effect of various glycosaminoglycans on protein
tyrosine phosphorylation and the effect of various capacitating
factors (individual and combined effects of Ca2C, HCO3

K or
albumin) on sperm–oviduct binding, release and head-to-head
agglutination were assessed by ANOVA. Significant differences
in the number of oviduct-bound spermatozoa, or optical
spot density, and the percentage of tyrosine phosphorylated
(PYC) and head-to-head agglutinated spermatozoa over time
were determined using repeated measures ANOVA with
Greenhouse–Geisser and Bonferroni correction, as
implemented in the general linear model. Scheffé post hoc
tests were performed for pairwise comparisons. Statistical
analysis and graph plotting was performed using SPSS version
20 for Windows (SPSS IBM). Differences were considered
significant if P!0.05.
M
ea 1000

0
0.5×106 1×106 2×106

Sperm concentration (spermatozoa/ml)

5×106 10×106

Figure 1 Effect of sperm concentration on binding density of stallion
sperm to equine oviduct APM under non-capacitating conditions.
Saturation of sperm–oviduct explant binding was observed at
2!106 spermatozoa/ml. Data represent mean (GS.D.) optical spot
density (nZ30/group) in three replicates. Values that differ significantly
are indicated by different capitals. One-way ANOVA, followed by
Bonferroni post hoc tests for pairwise comparison.
Results

Standardization of sperm–oviduct explant and
sperm–oviduct APM assays

We previously showed that the saturation concentration
for sperm binding to oviduct explants in non-capacitat-
ing conditions was reached at 5!106 spermatozoa/ml
(Leemans et al. 2014). To test the ability of carbohydrates
to competitively inhibit sperm–oviduct explant binding,
a sperm concentration of 2!106 spermatozoa/ml was
used. A similar experiment was performed for the
Reproduction (2016) 151 313–330
sperm–oviduct APM assay, and sperm binding to
oviduct APM was saturated at 2!106 spermatozoa/ml.
Therefore, a below saturation concentration of 1!
106 spermatozoa/ml was used to test competitive
carbohydrate inhibition of sperm–oviduct binding
(Fig. 1). To test competitive lectin inhibition of sperm–
oviduct explant binding, a concentration above the
saturation level was used (5!106 spermatozoa/ml).

To standardize the sperm–oviduct APM assay, the
purity of the APM fractions was checked using well-
established enzyme assays (Smith & Nothnick (1997) for
full validation). g-glutamyl transpeptidase was used as a
marker for the APM and proved to be enriched 21G4
times in plasma membrane preparations (nZ3).
Tested carbohydrates did not competitively reduce
sperm–oviduct APM binding

As demonstrated by Suarez (2001, 2008b), species-
specific carbohydrate moieties expressed on the
epithelium facilitated binding of the head of the
spermatozoa that ultimately populate the sperm
reservoir. In order to assess the importance of
carbohydrates in sperm–oviduct binding in equids,
we used our oviduct-derived APM to test competitive
carbohydrate inhibition of sperm binding. Sperm
binding to nitrocellulose coated with oviductal APM
was assessed after pre-incubating spermatozoa with
carbohydrates (D-galactose, N-acetylgalactosamine,
N-acetylglucosamine, asialofetuin, fetuin, D-fucose,
fucoidan, D-mannose, mannan and N-acetylneuraminic
(sialic) acid). None of the tested carbohydrates reduced
the sperm–oviduct APM binding density in either
www.reproduction-online.org
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Figure 2 (A) Effect of different carbohydrates (D-galactose,
N-acetylgalactosamine, N-acetylglucosamine, asialofetuin, fetuin,
D-fucose, fucoidan, D-mannose, mannan and N-acetylneuraminic
(sialic) acid) on equine sperm–oviduct APM binding density under
non-capacitating (dark grey bars) and capacitating (light grey bars)
conditions. Data represent mean (GS.D.) optical spot density
(nZ10/group) over three replicates. Repeated measure ANOVA with
Greenhouse–Geisser and Bonferroni correction, followed by Scheffé
post hoc tests for pairwise comparisons. (B) Fluorescent spots represent
Hoechst-stained spermatozoa bound to oviduct APM coated on
nitrocellulose after pre-incubation with the test carbohydrate followed
by 2 h co-incubation in (a) non-capacitating and (b) capacitating
medium. Each spot represents one tested carbohydrate (row 1–3
from left to right: D-galactose, N-acetylgalactosamine, asialofetuin,
N-acetylglucosamine, fetuin, D-fucose, fucoidan, D-mannose, mannan,
N-acetylneuraminic (sialic) acid and controls (row 3)). (c) Nitrocellu-
lose paper without oviduct APM was included as an additional control
and the optical density of the paper subtracted from the optical spot
density of the other spots (a, b, c: original magnification).
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Figure 3 (A) Effect of different carbohydrates (D-galactose,
N-acetylgalactosamine, asialofetuin, N-acetylglucosamine, fetuin,
D-fucose, fucoidan, D-mannose, mannan and N-acetylneuraminic
(sialic) acid) on equine sperm–oviduct explant binding density under
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non-capacitating (PO0.95 for all comparisons) or
capacitating conditions (PO0.22 for all comparisons).
Similar to our previous study (Leemans et al. 2014),
sperm–oviduct binding density was significantly higher
in non-capacitating than capacitating conditions
(P!0.001 for all comparisons; Fig. 2A and B).
non-capacitating (dark grey bars) and capacitating (light grey bars)
conditions. Data represent mean (GS.D.) number of spermatozoa
bound to oviduct explants (nZ10/group) over five replicates. Repeated
measure ANOVA with Greenhouse–Geisser and Bonferroni correction,
followed by Scheffé post hoc tests for pairwise comparison.
(B) Fluorescence micrographs represent Hoechst-stained spermatozoa
bound to oviduct explants after 2-h co-incubation in (a) non-
capacitating and (b) capacitating medium (b, c: original magnification,
400!, scale barZ25 mm).
Tested carbohydrates did not reduce sperm–oviduct
explant binding

To validate the results obtained for the oviduct-derived
APM model (described above), the same experiments
were carried out using oviduct explants. In accordance
with the oviduct APM experiments, none of the tested
www.reproduction-online.org
carbohydrates reduced the density of sperm binding to
oviduct explants in either non-capacitating (PO0.96 for
all comparisons) or capacitating conditions (PO0.59 for
all comparisons). As for APM, sperm–oviduct binding
density was significantly higher in non-capacitating than
capacitating conditions (P!0.001 for all comparisons;
Fig. 3A and B).
N-acetylgalactosamine and D-mannose/D-glucose
moieties are expressed on equine oviduct
explant epithelium

Lectin histochemistry of oviductal epithelium was
used to demonstrate that N-acetylgalactosamine
(DBA and HPA CCC), N-acetylneuraminic (sialic)
acid (SNA CCC) and D-mannose/D-glucose (Con A,
LCA and PSA CCC) were the pre-dominant
Reproduction (2016) 151 313–330



A

B

a b c

d e f

g

Control

Lectin mix

PSA

LCA

Con A

Le
ct

in

SNA

UEA I

WGA

HPA

DBA

PNA

0 25 000 50 000 75 000

Mean bound spermatozoa/mm2

100 000 125 000

h i

Figure 4 (A) Fluorescence micrographs of carbohydrate expression
patterns on equine oviduct explant epithelia. Carbohydrate expression
was assessed using various FITC-conjugated lectins: (a) PNA C/K,
(b) DBA CCC, (c) HPA CCC, (d) WGA C, (e) UEA I K, (f) SNA CCC,
(g) Con ACCC, (h) LCA CCC and (i) PSA CCC (a, b, c, d, e, f, g, h, i:
original magnification, 400!, scale barZ25 mm). (B) Effect of an
individual or the mix of different lectins (PNA, DBA, HPA, WGA, UEA I,
Con A, LCA, PSA and SNA) on sperm–oviduct explant binding density
under non-capacitating (dark grey bars) and capacitating (light grey bars)
conditions. Data represent mean (GS.D.) number of spermatozoa bound to
oviduct explants (nZ10/group) over three replicates. Repeated measure
ANOVAwith Greenhouse–Geisser and Bonferroni correction, followed by
Scheffé post hoc tests for pairwise comparison.
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Figure 5 (A) Fluorescence micrographs of Con A–FITC-stained equine
oviduct explants (a) before and (b) after PNGase treatment (a, b:
original magnification, 400!, barZ25 mm). The effect of PNGase
pretreatment on (B) sperm–oviduct APM and (C) sperm–oviduct explant
binding density under non-capacitating (dark grey bars) and capaci-
tating (light grey bars) conditions was also assessed. Data represent
mean optical spot densities (nZ3 spots/group) and mean (GS.D.)
number of spermatozoa bound to oviduct explants (nZ10/group) over
three replicates. Repeated measure ANOVA with Greenhouse–Geisser
and Bonferroni correction, followed by Scheffé post hoc tests for
pairwise comparison.
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carbohydrate moieties expressed on equine oviduct
epithelium. WGA-FITC (C), a lectin that binds to
N-acetylglucosamine moieties and to a lesser extent
N-acetylneuraminic (sialic) acid, displayed a weaker
expression pattern probably because of the expression of
the latter carbohydrate. D-galactose (PNA) and L-fucose
moieties were not detected on equine oviduct
epithelium (UEA 1) (Fig. 4A).
Reproduction (2016) 151 313–330
Tested lectins did not reduce sperm–oviduct
explant binding

Various lectins were also tested in the sperm–oviduct
assays to alternatively examine the role of oviduct
carbohydrate moieties in sperm–oviduct binding.
Sperm binding to oviduct explants was examined after
pre-incubating oviduct explants with individual or a mix
of lectins (PNA, DBA, HPA, WGA, UEA I, SNA, Con A,
LCA and PSA) and compared to control explants
not exposed to lectins. Similar to the carbohydrate
studies, none of the lectins reduced the sperm binding
density to oviduct explants in either non-capacitating
(PO0.99 for all comparisons) or capacitating conditions
(PO0.96 for all comparisons; Fig. 4B); again, sperm–
oviduct binding density was significantly higher in
non-capacitating compared to capacitating conditions
(P!0.001 for all comparisons).
N-linked carbohydrates do not regulate
sperm–oviduct binding

N-linked glycosylation is prevalent in proteins destined
for extracellular locations including proteins expressed
on the extracellular side of the plasma membrane,
secreted proteins and proteins present in body fluids
(Roth 2002, Zhang et al. 2003). The possible involve-
ment of N-glycosylated moieties in sperm–oviduct
binding was tested by pretreating either oviduct APM
www.reproduction-online.org
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or oviduct explants for 2400 h with the enzyme
N-glycosidase F (PNGase), which removes N-linked
glycosylated moieties from glycoproteins. Indeed, the
enzyme treatment effectively removed Con A binding
sites, given that Con A–FITC staining was markedly reduced
after N-glycosidase F treatment (Fig. 5A). However, the
N-glycosidase F pretreatment of oviduct epithelium did
not significantly affect sperm–oviduct binding densities in
either the oviduct APM (Fig. 5B) or oviduct explant systems
(Fig. 5C), and in either non-capacitating (APM assay:
PO0.75 for all comparisons; oviduct explant assay:
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PO0.09 for all comparisons) or capacitating conditions
(APM assay: PO0.95 for all comparisons; oviduct explant
assay: PO0.17 for all comparisons).
In vitro capacitation induces protein tyrosine
phosphorylation in equine sperm tails whereas
glycosaminoglycans have no effect

In cattle, heparin-like sulfated glycosaminoglycans,
normally present in follicular and oviductal fluid, have
been proposed to be potential in vivo capacitation
agents (Parrish et al. 1988, 1989a,b). Heparin also
initiated sperm release from the bovine oviduct
epithelium (Talevi & Gualtieri 2001), associated with
protein tyrosine phosphorylation (Gualtieri et al. 2005).
Interestingly, in the mare, high concentrations of
sulfated glycosaminoglycans have been reported in
follicular and oviductal fluid (Varner et al. 1991).
Therefore, the in vitro effect of added (sulfated)
glycosaminoglycans on protein tyrosine phosphoryl-
ation (as a marker for sperm capacitation) was
monitored. None of the tested glycosaminoglycans
had any stimulatory or inhibitory effect on tail-
associated protein tyrosine phosphorylation of sper-
matozoa in suspension after 6-h incubation in
non-capacitating conditions (8G4%; PO0.09 for all
comparison; Fig. 6A). Moreover, the increase in
tyrosine-phosphorylated sperm (P!0.001 for all com-
parisons) induced by capacitating conditions (15G7%;
Fig. 6A) was not affected by addition of glycosamino-
glycans (PO0.79 for all comparisons). These results
indicate that glycosaminoglycans do not induce equine
sperm capacitation.
Glycosaminoglycans do not competitively inhibit
sperm–oviduct explant binding

In cattle, after contact with various capacitation inducers
(e.g. glycosaminoglycans and HCO3

K), the affinity of
Figure 6 (A) Effect of different glycosaminoglycans on protein tyrosine
phosphorylation in the tail of stallion sperm incubated in non-
capacitating and capacitating media for 6 h. No effect of added
glycosaminoglycans on protein tyrosine phosphorylation was observed
in either condition. Data represent mean (GS.D.) percentages of protein
tyrosine-phosphorylated spermatozoa in non-capacitating (light grey
bars) and capacitating media (dark grey bars) (nZ200 spermatozoa in
each group; three replicates). Repeated measure ANOVA with Green-
house–Geisser and Bonferroni correction, followed by Scheffé post hoc
tests for pairwise comparison. The effect of different glycosaminogly-
cans (chondroitin sulfate, dextran sulfate, heparan sulfate, heparin,
hyaluronic acid and keratan sulfate) on (B) sperm–oviduct APM,
(C) sperm–oviduct explant binding density and (D) sperm release from
oviduct explants under non-capacitating (dark grey bars) and
capacitating (light grey bars) conditions was assessed. Data represent
mean (GS.D.) number of spermatozoa bound to oviduct explants
(nZ10/group) over five replicates. Repeated measure ANOVA with
Greenhouse–Geisser and Bonferroni correction, followed by Scheffé
post hoc tests for pairwise comparison.
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non-capacitated spermatozoa for carbohydrate moieties
on the oviduct epithelium decreases dramatically, while
the affinity for zona pellucida glycoproteins rises
(Sostaric et al. 2005). Initially, competition for oviduct
carbohydrate binding receptors plays a role in sperm
release from oviduct epithelium, while capacitation
induces membrane changes that further modify the
affinity of sperm receptors. We assessed the ability of
spermatozoa to bind to oviduct APM or oviduct explants
during a 2-h co-incubation after pretreatment with
various sulfated glycosaminoglycans (chondroitin sul-
fate, dextran sulfate, heparan sulfate, heparin, hyaluronic
acid and keratan sulfate). None of the tested glyco-
saminoglycans decreased the sperm–oviduct binding
density in either non-capacitating (APM assay: PO0.93
for all comparisons; Fig. 6B; oviduct explant assay:
PO0.20 for all comparisons; Fig. 6C) or capacitating
conditions (APM assay: PO0.49 for all comparisons;
Fig. 6B; oviduct explant assay: PO0.09 for all compari-
sons; Fig. 6C). Similar to other experiments, only
capacitating conditions decreased the density of
sperm–oviduct epithelium binding (APM and oviduct
explant assays: P!0.001 for all comparisons).
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D-penicillamine does not reduce sperm–oviduct explant
binding density

In cattle, disulfide reductants like D-penicillamine
markedly reduce the affinity of spermatozoa for carbo-
hydrate moieties on the oviduct epithelium (Gualtieri
et al. 2009). Moreover, release of bull spermatozoa from
oviduct epithelium following exposure to D-penicilla-
mine was provoked by redox control of sperm surface
protein sulfhydryls (S-S42SH). We assessed the ability
of spermatozoa to bind to oviduct explants after
pretreatment with various concentrations of D-penicilla-
mine (0, 0.125, 0.25, 0.5, 1, 5 and 10 mM), none of
which reduced oviduct membrane binding density in
either non-capacitating (PO0.93 for all comparisons) or
capacitating (PO0.81 for all comparisons) conditions.
Similar to other experiments, only capacitating con-
ditions decrease the density of sperm–oviduct epithelium
binding (P!0.001 for all comparisons; Fig. 7A).
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Figure 7 The effect of different concentrations of D-penicillamine
(0, 0.125, 0.25, 0.5, 1, 5 and 10 mM) on (A) initial density of equine sperm
binding to oviduct explants and (B) density of sperm binding to oviduct
explants after attempts to trigger release under non-capacitating
(dark grey bars) and capacitating (light grey bars) conditions. No effect of
D-penicillamine on sperm–oviduct binding or release was evident in
either condition. Data represent mean (GS.D.) number of spermatozoa
bound to oviduct explants (nZ10/group) over five replicates. Repeated
measure ANOVA with Greenhouse–Geisser and Bonferroni correction,
followed by Scheffé post hoc tests for pairwise comparison.
Sperm–oviduct binding is not regulated by Ca2C,
but a combination of albumin and HCO3

K reduces
sperm–oviduct explant binding density

As shown in previous experiments, capacitating con-
ditions supported sperm–oviduct binding at a signi-
ficantly lower level than non-capacitating conditions.
In cattle, Ca2C-dependent lectin binding has been shown
to initiate sperm–oviduct binding, whereas HCO3

K

decreased sperm–oviduct affinity (Sostaric et al. 2005).
We, therefore, tested the effect of pre-incubation for
20 min with each of the three major factors required
for capacitation in vitro (albumin and/or Ca2C and/or
Reproduction (2016) 151 313–330
HCO3
K), individually or in combinations, on the ability of

spermatozoa to bind to oviduct explants during a
subsequent 2-h co-incubation. The results indicated that
binding of stallion spermatozoa to oviduct explant
epithelium was independent of Ca2C and alkalinity
(pH 7.9). However, sperm pre-incubated in HCO3

K- and
albumin-enriched media showed a significantly decreased
binding density for the oviduct in all groups (P!0.001;
Fig. 8A) while individual exposure to either HCO3

K or
albumin had no effect. Sperm–oviduct binding density was
also significantly lower when 2 mM EGTA was added to
non-capacitating medium (P! 0.001). Despite the latter
finding, we conclude that equine sperm–oviduct binding is
Ca2C independent because levels of sperm–oviduct
binding were still very high in Ca2C-free conditions.
www.reproduction-online.org
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Figure 8 Individual and combined effects of albumin, Ca2C, HCO3
K and

EGTA on (A) initial density of equine sperm-oviduct and (B) binding
density after incubation to trigger sperm release. Data represent mean
(GS.D.) number of spermatozoa bound to oviduct explants
(nZ10/group)/mm2 over three replicates. Ca2C, HCO3

K and albumin
did not affect sperm–oviduct binding density individually, whereas
the combination of these three capacitating factors supported
sperm–oviduct binding at a significantly lower density. Additionally,
sperm–oviduct binding transpired not to be Ca2C dependent. None of
the tested conditions caused marked release of spermatozoa from the
oviduct explants. Values that differ significantly are indicated by
different small letters. One-way ANOVA was followed by Bonferroni
post hoc tests for pairwise comparison.
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Moreover, removal of Ca2C by 4 mM EGTA in capacitating
conditions did not significantly lower sperm–oviduct
binding compared to the same conditions without EGTA
(PZ0.98). These results suggest that sperm binding to
oviduct epithelium is not initiated by a Ca2C-dependent
lectin interaction, whereas combined exposure to HCO3

K

and albumin significantly reduced equine sperm–oviduct
binding density.
None of the glycosaminoglycans, D-penicillamine,
HCO3

K, Ca2C, albumin or alkalinity (pH 7.9) induce
release of oviduct-bound spermatozoa

It has previously been shown that heparin (Talevi &
Gualtieri 2001) and D-penicillamine (Gualtieri et al.
www.reproduction-online.org
2009) initiate sperm release from the bovine oviduct
epithelium. Washed sperm–oviduct explants, estab-
lished in non-capacitating conditions, were incubated
for 2 h with glycosaminoglycans, D-penicillamine and/or
the three major capacitation agents (BSA, Ca2C and
HCO3

K) added individually or in combinations. Interest-
ingly, while the density of sperm–oviduct binding clearly
decreased in the combined presence of HCO3

K and
albumin (Fig. 8B), sperm release from oviduct explants
could not be induced using glycosaminoglycans
(Fig. 6D), D-penicillamine (Fig. 7B), albumin, HCO3

K

alone or Ca2C (Fig. 8B). Moreover, neither capacitating
conditions at pH 7.4 nor at an elevated pH 7.9 were able
to influence the density of spermatozoa binding to
oviduct explant epithelium (Fig. 8B).
Role of combined HCO3
K and albumin in sperm

concentration-dependent binding to equine
oviduct explants

To assess the effects of combined HCO3
K and albumin or

capacitating medium (HCO3
K, Ca2C and albumin) on

sperm binding to oviduct explants, we additionally
evaluated the effect of increasing sperm concentrations
(1, 2, 5, 10, 25, 50, 75 and 100!106 spermatozoa/ml)
on binding to oviduct explants in non-capacitating, non-
capacitating enriched with albumin and HCO3

K and
capacitating medium. Saturation for sperm binding
after 20-min pre-incubation in both combined
albumin/HCO3

K-enriched non-capacitating and capaci-
tating medium was reached at 50!106 spermatozoa/ml
(combined albumin/HCO3

K-enriched non-capacitating
medium: 2.1G0.3!105 spermatozoa/mm2; capacitat-
ing medium: 2.3G0.2!105 spermatozoa/mm2; Fig. 9),
whereas in non-capacitating medium, a similar satu-
ration was already reached at 5!106 spermatozoa/ml
(2.2G0.2!105 spermatozoa/mm2; Fig. 9). These results
suggest that media enriched with both albumin and
HCO3

K contain insufficient albumin and/or HCO3
K to

reduce the binding density of sperm for oviduct
epithelium in suspensions with a sperm concentration
of 50!106 spermatozoa/ml or higher.
Exposure of stallion sperm to HCO3
K, Ca2C and albumin

in combination induces head-to-head agglutination
independent of external Ca2C

As previously shown for bull (Yang et al. 2012) and boar
(Harayama et al. 1998, 2000a) spermatozoa, contact
with HCO3

K, Ca2C and albumin induced rapid head-
to-head agglutination in suspended sperm. For this
reason, we hypothesized that reduced sperm–oviduct
binding in combined HCO3

K and albumin conditions
was a product of rapid head-to-head agglutination of
stallion sperm. Therefore, we examined sperm aggluti-
nation in the presence of the three capacitation agents
(BSA, Ca2C and HCO3

K) added individually or in
Reproduction (2016) 151 313–330
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Figure 9 Effect of sperm concentration on density of stallion sperm
binding to equine oviduct explants in i) non-capacitating
(dark grey bars), ii) capacitating (light grey bars) and iii) HCO3

K/
albumin-enriched non-capacitating conditions (white bars).
Saturation of sperm–oviduct explant binding was detected in
non-capacitating conditions at 5!106 spermatozoa/ml, whereas in
capacitating and HCO3

K/albumin-enriched non-capacitating con-
ditions, saturation was not evident until 50!106 spermatozoa/ml.
Data represent mean (GS.D.) number of spermatozoa bound to oviduct
explants (nZ20/group) in three replicates. For non-capacitating
conditions, values that differ significantly are indicated by different
capital letters. For capacitating conditions, values that differ signi-
ficantly are indicated by different small letters. For non-capacitating
conditions enriched with HCO3

K and albumin, values that differ
significantly are indicated by different Greek symbols. Results were
analyzed using ANOVA with Greenhouse–Geisser correction, followed
by post hoc tests after Bonferroni correction.
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Figure 10 (A) Individual and combined effects of albumin, Ca2C,
HCO3

K and EGTA on head-to-head stallion sperm agglutination
after 0.5 h (dark grey) and 2 h (light grey) incubation. Data represent
mean (GS.D.) percentages of agglutinated spermatozoa (nZ200
spermatozoa/group; three replicates). In general, the combination of
Ca2C, HCO3

K and albumin induced very high rates of sperm
agglutination, whereas the effects of individual capacitating factors
were much lower. Moreover, sperm agglutination was shown to be
Ca2C independent. Repeated measure ANOVA with Greenhouse–
Geisser and Bonferroni correction, followed by Scheffé post hoc tests
for pairwise comparison. (B) Light microscopic images illustrate that
pre-incubated stallion sperm (2!106 spermatozoa/ml) did not
agglutinate in (a, c) medium whithout capacitating factors
(non-capacitating medium), whereas in medium containing albumin,
Ca2C and HCO3

K (capacitating conditions: b, d), sperm rapidly
agglutinated (a, b: original magnification, 400!, barZ62.5 mm;
c, d: original magnification, 1000!, barZ25 mm).
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combinations. In comparison to non-capacitating
medium (4G1%), we observed a small but significant
increase after 0.5-h incubation in non-capacitating
medium enriched with albumin (17G6%; PZ0.04),
Ca2C(17G5%; PZ0.04) or HCO3

K (16G8%; PZ0.03).
Agglutination was even more pronounced when
capacitating factors were combined (albumin C Ca2C:
40G16%; PZ0.001 and Ca2CC HCO3

K: 39G10%;
PZ0.002). Surprisingly, incubation in combined albu-
min C HCO3

K (83G10%) showed similar agglutination
rates to those observed when all three capacitating
factors were combined (capacitating medium; 90G4%;
PZ0.99). Moreover, sperm incubated in capacitating
medium (albumin C Ca2CC HCO3

K) at elevated pH 7.9
showed a similar agglutination rate (91G3%; PZ0.99)
(Fig. 10a and b). After 2-h incubation, similar trends were
observed though agglutination rates were generally
higher than at 0.5 h (non-capacitating, 17G7%;
albumin, 36G11%; Ca2C, 28G5%; HCO3

K-enriched
medium 36G11% and combined albumin C Ca2C

medium 80G8%: P!0.01 for all comparisons) with the
exceptions of i) albumin C HCO3

K (83G10%; PZ0.98)
and ii) Ca2CC HCO3

K (39G10%; PZ0.24), and
Reproduction (2016) 151 313–330
capacitating medium at both iii) pH 7.4 (39G10%;
PZ0.87) and iv) 7.9 (39G10%; PZ0.82) (Fig. 10a).
Interestingly, stallion sperm agglutination in our studies
was Ca2C independent, and there was no effect on
agglutination rates of adding EGTA to non-capacitating
(at 0.5 h: 3G2%; PZ0.99 and at 2 h: 8G1%; PZ0.96)
www.reproduction-online.org
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or capacitating medium (at 0.5 h: 83G9%; PZ0.97 and
at 2 h: 86G4%; PZ0.98) (Fig. 10a).
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Head-to-head agglutination in combined HCO3
K

and albumin medium physically prevents equine
sperm–oviduct binding

It was tested whether head-to-head sperm agglutination
in combined HCO3

K and albumin medium, which
relates to the lower stallion sperm–oviduct binding
densities, induced a decreased stallion sperm affinity
for the oviduct epithelium or physically prevented sperm
to bind to oviduct epithelium. First, the estimated
number of non-agglutinated sperm cells in combined
HCO3

K and albumin medium was compared to the
number of non-agglutinated sperm cells in non-capaci-
tating medium (Fig. 11a). At a concentration of 20!
106 spermatozoa/ml, about 2!106 sperm cells (10%)
were not agglutinated in combined HCO3

K and albumin
conditions which were not significantly different from
the number of non-agglutinated sperm cells in non-
capacitating medium (PZ0.23). Next, the binding
property of these 2!106 non-capacitating (and thus
not agglutinated; Fig. 11a) sperm suspensions were
compared to the effective similar non-agglutinated
sperm dose using 20!106 capacitated and thus 90%
agglutinated sperm suspensions (Fig. 11b). These two
conditions showed 1.3G0.1!105 bound sperm/mm2 vs
1.1G0.1!105 bound spermatozoa/mm2 (PZ0.11),
indicating that sperm head-to-head agglutination facili-
tated by sperm capacitation physically prevents the
interaction between the apical part of the sperm head
and the oviduct epithelium.
0
2×106 20×106

Total sperm concentration (spermatozoa/ml)

Figure 11 (A) Relationship between total and non-agglutinated stallion
sperm concentration of sperm suspensions incubated under combined
albumin/HCO3

K-enriched non-capacitating medium (head-to-head
sperm agglutination effect; white bars). Data represent mean (GS.D.)
non-agglutinated sperm concentrations (three replicates). Considering
an analogue concentration non-agglutinated cells (2!106 sperma-
tozoa/ml), a total concentration of 2!106 spermatozoa/ml in non-
capacitating medium (control: no head-to-head sperm agglutination
effect; dark grey bar) corresponded with 20!106 spermatozoa/ml in
combined albumin/HCO3

K medium. Values that differ significantly are
indicated by different small letters. One-way ANOVA was followed by
Bonferroni post hoc tests for pairwise comparison. (B) Comparison
between the density of stallion sperm binding to equine oviduct
explants after exposure to a sperm suspension of 2!106 sperma-
tozoa/ml in non-capacitating medium (dark grey bar) and 20!
106 spermatozoa/ml in combined albumin and HCO3

K-enriched
non-capacitating medium (both conditions contain 2!106

non-agglutinated spermatozoa per ml). Data represent mean (GS.D.)
number of spermatozoa bound to oviduct explants (nZ10/group)/mm2

over three replicates under i) non-capacitating (dark grey bar) and ii)
combined albumin and HCO3

K-enriched non-capacitating (white bars)
conditions. One-way ANOVA was followed by Bonferroni post hoc
tests for pairwise comparison.
Discussion

In this study, we found, in contrast to many other
mammalian species, that binding of stallion spermato-
zoa to oviduct epithelium is not influenced by a range
of carbohydrates, glycosaminoglycans, S-S reductants,
lectins, Ca2C or alkalinity (pH 7.9). On the other hand,
we found that the density of stallion sperm binding to the
oviduct decreased when the spermatozoa had pre-
viously been exposed to HCO3

K and albumin
combined. These results suggest that equine sperm–
oviduct binding is not regulated by Ca2C-dependent
lectin or disulfide binding. The presence of HCO3

K and
albumin prevented physically the capacity of stallion
spermatozoa to bind to oviduct epithelium primarily by
rapid stimulation of head-to-head sperm agglutination,
whereas sperm release from oviduct binding could not
be provoked under the various tested capacitation
inducing conditions.

Lectin histochemistry of the different regions of the
mare’s oviduct revealed that oligosaccharides with
terminal N-acetylgalactosamine moieties were the
most abundant carbohydrates in the isthmus (Ball et al.
www.reproduction-online.org
1997, Desantis et al. 2004, 2005). The expression of
N-acetylneuraminic (sialic) acid moieties on the luminal
surface was lower. Desantis et al. (2004, 2005)
demonstrated that these lectin-labeling patterns were
Reproduction (2016) 151 313–330
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very similar in both the isthmus and the ampulla,
indicating that carbohydrate moieties are fairly
uniformly distributed throughout the complete oviduct
where they act as potential receptors for sperm binding.
Moreover, in cattle studies, it has been shown that the
sperm binding capacity of the isthmic and ampullary
epithelium is almost identical (Lefebvre et al. 1995a,
Sostaric et al. 2008). For these reasons, we hypothesized
that sperm–oviduct binding is not determined by
oviduct location. We subsequently used equine oviduct
epithelial explants and APM harvested from the
ampullary-isthmic junction as an in vitro model for the
sperm–oviduct reservoir, as it is not practically feasible to
collect epithelial cells exclusively from the tiny and very
tortuous isthmus.

Oviduct monolayers have been used extensively in
earlier in vitro studies of sperm–oviduct binding
(Hayase et al. 1992, Ellington et al. 1993, Thomas
et al. 1995, Dobrinski et al. 1996a). However, because
morphological and ultrastructural features, and conse-
quently the membrane molecular expression patterns are
much better preserved, we preferred oviduct explants
(Nelis et al. 2014). With regard to the quantification of
sperm–oviduct binding, we were aware that standard-
ization was a challenge when using equine oviduct
explants because of the invaginated and irregular
oviductal surface, which is very different from the
flattened surface of an oviduct monolayer (Thomas
et al. 1995, Dobrinski et al. 1999). To improve accuracy
in the competitive sperm–oviduct binding assay, we
developed a more standardized oviduct APM assay to
quantify the binding densities of pre-treated sperm. The
oviduct apical membranes still displayed the salient
surface organelles (e.g. cilia and microvilli) of the
oviduct plasma membrane while a more flattened
surface was achieved. However, this model required
many oviducts, whereas the supply was limited. There-
fore, only competitive carbohydrate/glycosaminoglycan
inhibition of sperm–oviduct binding and the effect of
N-glycosidase activity were tested using this APM assay.
Nevertheless, concordance between the two assays was
high, and the results of the oviduct explant assay can be
considered as a validation of the APM assay.

Carbohydrate moiety expression on oviduct explants
was unchanged after overnight culture. In accordance
with Desantis et al. (2004, 2005) who examined oviduct
tissue sections, N-acetylgalactosamine moieties were
highly expressed on the surface of oviduct explants (DBA
and HPA CCC). Interestingly, our study revealed
considerable expression of N-acetylneuraminic (sialic)
acid (SNA CCC), a-D-mannose and/or a-D-glucose
moieties (Con A, LCA and PSA CCC) on epithelium
of oviduct explants. The negligible histochemical PNA
signal on oviduct sections (Desantis et al. 2004, 2005)
and explants indicates that D-galactose is not the
ultimate critical carbohydrate mediating sperm–oviduct
Reproduction (2016) 151 313–330
binding in the horse, as previously suggested (Lefebvre
et al. 1995b, Dobrinski et al. 1996a).

The potential participation of a broad range of
carbohydrates and polysaccharides (D-galactose,
N-acetylgalactosamine, N-acetylglucosamine, asialofe-
tuin, fetuin, D-fucose, fucoidan, D-mannose, mannan
and N-acetylneuraminic (sialic) acid) in sperm–oviduct
interaction was tested in the current study using
concentrations similar to those used by Dobrinski et al.
(1996a). Fetuin is a polysaccharide that expresses
several terminal carbohydrates: N-acetylneuraminic
(sialic) acid, N-acetylgalactosamine, D-galactose,
N-acetylglucosamine and D-fucose (Hayase et al. 1992)
while asialofetuin expresses identical carbohydrates but
has a higher ratio of galactosyl residues (Dam et al. 2005,
Motoyama et al. 2011). Pre-incubating sperm suspen-
sions with any of these carbohydrates, including
D-galactose, did not inhibit sperm–oviduct binding in
either non-capacitating (Ca2C free) or capacitating
(Ca2C containing) conditions, as evaluated by both
assays (oviduct explant or oviduct APM). Using the
converse approach, i.e. inhibition of sperm–oviduct
binding by pre-incubating oviduct explants with various
lectins, at concentrations similar to those described by
Desantis et al. (2004, 2005), also failed to inhibit sperm
binding. In addition, sperm–oviduct binding was not
decreased when N-linked carbohydrates were removed
by N-glycosidase F (PNGase). When interpreting these
results, a few points need to be considered: i) not only
the type of carbohydrate but also the carbohydrate
conformation/isomer is important; ii) a secondary
binding can possibly be facilitated after competing
with a primary carbohydrate receptor; iii) the co-
operation of carbohydrates to facilitate sperm–oviduct
binding; and iv) a higher sperm–oviduct binding density
was observed in Ca2C-free or non-capacitating con-
ditions than in capacitating medium containing Ca2C.
Although EGTA addition reduced sperm–oviduct bind-
ing, the number of spermatozoa bound to oviduct
explant epithelium was still high. The change in sperm
binding capacity in the presence of EGTA appears to be
primarily due to a depression of sperm motility by Ca2C

removal after 30 min of co-incubation (data not shown).
As a result, spermatozoa exposed to EGTA may have had
less time to reach the oviduct explants and establish
binding in the 50 ml medium droplet. Importantly, the
supposed Ca2C independency supports the carbo-
hydrate insensitivity of sperm–oviduct binding, as lectin
binding is mainly regulated by Ca2C. This in turn
supports the hypothesis that equine sperm–oviduct
affinity is not primarily a factor of Ca2C-dependent
lectin binding. Considering the findings above, one
could question whether the Ca2C-dependent carbo-
hydrate–protein (lectin) interactions demonstrated
between sperm and oviduct epithelial cells in vitro in a
few mammalian species represent i) the totality of the
pre-ovulatory sperm–oviduct binding reaction or ii) only
www.reproduction-online.org
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a part of that reaction. (Hunter 2003) previously
hypothesized the latter and suggested that there may
be considerable non-specific binding in vivo. This
hypothesis was illustrated by studies in the pig that
showed similar sperm binding density to tracheal
epithelium, containing another type of ciliary epithelial
cell (Hunter 2003, 2011). In contrast, in man, a sequence
of three amino acids (Arg-Gly-Asp) is thought to play an
important regulatory role in sperm–oviduct interaction
(Reeve et al. 2003).

We also found that sperm–oviduct binding could not
be inhibited by pre-incubating sperm with different
glycosaminoglycans: chondroitin sulfate, dextran sul-
fate, heparan sulfate, heparin, hyaluronic acid and
keratan sulfate, at concentrations based on the study of
Sostaric et al. (2005). Neither could these molecules
induce sperm release from oviduct explant binding. In
cattle, an obvious effect of sulfated glycosaminoglycans
on sperm–oviduct release (Gualtieri et al. 2009, 2010),
capacitation/protein tyrosine phosphorylation (Parrish
et al. 1988, Bergqvist et al. 2007, Gualtieri et al. 2010,
Parrish 2014) and fertilization (Parrish et al. 1988, Parrish
2014) has been shown. In the mare, a high concentration
of these molecules has been reported in follicular fluid
and oviductal fluid, but in our study, different types of
glycosaminoglycans were unable to reduce density of
stallion spermatozoa binding to oviduct epithelia. More-
over, the tested glycosaminoglycans also had no effect
on sperm capacitation parameters such as tail-associated
protein tyrosine phosphorylation and, presumably, play
no role in equine sperm capacitation. D-penicillamine
also failed to inhibit sperm–oviduct binding or induce
sperm release from oviduct epithelium at concentrations
based on the report of Aitken et al. (2012) that in vitro
motility of stallion sperm could be preserved by disulfide
reductants like D-penicillamine. In cattle, disulfide
reductants did facilitate sperm release from oviduct
epithelium by reducing disulfide covalent bonds to
sulfhydryl groups (Gualtieri et al. 2009). Our results
clearly demonstrate that sperm–oviduct binding in the
horse is not dependent on disulfide covalent bonds.

Combined HCO3
K and albumin enrichment of incu-

bation media did cause a clear decline in density of
sperm binding to oviduct epithelium (O10-fold), associ-
ated with rapid induction of sperm head-to-head
agglutination. Both characteristics were independent of
Ca2C and alkalinity (pH 7.9). Sperm agglutination is a
common event during manipulation of sperm from many
mammalian species and is a problem during in vitro
sperm studies because it interferes with accurate sperm
assessment. Sperm agglutination occurs between sper-
matozoa with intact plasma and acrosome membranes
(Yang et al. 2012). Typically head-to-head agglutination
takes place when sperm is exposed in vitro to: i) washing
media (ram (Dott & Walton 1960)), ii) fluids from the
female genital tract (bull (Lindahl 1966)), iii) divalent
cations (rabbit (Bedford 1970), bull (Lindahl 1973),
www.reproduction-online.org
iv) bovine serum in combination with semen extender
(bull (Senger & Saacke 1976)) and v) IVF medium (boar
(Harayama et al. 1998, 2000a)). Divalent cations
(including Ca2C, Mg2C and Mn2C) activate an ATP-
dependent surface reaction which triggers head-to-head
sperm agglutination (Harayama et al. 1998, 2000a, Yang
et al. 2012). Alternatively, sperm head-to-head aggluti-
nation is also observed in an early stage of the
capacitation process in vitro when anti-agglutinin is
removed from the sperm surface (Lindahl & Sjoblom
1981, Harayama et al. 2000b). As sperm agglutination
in this study occurs independently from Ca2C, we
hypothesize that in combined HCO3

K and albumin
medium, anti-agglutinin is released from the sperm
plasma membrane over the acrosomal region of the
stallion sperm, as such revealing previously ‘hidden’
receptors on the sperm plasma membrane and enabling
sperm-specific head-to-head agglutination interactions.
In the pig, Harayama et al. (1996, 1999) observed an
analog anti-agglutinin release from boar sperm exposed
to capacitating media.

As a consequence of the observed sperm head-to-head
agglutination in our experiments, putative sperm plasma
membrane receptors in the apical ridge were physically
no longer available for oviduct binding. Moreover, we
demonstrated that combined albumin and HCO3

K

conditions did not induce a concomitant reduction in
affinity of stallion sperm for oviduct epithelium. In
general, it is thought that a sperm’s capacitation status
determines its ability to interact with oviduct epithelium
(Suarez 2001). In pig spermatozoa, HCO3

K initiates rapid
cAMP-driven membrane changes (Flesch et al. 2001)
that permit albumin-dependent cholesterol removal,
followed by a series of functional membrane changes
required for the acquisition of fertilizing potential (van
Gestel et al. 2005, 2007, Tsai et al. 2010, 2012). In
support of this hypothesis, it was previously reported that
exposure of bull sperm to HCO3

K resulted in decreased
affinity for the D-fucose moieties involved in sperm–
oviduct interaction (Sostaric et al. 2005). However,
current equine sperm capacitation media are still unable
to induce full capacitation and only reduce the ability of
stallion sperm to bind to oviduct epithelium by inducing
sperm head-to-head agglutination. The effective number
of non-agglutinated spermatozoa in suspension
determines the sperm binding density of the oviduct
epithelium. The fact that oviduct pre-bound, non-
agglutinated spermatozoa were not released after a
capacitation treatment might be explained by the fact
that these cells already used their carbohydrate moieties
to bind to the oviduct epithelium and cannot use them
for the capacitation-dependent head-to-head aggluti-
nation anymore. In further research, we would like to
investigate the role of early plasma membrane changes,
cholesterol removal and other capacitation-induced
surface changes possibly involved in sperm–oviduct
binding and/or sperm head-to-head agglutination.
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In conclusion, equine sperm–oviduct binding is
independent of a range of tested carbohydrates, S-S
reductants, Ca2C and alkalinity (pH 7.9), whereas pre-
incubation in media containing both HCO3

K and
albumin reduced sperm–oviduct binding density. We
hypothesize that the requirement for sperm–oviduct
binding is dependent on the timing of insemination. If
mating or insemination occurs during early estrus, sperm
may need to survive several days until ovulation is
imminent, and sperm–oviduct interaction may be critical
to an adequate longevity of sperm viability (Dobrinski
et al. 1996b, 1997). By contrast, if sperm enters the
oviduct during the pre-ovulatory period, assuming
increased albumin and HCO3

K levels, sperm will be
physically prevented to interact with the sperm reservoir.
This would allow HCO3

K and albumin exposed sperm to
proceed immediately along the mare’s oviduct to the site
of fertilization without an obligatory period of epithelial
binding. Nevertheless, sperm bound to oviduct epi-
thelium should be able to react to capacitation triggers
in the oviduct, such as elevated pH (Leemans et al. 2014,
2015), to achieve full fertilizing capability. Full and
proper initiation of capacitation will presumably release
sperm optimally primed to fertilize from the oviduct
epithelium (Leemans et al. 2015).
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