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ABSTRACT

IMPACT OF EQUINE SPERM PHOSPHOLIPASE C ZETA CONTENT ON CLEAVAGE

RATES AFTER ICSI

Intracytoplasmic sperm injection (ICSI) is used in equine assisted reproductive
medicine to generate offspring when other procedures fail. However, for some stallions,
ICSI is not successful in producing embryos. This could be caused by multiple factors
associated with stallion or mare gametes, which result in low cleavage and embryo
development rates. Phospholipase C zeta (PLCz) has been identified as a sperm-
associated factor that contributes to oocyte activation and is correlated to ICSI success
in other species. We hypothesized that sperm population content of PLCz is associated
with cleavage after ICSI and that components of the sperm tail, by virtue of containing
oocyte activation factors can activate oocytes and induce cleavage.

For the experiments, ICSI was performed using equine sperm with “High” or
“‘Low” PLCz content on bovine oocytes (heterologous model) and equine oocytes to
confirm results in the same species. More bovine oocytes (P=0.04) and equine oocytes
(P=0.01) cleaved after injections with sperm having High PLCz content than Low PLCz
content (bovine: High, 33/62, 53% and Low, 19/56, 34%; and equine: High, 9/10, 90%
and Low 4/12, 33%). The addition of equine sperm tail components to the injection of
sperm from a stallion with low PLCz population during ICSI improved (P<0.05) cleavage

rates of bovine oocytes.



In conclusion, PLCz content of equine sperm population was associated with
cleavage rates following ICSI. Bovine oocytes provided a heterologous model to
estimate the ICSI potential of an equine sperm population before use with equine
oocytes, providing a more feasible and less costly system to evaluate sperm.
Components of the equine sperm tail appear to assist activation for sperm from stallions

with low PLCz content.
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LITERATURE REVIEW

INTRODUCTION

In horses, assisted reproduction techniques have been used for decades to help
produce animals with superior genetics and desired characteristics (Squires et al.
1999). Intracytoplasmic sperm injection (ICSI) is an accepted technique in equine
reproductive medicine, which is employed in cases when other techniques fail to
produce offspring (Hinrichs, 2005).

In equids, as in other farm animal species, oocyte activation is higher when the
sperm tail is damaged before injection. This indicates that damage of sperm
membranes before injection may increase the exposure of sperm-borne, oocyte
activation factors (Keskintepe et al. 1997). However, in cases where ICSI fails to
produce a zygote, failure of oocyte activation is a potential cause. Chemical oocyte
activation has been described in multiple species as a valid technique to increase
ooplasm levels of calcium and trigger oocyte activation (Wani, 2008; Borges et al. 2020;
Che et al. 2007). However, there are still concerns to the future health of the offspring
when chemical oocyte activation is used (Miller et al. 2016). Reagents such as
ionomycin, ethanol, and calcium ionophore induce a single large increase in ooplasm
calcium levels, which is different from the wave-like increases that occur during regular
fertilization (Ferrer-Buitrago et al. 2019). Studies in other mammalian species have
shown that oocytes that fail to activate retain their capacity to generate and maintain
calcium signaling in response to stimuli (Swann et al. 2012). This suggests that sperm

factors are a cause of failed oocyte activation.



Most information about mammalian oocyte activation, including sperm oocyte
activation factors and sperm interactions, are derived from species other than the equid.
Although there is the assumption that similar sperm factors are associated with equine
oocyte activation, this has not been ascertained. In the present studies, we evaluated
the importance of the most widely accepted mammalian sperm-born activation factor,
phospholipase C zeta (PLCz), on ICSI success and the importance of sperm-tail content

on oocyte activation, as determined by cleavage rates.

EQUINE INTRACYTOPLASMIC SPERM INJECTION

Horses are selected for breeding based on their athletic performance or pedigree
in contrast to production animals that are also subjected to selection pressure based on
their reproductive traits. The constant practice of breeding selections based on those
characteristics and the use of assisted reproductive technologies to overcome poor
fertility fitness, result in animals that inherit subfertility traits and equine populations that
present low conception rates (Nath et al. 2010). Assisted reproductive techniques, such
as artificial insemination and embryo transfer, have been used for many decades in
horses to overcome those fertility problems; but every technique has limitations. The
success of more widely used techniques such as artificial insemination, which is
responsible for production of 90% of Standardbred foals (Nath et al. 2010), can be
limited by problems of the tubular genitalia. Equine intracytoplasmic sperm injection
(ICSI) was first performed in the mid-1990s but was not commercially available until the
early 2000s (Squires et al. 2003). With the availability of ICSI, other fertility problems

commonly associated with some mares and stallions could be bypassed and embryos



produced (Carnevale, 2008). Intracytoplasmic sperm injection has become a useful tool
to preserve valuable genetics, to produce foals when sperm availability is limited, or to
use when a subfertile mare fails to generate embryos in vivo. Although ICSI can be
used when sperm numbers or quality is limited (Choi et al. 2016), the success of ICSI is
still dependent on sperm factors (Stout et al. 2018). In clinical ICSI programs, variability
among stallions and mares make studying causes of ICSI failure difficult. A stallions’
breed, in vivo fertility, method of sperm preparation, and sperm differences among
collections influence cleavage rates and blastocyst formation (Galli et al. 2016).
However, specific factors associated with equine sperm that are critical for ICSI success

have not yet been determined.

Sperm for ICSI

Fresh, Cooled, Frozen and Refrozen Sperm

On the final phases of the spermatogenesis, spermatozoa lose biosynthesis
ability which simplify the metabolic function of those cells. This make the natural demise
of those cells easily delayed or prevented by low temperatures (Hammerstedt, 1993).
Intracytoplasmic sperm injection can be performed using fresh, cooled, frozen, or
refrozen semen. When available, fresh or cooled semen may be preferred for ICSI.
Because of stallion sperm variability, standard freezing protocols that efficiently work for
different stallions have not been developed (Rodriguez et al. 2011; Squires at al., 2004),
and the success of freezing protocols varies among stallions (Graham, 1996). The
success of ICS| seems to be higher when fresh or cooled semen is used (Carnevale,

personal communication). However, frozen semen for ART use has the advantage of



easy storage and ready availability, making its use more convenient when compared to
fresh or cooled semen that has to be collected and often shipped to the ICSI laboratory
in synchrony with the mare oocyte collections. Furthermore, in many cases, only frozen
semen is available for clinical use. Semen that is of high value, but low availability, can
be preserved by either refreezing previously thawed sperm that were not selected for
injection or by diluting and refreezing a single straw into ICSI-dose straws. This process
maximizes the use of sperm and raises the number of possible offspring that can be
produced (Choi et al. 2006). However, the freezing process damages sperm and, when
repeated, sperm fertility parameters can decrease substantially (Gonzalez-Castro et al.
2016; Leisinger et al. 2017). When frozen or refrozen sperm does not achieve desirable
results, failure of oocyte activation is the probable cause (Ruggeri et al. 2015) with
oocytes not cleaving after ICSI (Tremoleda et al. 2003). The failure of an oocyte to
cleave is most probably caused by the loss of sperm activation factors during the
cryopreservation process (Choi et al. 2006). In humans, sperm cryopreservation has
been shown to decrease PLCz content by 20 — 56% in sperm of some donors (Kashir et
al. 2011). Therefore, new methods are needed to either optimize equine sperm freezing

for ICSI or to improve oocyte activation when using frozen or refrozen sperm.

Stallion variability

Reproductive work on subfertile stallions can be challenging, and ICSI can be the
only technique for successful outcomes (Lazzari et al. 2002). Stallion variability in ICSI
is recognized in clinical programs, although results from studies are mixed, perhaps

because of the low number of stallions compared in most published studies. Stallions



with normal sperm motility and morphology can have poor ICSI results (Choi et al. 2016;
Galli et al. 2016). When post-thaw motility and field fertility were correlated with
cleavage, morula and blastocyst formation, only sperm with less than 10% of post-thaw
motility and no field fertility resulted in poor cleavage rates after ICSI (Lazzari et al.
2002). An analysis of 564 ICSI sessions was performed in a commercial program, with
semen from 18 stallions; for 16 stallions, there was no significant difference on
blastocyst formation per oocyte injected. Blastocyst rates were clustered from 6 to 19%
for the stallions, although a range of 4% to 27% was observed for the whole group
(Stout et al. 2018). When fresh semen was collected at the time of ICSI, one stallion in a
group of seven had lower cleavage rates on oocytes from slaughter ovaries (Herrera et
al. 2012). In another study, frozen-thawed sperm population parameters were compared
with ICSI outcome. Sperm population morphology and DNA integrity did not correlate
with oocyte cleavage, embryo development, or pregnancy. However, the live/dead
percentage and hypoosmotic swelling test were good predictors for cleavage
(Gonzalez-Castro and Carnevale, 2018). In another study, levels of PLCz on human
sperm were compared before and after cryopreservation. Sperm that were frozen had
PLCz levels decreased, particularly at the post-acrosomal region (Moreau, 2019). This
indicates that plasma membrane integrity may be related to the ability of sperm to

induce oocyte activation after ICSI.

Selection criteria
For each ICSI injection, a single sperm is selected. The initial sperm selection will

influence ICSI outcomes (Choi et al. 2016). Techniques can be used which help select



sperm with good morphology, viability, membrane integrity, and low DNA fragmentation
(Gonzalez-Castro and Carnevale, 2019). Semen selection for equine ICSI has been
done using a swim-up procedure, density gradient centrifugation, microfluidic devices,
or a combination of the methods, depending on preference and semen quality. The
swim-up method consists of placing sperm in the bottom of a conical tube with a layer of
medium on top into which motile sperm will swim upwards. The supernatant that contain
only sperm capable of swimming is collected for ICSI (Choi et al. 2004). Density
gradient centrifugation consists of layering the initial sperm sample over a layer of
colloidal solution in a conical tube. The tube is centrifuged, and the pellet of sperm from
the bottom of the tube, which most has the capability of swimming forward, is washed to
remove the colloidal solution and used for ICSI (Stoll et al. 2013). Sperm sorting by
microfluidic separation involves using a microfluidic chip for isolation of healthy sperm
by laminar flow, creating gradients through microchannels and chambers (Gonzalez-
Castro and Carnevale, 2019). All the techniques commonly used to select ICSI sperm
are primarily based on motility, although they can result in the co-selection of other
desirable characteristics within the selected subpopulation of sperm. For instance,
sperm motility is associated with normal membrane function. The initial selection of
sperm does not differentiate many parameters that are known to influence ICSI
outcomes and does not eliminate unviable sperm.

After the initial selection, the sperm will be imaged, typically at 200x
magnification for equine ICSI, in a drop of viscous medium often containing
polyvinylpyrrolidinone (PVP) to decrease motility and facilitate selection. Individual

sperm cells are selected for ICSI by the technician based on normal morphology and



progressive motility (Carnevale and Sessions, 2012). Although sperm selection
techniques are efficient to select subpopulations with better sperm parameters, the
individual sperm picked up for ICSI may still not be perfect. This final selection based on
motility and morphology can fail to select sperm with necessary factors and, in some

cases, lead to failed ICSI results.

OOCYTE ACTIVATION

During fertilization, oocytes must undergo a series of intracellular events that initiate
further development, such as a block to polyspermy and a signal to initiate development
(Boron and Boulpaep, 2009). The fertilizing sperm is responsible for delivering some of
these signals. Sea urchin, fish, and frog oocytes have a single large calcium increase in
the ooplasm, at the point of sperm entry which then spreads through the ooplasm
(Stricker, 1999). The main change observed in the mammalian oocyte at fertilization is a
rise of calcium followed by multiple wave-like oscillations of calcium concentration in the
oocyte cytoplasm (Miyazaki, 1988). This calcium release lasts several hours, and
calcium oscillation patterns vary, depending on species. The calcium concentration and
the intensity of the oscillations are modulated by calcium channels located in the
endoplasmic reticulum. (Boulware and Marchant, 2005). The frequency of calcium
oscillations tends to be lower in species with larger oocytes, such as cows and pigs
(Fissore et al. 1992; Machéaty et al. 1997). In mice and hamster oocytes, the initial
calcium rise originates at the site of sperm-oocyte fusion, but calcium oscillations
increase in frequency and potency as more waves are generated throughout the

ooplasm (Swann and Ozil, 1994). Changes in wave profiles potentially result from a



change in the cytoplasm from ‘non-excitable’ to ‘excitable’ upon fertilization. Calcium
injected into unfertilized hamster oocytes does not promote new calcium waves; but
calcium injection, even in low doses, triggers substantial waves when the oocytes have
been fertilized (Ozil and Swann, 1995). These calcium waves are identified as a major
component of oocyte activation, and researchers have started to study which sperm

components are responsible for triggering this calcium release in the fertilized oocyte.

Oocyte activation concepts
Mechanisms

Two hypotheses have been proposed to explain how sperm initiate calcium
oscillations during fertilization. One hypothesis is that sperm binding to an oolemmal
surface receptor mediates the ooplasm response, the other hypothesis is that sperm
introduce molecule(s) after gamete fusion that act within the ooplasm to trigger the
calcium response (Stricker, 1999). The oolemmal receptor hypotheses was initially
accepted, prior to the discovery of sperm-associated molecules that can trigger calcium
release in the ooplasm. Recently, successful ICSI demonstrates that sperm interaction
with the oolemma is not required for oocyte activation and embryo development (White
etal. 2010).

The receptor-mediated hypothesis proposes that a transduction signal of a
receptor located on the oocyte plasma membrane binds to a protein tyrosine kinase or
G-protein complex. This activates phospholipase C and induces hydrolysis of
phosphatidylinositol 4,5-biphosphate (PIP2) into diacylglycerol and inositol triphosphate

(IP3). IP3 then binds to its receptors on the endoplasmic reticulum to promote the transit



of calcium into the cytoplasm (Fissore and Robl, 1994). Potentially, integrins are
involved in the sperm-oocyte binding process; however, no specific receptors have
been identified (Almeida et al. 1995).

Alternatively, the sperm-factor hypothesis has gained support due to the
relatively long latent period from the initial sperm-oolemma contact to the start of
calcium oscillations. This period would be compatible with the time necessary for the
diffusion of a soluble sperm-supplied molecule into the ooplasm.

Oocyte activation is fundamental for proper embryo development. The most
broadly studied mechanism in oocyte activation following fertilization is calcium
signaling. It has been shown that insufficient or inconsistent calcium waves lead to
failure of oocyte activation. Experimentally blocking calcium inhibits cortical granule
exocytosis, calcium transients, second polar body formation, and initiation of oocyte

development (Kline and Kline, 1992).

Potential candidates

Researchers have tried for decades to identify a molecule responsible for oocyte
activation. While the results from earlier studies showed that calcium rise is fundamental
for proper oocyte activation and embryonic development, what triggers the calcium
release in the oocyte was not clear (Jaffe, 1983). Initial studies on receptor-mediated
sperm activation were done in model species to identify sperm ligands and oocyte
receptors that would be responsible for the initiation of calcium modulations. The
identification process was done by trying to discover sperm ligands and oolemal

receptors that would generate calcium transients via signaling cascades involving G-



proteins, integrins, and/or tyrosine kinases. The external application of P23, a sperm
acrosomal peptide, resulted in increased cytoplasmic calcium levels in Urechis caupo
oocytes (Stephano and Gould, 1997). A similar increase in intracellular calcium was
observed by the external use of metalloprotease/disintegrin/cysteine-rich sperm protein
to frog eggs (Shilling et al. 1998); but the effect was not replicated in mammalian
oocytes, indicating that a different mechanism is involved for mammalian oocyte
activation.

An “oscillin” protein was proposed as an oscillogen candidate for a mammalian
sperm-factor oocyte activator (Parrington et al. 1996), but further research
demonstrated that oscillins are not responsible for mobilizing calcium (Wolosker et al.
1998). Other molecules historically investigated as possible sperm-born oocyte
activators included different forms of phospholipase C (PLC), calcilin and C-kit.
However, although calcium waves were observed, cleavage did not occur. This
happens when candidate molecule concentrations necessary to induce oocyte
activation do not match those found in a single sperm, ruling them out as a sperm-born
activation factor. However, the mechanism by which sperm causes the release of
calcium was determined to be through stimulating IP3 production (Jones et al. 2000),
indicating that a Pl-specific PLC is likely involved in the mechanism of signal
transduction (Rice et al. 2000). This led a group of researchers to propose a newly
discovered PLC isoform named phospholipase C zeta (PLCz), as a sperm factor
responsible for triggering the cytosolic calcium oscillations in mammal oocytes
(Saunders et al. 2002). PLCz at concentrations associated with a single sperm were

shown to promote calcium oscillations and normal embryo development to the

10



blastocyst stage in mouse oocytes. Moreover, sperm treated with an anti-PLCz antibody
failed to trigger calcium release and induce oocyte activation (Saunders et al. 2002).
However, some studies suggest while PLCz importance for oocyte activation is clearly
high, it may not be the only sperm oocyte activation factor. This conclusion is based on
the fact that knock out PLCz sperm is not capable of inducing calcium release in the
oocyte after ICSI but triggers a small calcium release after IVF (Jones, 2018). Recent
studies have confirmed the importance of this molecule to oocyte activation in multiple

species, but very little has been done in horses.

PHOSPHOLIPASE C ZETA: STRUCTURE AND LOCALIZATION

Phospholipase C zeta is the smallest PLC enzyme found in mammals and is the
only PLC that does not have a Pleckstrin homology domain (Amdani et al. 2013).
Phospholipase C zeta is a testis-specific PLC that is expressed in sperm and depending
on the species, PLCz mRNA can be present in a range of spermatogenic phases
(Aarabi et al. 2012). In the equine species PLCz protein is expressed during
spermatogenesis to the round spermatids (Bedford-Guaus et al. 2011). The capacity of
PLCz to release calcium in the ooplasm is 100 times greater than PLC delta (Everett
and Katan, 2016). In human sperm, PLCz is located primarily in the equatorial region of
the sperm head, although it is also found in the acrosomal and post-acrosomal regions
in some sperm (Grasa et al. 2008). After capacitation, human sperm tend to have more
post-acrosomal PLCz immunoreactivity (Grasa et al. 2008). Mouse and hamster sperm
share the same PLCz localization pre- and post-capacitation as does human sperm

(Young et al. 2009). In stallion sperm, PLCz contains 1914 base pairs that translate to a

11



~73 kDa protein and is located in the equatorial segment, head-midpiece junction, and
principal piece of the flagellum (Bedford-Guaus et al. 2011). Despite current and past
efforts to validate PLCz as a sperm-oocyte activation factor, some researchers don’t
agree that PLCz meets the requirements to be considered one (Aarabi et al. 2012).
Further research is necessary to understand better how PLCz impacts oocyte activation

mechanisms and identify other sperm molecules that may be involved in this process.

Mechanism of action

The proposed mechanism by which PLCz induces oocyte activation is that the
sperm PLCz is released into the ooplasm immediately after the sperm-oolema fusion.
PLCz hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP2), generating diacylglycerol
(DAG), and inositol 1,4,5-triphosphate (IP3), which then binds to its own receptor (IP3R)
in the membrane of the endoplasmic reticulum. When IP3 binds to IP3R, calcium is
released from the endoplasmic reticulum, generating the initial calcium rise in the
ooplasm. After the initial calcium rise, wave-like calcium oscillations are generated and
continue until IP3 receptors are down-regulated by increased calcium concentrations

(Anifandis et al. 2016).

Relevance to male fertility

After its discovery, multiple studies were done to investigate the possible impact
of PLCz on male fertility, most studies were performed on human or mouse sperm as a
model. Sperm from men with repeated ICSI cycle failures were analyzed and found to

have mutated PLCz. Abnormal PLCz was linked to infertility conditions caused by

12



abnormal or a complete absence of PLCz in morphologically normal or abnormal sperm
(Heytens et al. 2009; Kashir et al. 2012). A comparison of PLCz at RNA and protein
levels in sperm from couples going under ICSI trials suggested that low levels of PLCz
in sperm with globozoospermia may be the cause of low fertilization rates when this
condition is present (Tavalaee et al. 2018). In pigs, percentage of sperm positively
labeled for PLCz and cleavage rate after ICSI were higher after Percoll gradient
centrifugation, indicating PLCz levels are correlated to ICSI outcomes for this species
(Nakai et al. 2016). In horses, the concentration of PLCz was shown to be lower in
sperm from subfertile stallions with morphologically “normal” sperm; and PLCz level has
been suggested as a possible stallion fertility indicator (Gradil et al. 2006). When
examined using flow cytometry, the percentage of sperm cells with intact membranes
was positively correlated with the percentage of sperm positively labelled for PLCz in
stallion sperm (Gonzales-Castro et al. 2017), suggesting that PLCz presence is
correlated to the presence of viable sperm. The percentage of equine sperm positively
labeled for PLCz can vary widely among samples designated for ICSI, suggesting that
PLCz levels could impact success rates in this technique (Gonzalez-Castro and

Carnevale, 2018).

ICSI

Intracytoplasmic sperm injection is widely used in human reproductive medicine
(Boulet et al. 2015). For couples with fertility problems, ICSI can higher their chances of
obtaining a pregnancy depending on which fertility problems are involved. In vitro

fertilization methods are used for many cases of male infertility, such as when sperm
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count is low (Johnson et al. 2013). However, 1 to 5% of oocytes fail to activate after
ICSI (Liu et al. 1995). Typically, ten human oocytes are available for an ICSI attempt on
each cycle, which make cases of total fertilization failure relatively rare. In such cases,
options are limited and may include methods such as chemical activation of oocytes
using a calcium ionophore; however, this is a concern for potential health side effects
(Deemeh et al. 2015). Financial restrictions from the couple undergoing an ICSI
program may also play a role to determinate how many unsuccessful cycles can be
done before an approach of oocyte chemical activation is taken in consideration. A
model used to research methods to rescue oocytes that fail to activate, is to perform
ICSI in human and mouse oocytes with heat-treated human sperm. Heat causes the
loss of sperm capacity to generate calcium oscillations. Previous research has shown
that calcium ionophores or recombinant human PLCz can be used to promote activation
of murine oocytes with similar cleavage rates, although the development to blastocyst is
higher after using the recombinant protein (Sanusi et al. 2015). PLCz injection offers an
alternative to calcium ionophores and are a more physiological stimulus to rescue
oocytes that fail to activate. A similar study, also using human recombinant PLCz but no
sperm, showed that both human and murine oocytes expressed calcium waves in a
dose-dependent manner after PLCz injections. When U73122, a PLC inhibitor was used
in conjunction, oocytes failed to activate (Yoon et al. 2012). This indicates that PLCz

can, by itself, trigger the physiological mechanisms that lead to oocyte activation.
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HYPOTHESIS

Oocyte activation is a necessary event for fertilization, which is initiated by an
increase in ooplasmic calcium levels. This event is triggered by sperm oocyte activation
factors, including PLCz, and is followed by characteristic ooplasmic calcium oscillations
in a species-specific manner. Recent studies have linked low cleavage rates and
infertility with abnormal or absent PLCz on mammalian sperm (Heytens et al. 2010;
Saunders et al. 2002), we hypothesized that the concentration of sperm positively
labeled for PLCz in a population of equine sperm can be a predictor of cleavage rate
after equine ICSI. For this study, we used equine sperm populations with high or low
concentrations of PLCz for ICSI of equine oocytes and bovine oocytes, as a
heterologous model, to assess stallion fertility for ICSI. Finally, we hypothesized that
components of the sperm tail contain factors that can be used to improve oocyte

activation after ICSI.

15



MATERIALS AND METHODS

Experimental design

In Experiment 1, bovine and equine oocytes were injected with stallion sperm
from populations with “High” or “Low” PLCz content to determine the impact on
cleavage rates. In Experiment 2, bovine oocytes were injected with sperm considered
“‘Low” PLCz, as in Experiment 1, with the addition of sperm tail components to

determine if cleavage rates would be improved.

Media for bovine oocytes

Unless stated otherwise, all chemicals for bovine media were obtained from Millipore
Sigma (St. Louis, MO, USA). Chemically defined media (CDM) was prepared at
Colorado State University (CSU, Fort Collins, CO). Media used for bovine in vitro
maturation (IVM), oocyte handling (H-CDM-M), in vitro maturation (IVM), embryo
handling (H-CDM-1), and embryo culture (CDM-1) were made as published (Olson and

Seidel, 2000), with modifications (Torre-Sanchez et al. 2006).

Collection of bovine and equine oocytes

Bovine ovaries were obtained from a local abattoir, rinsed with saline and
transported to the laboratory within 1 to 2 h in an insulated container with saline at 24 +

10C. Cumulus oocyte complexes (COCs) were aspirated from 2 - 8 mm follicles using
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an 18-G needle attached to a vacuum pump (Rocke’[® Craft Suction Pump; Rocket
Medical, Washington, Tyne and Wear, UK) set at -175 mm Hg. Cumulus oocyte
complexes were identified and graded according to cumulus cell and ooplasm
morphology. Only oocytes with compact cumulus cells and normal morphology were
used for the project. The COCs were rinsed twice in H-CDM-M and transferred into four-
well dishes (Nunc, Thermo Scientific, Waltham, MA) containing 500 pL of bovine IVM
medium per well. The COCs were incubated at 5% COz in air at 38.50C for 23 + 1 h.
After maturation, COCs were denuded by vortexing for 60 seconds in H-CDM-1, and
oocytes with normal morphology and extruded polar body were used for

intracytoplasmic sperm injection (ICSI) with equine sperm.

Equine oocytes were obtained from light-horse mares that were housed in dry lot
paddocks with access to covered shelters and provided grass-alfalfa hay, mineral
blocks, and water ad libitum. All procedures with animals were performed in accordance
with the University’s IACUC protocols. Mares’ reproductive tracts were monitored by
transrectal ultrasonography to determine the phase of their reproductive cycle and to
determine follicular growth. Mares that were in the follicular phase and had one or more
follicles 2 35 mm in diameter were administered human chorionic gonadotropin (hCG;
2000 U, intravenous; Chorulon, Merck Animal Health, Madison, NJ) and deslorelin
acetate (0.75mg, intramuscular; Precision Pharmacy, Bakersfield, CA). Oocytes were
collected from the mares approximately 24 h after administration of induction drugs by
ultrasound-guided, transvaginal follicular aspirations (Carnevale, 2016). Collected
oocytes, with expanded cumulus, were cultured in medium (TCM-199; Gibco BRL Life

Technologies, Grand Island, NY, USA) containing 10% fetal calf serum (FCS; Cell
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Generation, Fort Collins, CO, USA), 0.2 mM pyruvate, and 25 yg mL-1 gentamicin
(Sigma) at 38.2°C in an atmosphere of 7% COz2 and air. If cumulus expansion was not
observed at collection indicating the oocyte was not mature, oocytes were cultured in
the same maturation medium, but with the addition of 1 ug/ml luteinizing hormone, 15
ng/ml follicle stimulating hormone (NHPP; UCLA Medical Center, Torrance, CA) 50
ng/ml epidermal growth factor, 100 ng/ml insulin-like growth factor 1, 1 pg/ml estradiol,
500 ng/ml progesterone (Sigma). Oocytes were denuded from cumulus cells 44 + 1h
after administration of deslorelin and hCG using hyaluronidase at 200 IU/ml. Oocytes

with a polar body were injected with equine sperm.

Selection of equine sperm

Prior to this experiment, sperm from stallions (n=21) were assessed by flow
cytometry for PLCz content based on mean fluorescence intensity (MFI) and
percentage of sperm positive labeling for PLCz. Frozen-thawed samples were washed
in phosphate buffered saline (PBS) by centrifugation, antiPLCz H50 was added as
primary antibody (1:100) and incubated overnight at 4°C. Samples were then washed in
PBS and incubated for 60 min with secondary antibody Alexa Fluor®488 at 1:200 in
room temperature (Gonzalez-Castro et al. 2017). For this experiment, four stallions
were selected from the larger group. These stallions’ sperm had similar fertility
indicators (>70% normal morphology, <8% DNA fragmentation as based on flow
cytometry using the Sperm Chromatin Structure Assay, and 41 + 15% of viability
assessed using SYBR14+/PIl-). Sperm from two stallions were considered to have high

PLCz (High; Stallion 1, 87% of sperm positively labeled for PLCz with 10,384 of Mean
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Fluorescence Intensity and Stallion 2, 84% with 10,784 MFI). Sperm from an additional
two stallions had low PLCz (Low; Stallion 3, 56% of sperm positively labeled for PLCz
with 4,789 MFI and Stallion 4, 59% with 5,360 MFI). Prior to flow cytometry, western
blotting and immunofluorescence were performed to validate antibody binding and to
identify PLCz as a 71 kDa protein in stallion sperm, located in the acrosomal and post-

acrosomal region, and the tail (Gonzalez-Castro et al. 2017).

Intracytoplasmic sperm injection and embryo culture

Prior to ICSI, approximately one-tenth of a 0.5-ml straw of frozen semen was cut
under liquid nitrogen and thawed directly in 1 ml of a medium buffered for room
atmosphere (GMOPS; Vitrolife, Gothenburg, Sweden) with 0.4% bovine serum albumin
(BSA) at 38.2°C. A 5-pl droplet from the sperm dilution was placed in the ICSI plate;
individual sperm were selected at 200X based on the subjective evaluation of normal
morphology and progressive motility. Selected sperm were placed into a second droplet
of GMOPS with 3.8 mM calcium lactate and 5% polyvinylpyrrolidone (PVP) and

received a short pulse at its midpiece using the Piezo drill.

For ICSI or sham injections, the oocyte was held in a 30-ul drop of GMOPS with
0.04% BSA, and the polar body was positioned at 12 o’clock. For sperm injections using
High or Low with bovine and equine oocytes, stallions were rotated by ICSI session.

The order of use for each stallion was randomly selected for the initial four ICSI cycles,
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alternating between High and Low for subsequent injections, the same order was
repeated. For bovine sham injections, oocytes were injected with GMOPS only and no
sperm, to determine the rate of parthenogenetic cleavage.

Injected bovine oocytes were placed into culture wells containing 500 mL of
equilibrated CDM-1. Embryo culture was performed at 38.5°C in 5% COz, 5% O2, and

90% No.

After ICSI, presumptive equine zygotes were placed into embryo culture medium
(Global®; LifeGlobal Group, Guilford, CT, USA) in 30-uL drops under oil (OVOILTwm;
Vitrolife) and incubated at 38.2°C in 7% COz2, 5% Oz, and 88% N2. Presumptive zygotes
were assessed for cleavage (= two apparent cells) at 24 + 2 h after sperm injection and
rechecked at approximately 48 h to confirm if additional sperm-injected oocytes had

cleaved.

Sperm tail component additions

Frozen semen from one ejaculate of a single, fertile stallion was used for the

preparation of all samples. Sperm were frozen in 0.25-ml straws using BotuCrio®
(BotuPharma, Botucatu, Brazil) at 200 million sperm/ml and thawed at 36 °C. Two types
of samples were prepared for ICSI. The first was composed of a blend of refrozen
sperm tail components (ST Blend) and the second was composed of a snap-frozen and
filtered sperm tail blend (ST Filtrate). For the preparation of ST Blend, 2 straws of

semen were diluted in 8 ml of medium (Vigro Complete Flush, Vetoquinol, Princeville,
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QC, CA) and centrifuged at 500 g for 8 min. The supernatant was discarded, and the
pellet was diluted with 200 pl of GMOPS in a 0.6-ml microcentrifuge tube and sonicated
with an ultrasonic probe (Branson Sonifier 450, Branson Ultrasonics Corporation,
Danbury, CT) for 10 cycles at power 3 and 30% of pulsar, resulting in sperm
decapitation without heat or defragmentation of heads and tails. Contents of the tube
were transferred into a 1.5 ml microcentrifuge tube and centrifuged (Minispin Plus
Centrifuge, Eppendorf, Hamburg, Germany) for 2 min at 1000 g. The supernatant was
removed and placed in a new tube containing a bottom layer of 200 ul of GMOPS with
the addition of 5% PVP and centrifuged for 3 min at 1300 g. After centrifugation, the top

layer was removed and aliquote into microcentrifuge tubes for storage.

For the ST Filtrate, the same procedures were used with some exceptions. Four
straws of semen were used per separation. Before aliquoting and freezing, the tail blend
was snap-frozen in liquid nitrogen and thawed three times. The blend was then passed
through a 0.22-ul media filter (Millex-GV, Merk Millipore LTD, Tullagreen, Carringtwohill,
Co. Cork, IRL) and aliquoted. All samples were stored at -80°C.

ST Blend and Filtrate were used as additions during ICSI with bovine oocytes. A
single sperm from one low PLCz stallion (Stallion 3, Per first experiment), as used in the
previous experiment, was injected per oocyte. For control injections (Control), ICSI was
performed as previously described on bovine oocytes, with the exception that the
GMOPS with 5% PVP was frozen and thawed prior to use to simulate conditions for ST
Blend or Filtrate. For ST Blend injections, a single sperm was immobilized and placed
within a 5-ul drop of ST Blend. The sperm was then pulled into the injection pipette, and

injected into the oocyte with ST Blend, with approximately the length of the sperm plus
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two sperm-heads in the injection pipette of ST Blend. A third group of sperm injections

were done using similar methods with ST Filtrate.

Statistical analysis
Cleavage rates of equine oocytes were compared using Fisher’'s exact test.

Cleavage rates of bovine oocytes were compared using chi-square test.

Results

The overall cleavage rate differed (P<0.0001) for bovine oocytes (n=161) after
sham injections (0/43) or injections with equine sperm classified as High (33/62, 53%)
or Low (19/56, 34%). More (P=0.04) bovine oocytes cleaved after injections with High
than Low (Figure 1). For equine oocytes injected with High or Low, cleavage rates
differed (P=0.01) between groups (High, 9/10, 90% and Low, 4/12, 33%,) (Figure 1).
Sham injections were not performed with equine oocytes for this experiment, because
mechanical manipulation of the oocytes during sperm injection have not been reported

as a cause of parthenogenetic activation for this species.
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Figure 1. Percentages of bovine and equine oocytes that cleaved after injection with
equine sperm with Low or High PLCz. Percentages for bovine oocytes(ab) or equine
oocytes(a) with different superscripts differ at P<0.05.

The overall cleavage rate for bovine oocytes injected with a single sperm or a
sperm supplemented with ST Blend or ST Filtrate differed (P=0.0004), with significant
differences among all groups (Control 20/68, 29%; ST Blend, 43/106, 40% and ST
Filtrate, 56/94, 60%) (Figure 2). ST Blend and ST Filtrate were both used in this
experiment to assure that oocyte activation molecules would be soluble and available in

the medium after the processing of sperm tails.
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Figure 2. Cleavage rates for bovine oocytes injected with a single equine sperm (Low

PLCz) as the Control or with a sperm and ST Blend or ST Filtrate. ascPercentages with
different superscripts differ (P<0.05).
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DISCUSSION

Intracytoplasmic sperm injection in horses is relatively new when compared to
other assisted reproduction techniques, such as artificial insemination and embryo
transfer. However, ICSl is a proven technique for the production of equine offspring.
The effectiveness of ICSI bypasses several steps that occur during in vivo fertilization
and standard in vitro fertilization. Offspring can be produced by ICSI for subfertile mares
and for stallions with poor quality or limited semen (Choi et al. 2016). However, embryos
are difficult to produce by ICSI, for some mares and stallions. This is often associated
with failure of the oocyte to cleave after the sperm injection. The failure to produce
viable embryos is potentially associated with reduced oocyte developmental capability,
including chromosomal misalignment in old mares (Carnevale and Sessions, 2012) or
oocyte incompetence (Carnevale and Ginther,1995). However, although many oocyte
factors are essential for proper embryo development, this is often associated with failure
of embryo development and not of cleavage. This is observed with oocytes from old
mares, which typically cleave at similar rates to oocytes from young mares (Altermatt et
al. 2009), although embryo loss rates are much higher (Carnevale et al. 2000).
Therefore, factors that are essential for oocyte cleavage may be more directly
associated with the injected sperm than the oocyte.

Oocyte activation in mammals has been studied for decades, but only recently
were scientists able to identify a sperm factor that can induce activation when present in
the concentrations associated with a single sperm. Phospholipase C zeta (PLCz) is now
considered the probable sperm factor responsible for oocyte activation and the lack

thereof a possible cause for some male infertility cases. Human and mice sperm that
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are deficient in PLCz fail to induce oocyte cleavage both in vivo and in vitro, and sperm
from PLCz knockout mice only produce embryos in vitro after the addition of
recombinant PLCz (Saunders et al. 2002). Recombinant mouse PLCz cRNA in different
doses induced parthenogenetic activation of 97 to 100% of mare oocytes (Bedford-
Guaus et al. 2008), confirming that PLCz is important for equine oocyte activation.

However, PLCz has been associated with male fertility in some species, such as
the bovine (Kasimanickam et al. 2012). Little has been done in the equine. A single
nucleotide polymorphism within the PLCz codifying gene was associated with the
pregnancy rate per cycle for Hanoverian Warmbloods in a study with 228 stallions
(Schrimpf et at., 2014), confirming an indirect assessment of sperm PLCz content and
fertility. The use of anti-human and anti-mice PLCz antibodies was validated in our
laboratory to assess PLCz using immunofluorescence; this was important to identify the
percentage of equine sperm positively labeled for a specific population and to
demonstrate variability among stallions (Gonzalez-Castro and Carnevale, 2018).
Different parameters can be used to assess stallion field fertility, but there is not a gold
standard for sperm that is destined for ICSI. Most parameters that would characterize
an ejaculate as resulting in low fertility are overcome by the sperm preparation and
selection for the ICSI process. Although for some stallions, even the selection of a
morphologically normal, motile sperm for ICSI does not result in oocyte activation.

To demonstrate the association between PLCz content on sperm and zygote
cleavage after ICSI, we used heterologous fertilization with bovine oocytes. Bovine
oocytes are readily obtained from slaughterhouses and can be a good surrogate for

equine ICSI success since equine oocytes are more difficult and expensive to obtain. In
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the present study, we evaluated the extent that positive labelling with PLCz in a sperm
population is an indicator of ICSI success. In our first experiment, we performed ICSI
cycles using bovine oocytes and sperm from four stallions that we identify as having
either high or low levels of PLCz labeled sperm. We included a sham injection group
with bovine oocytes, as our laboratory has observed that some batches of bovine
oocytes are susceptible to parthenogenetic activation. In addition, equine oocytes were
injected with the sperm from the same stallions as bovine oocytes to confirm that
differences were consistent for oocytes from the different species. For bovine and
equine oocytes, sperm populations considered “High” versus “Low” for PLCz resulted in
higher cleavage rates after injection into an oocyte, supporting our initial hypothesis.
Consequently, the PLCz content in a sperm population appears to be a primary factor
associated with the ability of sperm to initiate oocyte activation. Of course, other factors,
which are associated with the injected sperm, could also play a role in oocyte activation.
In this project, blastocyst rates were not determined, as embryo development after
heterologous fertilization arrests at early stages of development, and equine oocyte
numbers were too low for statistical comparisons.

After analyzing the results obtained from the first experiment, we hypothesized
that cleavage rates could be improved by injecting a sperm tail from a stallion with
known good fertility in addition to a sperm from a low PLCz subfertile stallion. This was
difficult to do because of technical difficulties in injecting a single tail. Therefore, we
sonicated sperm tails from a fertile stallion and injected the “tail blend” or a filtered tail
blend during the ICSI process. We performed ICSI with bovine oocytes using the tail

blend and filtered blend. Cleavage rates for the sperm injections supplemented with tail
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components were higher than when a single “Low” PLCz sperm was injected. This
suggests that compounds associated with oocyte activation are present on the sperm
tail. The equine sperm tail has high concentrations of PLCz (Gonzalez-Castro et al.
2017), but mRNAs, WW domain-binding protein (PAWP) and other cell components that
may play a role in oocyte activation are also present (Amdani et al. 2015). Oocyte
supplementation with sperm tail components may be a more physiological way to
induce activation when compared to chemical activation.

In conclusion, our experiments demonstrate that the sperm population content of
PLCz is likely related to cleavage rates after ICSI. Supplementation of sperm tail
extracts, which potentially contain PLCz in addition to other sperm factors, promote
oocyte activation and cleavage after ICSI. Future research is needed to more accurately
determine the sperm-associated factors that cause equine oocyte activation. The
cloning of equine PLCz for use as an ICSI supplement would be a potential step toward
determining if PLCz is the primary and essential factor needed to activate the equine
oocyte. Our findings are the initial step in establishing a physiological method to
promote the activation of equine oocytes after injection of sperm, which otherwise result

in low cleavage rates after ICSI.

28



REFERENCES

Aarabi, M., Yu, Y., Xu, W., Tse, M. Y., Pang, S. C., Yi, Y., Sutovsky, P. and Oko, R.
(2012). The testicular and epididymal expression profile of plc¢ in mouse and
human does not support its role as a sperm-borne oocyte activating factor. PLoS
One 7(3): €33496. doi:10.1371/journal.pone.0033496

Almeida, E. A. C., Huovila, A. P. J., Sutherland, A. E., Stephens, L. E., Calarco, P. G.,
Shaw, L. M., Mercurio, A. M., Sonnenberg, A., Primakoff, P., Myles, D. G. and
White, J. M. (1995). Mouse egg integrin a6B1 functions as a sperm receptor. Cell
81, 1095-1104. doi:10.1016/S0092-8674(05)80014-5

Altermatt, J.L., Suh, T.K., Stokes, J.E. and Carnevale, E.M. (2009). Effects of age and
equine follicle-stimulating hormone (eFSH) on collection and viability of equine
oocytes assessed by morphology and developmental competency after
intracytoplasmic sperm injection (ICSI). Reprod. Fertil. Dev. 21, 615-23.
doi:10.1071/RD08210

Amdani, S. N, Jones, C. and Coward, K. (2013). Phospholipase C zeta (PLC(): Oocyte
activation and clinical links to male factor infertility. Adv. Biol. Reg. 53, 292-308.
doi:10.1016/j.jbior.2013.07.005

Amdani, S. N, Yeste, M., Jones, C. and Coward, K. (2015). Sperm factors and oocyte
activation: Current controversies and considerations. Biol. Reprod. 93, 1-8.

doi:10.1095/biolreprod.115.130609

29



Anifandis, G., Messini, C. |., Dafopoulos, K., Daponte, A. and Messinis, I. E. (2016).
Sperm contributions to oocyte activation: more than meets the eye. J. Assist.
Reprod. Gen. 33, 313-316. doi:10.1007/s10815-016-0653-0

Bedford-Guaus, S. J., Yoon, S. Y., Fissore, R. A., Choi, Y. H. and Hinrichs, K. (2008).
Microinjection of mouse phospholipase C{ complementary RNA into mare
oocytes induces long-lasting intracellular calcium oscillations and embryonic
development. Reprod. Fertil. Dev. 20, 875-883. doi:10.1071/RD08115

Bedford-Guaus, S. J., McPartlin, L. A., Westmiller, S. L., Buffone, M. G. and Roberson,
M. S. (2011). Molecular cloning and characterization of phospholipase C zeta in
equine sperm and testis reveals species-specific differences in expression of
catalytically active protein. Biol. Reprod. 85, 78-88.
doi:10.1095/biolreprod.110.089466

Borges, A. A., Santos, M. V. O., Nascimento, L. E., Lira, G. P. O., Praxedes, E. A.,
Oliveira, M. F., Silva, A. R. and Pereira, A. F. (2020). Production of collared
peccary (Pecari tajacu Linnaeus, 1758) parthenogenic embryos following
different oocyte chemical activation and in vitro maturation conditions.
Theriogenology 142, 320-327. doi:10.1016/j.theriogenology.2019.10.016.

Boron, W. F. and Boulpaep, E. L. (2009). Fertilization, pregnancy and gestation. In
‘Medical Physiology: Cellular and molecular approach’, 2nd ed. (Ed. Ervin E.
Jones) pp. 2204-2208. (Saunders, Elsevier.) ISBN: 9781416031154.

Boulet, S. L., Mehta, A., Kissin, D. M., Warner, L., Kawwass, J. F. and Jamieson, D. J.

(2015). Trends in use of and reproductive outcomes associated with

30



intracytoplasmic sperm injection. J. Am. Med. Ass. 313, 255-163.
doi:10.1001/jama.2014.17985

Boulware, M. J. and Marchant, J. S. (2005). IP3 receptor activity is differentially
regulated in endoplasmic reticulum subdomains during oocyte maturation. Curr.
Biol. 15, 765-770. doi:10.1016/j.cub.2005.02.065

Carnevale, E. M (2008). Clinical considerations regarding assisted reproductive
procedures in horses. J. Equine Vet. Sci. 28, 686-690.
doi:10.1016/j.jevs.2008.10.005

Carnevale, E. M. and Ginther, O. J. (1995). Defective oocytes as a cause of subfertility
in old mares. Biol. Repro. 52, 209-214.
doi:10.1093/biolreprod/52.monograph_series1.209

Carnevale, E. M., Maclellan, L. J., Coutinho da Silva, M. A., Scott, T. J. and Squires, E.
L. (2000). Comparison of culture and insemination techniques for equine oocyte
transfer. Theriogenology 54, 981-987. doi:10.1016/S0093-691X(00)00406-4

Carnevale, E. M. and Sessions, D. R. (2012). In vitro production of equine embryos. J.
Equine Vet. Sci. 32, 367-371. doi:10.1016/j.jevs.2012.05.054

Carnevale, E. M. (2016). Advances in collection, transport and maturation of equine
oocytes for assisted reproductive techniques. Vet. Clin. North Am. - Equine 32,
379-399. doi:10.1016/j.cveq.2016.07.002

Che, L., Lalonde, A. and Bordignon, V. (2007). Chemical activation of parthenogenetic
and nuclear transfer porcine oocytes using ionomycin and strontium chloride.

Theriogenology 67, 1297-1304. doi:10.1016/j.theriogenology.2007.02.006.

31



Choi, Y. H., Love, L. B., Varner, D. D. and Hinrichs, K. (2004). Factors affecting
developmental competence of equine oocytes after intracytoplasmic sperm
injection. Reprod. 127, 187-194. doi:10.1530/rep.1.00087

Choi, Y. H., Love, C. C., Varner, D. D. and Hinrichs, K. (2006). Equine blastocyst
development after intracytoplasmic injection of sperm subjected to two freeze-
thaw cycles. Theriogenology 65, 808-819.
doi:10.1016/j.theriogenology.2005.04.035

Choi, Y. H., Velez, I. C., Macias-Garcia, B., Riera, F. L., Ballard, C. S. and Hinrichs, K.
(2016). Effect of clinically-related factors in in vitro blastocyst development after
equine ICSI. Theriogenology 85, 1289-1296.
doi:10.1016/j.theriogenology.2015.12.015

Deemeh, M. R., Tavalaee, M.and Nasr-Esfahani, M. H. (2015). Health of children born
through artificial oocyte activation: a pilot study. Reprod. Sci. 22, 322-328.
doi:10.1177/1933719114542017

Everett, K. L. and Katan, M. (2016). The PLC Pathway. Ency. Cell Biol. 3, 153-160.
doi:10.1016/B978-0-12-394447-4.30017-7

Ferrer-Buitrago, M., Bonte, D., Dhaenens, L., Vermorgen, S., Lu, Y., Sutter, P. and
Heindryckx, B. (2019). Assessment of the calcium releasing machinery in
oocytes that failed to fertilize after conventional ICSI and assisted oocyte
activation. Reprod. BioMed. Online 38, 497-507. doi:10.1016/j.rbomo.2018.12.035

Fissore, R. A., Dobrinsky, J. R., Balise, J. J., Duby, R. T. and Robl, J. M. (1992).
Patterns of intracellular Ca2+ concentrations in fertilized bovine eggs. Biol.

Reprod. 47, 960-969. doi:10.1095/biolreprod47.6.960

32



Fissore, R. A. and Robl, J. M. (1994). Mechanism of calcium oscillations in fertilized
rabbit eggs. Dev. Biol. 166, 634-642. doi:10.1006/dbio.1994.1343

Galli, C., Colleoni, S., Duchi, R. and Lazzari, G. (2016). Male factors affecting the
success of equine in vitro embryo production by ovum pickup-intracytoplasmic
sperm injection in a clinical setting. J. Equine Vet. Sci. 43, S6-S10.
doi:10.1016/j.jevs.2016.05.014

Gonzalez-Castro, R., Sanches, F. A., Graham, J. and Carnevale, E. (2016).
Comparison of extenders for equine semen refreezing for intracytoplasmic sperm
injection. Anim. Reprod. Sci. 169, 99-135. doi:10.1016/j.anireprosci.2016.03.084

Gonzalez-Castro, R., Graham, J. K. and Carnevale, E. M. (2017). Localization and
quantitative expression of phospholipase ¢ zeta in equine sperm using
commercial antibodies. Reprod. Fertil. Dev. 30, 228. doi:10.1071/RDv30n1Ab176

Gonzalez-Castro, R. A. and Carnevale, E. M. (2018). Association of equine sperm
population parameters with outcome of intracytoplasmic sperm injections.
Theriogenology 119, 114-120. doi:10.1016/j.theriogenology.2018.06.027

Gonzalez-Castro, R. A. and Carnevale, E. M. (2019). Use of microfluidics to sort stallion
sperm for intracytoplasmic sperm injection. Anim. Reprod. Sci. 202, 1-9.
doi:10.1016/j.anireprosci.2018.12.012

Gradil, C., Yoon, S. Y., Brown, J., He, C., Visconti, P. and Fissore, R. (2006). PLCz: A
marker of fertility for stallions? Anim. Reprod. Sci. 94, 23-25.
doi:10.1016/j.anireprosci.2006.03.095

Graham, J. K. (1996). Cryopreservation of Stallion Spermatozoa. Vet. Clin. North Am. -

Equine 12, 131-147. doi:10.1016/S0749-0739(17)30300-0

33



Grasa, P., Coward, K., Young, C. and Parrington, J. (2008). The pattern of localization
of the putative oocyte activation factor, phospholipase C zeta, in uncapacitated,
capacitated, and ionophore-treated human spermatozoa. Hum. Reprod. 23,
2513-2522. doi:10.1093/humrep/den280

Hammerstedt, R. H. (1993). Maintenance of bioenergetic balance in sperm and
prevention of lipid peroxidation: a review of the effect on design of storage
preservation systems. Reprod. Fertil. Dev. 5, 675-90. doi:10.1071/rd9930675

Herrera, C., Dufourq, P., Freije, M., Morikawa, I., Centeno, J. E., Aristi, V., Menghini, L.
and Sporleder, C. (2012). Selection of stallions for in vitro embryo production by
ICSIin a commercial program. J. Equine Vet. Sci. 32, 409.
doi:10.1016/j.jevs.2012.05.031

Heytens, E., Parrington, J., Coward, K., Young, C., Lambrecht, S., Yoon, S. Y., Fissore,
R. A., Hamer, R., Deane, C. M., Ruas, M., Grasa, P., Soleimani, R., Cuvelier, C.
A., Gerris, J., Dhont, M., Deforce, D., Leybaert, L.and De Sutter, P. (2009).
Reduced amounts and abnormal forms of phospholipase C zeta (PLCzeta) in
spermatozoa from infertile men. Hum. Reprod. 10, 2417-2428.
doi:10.1093/humrep/dep207

Heytens, E., Schmitt-dohn, T., Moser, J. M., Jensen, N. M., Soleimani, R., Young, C.,
Coward, K., Parrington, J. and De Sutter, P. (2010). Reduced fertilization after
ICSI and abnormal phospholipase C zeta presence in spermatozoa from the
wobbler mouse. Reprod. Med. Online 21, 742-749.

doi:10.1016/j.romo.2010.07.006

34



Hinrichs, K. (2005). Update on equine ICSI and cloning. Theriogenology. 64, 535-541.
doi:10.1016/j.theriogenology.2005.05.010

Jaffe, L. F. (1983). Sources of calcium in egg activation: a review and hypothesis. Dev.
Biol. 99, 265-276. doi:10.1016/0012-1606(83)90276-2

Johnson, L. N. C., Sasson, I. E., Sammel, M. D. and Dokras, A. (2013). Does
intracytoplasmic sperm injection improve the fertilization rate and decrease the
total fertilization failure rate in couples with well-defined unexplained infertility? A
systematic review and meta-analysis. Fertil. Steril. 100, 704-711.
doi:10.1016/j.fertnstert.2013.04.038

Jones, K. T., Matsuda, M., Parrington, J., Katan, M. and Swann, K. (2000). Different
Ca2+ releasing abilities of sperm extracts compared with tissue extracts and
phospholipase C isoforms in sea urchin egg homogenate and mouse eggs. J.
Biochem. 346, 743-749. doi:10.1042/bj3460743

Jones, K. T. (2018). Mammalian sperm contain two factors for calcium release and egg
activation: Phospholipase C zeta and a cryptic activating factor. Mol. Hum.
Reprod. 24, 465-468, doi:10.1093/molehr/gay038

Kashir, J., Heynen, A., Jones, C., Durrans, C., Craig, J., Gadea, J., Turner, K.,
Parrington, J. and Coward, K. (2011). Effects of cryopreservation and density-
gradient washing on phospholipase C zeta concentrations in human
spermatozoa. Reprod. BioMed. Online 23, 263-267.

doi:10.1016/j.rbomo.2011.04.006

35



Kashir, J., Jones, C. and Coward, K. (2012). Calcium oscillations, oocyte activation, and
phospholipase C zeta. Adv. Exper. Med. Biol. 740, 1095-1121. doi:10.1007/978-
94-007-2888-2_50

Kasimanickam, V., Kasimanickam, R., Arangasamya, A., Saberivanda, A., Stevensond,
J. S. and Kastelic, J. P. (2012). Association between mRNA abundance of
functional sperm function proteins and fertility of Holstein bulls. Theriogenology
78, 2007-2019. doi:10.1016/j.theriogenology.2012.07.016

Keskintepe, L., Morton, P. C., Smith, S. E., Tucker, M. J., Simplicio, A. A. and Brackett,
B. G. (1997). Caprine blastocyst formation following intracytoplasmic sperm
injection and defined culture. Zygote 5, 261-265.
doi:10.1017/S0967199400003701

Kline, D. and Kline, J. T. (1992). Repetitive calcium transients and the role of calcium in
exocytosis and cell cycle activation in the mouse egg. Dev. Biol. 149, 80-89.
doi:10.1016/0012-1606(92)90265-

Lazzari, G., Crotti, G., Turini, P., Duchi, R., Mari, G., Zavaglia, G., Barbacini, S. and
Galli, C. (2002). Equine embryos at the compacted morula and blastocyst stage
can be obtained by intracytoplasmic sperm injection (ICSI) of in vitro matured
oocytes with frozen-thawed spermatozoa from semen of different fertilities.
Theriogenology 58, 709-712. doi:10.1016/S0093-691X(02)00777-X

Leisinger, C. A., Pinto, C. R. F., Cramer, E., Love, C. C. and Paccamonti, D. L. (2017).
Effects of repeated partial thaw and refreeze on post-thaw parameters of stallion
sperm cryopreserved in cryovials. J. Equine. Vet. Sci. 49, 19-24.

doi:10.1016/j.jevs.2016.10.006

36



Liu, J., Nagy, Z., Joris, H., Tournaye, H., Smitz, J., Camus, M., Devroey, P. and Van
Steirteghem, A. (1995). Analysis of 76 total fertilization failure cycles out of 2732
intracytoplasmic sperm injection cycles. Hum. Reprod. 10, 2630-2636.
doi:10.1093/oxfordjournals.humrep.a135758

Machaty, Z., Funahashi, H., Day, B. N. and Prather, R. S. (1997). Developmental
changes in the intracellular Ca2+ release mechanisms in porcine oocytes. Biol.
Reprod. 56, 921-930. doi:10.1095/biolreprod56.4.921

Miller, N., Biron-Shental, T., Sukenik-Halevy, R., Klement, A. H., Sharony, R. and
Berkovitz, A. (2016). Oocyte activation by calcium ionophore and congenital birth
defects: a retrospective cohort study. Fertil. Steril. 106, 590-596.
doi:10.1016/j.fertnstert.2016.04.025.

Miyazaki, S. (1988). Inositol 1,4,5-trisphosphate-induced calcium release and guanine
nucleotide-binding protein-mediated periodic calcium rises in golden hamster
eggs. J. Cell Biol. 106, 345-353. doi:10.1083/jcb.106.2.345

Moreau, J., Fargeon, S., Gatimel, N., Parinaud, J. and Léandri, R. D. (2019).
Expression of phospholipase PLC Zeta in human spermatozoa: impact of
cryopreservation. Andrology 7, 315-318. doi:10.1111/andr.12593

Nakai, M., Suzuki, S. I., Ito, J., Fuchimoto, D. I., Sembon, S., Noguchi, J. and Kikuchi,
K. (2016). Efficient pig ICSI using Percoll-selected spermatozoa; evidence for the
essential role of phospholipase C-C in ICSI success. J. Reprod. Dev. 62, 639—

643. doi:10.1262/jrd.2016-103

37



Nath, L. C., Anderson. G. A. and McKinnon, A. O. (2010). Reproductive efficiency of
Thoroughbred and Standardbred horses in north-east Victoria. Aust. Vet. J. 88,
169-75. doi:10.1111/j.1751-0813.2010.00565.x

Olson, S. E. and Seidel, G. E. (2000). Reduced oxygen tension and EDTA improve
bovine zygote development in a chemically defined medium. J. Anim. Sci. 78,
152 - 157. doi:10.2527/2000.781152x

Ozil, J. P. and Swann, K. (1995). Stimulation of repetitive calcium transients in mouse
eggs. J. Physiol. 483, 331-346. doi:10.1113/jphysiol.1995.sp020589

Parrington, J., Swann, K., Shevchenko, V. |., Sesay, A. K. and Lai, F. A. (1996).
Calcium oscillations in mammalian eggs triggered by a soluble sperm protein.
Nature 379, 364-368. doi:10.1038/379364a0

Rice, A., Parrington, J., Jones, K. T. and Swann, K. (2000). Mammalian sperm contain a
Ca2+ sensitive phospholipase C activity that can generate InsP3 from PIP2
associated with intracellular organelles. Dev. Biol. 227, 125-135.
doi:10.1006/dbio.2000.9929

Rodriguez, A. M., Ferrusola, C. O., Garcia, B. M., Morrell, J. M., Martinez, H. R., Tapia,
J. A. and Pena, F. J. (2011). Freezing stallion semen with the new Caceres
extender improves post thaw sperm quality and diminishes stallion-to-stallion
variability. Anim. Reprod. Sci. 127, 78-83. doi:10.1016/j.anireprosci.2011.07.009

Ruggeri, E., DelLuca, K. F., Galli, C., Lazzari, G., DeLuca, J. G. and Carnevale, E. M.
(2015). Cytoskeletal alterations associated with donor age and culture interval for
equine oocytes and potential zygotes that failed to cleave after intracytoplasmic

sperm injection. Reprod. Fertil. Dev. 27, 944-956. doi:10.1071/RD14468

38



Sanusi, R., Yu, Y., Nomikos, M., Lai, F. A. and Swann, K. (2015). Rescue of failed
oocyte activation after ICSI in a mouse model of male factor infertility by
recombinant phospholipase C{. Mol. Hum. Reprod. 21, 783-791.
doi:10.1093/molehr/gav042

Saunders, C. M., Larman, M. G., Parrington, J., Cox, L. J., Royse, J., Blayney, L. M.,
Swann, K. and Lai, F. A. (2002). PLC zeta: a sperm-specific trigger of Ca(2+)
oscillations in eggs and embryo development. Development 129, 3533-3544.
doi:10.1016/j.semcdb.2006.03.009

Schrimpf, R., Dierks, C., Martinsson, G., Sieme, H. and Distl, O. (2014). Genome-wide
association study identifies Phospholipase C zeta 1 (PLCz1) as a stallion fertility
locus in Hanoverian warmblood horses. PLoS ONE 9(10): e109675.
doi:10.1371/journal.pone.0109675

Shilling, F. M., Magie, C. R. and Nuccitelli, R. (1998). Voltage-dependent activation of
frog eggs by sperm surface disintegrin peptide. Dev. Biol. 202, 113-124.
doi:10.1006/dbio.1998.8982

Squires, E. L., McCue, P. M. and Vanderwall, D. (1999). The current status of equine
embryo transfer. Theriogenology 51, 91-104.
doi:10.1016/S0093-691X(98)00234-9

Squires, E. L., Carnevale, E. M., McCue, P. M. and Bruemmer, J. E. (2003). Embryo
technologies in the horse. Theriogenology 59, 151-170. doi:10.1016/S0093-

691X(02)01268-2

39



Squires, E. L., Keith, S. L. and Graham, J. K. (2004). Evaluation of alternative
cryoprotectants for preserving stallion spermatozoa. Theriogenology 62, 1056-
1065. doi:10.1016/j.theriogenology.2003.12.024

Stephano, J. L. and Gould, M. C. (1997). The intracellular calcium increase at
fertilization in Urechis caupo oocytes: activation without waves. Dev. Biol. 191,
53-68. doi:10.1006/dbio.1997.8709

Stoll, A., Love, C. C. and Ball, B. A. (2013). Use of a single-layer density centrifugation
method enhances sperm quality in cryopreserved-thawed equine spermatozoa.
J. Equine Vet. Sci 33, 547-551. doi:10.1016/j.jevs.2012.08.009

Stout, T. A, Claes, A., Colleoni, S., Lazzari, G., Galli, C. and Cuervo-Aragano, J.
(2018). Mare and stallion effects on blastocyst production in a commercial OPU-
ICSI program. J. Equi. Vet. Sci 66, 166. doi:10.1016/j.jevs.2018.05.060

Stricker, S. A. (1999). Comparative biology of calcium signaling during fertilization and
egg activation in animals. Dev. Biol. 211, 157-176. doi:10.1006/dbio.1999.9340

Swann, K. and Ozil, J. P. (1994). Dynamics of the calcium signal that triggers
mammalian egg activation. Int. Rev. Cyto. 152, 183-222. doi:10.1016/S0074-
7696(08)62557-7

Swann, K., Windsor, S., Campbell, K., Elgmati, K., Nomikos, M., Zernicka-Goetz, M.,
Amso, N., Lai, A., Thomas, A. and Graham, C. (2012). Phospholipase C-C-
induced Caz- oscillations cause coincident cytoplasmic movements in human
oocytes that failed to fertilize after intracytoplasmic sperm injection. Fertil. Steril.

97, 742-747. doi:10.1016/).fertnstert.2011.12.013

40



Tavalaee, M., Nomikos, M., Lai, F. A. and Nasr-Esfahani, M. H. (2018). Expression of
sperm PLCC and clinical outcomes of ICSI-AOA in men affected by
globozoospermia due to DPY19L2 deletion. Reprod. Biomed. Online 36, 348-
355. doi:10.1016/j.romo.2017.12.013

Torre-Sanchez, J. F., Preis, K. and Seidel, G. E. (2006). Metabolic regulation of in-vitro-
produced bovine embryos. |. Effects of metabolic regulators at different glucose
concentrations with embryos produced by semen from different bulls. Reprod.
Fertil. Dev. 18, 585-596. doi:10.1071/RD05063

Tremoleda, J. L., Haeften, T. V., Stout, T. A., Colenbrander, B. and Bevers, M. M.
(2003). Cytoskeleton and chromatin reorganization in horse oocytes following
intracytoplasmic sperm injections: patterns associated with normal and defective
fertilization. Biol. Reprod. 69, 186-194. doi:10.1095/biolreprod.102.012823

Wani, N. A. (2008). Chemical activation of in vitro matured dromedary camel (Camelus
dromedarius) oocytes: Optimization of protocols. Theriogenology 69, 591-602.
doi:10.1016/j.theriogenology.2007.11.011.

White, K. L., Pate, B. J. and Sessions, B. R. (2010). Oolemma receptors and oocyte
activation. Syst. Biol. Reprod. Med. 56, 365-375.
doi:10.1113/jphysiol.1995.sp020589

Wolosker, H., Kline, D., Bian, Y., Blackshaw, S., Cameron, A. M., Fralich, T. J.,
Schnaar, R. L. and Snyder, S. H. (1998). Molecularly cloned mammalian
glucosamine-6-phosphate deaminase localizes to transporting epithelium and
lacks oscillin activity. J. Fed. Am. Soc. Exp. Biol. 12, 91-99.

doi:10.1096/fasebj.12.1.91

41



Yoon, S. Y., Kim, Y. S., Han, J. E. and Yoon, T. K. (2012). Recombinant human
phospholipase C zeta 1 as biological solution in artificial egg activation induces
intracellular calcium oscillations and egg activation in mouse and human eggs.
Fertil. Steril. 96, s242-s243. doi:10.1093/humrep/des092

Young, C., Grasa, P., Coward, K., Davis, L. C. and Parrington, J. (2009). Phospholipase
C zeta undergoes dynamic changes in its pattern of localization in sperm during
capacitation and the acrosome reaction. Fertil. Steril. 91, 2230-2242.

doi:10.1016/j.fertnstert.2008.05.021

42



	ABSTRACT
	ACKNOWLEDGEMENTS
	DEDICATION
	LIST OF FIGURES
	LITERATURE REVIEW
	INTRODUCTION
	EQUINE INTRACYTOPLASMIC SPERM INJECTION
	Sperm for ICSI
	Fresh, Cooled, Frozen and Refrozen Sperm

	Stallion variability
	Selection criteria

	OOCYTE ACTIVATION
	Oocyte activation concepts
	Mechanisms
	Potential candidates


	PHOSPHOLIPASE C ZETA: STRUCTURE AND LOCALIZATION
	Mechanism of action
	Relevance to male fertility

	ICSI
	HYPOTHESIS
	MATERIALS AND METHODS
	Experimental design
	Media for bovine oocytes
	Collection of bovine and equine oocytes
	Selection of equine sperm
	Intracytoplasmic sperm injection and embryo culture
	Sperm tail component additions
	Statistical analysis
	Results

	DISCUSSION
	REFERENCES

