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Influence of osteopontin, casein and oviductal fluid on bovine sperm capacitation
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Abstract

Sperm must undergo a process termed
capacitation in the female reproductive tract before they
are capable of fertilization. Previous studies strongly
suggest that capacitation of sperm occurs in the oviduct.
The secreted extracellular matrix phosphoprotein
osteopontin (OPN) has been positively correlated to
fertility in Holstein bull seminal plasma and identified
in the bovine oviduct, where we hypothesized it plays a
role in sperm capacitation. To determine the effect of
OPN on sperm capacitation, sperm were incubated in
OPN purified from bovine milk in concentrations
ranging from 1 to 20 pg/ml and subjected to dual
fluorescence acrosomal and viability staining. Sperm
were also incubated in casein (CSN; 1 to 20 pg/ml) and
isthmic non-Iluteal oviductal fluid (INLODF), ampullary
non-luteal oviductal fluid (ANLODF) and skim milk.
Flow cytometry analysis showed that OPN induced
capacitation at low concentration; the largest percentage
of capacitated sperm followed after incubation in
INLODF. Sperm intracellular calcium levels, an
indicator of sperm capacitation, were increased by OPN
and INLODF, and OPN had an overall positive effect on
sperm viability. There was, however, no effect of any
treatment on sperm mitochondrial activity. Experiments
utilizing biotinylated OPN and CSN demonstrated that
CSN, but not OPN, bound to sperm. The results
presented here offer the first direct evidence of the
capacitating effect of OPN on bovine sperm and provide
confirmation of the increasing number of roles this
fascinating protein plays in reproductive biology.
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Introduction

Before they are capable of fertilization, sperm
must undergo a period of preparation in the female
reproductive tract known as capacitation (Austin, 1951;
Chang, 1951). While many of the specific changes that
sperm experience during this process are not completely
understood, they include a number of cellular and
molecular changes, including removal and alteration of
sperm plasma membrane surface components and
changes in intracellular ion concentrations (Yanagimachi,
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1994). The exact site of sperm capacitation in vivo is
still undetermined, although it can occur in the uterus
(Austin, 1951; Bedford, 1969, 1970; Barros, 1974) and
occurs more rapidly when sperm are exposed to first the
uterine and then oviductal environments (Adams and
Chang, 1962; Bedford, 1969; Hunter, 1969; Hunter and
Hall, 1974). Studies with oviductal fluid and
conditioned medium from oviductal epithelium explants
suggest that capacitation occurs in the isthmus of the
oviduct (Grippo et al., 1995; Lefebvre and Suarez,
1996; Fazeli et al., 1999).

Capacitation has been induced in vitro using
heparin-like glycosaminoglycans (Parrish et al., 1988,
1994) and oviduct-specific glycoprotein (OSG; McNutt
and Killian, 1991; Anderson and Killian, 1994; King et
al., 1994), both of which can be found in the bovine
oviduct. In addition, sperm can be artificially
capacitated using heparin (Parrish et al., 1988).
Oviductal fluid (ODF) can capacitate sperm (Parrish et
al., 1989; McNutt and Killian, 1991), with more sperm
capacitated in non-luteal ODF than in luteal ODF
(McNutt and Killian, 1991). Binding of oviductal fluid
proteins to sperm has also been demonstrated (McNutt
et al.,, 1992; King and Killian, 1994; Lapointe and
Sirard, 1996; Rodriguez and Killian, 1998).

Osteopontin (OPN) is a secreted extracellular
matrix phosphoprotein positively correlated to Holstein
bull fertility in seminal plasma (Killian et al., 1993;
Cancel et al., 1997) and the fluid of the male accessory
sex glands (Moura et al., 2006, 2007b). Recent work
has indicated that OPN in AGF from Holstein bulls of
high fertility is associated with increased sperm
penetration of oocytes (Moura et al., 2007a) and OPN
may be involved in preventing porcine (Hao et al.,
2006) and bovine polyspermy (Erikson et al., 2007) and
is a potential ligand for oocyte integrins on bovine
sperm during fertilization (Erikson et al., 2007). In the
bovine oviduct, only one OPN mRNA transcript was
found and amounts did not vary during the estrous
cycle, but three different protein isoforms were detected
in ODF (Gabler et al., 2003). These isoforms (55, 48
and 25 kDa) were present in ampullary and isthmic
ODF during the luteal and non-luteal stages. The 25 kDa
isoform was the most prevalent isoform except in the
isthmus during the non-luteal phase of the estrous cycle,
the time during which sperm enter the oviduct
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and prepare for interaction with the oocyte. This difference
in isoform prevalence suggests a role for OPN in the events
surrounding capacitation of sperm in the oviduct.

The purpose of this study was to evaluate the
effect of purified OPN on sperm capacitation and sperm
quality as indicated by mitochondrial activity, viability
and intracellular calcium levels. The ability of OPN to
bind to sperm was investigated as well, as this could be
important to reproductive events.

Materials and Methods
Preparation of incubation treatments

Semen from three Holstein bulls housed at the
Almquist Research Center was collected by artificial
vagina, pooled, and washed twice in Modified Tyrode’s
medium (MTM; 700 x g; Parrish et al., 1988). Sperm
(5 x 107/ml) were incubated (39°C, 5% CO,/air (v/v),
4 h) in the following treatments in MTM: 1) no
treatment; 2) 1 pg/ml OPN; 3) 5 pg/ml OPN; 4) 10 pg/ml
OPN; 5) 20 pg/ml OPN; 6) 1 pg/ml casein (CSN;
Sigma, St. Louis, MO); 7) 5 pg/ml CSN; 8) 10 pg/ml
CSN; 9) 20 pg/ml CSN; 10) 10 pg/ml heparin (Sigma,
St. Louis, MO); 11) 60% ampullary non-luteal ODF

(ANLODF); 12) 60% isthmic non-luteal ODF
(INLODF); 13) 60% bovine skim milk (SKM).
Oviductal fluid previously collected from cows

equipped with indwelling catheters in the ampullary and
isthmic oviducts (Kavanaugh et al., 1992) and stored in
liquid nitrogen was thawed and pooled from three cows
over three non-consecutive estrous cycles. Both ODF
and SKM were adjusted to 10 mg total protein/ml using
50 mM sodium bicarbonate, pH 8.5 (Rodriguez and
Killian, 1998). Casein was used as a milk protein
control for the purified OPN.

Capacitation and acrosome reaction of sperm

Following the incubations described above,
samples were divided in half and treated either with the
fusogenic lipid lysophosphatidyl choline (LPC; Sigma,
St. Louis, MO) to induce the acrosome reaction or an
MTM negative control (Parrish et al., 1988; McNutt and
Killian, 1991). The ability of LPC to induce the
acrosome reaction in live sperm was used as a bioassay
to measure rates of sperm capacitation. Lipid
lysophosphatidyl choline was prepared as previously
described (McNutt and Killian, 1991). A 500-ul volume
of sperm suspension was incubated with 60 pg/ml LPC
or in MTM alone. After LPC was added, bovine serum
albumin (BSA; Sigma, St. Louis, MO) was added to
each tube at a final concentration of 5 mg/ml, and the
tubes were incubated for 10 min at 39°C. Sperm were
then washed twice and stained for viability and the
acrosome reaction.
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Detection of the acrosome reaction and sperm viability

Ethidium monoazide (EMA; Molecular Probes,
Carlsbad, CA) was used to detect cell viability following
the treatments described above. Sperm (5 x 10’/ml) were
incubated in 10 pg/ml EMA in PBS for 10 min on a
white metal pan 20 cm below a fluorescent light to
induce photochemical covalent binding of EMA to
nucleic acids in cells with compromised membranes
(Riedy et al., 1991). After two washes in PBS, cells
were fixed in 2% paraformaldehyde (PFA) and washed
twice more in PBS. Sperm were then incubated in 1 pg/ml
fluorescein-labeled Pisum sativum agglutinin (FITC-
PSA; Sigma, St. Louis, MO) in PBS for 30 min to detect
intact sperm (Cross, 1986), washed in PBS and analyzed
on a Beckman-Coulter EPICS XL-MCL flow cytometer
using System Il software.

Detection of sperm intracellular calcium and cell
viability

Semen was collected and pooled as described.
After two washes in MTM, 5 x 10" sperm/ml were
incubated (39°C, 5% CO./air (v/v), 4 h) in the
treatments listed above. Sperm were washed twice in
MTM and incubated (39°C, 5% CO./air (v/v), 30 min)
in 5 uM fluo-3 AM (Molecular Probes, Carlsbad, CA)
in MTM. The cell permeant fluo-3 AM is not
fluorescent unless bound to Ca2+. The fluorescent
emission of Ca2+-bound fluo-3 is detected using the
same methods as FITC. Following two washes with
MTM, sperm were suspended in PBS and stained with
propidium iodide (10 pg/ml, PI; Molecular Probes,
Carlsbad, CA) to measure sample viability. Propidium
iodide is a cell permeant used routinely to detect dead or
dying cells; it only enters compromised membranes and
binds to nucleic acids. The samples were then analyzed
by flow cytometry. Only viable cells that did not stain
with Pl were selected and analyzed for calcium
content.

Detection of mitochondrial activity in sperm

Semen was collected, pooled and washed in
MTM as described above. Sperm (5 x 107/ml) were
incubated (39°C, 5% CO./air (v/v), 4 h) in the treatments
listed. Sperm were washed twice in MTM and incubated
(39°C, 5% COyfair (v/v), 15 min) in 5 uM MitoTracker
Red CMXRos (Molecular Probes, Carlsbad, CA) in
MTM. Following two washes with MTM, sperm were
suspended in PBS and stained with PI (10 pg/ml) and
analyzed by flow cytometry. Only viable cells that did
not stain with Pl were selected and analyzed for
mitochondrial activity.

Binding of biotinylated osteopontin and casein to sperm

Osteopontin was purified from commercially-
available skim milk as previously described (Bayless
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et al., 1997). Osteopontin and CSN were biotinylated
using a method previously used to label oviductal
fluid proteins (Rodriguez and Killian, 1998). Sperm
(5 x 10"/ml) were incubated (39°C, 5% CO./air (v/v), 4 h) in
the following treatments in MTM using biotinylated OPN
and CSN: 1) no treatment; 2) 1 pg/ml OPN; 3) 5 pg/ml
OPN; 4) 10 pg/ml OPN; 5) 25 pg/ml OPN; 6) 50 pg/mli
OPN; 7) 100 pg/ml OPN; 8) 1 pg/ml CSN; 9) 5 pg/ml
CSN; 10) 10 pg/ml CSN; 11) 25 pg/ml CSN; 12)
50 pg/ml CSN; or 13) 100 pg/ml CSN. After two
washes in MTM, sperm were fixed in 2% PFA, washed
twice in PBS and incubated for 30 min in 100 pg/ml
FITC-labeled streptavidin (Sigma, St. Louis, MO).
Following a wash in PBS, protein binding to sperm was
analyzed by flow cytometry.

Statistical analysis

In each experiment, 10* sperm from each
sample were analyzed by flow cytometry. Three
replicates of each experiment were performed and data
were pooled. Data were analyzed using the Kolmogorov-
Smirnov test to compare means between different
treatments. All treatments were compared to the MTM
negative control in each experiment. The significance level
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for all tests was P < 0.05.
Results

Effect of treatments on capacitation and acrosome
reaction

Sperm that had undergone the acrosome
reaction and were viable based on lack of EMA staining
were considered functionally capacitated, as dead sperm
often suffer membrane damage leading to removal of
the acrosome. Therefore, the percent of acrosome-
reacted live (ARL) sperm were measured and compared
in each treatment (Fig. 1). In all treatments, the percent
of ARL sperm was greater than sperm incubated in
MTM (negative control; P < 0.05). Osteopontin capacitated
significantly more sperm than MTM and casein at
incubation concentrations of 1 pg/ml and 10 pg/ml, but
was not different than casein at other concentrations.
Surprisingly, 1 pg/ml OPN capacitated significantly
more sperm than other concentrations and treatments,
suggesting that small amounts of OPN can have positive
effects on sperm capacitation. The largest percentage of
ARL sperm occurred in INLODF, with skim milk
containing the second largest population of functionally
capacitated sperm (Fig. 2).
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Figure 1. Effect of osteopontin treatment on sperm capacitation, represented as the mean (x SEM) percentage of
acrosome-reacted live (ARL) sperm in each treatment. Sperm were incubated (39°C, 5% CO2/air, 4 h) in 1, 5, 10, or
20 pg/ml osteopontin (OPN) or casein (CSN), 10 pg/ml HEP in Modified Tyrode’s medium (MTM), or MTM
alone, and the acrosome reaction was induced in capacitated sperm using lysophosphatidylcholine (LPC). Sperm
were then stained with ethidium monoazide (EMA) and fluorescein-labeled Pisum sativum agglutinin (FITC-PSA)
to evaluate viability and acrosome status of sperm. Cells (10* per sample) were analyzed by flow cytometry. Three
replicates were performed and data were pooled. The percentage of functionally capacitated sperm (ARL) from each
treatment is represented. OPN = osteopontin; CSN = casein; HEP = heparin; MTM = Modified Tyrode’s medium. Bars
marked with asterisks are significantly different than MTM and corresponding CSN control (P < 0.05).
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Figure 2. Effect of oviductal fluid treatment on sperm capacitation, represented as the mean (£ SEM) percentage of
acrosome-reacted live (ARL) sperm in each treatment. Sperm were incubated (39°C, 5% CO2/air, 4 h) in 60%
ANLODF, 60% INLODF, 60% SKM, or 10 pg/ml HEP in Modified Tyrode’s medium (MTM) or MTM alone. The
acrosome reaction was induced in capacitated sperm using lysophosphatidylcholine (LPC). Sperm were then stained
with ethidium monoazide (EMA) and fluorescein-labeled Pisum sativum agglutinin (FITC-PSA) to evaluate
viability and acrosome status of sperm. Cells (10* per sample) were analyzed by flow cytometry. Three replicates
were performed and data were pooled. The percentage of functionally capacitated sperm (ARL) from each treatment
is represented. MTM = Modified Tyrode’s medium; ANLODF = ampullary non-luteal oviductal fluid; INLODF =
isthmic non-luteal oviductal fluid; SKM = skim milk; HEP = heparin. ANLODF, INLODF and SKM were adjusted
to 10 mg total protein/ml with 50 mM sodium bicarbonate, pH 8.5 prior to dilution in MTM. All treatments resulted

in more ARL sperm than the MTM control (P < 0.05).
Effect of treatments on mitochondrial activity

Addition of OPN to sperm had no significant
effect on MitoTracker Red CMXRos uptake versus the
MTM and CSN controls at all incubation concentrations
(Fig. 3; P > 0.05). Sperm treated with heparin,
ANLODF, INLODF, and skim milk were also not
different from the negative control (Fig. 4).

Effect of treatments on intracellular calcium

Osteopontin had no effect on intracellular
content of calcium in sperm versus the MTM control
(Fig. 5; P > 0.05). However, OPN caused a significant
increase in intracellular calcium versus CSN in the 20 pg/ml
treatment. Incubation of sperm in heparin, ANLODF and
INLODF all increased intracellular calcium levels over the
MTM control, with INLODF showing the greatest effect
(Fig. 6; P < 0.05). Skim milk caused a decrease in
intracellular calcium in sperm following incubation.

106

Effect of treatments on sperm viability

In all treatment groups, OPN significantly
increased the percentage of viable sperm versus the
MTM control as measured by exclusion of PI (Fig. 7;
P < 0.05). This was different than the casein control in
only the 1 pg/ml treatment group. Sperm samples
treated with heparin, ANLODF, INLODF, and skim
milk all contained fewer viable sperm than the MTM
control (Fig. 7; P < 0.05).

Osteopontin and casein binding to sperm

More CSN associated with sperm as the
incubation concentration of casein increased (Fig. 8;
P < 0.05). All concentrations of biotinylated casein
10 pg/ml and greater showed significantly more
fluorescence on sperm than sperm incubated in MTM
alone. In addition, all concentrations of casein 10 pg/ml
and greater associated with sperm in higher amounts
compared to OPN at the same incubation concentration.
At no concentration did OPN bind to sperm in greater
amounts than the negative control.
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Figure 3. Etfect ot osteopontin treatment on mitochondrial activity In sperm, represented as mean (£ SEM)
fluorescence. Sperm were incubated (39°C, 5% CO2/air, 4 h) in 1, 5, 10, or 20 pg/ml osteopontin (OPN) or casein
(CSN), 10 pg/ml HEP in Modified Tyrode’s medium (MTM), or MTM alone and stained with MitoTracker Red
CMXRos to evaluate mitochondrial status and propidium iodide (PI) to ensure that only live cells were evaluated.
Cells (10* per sample) were analyzed by flow cytometry. Three replicates were performed and data were pooled
MTM = Modified Tyrode’s medium, OPN = osteopontin; CSN = casein; HEP = heparin. No significant differences
were detected (P < 0.05).
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Figure 4. Effect of oviductal fluid treatment on mitochondrial activity in sperm, represented as mean (x SEM)
fluorescence. Sperm were incubated (39°C, 5% CQO2/air, 4 h) in 60% ANLODF, 60% INLODF, 60% SKM or 10
pg/ml HEP in Modified Tyrode’s medium (MTM) or MTM alone. Cells were stained with MitoTracker Red
CMXRos to evaluate mitochondrial status and propidium iodide (PI) to ensure that only live cells were evaluated
and analyzed (10* per sample) by flow cytometry. Three replicates were performed and data were pooled. MTM =
Modified Tyrode’s medium; ANLODF = ampullary non-luteal oviductal fluid; INLODF = isthmic non-luteal
oviductal fluid; SKM = skim milk; HEP = heparin. ANLODF, INLODF and SKM were adjusted to 10 mg total
protein/ml with 50 mM sodium bicarbonate, pH 8.5 prior to dilution in MTM. No significant differences were
detected (P < 0.05).
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Figure 5. Effect of osteopontin treatment on intracellular calcium content in sperm, represented as mean (+ SEM)
fluorescence. Sperm were incubated (39°C, 5% CO2/air, 4 h) in 1, 5, 10, or 20 pug/ml osteopontin (OPN) or casein
(CSN), 10 pg/ml heparin (HEP) in Modified Tyrode’s medium (MTM) or MTM alone and stained with fluo-3 AM
to evaluate calcium content. Sperm were also stained with propidium iodide (PI) to ensure that only live cells were
evaluated. Cells (10* per sample) were analyzed by flow cytometry. Three replicates were performed and data were
pooled. OPN = osteopontin; CSN = casein; MTM = Moadified Tyrode’s medium. Only HEP treatment resulted in
increased levels of intracellular calcium versus MTM control (P < 0.05).
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Figure 6. Effect of oviductal fluid treatment on intracellular calcium content in sperm, represented as mean (+ SEM)
fluorescence. Sperm were incubated (39°C, 5% CQ2/air, 4 h) in 60% ANLODF, 60% INLODF, 60% SKM or 10
pg/ml HEP in Modified Tyrode’s medium (MTM) or MTM alone and stained with fluo-3 AM to evaluate calcium
content. Sperm were also stained with propidium iodide (P1) to ensure that only live cells were evaluated. Cells (10*
per sample) were analyzed by flow cytometry. Three replicates were performed and data were pooled. ANLODF =
ampullary non-luteal oviductal fluid; INLODF = isthmic non-luteal oviductal fluid; SKM = skim milk; HEP =
heparin. ANLODF, INLODF and SKM were adjusted to 10 mg total protein/ml with 50 mM sodium bicarbonate,
pH 8.5 prior to dilution in MTM. Bars marked with asterisks are significantly different than the MTM control (P <
0.05).
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Figure 7. Effect of osteopontin and oviductal fluid treatment on sperm viability, represented (+ SEM) as mean
percentage of viable sperm. Sperm were incubated (39°C, 5% CO2/air, 4 h) in 0, 1, 5, 10 or 20 pug/ml osteopontin
(OPN) or casein (CSN), 60% ANLODF, 60% INLODF, 60% SKM or 10 pug/ml HEP in Modified Tyrode’s medium
(MTM) and stained with propidium iodide (PI) to evaluate sperm viability. Cells (10* per sample) were analyzed by
flow cytometry. Three replicates were performed and data were pooled. OPN = osteopontin; CSN = casein;
ANLODF = ampullary non-luteal oviductal fluid; INLODF = isthmic non-luteal oviductal fluid; SKM = skim milk;
HEP = heparin. ANLODF, INLODF and SKM were adjusted to 10 mg total protein/ml with 50 mM sodium
bicarbonate, pH 8.5 prior to dilution in MTM. Bars marked with asterisks are significantly different than MTM
control (P < 0.05).
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Figure 8. Association of biotinylated OPN and casein with sperm, represented as mean (x SEM) fluorescence.
Sperm (5 x 107/ml) were incubated (39°C, 5% CO2/air, 4 h) in 1, 5, 10, 20, 50, or 100 ug/ml biotinylated
osteopontin (OPN) or biotinylated casein in Modified Tyrode’s medium (MTM) or MTM alone and stained with
fluorescein-labeled streptavidin (FITC-SA). Cells (10* per sample) were analyzed using flow cytometry. Three
replicates were performed and data were pooled. Bars marked with asterisks are significantly different than MTM
and OPN at same incubation concentration (P < 0.05).
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Discussion

These studies were conducted to examine the
physiological effects of OPN on sperm and sperm
capacitation. Sperm were incubated in concentrations of
OPN believed to be similar to those of seminal plasma
(Cancel et al., 1997) and ODF. While the milk OPN
preparation used in this study was greatly enriched, a
small amount of contaminating CSN could not be
eliminated. Therefore, CSN was included as a control
whenever purified milk OPN was used. Sperm were
incubated in the various treatments for 4 h, mimicking
the appropriate time for heparin to capacitate sperm
(Parrish et al., 1988). Heparin capacitation was used as
a control in all experiments to compare the effect of
OPN on capacitation and other physiological parameters
against a defined capacitating agent.

At all incubation concentrations, OPN
produced more acrosome-reacted live (ARL) sperm than
heparin as detected by our dual staining method, but
only at concentrations of 1 pg/ml and 10 pg/ml did
OPN capacitate a higher percentage of sperm than the
corresponding CSN control. It is noteworthy that the
percent of ARL sperm produced by OPN was greater
than that of heparin at the same time point, while CSN
did not capacitate more sperm than heparin at any
concentration. Choosing a protein control for
capacitation is difficult, as even BSA, a protein typically
used as a negative control in in vitro assays, can also
induce sperm capacitation (Davis, 1976, 1981; Davis et
al.,, 1979; Go and Wolf, 1985; Langlais and Roberts,
1985; Suzuki and Yanagimachi, 1989). While there was
no dose-dependent effect of CSN in any of the assays,
the possible contribution of residual CSN to the
capacitating effect of OPN cannot be overlooked.

Previous studies have shown the ability of
ODF to capacitate sperm. Estrual ODF capacitated
sperm at higher rates than heparin (Parrish et al., 1989)
and similar experiments using regional-staged ODF
showed that INLODF capacitated more sperm than
ANLODF (Grippo et al., 1995; Way et al., 1997
Topper et al., 1999). The effect of INLODF was
expected, as sperm become capacitated in the isthmus of
the oviduct in vivo (Grippo et al., 1995; Lefebvre and
Suarez, 1996; Fazeli et al., 1999). While the conditions
of these experiments yielded slightly different numbers
of capacitated sperm than treatments in the present
study, the overall effect was the same with INLODF
capacitating more sperm than ANLODF and heparin.

Increased intracellular  calcium is a
characteristic of capacitated sperm (Singh et al., 1978)
and can be used as an indicator of the induction of
sperm capacitation (Handrow et al., 1989; Nolan et al.,
1992; Parrish et al., 1999). There are two distinct waves
of calcium uptake during capacitation (Singh et al.,
1978), the first of which is associated with an acrosomal
calcium reservoir (Parrish et al., 1999). In the
experiments described here, OPN showed no positive
effect on intracellular calcium levels in sperm, suggesting
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its effect on capacitation is through different means.

The effect of OPN on sperm mitochondrial
activity was also examined. Mitochondria have a
negative interior membrane potential, in which
fluorescent cations are able to accumulate (Johnson et
al., 1980). Functional mitochondria enable the uptake of
MitoTracker Red CMXRos based on membrane potential
(Poot et al., 1996). These experiments showed that
increasing the concentration of OPN in the sperm
environment had no direct effect on MitoTracker Red
CMXRos uptake by sperm, indicating that the presence of
OPN has no effect on mitochondrial membrane potential.

The possibility that OPN and casein could bind
to sperm was also investigated in this study. Previous
studies have shown that proteins in ODF can associate
with sperm (King and Killian, 1994; Abe et al., 1995;
Boatman and Magnoni, 1995; Lapointe and Sirard,
1996; Rodriguez and Killian, 1998), including oviduct-
specific glycoprotein (OSG; King and Killian, 1994).
Based on data in the present study, OPN did not bind to
sperm, but CSN did in a dose-dependent manner. This is
the first report showing association of CSN, the major
protein in milk and a commonly-used semen extender
with bovine sperm. The data presented here appear to
contradict previous data from our laboratory which
suggested that OPN from accessory sex gland fluid
(AGF) appears to bind to sperm during ejaculation
(Erikson et al., 2007). It is possible that OPN alone is not
able to associate with sperm, but requires an additional
protein or enzyme interaction to bind. Another possibility
is that ejaculated sperm used in these studies are already
saturated with OPN acquired from AGF during
ejaculation, occupying available OPN binding sites on
the sperm membrane. If ejaculated sperm are saturated
with OPN from seminal plasma, they may be in
equilibrium with OPN provided in the incubations. This
would not preclude an exchange of OPN between the
sperm membrane and the incubation medium, although
the net amount of OPN measured on the sperm may be
unchanged. This exchange process may provide the
stimulus needed to facilitate capacitation.

The final parameter studied was sperm
viability. Osteopontin has been shown to stimulate cell
survival by inhibiting apoptosis in various cell types
(Denhardt and Noda, 1998; Giachelli and Steitz, 2000;
Mazzali et al., 2002). While there was again no dose-
dependent effect of OPN or CSN on cell survival, there
was an overall increase in sperm viability in samples
incubated with OPN or CSN. This could indicate an
important function for OPN in oviductal fluid as sperm
can reside in the oviduct for up to 20 h before
fertilization (Hunter and Wilmut, 1984). A recent report
demonstrated that milk caseins prevent binding of BSP
proteins to sperm during sperm storage, thus preventing
membrane lipid loss and the detrimental effects of these
proteins on the sperm membrane (Bergeron et al.,
2007). While that study did not demonstrate binding of
milk caseins to the sperm membrane during storage at
4°C, our study was conducted at 39°C and utilized
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incubation in isolated caseins which did bind to sperm
in our study. Still, the protective effect of CSN on the
sperm membrane could explain the stimulation of sperm
survival shown here.

An unexpected result from this study occurred
when bovine skim milk was included as a treatment in
the experiments. Although there were a high number of
ARL sperm after treatment in milk, intracellular calcium
was decreased. Cell viability was similar to that of
sperm incubated in ANLODF, which has been shown to
enhance the ability of sperm to fertilize (Grippo et al.,
1995; Way et al., 1997; Topper et al., 1999). While
sperm samples treated with heparin, ANLODF,
INLODF and skim milk all contained fewer viable
sperm than the MTM control, this may have been due to
an artifact of capacitation, as the sperm membranes may
have become permeable to Pl and may not be indicative
of the true number of viable cells. Milk has long been
used as an extending agent for bovine semen
cryopreservation, and our data suggest milk may
promote sperm capacitation through the presence of
OPN and CSN. However, since milk contains a
multitude of components which could affect sperm
function, the potential for many undetermined
mechanisms of sperm capacitation in milk exist.

In summary, OPN promotes capacitation of
sperm through undetermined means and enhances sperm
viability, possibly by blocking apoptotic pathways.
Osteopontin had no effect on sperm mitochondrial
membrane potential or intracellular calcium content,
and purified OPN did not bind to sperm in vitro. These
data provide further insight into the various roles OPN
seems to play in reproductive events.

Acknowledgments

The authors wish to thank the staff and students
at the Almquist Research Center for technical
assistance, and Elaine Kunze, Susan Magargee and
Nicole Bem of the Penn State Center for Quantitative
Cell Analysis for technical assistance with flow
cytometry. This study was funded in part by USDA
grants 2003-3447-13460 and 2004-34437-15106.

References

Abe H, Sendai Y, Satoh T, Hoshi H. 1995. Secretory
products of bovine oviductal epithelial cells support the
viability and motility of bovine spermatozoa in culture
in vitro. J Exp Zool, 272:54-61.

Adams CE, Chang MC. 1962 Capacitation of rabbit
spermatozoa in the fallopian tube and in the uterus. J
Exp Zool, 151:159-165.

Anderson SH, Killian GJ. 1994. Effect of
macromolecules from oviductal conditioned medium on
bovine sperm motion and capacitation. Biol Reprod,
51:795-799.

Austin CR. 1951. Observations on the penetration of the
sperm in the mammalian egg. Aust J Sci Res B, 4:581-596.
Barros C. 1974. Capacitation of mammalian
spermatozoa. Basic Life Sci, 4:3-24.

Anim. Reprod., v.4, n.3/4, p.103-112, Jul./Dec. 2007

Bayless KJ, Davis GE, Meininger GA. 1997 Isolation
and biological properties of osteopontin from bovine
milk. Protein Exp Purif, 9:309-314.

Bedford JM. 1969. Limitations of the uterus in the
development of the fertilizing ability (capacitation) of
spermatozoa. J Reprod Fertil Suppl, 8:19-26.

Bedford JM. 1970. Sperm capacitation and fertilization
in mammals. Biol Reprod Suppl, 2:128-158.

Bergeron A, Brindle Y, Blondin P, Manjunath P.
2007. Milk caseins decrease the binding of the major
bovine seminal plasma proteins to sperm and prevent
lipid loss from the sperm membrane during sperm
storage. Biol Reprod, 77:120-126.

Boatman DE, Magnoni GE. 1995. Identification of a
sperm penetration factor in the oviduct of the golden
hamster. Biol Reprod, 52:199-207.

Cancel AM, Chapman DA, Killian GJ. 1997.
Osteopontin is the 55-kilodalton fertility-associated
protein in Holstein bull seminal plasma. Biol Reprod,
57:1293-1301.

Chang MC. 1951. Fertilizing capacity of spermatozoa
deposited into the fallopian tubes. Nature, 168:697-698.
Cross NL, Morales P, Overstreet JW, Hanson FW.
1986 Two simple methods for detecting acrosome-
reacted human sperm. Gamete Res, 15:213-226.

Davis BK. 1976. Inhibitory effect of synthetic
phospholipid vesicles containing cholesterol on the
fertilizing ability of rabbit spermatozoa. Proc Soc Exp
Biol Med, 152:257-261.

Davis BK, Byrne R, Hungund B. 1979. Studies on the
mechanism of capacitation. Il. Evidence for lipid
transfer between plasma membrane of rat sperm and
serum albumin during capacitation in vitro. Biochem
Biophys Acta, 558:257-266.

Davis BK. 1981. Timing of fertilization in mammals:
sperm cholesterol/phospholipid ratio as a determinant of
the capacitation interval. Proc Natl Acad Sci USA,
78:7560-7564.

Denhardt DT, Noda M. 1998. Osteopontin expression
and function: role in bone remodeling. J Cell Biochem
Suppl, 30/31:92-102.

Erikson DW, Way AL, Chapman DA, Killian GJ.
2007. Detection of osteopontin on Holstein bull
spermatozoa, in cauda epididymal fluid and testis
homogenates, and its potential role in bovine
fertilization. Reproduction, 133:909-917.

Fazeli A, Duncan AE, Watson PF, Holt WV. 1999.
Sperm-oviduct interaction: induction of capacitation and
preferential binding of uncapacitated spermatozoa to

oviductal epithelial cells in porcine species. Biol
Reprod, 60:879-886.
Gabler C, Chapman DA, Killian GJ. 2003.

Expression and presence of osteopontin and integrins in
the bovine oviduct during the oestrous cycle.
Reproduction, 126:721-729.

Giachelli CM, Steitz S. 2000. Osteopontin: a versatile
regulator of inflammation and biomineralization. Matrix
Biol, 19:615-622.

Go KJ, Wolf DP. 1985. Albumin-mediated changes in

111



»

Erikson et al. Effect of osteopontin on bovine sperm capacitation.

sperm sterol content during capacitation. Biol Reprod,
32:145-153.

Grippo AA, Way AL, Killian GJ. 1995. Effect of
bovine ampullary and isthmic oviductal fluid on
motility, acrosome reaction and fertility of bull
spermatozoa. J Reprod Fertil, 105:57-64.

Handrow RR, First NL, Parrish JJ. 1989. Calcium
requirement and increased association with bovine
sperm during capacitation by heparin. J Exp Zool,
252:174-182.

Hao Y, Mathialagan N, Walters E, Mao J, Lai L,
Becker D, Li W, Critser J, Prather RS. 2006.
Osteopontin  reduces polyspermy during in vitro
fertilization of porcine oocytes. Biol Reprod, 75:726-733.
Hunter RH. 1969. Capacitation in the golden hamster,
with special reference to the influence of the uterine
environment. J Reprod Fertil, 20:223-237.

Hunter RH, Hall JP. 1974. Capacitation of boar
spermatozoa: synergism between uterine and tubal
environments. J Exp Zool, 188:203-213.

Hunter RH, Wilmut I. 1984. Sperm transport in the
cow: peri-ovulatory redistribution of viable cells within
the oviduct. Reprod Nutr Dev, 24:597-608.

Johnson LV, Walsh ML, Chen LB. 1980. Localization
of mitochondria in living cells with rhodamine 123.
Proc Natl Acad Sci USA, 77:990-994.

Kavanaugh JF, Grippo AA, Killian GJ. 1992.
Cannulation of the bovine ampullary and isthmic
oviduct. J Invest Surg, 5:11-17.

Killian GJ, Chapman DA, Rogowski LA. 1993.
Fertility-associated proteins in Holstein bull seminal
plasma. Biol Reprod, 49:1202-1207.

King RS, Killian GJ. 1994. Purification of bovine
estrus-associated protein and localization of binding on
sperm. Biol Reprod, 51:34-42.

King RS, Anderson SH, Killian GJ. 1994. Effect of
bovine oviductal estrus-associated protein on the ability
of sperm to capacitate and fertilize oocytes. J Androl,
15:468-478.

Langlais J, Roberts JD. 1985. A molecular membrane
model of sperm capacitation and the acrosome reaction
of mammalian spermatozoa. Gamete Res, 12:183-224.
Lapointe S, Sirard MA. 1996. Importance of calcium for
the binding of oviductal fluid proteins to the membranes of
bovine spermatozoa. Mol Reprod Dev, 44:234-240.
Lefebvre R, Suarez SS. 1996. Effect of capacitation on
bull sperm binding to homologous oviductal epithelium.
Biol Reprod, 54:575-582.

Mazzali M, Kipari T, Ophascharoensuk V, Wesson
JA, Johnson R, Hughes J. 2002. Osteopontin: a
molecule for all seasons. Q J Med, 95:3-13.

McNutt TL, Killian GJ. 1991. Influence of bovine
follicular and oviduct fluids on sperm capacitation in
vitro. J Androl, 12 244-252.

McNutt TL, Rogowski L, Vasilatos-Younken R,
Killian G. 1992. Adsorption of oviductal fluid proteins
by the bovine sperm membrane during in vitro
capacitation. Mol Reprod Dev, 33:313-323.

Moura AA, Koc H, Chapman DA, Killian GJ. 2006.

Identification of proteins in the accessory sex gland
fluid associated with fertility indexes of dairy bulls: a
proteomic approach. J Androl, 27:201-211.

Moura AA, Chapman DA, Killian GJ. 2007a.
Proteins of the accessory sex glands associated with the
oocyte-penetrating capacity of cauda epididymal sperm
from holstein bulls of documented fertility. Mol Reprod
Dev, 74:214-222.

Moura AA, Chapman DA, Koc H, Killian GJ. 2007b.
A comprehensive proteomic analysis of the accessory
sex gland fluid from mature Holstein bulls. Anim
Reprod Sci, 98:169-188.

Nolan JP, Graham JK, Hammerstedt RH. 1992.
Artificial induction of exocytosis in bull sperm. Arch
Biochem Biophys, 292:311-322.

Parrish JJ, Susko-Parrish J, Winer MA, First NL.
1988. Capacitation of bovine sperm by heparin. Biol
Reprod, 38:1171-1180.

Parrish JJ, Susko-Parrish JL, Handrow RR, Sims
MM, First NL. 1989. Capacitation of bovine spermatozoa
by oviduct fluid. Biol Reprod, 40:1020-1025.

Parrish JJ, Susko-Parrish JL, Uguz C, First NL.
1994. Differences in the role of cyclic adenosine 3',5'-
monophosphate during capacitation of bovine sperm by
heparin or oviduct fluid. Biol Reprod, 51:1099-1108.
Parrish JJ, Susko-Parrish JL, Graham JK. 1999. In
vitro capacitation of bovine spermatozoa: role of
intracellular calcium. Theriogenology, 51:461-472.

Poot M, Zhang YZ, Kramer JA, Wells KS, Jones LJ,
Hanzel DK, Lugade AG, Singer VL, Haugland RP.
1996. Analysis of mitochondrial morphology and
function with novel fixable fluorescent stains. J
Histochem Cytochem, 44:1363-1372.

Riedy MC, Muirhead KA, Jensen CP, Stewart CC.
1991. Use of a photolabeling technique to identify
nonviable cells in fixed homologous or heterologous
cell populations. Cytometry, 12:133-139.

Rodriguez C, Killian G. 1998. Identification of
ampullary and isthmic oviductal fluid proteins that
associate with the bovine sperm membrane. Anim
Reprod Sci, 54:1-12.

Singh JP, Babcock DF, Lardy HA. 1978. Increased
calcium-ion influx is a component of capacitation of
spermatozoa. Biochem J, 172:549-556.

Suzuki F, Yanagimachi R. 1989. Changes in the
distribution of intramembranous particles and filipin-
reactive membrane sterols during in vitro capacitation of
golden hamster spermatozoa. Gamete Res, 23:335-347.
Topper EK, Killian GJ, Way A, Engel B, Woelders
H. 1999. Influence of capacitation and fluids from the
male and female genital tract on the zona binding ability
of bull spermatozoa. J Reprod Fertil, 115:175-183.
Way AL, Schuler AM, Killian GJ. 1997. Influence of
bovine ampullary and isthmic oviductal fluid on sperm-
egg binding and fertilization in vitro. J Reprod Fertil,
109:95-101.

Yanagimachi R. 1994. Mammalian fertilization. In:
Knobil E, Neill JD (Eds.). The physiology of
reproduction. New York: Raven Press. pp.189-317.

112

Anim. Reprod., v.4, n.3/4, p.103-112, Jul./Dec. 2007



