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Inhibitors of zinc-dependent metalloproteases hinder sperm
passage through the cumulus oophorus during porcine
fertilization in vitro
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Abstract

In this study, we report for the first time on a possible contribution of metalloproteases in sperm passage through the cumulus matrix

in pigs. The presence of 20 mM 1,10-phenanthroline (1,10-PHEN), inhibitor of zinc-dependent metalloproteases, strongly inhibited the

degree of sperm penetration in cumulus-intact (CI), but not in cumulus-free (CF), porcine oocytes during IVF. The inhibitory effect of

1,10-PHENwas due to the chelation of metal ions as a non-chelating analog (1,7-PHEN) did not affect IVF rates. Furthermore, incubation

with 1,10-PHEN did not affect sperm binding to the zona pellucida nor sperm motility, membrane integrity, or acrosomal status.

These findings led to the assumption that 1,10-PHEN interacts with a sperm- or cumulus-derived metalloprotease. Metalloproteases are

key players in physiological processes involving degradation or remodeling of extracellular matrix. In vivo, their proteolytic activity

is regulated by tissue inhibitors of metalloproteases (TIMP1–TIMP4). We tested the effect of TIMP3 on fertilization parameters after

porcine IVF. Similar to 1,10-PHEN, TIMP3 inhibited total fertilization rate of CI but not CF oocytes and did not influence sperm quality

parameters. Although the inhibitory effect was stronger in CI oocytes, TIMP3 also reduced the degree of sperm penetration in CF oocytes,

suggesting the involvement of ametalloprotease in a subsequent step during fertilization. In conclusion, our results indicate the involvement

of TIMP3-sensitive, zinc-dependent metalloprotease activity in sperm passage through the cumulus oophorus in pigs. The results should

provide the basis for further biochemical research toward the localization and identification of the metalloprotease involved.
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Introduction

During mammalian fertilization, the sperm cell interacts
with the extracellular layers of the oocyte, the cumulus
oophorus and the zona pellucida (ZP), to finally reach
the oocyte plasma membrane. The cumulus oophorus
consists of cumulus cells embedded in a matrix rich in
hyaluronic acid. Traditionally, sperm hyaluronidases in
combination with sperm motility are thought to enable
spermatozoa to pass through the cumulus matrix and
reach the ZP (Kim et al. 2008). The sperm binding to the
ZP is then believed to induce the acrosome reaction with
release of the acrosomal contzent, e.g. hydrolytic
enzymes that serve in sperm penetration of the glyco-
protein coat surrounding the oocyte, the ZP. However,
due to recent findings, this accepted model of the
acrosome reaction needs to be reevaluated. At least in
the mouse, not only the ZP but also the cumulus oophorus
appears to be a physiological site of the acrosome
reaction (Yin et al. 2009, Jin et al. 2011, Sun et al. 2011).

Several proteases have been found on sperm mem-
branes and in the acrosome of mammalian spermatozoa,
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including a collagenase-like peptidase, a cathepsin
D-like protease, dipeptidyl peptidase II, (pro)acrosin,
trypsin-like proteases other than acrosin, and testicular
serine protease 5 (TESP5; Honda et al. 2002). In pigs, the
sperm-specific serine protease acrosin (Polakoski &
McRorie 1973, Polakoski et al. 1973, Brown & Cheng
1985) as well as the proteasome, a multi-subunit
protease with specificity for ubiquitinated protein
substrates, have been implicated in fertilization
of cumulus-free (CF) oocytes (Sutovsky et al. 2004,
Yi et al. 2007). Rather surprisingly, most of the studies on
the role of proteases in mammalian fertilization did not
evaluate sperm passage through the cumulus; although
in most mammals, the cumulus oophorus is still present
at the time of fertilization and can thus be considered as
the first site of sperm–oocyte interaction (Van Soom et al.
2002). As a consequence, little is known about the
functional significance of proteases in sperm passage
through the cumulus oophorus. However, proteolytic
activity may facilitate sperm passage through the viscous
cumulus matrix by hydrolysis of bonds between
hyaluronic acid and hyaluronic acid-binding proteins.
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Figure 1 Effect of different concentrations of 1,10-PHEN (5 and 20 mM)
on total fertilization, polyspermy rate, and the sperm penetration index
(SPI) of cumulus-intact porcine oocytes. Data represent mean of three
replicates. Values significantly different from control (P!0.05) are
marked with different capitals (total fertilization), different small letters
(polyspermy), or an asterisk (SPI).
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Three families of metalloproteases are acknowledged
to modify and degrade extracellular matrix, the matrix
metalloproteases (MMPs), the ‘A Disintegrin and Metal-
loproteinase’ (ADAM) family of proteases, and the
ADAM proteases with thrombospondin motifs
(ADAMTS) (Shiomi et al. 2010). Their catalytic site
typically contains a zinc binding motif and cleavage of
substrates requires a zinc ion. The MMP family is mainly
subdivided according to their domain structures
and substrate specificity, e.g. collagenases (MMP1,
MMP8, and MMP13), gelatinases (MMP2 and MMP9),
and stromelysins (MMP3 and MMP10). Most of the
MMPs are secreted, although there are at least six
membrane-type MMPs that contain a transmembrane
domain (Nagase et al. 2006). Some secreted MMPs can
be associated with cells by interaction with cellular
proteins. For example, MMP9 interacts with the
hyaluronic acid receptor CD44 (Yu & Stamenkovic
1999) and MMP2 can bind to integrin avb3 (Brooks
et al. 1996). The main function of MMPs has been
considered to be the hydrolysis of matrix components.
Next to that, MMPs may have a more complex role
and function to disrupt cell–cell and cell–matrix
interactions and mediate release of growth factors
and cytokines (Stetler-Stevenson & Yu 2001, Shiomi
et al. 2010).

The diverse functions addressed to ADAMs can be
explained by their typical structure containing a
disintegrin domain and a metalloprotease domain
(Reiss & Saftig 2009). They are capable of mediating
cell adhesion and migration via their disintegrin domain
(e.g. integrin binding) as well as via proteolysis of cell
adhesion molecules. ADAMs also have a prominent role
in signaling pathways by cleavage of membrane-bound
proteins and release of biologically active factors, such
as growth factors. Most of the ADAMs are membrane-
anchored proteins but some members are secreted and
are shown to cleave extracellular matrix components,
such as ADAMTS1 and ADAMTS4 (Russell et al. 2003).
Both ADAMTS1 and ADAMTS4 are produced and
secreted by porcine cumulus cells (Shimada et al.
2004). It has been hypothesized that ADAMTS1-
mediated cleavage of versican, present in the cumulus
matrix, may serve to stabilize the expanding matrix of
the cumulus–oocyte complex (COC) by release of
70 kDa N-terminal fragment that binds to hyaluronic
acid (Shimada et al. 2004). Studies on Adamts1K/K mice
have demonstrated a lower cleavage of versican in
expanded COCs, an impaired structural organization of
the extracellular matrix, and also a delay in the
degradation of the COC matrix after ovulation (Brown
et al. 2010). Thus, ADAMTS1 may also function in the
gradual shedding of cumulus cells and disassembly of
the matrix after ovulation, which could enhance sperm
penetration at the time of fertilization.

The objective of this study was to determine the
possible involvement of metalloproteases during porcine
Reproduction (2012) 144 687–697
fertilization in vitro. As metalloproteases are associated
with breakdown and remodeling of extracellular
matrix, we focused on IVF experiments with cumulus-
intact (CI) oocytes to evaluate the effect of metallo-
protease inhibitors on sperm passage through the
cumulus oophorus.
Results

Fertilization parameters after porcine IVF are affected
by 1,10-phenanthroline due to its capacity to chelate
metal ions

The possible involvement of metalloproteases in porcine
fertilization was evaluated by assessing the inhibitory
effect of two metalloprotease inhibitors, phosphorami-
don and 1,10-phenanthroline (1,10-PHEN). Phos-
phoramidon is often used in the classification of
newly identified metalloproteases (Beynon & Bond
2001), although it has the limitation of targeting mainly
bacterial metalloproteases and only few of mammalian
origin (Bond & Butler 1987). The metal ion chelator
1,10-PHEN can be used to inhibit zinc-dependent
metalloproteases, without affecting the Ca2C in the
fertilization medium, as it has a much higher stability
constant for Zn2C than for Ca2C (Correa et al. 2000).
Both inhibitors were used at different concentrations
within the range of effective concentrations reported
by the manufacturer, and 1,10-PHEN was also used in
lower concentrations.

The presence of phosphoramidon (1–100 mM) during
porcine fertilization in vitro did not affect total
fertilization (control, 84.4% and phosphoramidon
100 mM, 85.5%) nor polyspermy rate (control, 45.4%
and phosphoramidon 100 mM, 52.4%). Furthermore,
the sperm penetration index (SPI; mean number of
www.reproduction-online.org
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Figure 2 Effect of 20 mM 1,10-PHEN on total fertilization, polyspermy
rate, and the sperm penetration index (SPI) of cumulus-intact and
cumulus-free porcine oocytes. Data represent mean of three replicates.
Within each type of oocytes, values significantly different from control
(P!0.05) are marked with different capitals (total fertilization), different
small letters (polyspermy), or an asterisk (SPI).
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penetrated spermatozoa per fertilized oocyte) was very
similar for COCs fertilized in control medium and
medium with 100 mM phosphoramidon, 2.29 and
2.31 respectively. In contrast, 1,10-PHEN (20 mM)
was found to strongly decrease both total and poly-
spermic fertilization rate compared with the control
group (P!0.05; Fig. 1). The lowest concentration of
1,10-PHEN with a significant effect on fertilization rate
was 20 mM. Therefore, this concentration was used in
the subsequent experiments with 1,10-PHEN.

To evaluate the effect of 1,10-PHEN on sperm
penetration of the cumulus oophorus, we compared
fertilization parameters of CI and CF oocytes. The results
showed a striking difference in inhibition of total
fertilization rate between CI and CF oocytes (Fig. 2).
Total fertilization rate of CI oocytes was inhibited with
90% compared with the respective control group,
whereas a very small and no significant inhibition was
recorded after denudation of oocytes. In CI oocytes,
polyspermic fertilization was markedly reduced by
1A 1B 1C

2A 2B 2C

www.reproduction-online.org
1,10-PHEN 126 (P!0.01), whereas in CF oocytes this
parameter was not different from the control group
(PZ0.469 and PZ0.427 respectively). Furthermore,
the SPI was significantly reduced by 1,10-PHEN in
CI oocytes, 1.2 (1,10-PHEN) vs 2.2 (control), but not
in CF oocytes (SPI 2.2 and 2.1). When COCs were
co-incubated with mitotracker-labeled spermatozoa
in fertilization medium with and without 20 mM
1,10-PHEN, less spermatozoa were observed in the
inner layers of the cumulus oophorus of COCs fertilized
in medium with 1,10-PHEN (Fig. 3).

1,10-PHEN did not substantially affect sperm binding
to the ZP of CF oocytes. After 4 h of gamete
co-incubation, the average number of spermatozoa
bound to the ZP (GS.D.) was 92G26 in the control
group and 73G21 in the group of 1,10-PHEN. The
high number of spermatozoa that bound to the ZP in
this experiment is dependent on the sperm concen-
tration in the fertilization droplet (Fazeli et al. 1995).
The major fraction of these spermatozoa would
not succeed in penetration of the ZP. Together,
these findings indicate that the inhibitory effect of
1,10-PHEN is predominantly situated at the level of
sperm interaction with the cumulus.

In order to confirm that the inhibitory effect of
1,10-PHEN was mediated by its capacity to bind metal
ions, CI and CF oocytes were fertilized in medium
with and without 20 mM of a non-chelating analog,
1,7-PHEN. There were no significant differences in
fertilization parameters between either CI or CF oocytes
fertilized in standard medium or medium with 20 mM
1,7-PHEN (Fig. 4). As 1,10-PHEN mainly targets zinc,
we hypothesized the involvement of a zinc-dependent
metalloprotease in sperm passage through the cumulus
oophorus during porcine IVF.
1,10-PHEN has no significant effect on membrane
integrity, motility, and acrosomal status of porcine
spermatozoa

To exclude a possible negative influence of 1,10-PHEN
on the spermatozoa, parameters related to the fertilizing
Figure 3 Visualization of spermatozoa within the
cumulus oophorus after 2 h (A), 4 h (B), and 6 h (C) of
gamete co-incubation in (1) standard medium and (2)
medium with 20 mM 1,10-PHEN. The outline of the
oocytes is represented by a blue circle. Spermatozoa
were labeled by Mitotracker Green, nuclei were
stained with Hoechst (original magnification, 400!;
BarZ25 mm).
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Figure 4 Effect of 20 mM 1,7-PHEN on total fertilization, polyspermy
rate, and the sperm penetration index (SPI) of cumulus-intact and
cumulus-free porcine oocytes. Data represent mean of three replicates.
Within each type of oocytes, none of the parameters were significantly
different between control and treatment group (PO0.05).
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capacity of spermatozoa were evaluated during a 6-h
incubation period in medium supplemented with and
without 20 mM 1,10-PHEN. Sperm membrane integrity
and motility were not affected by 1,10-PHEN as shown
in Fig. 5A and B respectively. Next to that, the acrosomal
status of frozen–thawed epididymal spermatozoa incu-
bated in 20 mM 1,10-PHEN was not significantly
different (PO0.05) from that of spermatozoa in control
medium (Fig. 5C). After 1 h of incubation with 1 mM
A23187 calcium ionophore, the percentage of sperma-
tozoa that underwent the acrosome reaction was similar
in both groups. In the control group, 9.3G3.1% of the
spermatozoa remained acrosome intact vs 9.5G3.1% of
acrosome-intact spermatozoa in medium with 20 mM
1,10-PHEN.
0
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1 4
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6 1 h with
caIonophore

C Acrosome intact spermatozoa (%)

Control
1, 10-PHEN

Figure 5 Effect of 20 mM 1,10-PHEN on membrane integrity (A), motility
(B), and acrosomal integrity (C) of porcine spermatozoa at different time
points within a 6-h incubation period. Data represent meanGS.E.M. of
three replicates. None of the parameters were significantly different
between control and treatment group at any of the evaluated time
points (PO0.05).
Evidence for the involvement of a tissue inhibitor of
metalloprotease 3-sensitive, zinc-dependent metallo-
protease in sperm passage through the cumulus
oophorus during porcine IVF

Here, we aimed to assess whether the effect of
1,10-PHEN on sperm passage through the cumulus
oophorus could be due to inhibition of a zinc-dependent
metalloprotease involved in matrix breakdown and
remodeling. In vivo, tissue inhibitors of metalloproteases
(TIMPs) strictly control all active forms of MMPs. Four
related TIMPs (TIMP1–TIMP4) have each the capacity to
form a 1:1 complex with all MMPs, but there is variation
in the strength of inhibition. Additionally, it has been
shown that TIMPs can also inhibit some members of
the ADAM and ADAMTS family of metalloproteases.
We tested recombinant human TIMP3 (400 nM) and
evaluated the fertilization parameters after IVF of CI and
CF oocytes (Fig. 6). The presence of 400 nM TIMP3
Reproduction (2012) 144 687–697
during gamete co-incubation decreased total fertiliza-
tion rate of CI oocytes (P!0.01). In contrast, when CF
oocytes were used, there was no significant difference in
total fertilization rate between the control group and
TIMP3 (PZ0.166). Polyspermic fertilization was mark-
edly reduced in both CI and CF oocytes by incubation
with TIMP3 during IVF (P!0.01). There was also a
www.reproduction-online.org
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Figure 6 Effect of 400 nM TIMP3 on total fertilization, polyspermy rate,
and the sperm penetration index (SPI) of cumulus-intact and cumulus-
free porcine oocytes. Data represent mean of three replicates. Within
each type of oocytes, values significantly different from control
(P!0.05) are marked with different capitals (total fertilization) or
different small letters (polyspermy). There were no significant
differences in the sperm penetration index.
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tendency toward a lower SPI in the presence of TIMP3,
yet the differences were not statistically significant
(CI oocytes, 1.5 (control) vs 1.2 (TIMP3); CF oocytes,
2.1 (control) vs 1.4 (TIMP3)). In conclusion, TIMP3
reduces the degree of sperm penetration in both CI and
CF oocytes, with a negative effect on total fertilization
rate in CI oocytes but not in CF oocytes.
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TIMP3 has no significant effect on membrane integrity,

motility, and acrosomal status of porcine spermatozoa

To exclude a possible negative influence of TIMP3 on the
spermatozoa, membrane integrity, motility, and the
acrosomal status of spermatozoa were evaluated at
different time points during 6 h of incubation. Sperm
incubation with 400 nM TIMP3 did not significantly
affect membrane integrity or sperm motility at any of
the evaluated time points (PO0.05; Fig. 7A and B). The
acrosomal status of frozen–thawed epididymal sperma-
tozoa in medium supplemented with 400 nM TIMP3 was
not significantly different from that of spermatozoa
incubated in standard fertilization medium (PO0.05;
Fig. 7C). After 1 h of incubation with 1 mM A23187
calcium ionophore, the fraction of spermatozoa that
underwent the acrosome reaction was similar in
both groups.
0
1 4

Incubation period (h)

6 1 h with
caIonophore

Figure 7 Effect of 400 nM TIMP3 on membrane integrity (A), motility
(B), and acrosomal integrity (C) of porcine spermatozoa at different time
points within a 6-h incubation period. Data represent meanGS.E.M. of
three replicates. None of the parameters were significantly different
between control and treatment group at any of the evaluated time
points (PO0.05).
Discussion

The functional significance of proteases for sperm
passage through the cumulus matrix is largely unknown.
Sperm hyaluronidases on the contrary, in combination
with sperm motility, have been considered imperative in
this step of the fertilization process (Primakoff & Myles
2002, Kim et al. 2008). In this study, we report for the first
www.reproduction-online.org
time on a possible contribution of metalloproteases in
sperm passage through the cumulus matrix in pigs. We
based our conclusions on several observations: 1)
inhibition of zinc-dependent metalloproteases, by
means of 1,10-PHEN, induced a strong inhibitory effect
on the degree of sperm penetration in CI, but not in CF
porcine oocytes; 2) the inhibitory effect of 1,10-PHEN
Reproduction (2012) 144 687–697
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was due to the chelation of metal ions as a non-chelating
analog (1,7-PHEN) did not affect IVF rates; 3) MMP
inhibitor TIMP3 showed a stronger inhibitory effect on
total fertilization and sperm penetration rate in CI
oocytes than in CF oocytes, similar to 1,10-PHEN; and
4) the effect of the inhibitors was not mediated by a
decrease in sperm quality as sperm motility, membrane
integrity, and acrosomal status were not altered.

Whereas the inhibition profile of 1,10-PHEN is not
specific (inhibition of all zinc-dependent metallopro-
teases via chelation of the catalytic zinc atom), the
inhibitory effect by TIMP3 points to the family of MMPs
and some members of the ADAM family of metallopro-
teases that are inhibited by TIMP3.

Only few studies have looked into sperm-derived
metalloprotease activity thus far. Buchman-Shaked et al.
(2002) described the localization of MMP2 at the sperm
head of human spermatozoa and release of MMP2 from
spermatozoa during a short period after incubation in
capacitation medium. The presence of MMP2 on
spermatozoa of other species, including the pig, remains
putative. Expression of ADAM1 and ADAM2 in porcine
spermatozoa, on the other hand, has recently been
documented (Fabrega et al. 2011). These two ADAMs
form a hetero-dimeric complex ‘fertilin’ that was initially
isolated at the sperm surface of guinea pig spermatozoa
(Primakoff et al. 1987) and participates in sperm–oocyte
interaction via binding to integrins (Evans 2001). Yet
ADAM1 and ADAM2 are not considered as candidate
enzymes for the observed effect of 1,10-PHEN as both
members of the ADAM family are enzymatically inactive
and therefore unsusceptible for zinc deprivation. From
the eight ADAM genes identified in the pig, ADAM8,
ADAM9, ADAM10, ADAM15, and ADAM17 encode for
a protein with metalloprotease activity (Rawlings et al.
2012). TIMP3 has been shown to inhibit ADAM10 and
ADAM17 (Amour et al. 1998, 2000, Loechel et al. 2000)
but not ADAM8 and ADAM9 (Amour et al. 2002). It is
not yet known whether TIMP3 is able to inhibit
ADAM15. Especially, ADAM10 and ADAM17 are of
interest as putative sperm-derived metalloproteases
because they mediate cleavage of cell adhesion
molecules such as L-selectin, cadherins, and also
CD44 (Peschon et al. 1998, Nagano & Saya 2004,
Nagano et al. 2004, Maretzky et al. 2005). CD44 is
present on the surface of cumulus cells of in vivo- and
in vitro-matured porcine COCs and attaches the cumulus
cells to the matrix by interaction with hyaluronic acid
(Yokoo et al. 2002, 2007). A downstream effect of CD44
cleavage is cell detachment from extracellular matrix
(Nagano & Saya 2004). One of the hypotheses we
derived from this study is that the TIMP3-sensitive
metalloprotease activity involved in sperm passage
through the cumulus oophorus might be directed toward
CD44 on cumulus cells (in order to enhance cell
detachment and facilitate sperm passage). In that
respect, we speculate that a TIMP3-sensitive ADAM,
Reproduction (2012) 144 687–697
e.g. ADAM10 or ADAM17, may be present on
spermatozoa. These are for now only speculations and
will have to be tested in further research. The use of
immunofluorescent staining techniques could be a first
approach to investigate whether specific ADAMs are
present on spermatozoa or not.

Proteases are also abundantly secreted by cumulus
cells. For example, urokinase plasminogen activator,
tissue plasminogen activator, ADAM17, ADAMTS1, and
ADAMTS4 have been shown to be synthesized and
secreted by cumulus cells (D’Alessandris et al. 2001,
Shimada et al. 2004, Yamashita et al. 2007). The
proteolytic activity of ADAMTS1 has been associated
with expansion of the cumulus matrix and remodeling of
the follicle wall before ovulation (Russell et al. 2003,
Shimada et al. 2004, Brown et al. 2010), but has also a
critical function in the timely degradation of the cumulus
matrix after ovulation. COCs of Adamts1K/K mice were
shown to retain cumulus cells, versican, and hyaluronic
acid after ovulation (Brown et al. 2010). In addition,
Adamts1K/K females showed a lower IVF rate. Brown
et al. proposed that reduced clearance of versican could
lead to a more resistant cumulus matrix and inhibition of
sperm penetration. In our study, it became clear that the
addition of the metalloprotease inhibitor during porcine
IVF reduced sperm passage through the cumulus. It is
described that porcine cumulus cells increase pro-
duction of ADAMTS1 in response to gonadotropins,
followed by incorporation of ADAMTS1 in the cumulus
matrix (Shimada et al. 2004). It has been shown that
TIMP3 is able to inhibit ADAMTS1, ADAMTS2,
ADAMTS4, and ADAMTS5 (Kashiwagi et al. 2001,
Rodriguez-Manzaneque et al. 2002, Wang et al. 2006).
Based on these data from the literature, it seems
theoretically probable that, in our study, inhibition of
cumulus-derived metalloproteases (especially inhibition
of ADAMTS1) could have hampered physiological
degradation of the cumulus matrix. Inferior matrix
disassembly may become evident by the tendency of
cumulus cells to stick to the bottom of the culture dish:
Shimada et al. (2004) noticed a similar phenomenon
after culture of porcine COCs in medium with the MMP
inhibitor Galardin. We did observe release of cumulus
cells from the outer layers of the cumulus oophorus
followed by adherence of cumulus cells to the culture
dish when COCs were fertilized in medium with the
inhibitor 1,10-PHEN. However, the number of cumulus
cell layers that surrounded the oocytes after 6 h of
gamete co-incubation was not affected by the presence
or absence of the inhibitor 1,10-PHEN, whereas the
number of spermatozoa that had reached the inner layers
of the cumulus oophorus at that time was noticeably
lower in the presence of 1,10-PHEN, as shown via
fluorescent labeling (Fig. 3). In another experiment, we
found that preincubation of COCs with 1,10-PHEN
during 30 min before IVF had no significant effect on
fertilization parameters (Table 1), although the level of
www.reproduction-online.org
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cumulus-derived ADAMTS1 protein in porcine COCs
reaches its maximum at the end of the maturation period
(Shimada et al. 2004). As a result, we had to reject the
hypothesis that in our study metalloprotease inhibitors
strongly decreased the degree of sperm penetration due
to inhibition of cumulus-derived metalloproteases and
hindrance of physiological matrix degradation.

Based on our findings, the effect of 1,10-PHEN was
clearly restricted to fertilization of CI oocytes. However,
TIMP3 showed a more complex inhibitory effect. TIMP3
inhibited total fertilization rate in CI and not in CF
oocytes, similar to 1,10-PHEN. Yet TIMP3 reduced the
degree of sperm penetration in CI as well as CF oocytes.
These results indicate that the general effect of TIMP3 is
a reduction in the number of sperm entering an oocyte.
Because the effect is stronger in CI than in CF oocytes,
this still points to an inhibitory effect at the level of
sperm–cumulus interaction. In addition, TIMP3 seems to
inhibit a subsequent step in the fertilization process.
Correa et al. (2000) showed that in mice, a TIMP3-
sensitive metalloprotease is involved in sperm–oocyte
fusion. Based on the effect of a number of metallo-
protease inhibitors, they hypothesized a role for a
MMP or ADAM metalloprotease of which the identity
still needs to be unraveled (Correa et al. 2000). In the
pig, ADAM1 and ADAM2 are present on the sperm
membrane (Fabrega et al. 2011). To answer whether
the reduction in number of sperm entering CF porcine
oocytes by TIMP3 could be due to inhibition of
ADAM1 or ADAM2, the inhibition profile of TIMP3
needs further investigation.

In conclusion, this study opens new possibilities to
improve our understanding of the fertilization process
and should provide a basis for further research toward
the localization and identification of the metalloprotease
involved in sperm passage through the cumulus
oophorus. The recognition of key proteases in the
fertilization process holds interesting opportunities for
porcine embryo production in vitro (IVP). Specific
inhibitors may be useful as regulators of sperm
penetration in porcine IVF, lessening the problem of
polyspermic fertilization and increasing IVP efficiency.
Table 1 Fertilization parameters of cumulus-intact porcine oocytes
inseminated with 1.25!105 spermatozoa/ml in standard fertilization
medium after 30 min of oocyte preincubation in fertilization medium
with and without supplementation of 20 mM 1,10-PHEN.

Group

Total
fertilization

(%)

Mono-
spermy

(%)
Polyspermy

(%)

Sperm
penetration

indexa

Control 76.4 55.0 21.4 1.3
1,10-PHEN 73.2 54.2 19.0 1.5

Number of oocytes examined: control, nZ104; 1,10-PHEN, nZ96.
Data represent mean of two replicates. None of the parameters were
significantly different between control and treatment group (PO0.05).
aMean number of penetrated spermatozoa per fertilized oocyte.
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Materials and Methods

Media

All chemicals used in this study were purchased from
Sigma–Aldrich, unless otherwise stated. The basic medium
used for the collection and washing of COCs was a modified
HEPES-buffered Tyrode balanced salt solution (HEPES-TM)
with 10 mg/ml gentamicin sulfate, 10 mM HEPES, and
3 mg/ml BSA. Immature oocytes were matured in BSA-free
‘North Carolina State University 23’ (NCSU23; Petters &
Wells 1993) supplemented with 0.57 mM cysteine, 10 ng/ml
epidermal growth factor, 10 IU/ml equine chorionic
gonadotropin (Folligon, Intervet, Boxmeer, The Netherlands),
10 IU/ml human chorionic gonadotropin (Chorulon, Intervet),
and 10% porcine follicular fluid. Follicular fluid was
collected from 5 to 6 mm follicles of prepubertal gilts. After
centrifugation of follicular fluid (100 g, 10 min), the super-
natant was aspirated, filtered (0.22 mm), and stored at K80 8C
until use. The basic medium for IVF was Tyrode’s albumin
lactate pyruvate (TALP) medium (Rath et al. 1999) supple-
mented with 0.3% BSA (FERT-TALP). Frozen–thawed epidi-
dymal boar spermatozoa were centrifuged (390 g, 3 min) in
Androhep extender consisting of 27 mM Tri-natriumcitraat,
2.7 mM Titriplex III EDTA, 2.5 mg/ml BSA (fraction V),
14 mM NaHCO3, 38 mM Hepes, 144 mM D(C)-glucose.
H2O, and 50 mg/ml gentamicin sulfate. Presumed zygotes
were washed in HEPES-buffered TALP (HEPES-TALP) medium,
i.e. TALP medium with 25 mM HEPES. The embryo culture
medium was NCSU23 with 0.4% BSA.
Protease inhibitors

Protease inhibitors were purchased from Sigma–Aldrich and
used at different concentrations. Both 1,10-PHEN (P9375)
and 1,7-PHEN (301841) were dissolved in methanol (stock
solution, 200 mM). Phosphoramidon was dissolved in
FERT-TALP medium (500 mM) and recombinant human
TIMP3 was dissolved in deionized water (1000 nM).
Oocyte collection

Ovaries of prepubertal gilts were collected at a local slaughter-
house and prepared following the protocol of Bijttebier et al.
(2008). Briefly, immature COCs were aspirated from
follicles with a diameter ranging from 3 to 6 mm. Only COCs
with a homogeneous ooplasm and a multilayered cumulus
were selected.
In vitro maturation and IVF of porcine COCs

Groups of 100 immature COCs were placed into 500 ml
maturation medium and cultured for the first 22 h (39 8C, 5%
CO2). Subsequently, COCs were cultured in hormone-free
maturation medium for 22 h. After in vitro maturation of COCs,
protease inhibitor dilutions were prepared in concentrated
stocks and added to droplets of FERT-TALP to obtain the final
concentration required. As TIMP3 was dissolved in deionized
water, the concentration of components in the medium was
Reproduction (2012) 144 687–697
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adjusted by adding FERT-TALP-2! in the same volume as
the stock solution of TIMP3 to each fertilization droplet.
Subsequently, the COCs were randomly assigned to the
fertilization droplets (50 COCs/droplet). Frozen epididymal
semen was thawed for 60 s in a water bath at 38 8C and
spermatozoa were washed by centrifugation (3 min at 390 g)
in 9.5 ml Androhep. The sperm pellet was resuspended in 1 ml
FERT-TALP and sperm concentration was assessed using a
Bürker counting chamber. Spermatozoa were added to the
droplets containing the COCs resulting in a final concentration
of 1.25!105 spermatozoa/ml. The control group consisted
of COCs fertilized under standard conditions. After a
co-incubation period of 6 h, the presumed zygotes were
vortexed during 3 min in 2.5 ml HEPES-TALP to remove
loosely bound spermatozoa, washed three times in culture
medium, and cultured for 18 h in a modular incubator chamber
(39 8C, 5% CO2).
Assessment of fertilization parameters

Approximately 24 h after insemination, presumed zygotes
were washed in 0.1% (w/v) polyvinylpyrrolidone in PBS.
Subsequently, the zygotes were fixed overnight with 4%
paraformaldehyde in PBS and stained with 10 mg/ml
bis-benzamide (Hoechst 33342; Molecular Probes, Leiden,
The Netherlands) for 10 min. Zygotes were mounted in a
droplet of glycerol with (25 mg/ml) 1,4-diazabicyclo (2.2.2)
octane (DABCO; Acros, Ghent, Belgium) and nuclear DNA
was visualized using a Leica DMR fluorescence microscope
(Leica Microsystems, Brussels, Belgium). Oocytes with a
metaphase plate and a polar body were classified as being in
the MII stage. The presence of two pronuclei or cleaved
embryos with two equally sized blastomeres was indicative
for fertilization, whereas oocytes without penetrated sperm
heads were considered as not fertilized. Zygotes with more
than two pronuclei or more than one decondensed sperm head
were classified as polyspermic. In case of polyspermic
fertilization, the number of penetrated spermatozoa was
counted. The following fertilization parameters were assessed:
total fertilization rate (%), polyspermy (%), and the SPI (mean
number of penetrated spermatozoa per fertilized oocyte).
Effect of metalloprotease inhibitors on fertilization
parameters after porcine IVF

COCs were fertilized in the presence of 1,10-PHEN (5 and
20 mM; nZ483) or phosphoramidon (10 and 100 mM; nZ453).
Control COCs were fertilized under standard conditions
(nZ251 and nZ245 for the experiments with 1,10-PHEN
and phosphoramidon respectively). Each experimental unit
consisted of two droplets of 40–50 oocytes. This experiment
was repeated three times for each protease inhibitor.
Effect of metalloprotease inhibitors on fertilization
parameters after IVF of CI vs CF porcine oocytes

In vitro matured COCs were randomly assigned to eight groups
of w40 oocytes each (three replicates). Half of the COCs
(four groups) were denuded by vortexing with 0.1% (w/v)
Reproduction (2012) 144 687–697
hyaluronidase in HEPES-TM (cumulus free or CF), the other
half were kept CI. Both CF and CI oocytes were fertilized
under standard conditions (nZ291) and in the presence of
1,10-PHEN (20 mM; nZ273), 1,7-PHEN (20 mM; nZ279), or
TIMP3 (400 nM; nZ302). Final inhibitor concentrations were
based on preliminary dose–response experiments. The CF and
CI oocytes were co-incubated with 1.25!105 spermatozoa/ml
for 6 h (39 8C, 5% CO2). Before fixation, all groups were
vortexed to remove excess spermatozoa and cultured during
18 h. After Hoechst staining, the oocytes were evaluated for
fertilization parameters as described earlier.
Effect of 1,10-PHEN on sperm–zona binding

In vitro matured COCs were denuded by vortexing with 0.1%
(w/v) hyaluronidase in HEPES-TM and randomly assigned to
two groups of 20 oocytes (three replicates). The first group was
fertilized in standard fertilization medium (control), the second
group in the presence of 20 mM 1,10-PHEN. For unambiguous
counting of the number of spermatozoa bound to the ZP,
oocytes were co-incubated with 0.25!105 spermatozoa/ml
(39 8C, 5% CO2). After 4 h of co-incubation (Fazeli et al. 1995),
the oocytes were washed five times in PBS to remove loosely
bound spermatozoa, and subsequently fixed and stained with
Hoechst 33342. Of each oocyte, the average of two counts was
taken into account as the number of sperm bound to the ZP.
Evaluation of sperm membrane integrity, sperm
motility, and acrosomal status

To exclude a possible negative influence on spermatozoa,
parameters related to sperm quality were evaluated over time
in the presence of protease inhibitor concentrations that were
used in the experiments. Sperm membrane integrity, motility,
and the acrosomal status were evaluated at different time points
during incubation. Boar semen samples were diluted in HEPES-
TM to obtain a concentration of 20!106 spermatozoa/ml and
warmed in an incubator at 37 8C. After 30 min of warming,
aliquots of diluted semen were incubated with and without the
protease inhibitor concerned. Then at different time points
(0, 1, 4, and 6 h), one aliquot per test group was evaluated for
membrane integrity. Membrane integrity was assessed using
eosin–nigrosin staining, which is considered a reliable and
feasible technique (Maes et al. 2011). The average of three
counts of 100 spermatozoa per aliquot was taken into account.
Total and progressive motility were assessed by means of
computer-assisted sperm analysis (Hamilton Thorne, Beverly,
MA, USA). After 0, 1, 2, and 6 h of incubation, 5 ml of each
sperm fraction was mounted on a Makler Counting Chamber
and maintained at 37 8C using a minitherm stage warmer.
Five randomly selected microscopic fields were scanned for
five times each. Statistical analysis was performed using the
mean of the five scans of each microscopic field.

Acrosomal status was evaluated using FITC-conjugated
Pisum sativum agglutinin (PSA-FITC; L0770, Sigma–Aldrich).
Frozen epididymal semen was thawed for 60 s in a water
bath at 38 8C and spermatozoa were washed by centri-
fugation (3 min at 390 g) in 9.5 ml Androhep. The sperm
pellet was resuspended in FERT-TALP to obtain a sperm
www.reproduction-online.org
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concentration of 2!106 spermatozoa/ml and divided into six
aliquots of 1 ml. Aliquot 1 without inhibitor was used as
negative control. A second aliquot was supplemented with
1 mM A23187 calcium ionophore as full response control.
Sperm aliquots 3 and 4 were treated with 20 mM 1,10-PHEN,
aliquots 5 and 6 were treated with 400 nM TIMP3. Sperm
aliquots 4 and 6 were then supplemented with 1 mM A23187
calcium ionophore to evaluate the response in the presence
of a protease inhibitor. All incubations were carried out for
1 h at 39 8C in a 5% CO2 incubator. Subsequently, 1 ml
Hoechst 33342 (Molecular Probes) was added to each
aliquot and sperm aliquots were incubated for 3 min at
37 8C. After centrifugation at 720 g for 10 min, the super-
natant was removed and the sperm pellets were resuspended
in 50 ml 96% ethyl alcohol and incubated for 30 min at 4 8C.
Afterward, 15 ml of each sperm aliquot was smeared on a
glass slide and air-dried. Then 15 ml PSA-FITC (2 mg
PSA-FITC diluted in 2 ml PBS) was added. The glass slides
were kept for 15 min at 4 8C, washed five times with
deionized water, and air-dried. At least 100 spermatozoa in
each sperm aliquot were evaluated using a Leica DMR
fluorescence microscope (Leica Microsystems).

All spermatozoa were stained with Hoechst. The acrosomal
region of acrosome-intact spermatozoa was PSA-FITC positive
and labeled green, while acrosome-reacted spermatozoa
retained only an equatorial labeled band with little or no
labeling of the anterior head region.
Visualization of spermatozoa within the cumulus
oophorus

Frozen–thawed spermatozoa were washed by centrifugation
(3 min at 390 g) in 9.5 ml Androhep. The sperm pellet was
diluted in HEPES-TM to a concentration of 20!106 sperma-
tozoa/ml and spermatozoa were incubated with 250 nM
Mitotracker (M7511, Molecular Probes) during 20 min at
38 8C. Subsequently, spermatozoa were washed twice by
centrifugation in HEPES-TM (3 min at 390 g) and diluted in
FERT-TALP. The mitotracker-labeled spermatozoa were added
to 25 ml fertilization droplets containing in vitro matured COCs
(1 COC per droplet) resulting in a final concentration of 1.25!
105 spermatozoa/ml. Gamete co-incubation was performed in
standard FERT-TALP medium and in FERT-TALP with 20 mM
1,10-PHEN. After 2, 4, and 6 h of incubation, COCs were
washed individually in PBS and fixed with 2% paraformalde-
hyde for 20 min at room temperature. To stain the nuclei, COCs
were incubated with 10 mg/ml Hoechst 33342 for 3 min at
room temperature, followed by two washes in PBS. Each COC
was mounted in glycerol with DABCO and evaluated for the
presence of mitotracker-labeled spermatozoa in the cumulus
oophorus using a Leica DMR fluorescence microscope (Leica
Microsystems).
Statistical analysis

Differences in percentages of total fertilization and polyspermy
rate were analyzed by means of binary logistic regression.
ANOVA was used to evaluate the SPI and the differences in
mean number of spermatozoa bound to the ZP. Differences in
www.reproduction-online.org
membrane integrity, sperm motility, and acrosomal status were
evaluated using repeated measures ANOVA. Hypothesis
testing was performed using a significance level of 5%
(two-sided tests; SPSS 16.0).
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