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Abstract

We recently reported successful equine in vitro fertilization using fresh semen pre-incubated for a prolonged period (22 h) before co-culture
with oocytes. In this study, we evaluated the feasibility of equine in vitro fertilization with frozen-thawed sperm and evaluated capacitation-
related changes in these sperm over the pre-incubation period. Sperm selected via a commercial sperm separation device yielded significantly
higher fertilization than did sperm selected by swim-up or by colloid centrifugation. Using the sperm separation device method, fertilization rates
with sperm pre-incubated for 15 min, 3, 6, and 9 h were 7.1, 22.2, 38.5, and 73.3% respectively (9 h vs. 15 min or 3 h, P <0.05). Fertilization
rates differed significantly (45.9% vs. 85.5%) between freezing extenders. Blastocysts were produced using frozen-thawed semen from each of
three stallions and transfer of nine vitrified-warmed blastocysts to mares yielded seven embryonic vesicles. Anti-protein tyrosine phosphorylation
staining of the entire sperm tail increased over pre-incubation, and sperm both with and without staining in the tail bound to the oocyte cumulus
after co-incubation. Using the stain DiSC3(5) and flow cytometric analysis, a population of apparently hyperpolarized sperm was identified at
22 hin fresh sperm that was not seen at any time in frozen-thawed sperm. We conclude that frozen-thawed equine sperm can successfully
fertilize oocytes after a shortened pre-incubation time of 9 h, suggesting that the freeze~thawing process induces capacitation-related changes.
Our findings on evaluation of pre-incubated sperm indicate that the mechanisms by which frozen-thawed sperm become capable of fertilization
may differ from those found in fresh sperm.

Summary Sentence
Frozen—thawed equine sperm selected by a filterbased system can successfully fertilize horse oocytes at high rates after 9 h pre-incubation, but
show altered staining for membrane polarization compared to fresh sperm.
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Introduction

The first efficient and repeatable method for standard in vitro
fertilization (IVF) in the horse was reported in 2022 [1]. This
technique used prolonged (20-22 h) pre-incubation of sperm
in droplets of a modified Tyrode’s Albumin Lactate-Pyruvate
(TALP) medium containing penicillamine, hypotaurine, and
epinephrine (PHE), to capacitate sperm before the addition of
intact cumulus-oocyte complexes (COCs). Sperm and COCs
were co-incubated for 3 to 6 h, then COCs were transferred
to embryo culture medium for further embryo development.
This procedure yielded fertilization rates of over 80%, in
vitro blastocyst production rates of 74%, and production of
three foals after transfer of three blastocysts. Capacitation
of sperm over the pre-incubation period was associated with
localization of staining for protein tyrosine phosphoryla-
tion (PY) in the sperm apical head, equatorial region and
midpiece.

The development of a repeatable protocol for standard
equine IVF provides a basis for research in sperm capacitation
and fertilization in the horse, and also raises the question
of whether standard IVF can be utilized clinically. In vitro
embryo production has become an important tool in equine

reproductive management. Currently, equine embryos are
produced in vitro clinically via intracytoplasmic sperm
injection (ICSI), which entails multiple manipulations of the
mature oocyte that are potentially detrimental, including
holding the oocyte in room atmosphere, denuding it of
cumulus, rupturing the oocyte plasma membrane, and
injecting an acrosome-intact sperm of the operator’s choice,
along with associated media, into the oocyte cytoplasm.
Standard IVF avoids these steps, thus it is possible that embryo
production rates, or pregnancy or foaling rates after transfer
to recipient mares, may be higher for embryos produced
by IVF than by ICSI. This would make IVF a desirable
clinical procedure in equine reproductive management, and
the comparison of IVF and ICSI outcomes would provide a
meaningful model for human assisted reproduction. However,
the IVF studies of Felix et al. [1] utilized only freshly collected
semen. For clinical cases, it is important that the procedure
works effectively with frozen—thawed semen, as fresh semen
is rarely available from the desired sire, and use of frozen
semen greatly reduces the labor, variability and cost of sperm
management for in vitro embryo production in comparison
to that for collection and shipment of fresh semen. The use of
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frozen semen would similarly simplify the conduct of research
investigating aspects of equine IVE.

Equine frozen—thawed semen has many differences from
fresh semen. Sperm are subjected to multiple manipulations
during the freezing procedure, which can include centrifu-
gation, exposure to a freezing extender containing a single
or combination of cryoprotectants, and the cooling, freez-
ing and thawing processes themselves. Thus, viability, total
motility, and progressive motility of frozen-thawed equine
sperm typically are decreased 25-40% from their initial val-
ues in fresh semen [2, 3]. Notably, frozen—thawed sperm
show some changes associated with capacitation [4], a finding
termed “cryocapacitation” [5]. In other species, these changes
include modifications in intracellular Ca?* and chlortetracy-
cline chloride (CTC) staining patterns [6-10]; actin polymer-
ization [11], and development of patterns of PY associated
with capacitated sperm [12]. As a result, in other species cry-
opreserved sperm can fertilize oocytes in vitro in the absence
of factors required for IVF with fresh sperm [8, 13].

In horses, frozen-thawed sperm have been shown to have
populations exhibiting increased PY [14, 15] and to have
patterns of PY staining [16] similar to that which we iden-
tified in fresh sperm capable of fertilizing oocytes in vitro
[1]. Frozen—thawed stallion sperm also have been shown to
exhibit capacitation-related changes in CTC staining pat-
terns [17, 18], and an increase in plasma membrane fluidity
and collapse of membrane phospholipid asymmetry [19-21].
Thus, when utilized for IVE, equine frozen—thawed semen
may require different preparation procedures than does fresh
semen, or progress along a different capacitation timeline.

The studies reported here were conducted to develop a
procedure for performing equine standard IVF with frozen—
thawed semen, and to investigate capacitation-related changes
in frozen-thawed semen over the pre-incubation (capacita-
tion) period.

Materials and methods

Experimental design
Experiment 1: Effect of selection method on in vitro
fertilization rates with frozen-thawed sperm

Preliminary studies (2 replicates each) showed that (A) the use
of frozen—thawed semen with the swim-up sperm preparation
media and incubation methods developed in the previous
study for fresh semen [1] resulted in loss of sperm motility in
the droplet by 5 h of pre-incubation; and that (B) separation of
frozen—thawed semen using colloid centrifugation rather than
swim-up for the first step resulted in some sperm motility at
6 h pre-incubation, but the motility was lost at 22 h.

One trial was performed using a commercial sperm sepa-
ration device (SSD) for sperm selection (described in General
Methods, below). Sperm were still motile at 6 and 10 h of
pre-incubation. At 10 h, seven COCs were added to the pre-
incubation droplet, co-incubated for 3 h, then transferred to
embryo culture medium and cultured for 32 h, which we
term Zygote culture. At the end of this period we found that
6 of seven oocytes had cleaved, with 3 to 4 normal nuclei
each on staining with DAPI, indicating a fertilization rate
of 6/7.

Based on this preliminary data, Exp. 1 was conducted
to evaluate the effects on fertilization rates with IVF of
three different techniques for selection of sperm from frozen—
thawed semen: Swim-up (SU), Colloid centrifugation (COL),
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and use of an SSD. For this experiment, to simplify the
procedure from that used previously, [1] we performed lab-
oratory sperm preparation procedures using only two media:
FT-PHE, used for all sperm preparation, and TALP-R, used
for final resuspension before placement of sperm in the pre-
incubation droplets. As fertilization had been achieved in the
preliminary SSD study after pre-incubation for 10 h, and in
light of previous reports showing evidence of cryocapacitation
in equine sperm, as reviewed in the Introduction, we evaluated
sperm fertilizing ability after 10 h pre-incubation.

Straws of semen frozen in a commercial extender (MFRS,
Animal Reproduction Systems, Chino, CA, USA) from Stallion
SM were used. Six replicates were performed. Semen was
prepared by SU, COL, and SSD as described under General
Methods, below, and prepared sperm were added to pre-
incubation droplets. After 10 h sperm pre-incubation, in vitro-
matured COCs were added to the sperm droplets. Sperm and
COCs were co-incubated for 3 h, then the COCs were trans-
ferred to Zygote culture. After the 32-h Zygote culture period,
all structures were denuded and stained with DAPIL. Cleaved
embryos with two or more normal nuclei were considered
to be fertilized, as parthenogenesis is rare in equine oocytes,
and in our previous study [1], embryo cleavage rates were
equivalent to fertilization rates as determined on confocal
microscopy. As the meiotic status of the oocytes was unknown
at the time they were placed in fertilization droplets (due
to presence of the cumulus), after denuding and staining
the fertilization rate was calculated as cleaved / (cleaved +
metaphase); that is, disregarding degenerating or immature
oocytes.

Experiment 2: Pre-incubation period required for IVF with
SSD-separated frozen-thawed sperm

The results of Exp. 1 indicated that SSD separation of sperm
provided the highest rate of embryo development after IVE,
thus SSD separation was used in all subsequent studies.
Experiment 2 was conducted to determine the minimum
pre-incubation period required for IVF with frozen—-thawed
sperm prepared using SSD, and to evaluate the ability of
oocytes fertilized with frozen-thawed sperm to develop to
the blastocyst stage.

Straws of semen from Stallion SM, frozen in MFRS exten-
der, were prepared using SSD as described in Exp. 1. Three
replicates were performed. Sperm were pre-incubated for
15 min (0 h) or for 3, 6, or 9 h before the addition of COCs.
Sperm and COCs were co-incubated for 3 h, then COCs
were transferred to Zygote culture for 32 h. After this, the
cumulus was denuded, uncleaved structures were fixed and
stained for evaluation, and cleaved presumptive embryos were
transferred to embryo culture medium and cultured up to
Day 10 (considering the day of sperm-COC co-incubation
as Day 0) to determine blastocyst formation rates. Resulting
blastocysts were vitrified as previously described [22].

Time-lapse monitoring equipment (MIRI, Esco Medical)
was briefly available and two additional replicates of the
9 h treatment were performed to evaluate zygote develop-
ment after IVF using this equipment. Six COCs were placed
in Zygote culture in the monitoring equipment after co-
incubation with sperm and images were recorded at 10 frames
per hour for 22 h. Culture conditions within the time-lapse
equipment were the same as for standard incubation (6%
CO3, 5% O, at 38°C) except that the atmosphere was not
humidified.
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Experiment 3: Effect of freezing extender on fertilization
and blastocyst rates with frozen-thawed semen

Semen was collected from each of three stallions (SM, TH,
and LN). Each ejaculate was divided into two equal aliquots
and frozen using either MFRS or Botucrio (BC; BotuPharma,
Phoenix, AZ, USA) commercial freezing extender.

For each replicate, straws of semen from both extender
treatments from the same stallion were thawed and semen
samples were prepared separately by SSD. Sperm were pre-
incubated for 9 h, then COCs were added to the droplets, co-
incubated for 3 h, then transferred to Zygote culture for 32 h.

Three replicates were performed for each of the three
stallions. In two replicates for each stallion, after Zygote
culture, all structures were fixed and stained for evaluation of
cleavage and nucleus formation. In the third replicate for each
stallion, after Zygote culture uncleaved structures were fixed
and stained, and cleaved embryos were continued in embryo
culture up to Day 10, to verify the ability of frozen—thawed
semen from both extender treatments to produce blastocysts
after IVE. Resulting blastocysts were vitrified.

To assess the viability after cryopreservation of the blasto-
cysts produced, nine vitrified-warmed blastocysts were trans-
ferred to recipient mares (three blastocysts to each of three
recipient mares). The recipient mares had ovulated 4 days
before transfer. For estimation of embryo day, the blastocysts
were considered to be the equivalent of a Day 6 in vivo-
produced embryo at the time of transfer. Recipient mares were
evaluated via ultrasonography per rectum starting 5 days after
transfer and continuing to a minimum of 10 days after transfer
(embryo Day 16).

Experiment 4: Evaluation of changes in protein tyrosine
phosphorylation in frozen-thawed sperm over the time
of pre-incubation

Frozen—thawed semen from all three stallions (SM, LN, and
TH; MFRS extender), was prepared by SSD as described
above, and placed in pre-incubation droplets prepared in
separate dishes designated to be removed for analysis at
four different time points (15 min, 3, 9, and 22 h) during
the pre-incubation period. At each time point, sperm were
aspirated from pre-incubation droplets and were subjected to
immunofluorescence staining to assess PY. One replicate was
performed with sperm from each stallion.

Additionally, we investigated the dynamics of PY in sperm
during sperm-COC co-incubation. For this, sperm were pre-
incubated for 9 h, then COCs were transferred into the
droplet. After 1 and 3 h co-incubation, COCs were removed
from the droplet and stained intact for PY. Additional COCs
were removed from droplets at 1 h and 3 h co-incubation,
denuded of cumulus and stained for PY in an attempt to
evaluate the PY status of the fertilizing sperm.

Experiment 5: Changes in membrane polarization in
fresh and frozen-thawed sperm during the
pre-incubation period

Sperm membrane polarization was evaluated using the
potentiometric probe, DiSC3(5). To validate the staining
and flow cytometric analysis methods, freshly ejaculated,
extended semen from stallion SM was washed and sperm
resuspended in GMOPS, then stained with DiSC3(5) and
counterstained with DAPI. Baseline flow cytometric analysis
was performed, then staining was assessed after the addition

of valinomycin to hyperpolarize the sperm, followed by the
addition of increasing concentrations of KClI to valinomycin-
treated sperm to depolarize the sperm.

After validating the staining methods, staining with
DiSC3(5) and DAPI was utilized to evaluate changes in
sperm membrane polarization in fresh and frozen—thawed
sperm over time under IVF pre-incubation conditions. Fresh
extended semen and frozen—thawed semen from stallion SM
were processed separately using the SSD method described
above, and sperm placed into pre-incubation droplets. At
15 min, 3, 6, 9, and 22 h, sperm suspension was aspirated
from the pre-incubation droplets and sperm were stained
and analyzed via flow cytometry. Two additional replicates
assessing frozen—thawed semen at all time points, and two
replicates assessing fresh semen at 0 and 22 h were performed
with Stallion SM, and two replicates of frozen-thawed semen
and one replicate of fresh semen from Stallion TH were
assessed at all time points.

Statistical analysis

Because of the low expected values in some cells, pairwise
comparisons of cleavage and blastocyst rates between treat-
ments were performed using Fisher’s exact test; differences
with a P <0.05 were considered significant. For live/dead
staining (Exp. 4), differences in proportions of live and
dead sperm over time were evaluated by Chi Square with
a P <0.05. Differences in category of PY staining within live
sperm over time were first evaluated overall by Chi Square,
with pairwise comparisons performed using Fisher’s Exact
Test with Bonferroni’s adjustment for multiple comparisons.

General methods

All procedures involving live animals were performed accord-
ing to the United States Government Principles for the Utiliza-
tion and Care of Vertebrate Animals Used in Testing, Research
and Training and were approved by the Institutional Animal
Care and Use Committee at the University of Pennsylvania
(IACUC protocols #806502 and #806952).

Collection and maturation of oocytes

Immature oocytes were collected by transvaginal ultrasound-
guided follicle aspiration from Thoroughbred- and
Warmblood-type mares, as previously described [23]. The
recovered cumulus-oocyte complexes (COCs) were held
in commercial embryo holding medium (EmCare, ICPbio
Reproduction, W1, USA; or ABT Holding, ABT360, WA, USA)
at room temperature overnight then placed in maturation
culture as previously described [24]. Briefly, after holding,
grossly degenerating COCs were discarded and the remainder
of COCs were cultured for 28-32 h in M199 with Earle’s
salts (Sigma-Aldrich, MO, USA) supplemented with 10% fetal
bovine serum (FBS; Invitrogen, ThermoFisher Scientific, MA,
USA) and 5 mU/ml FSH (Sioux Biochemicals, IA, USA).

Semen collection and freezing

Three stallions (two Arabian and one Welsh Pony; Stallions
SM, TH, and LN, respectively) were utilized, as outlined for
each experiment. Semen was frozen in straws using the com-
mercial semen freezing extender MFRS at 200 million sper-
m/ml, using a programmable freezer as previously described
[25]. For Exp. 3, in which the ejaculate was divided for
freezing in each of two extenders, after centrifugation one
aliquot was extended with MFRS and one similarly extended
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with BC. Filled straws in the MFRS treatment were frozen
as above; filled straws in the BC treatment were layered on
a rack and equilibrated at 5°C for 20 min. The racks were
then placed into an insulated box 5 cm above liquid nitrogen
for 15 min, after which time straws were plunged into liquid
nitrogen.

IVF media preparation

The IVF media used were previously detailed by Felix et al. [1].
Briefly, two modified TALP media [26] were prepared: TALP-
R, used for final resuspension of sperm prior to adding to the
pre-incubation droplets, and FERT-TALP, used as a base for
FT-PHE medium. A solution of PHE [27] as modified previ-
ously [1] was prepared and aliquots frozen and used within
three weeks of preparation. The PHE solution was added
to FERT-TALP to make FT-PHE, with final concentrations
of 9 uM hypotaurine, 18 uM penicillamine, and 1.8 uM
epinephrine. Then, 45 ul droplets of FT-PHE were prepared
under light mineral oil and dishes were equilibrated at 38.2°C
in a humidified atmosphere of §% CO; in air overnight before
the addition of sperm. Similarly, TALP-R and FT-PHE for
use for sperm processing were equilibrated at 5% CO3 in air
overnight before use.

Sperm selection methods

Straws of frozen semen (0.5 ml) were thawed at 38°C for
30 s. Three methods of sperm preparation were used: SU,
COL using a commercial colloid preparation (Equipure 90%,
Nidacon, Gothenburg, Sweden) and a commercial sperm sep-
aration device (SSD; ZyMot (currently available for veterinary
use as VetMotl), Gaithersburg, MD, USA).

For swim-up separation, duplicate preparations (200 ul
of frozen—thawed semen layered under 1 ml FT-PHE) were
incubated at 38.2°C in 5% CO; in air for 30 min, with the
tube held at 45°. The top 750 ul of media was collected from
each tube and each aliquot was increased to 1 ml by adding
250 pul FT-PHE. These were centrifuged at 300 x g for § min,
then the resulting pellets were combined and resuspended with
TALP-R to a volume of 60 ul. This suspension was held at
38.2°Cin 5% CO3 in air for 15 min. During this time, sperm
concentration was determined. After the incubation period,
a volume of the sperm suspension containing 50 000 sperm
was added to the pre-incubation droplet. Additional TALP-R
was added, if needed, to make a total added volume of 5 ul,
providing a final concentration of 1 million sperm/ml in a 50-
ul droplet, as previously described [1].

For colloid separation, duplicate preparations, each of
200 ul of frozen—thawed semen layered on top of 3 ml of
90% Equipure in a 15-ml Falcon tube, were centrifuged at
200 x g for 20 min at room atmosphere and temperature
(~22°C). The colloid was removed and the sperm pellets from
the tubes were combined and resuspended with 1 ml FT-PHE.
This suspension was centrifuged at 300 x g for 5 min, then the
resulting pellet was resuspended with TALP-R to a volume of
60 ul. Sperm concentration was determined and sperm added
to the pre-incubation droplets as described above.

For use of the sperm separation device (SSD), 400 ul of
frozen—thawed semen was diluted with 450 ul FT-PHE and
this sperm suspension was injected into the inlet port of the
device. Then, 50 ul of FT-PHE was loaded into the outlet port,
and the open surface of the filter was covered with 700 ul
of FT-PHE. The device was incubated at 38.2°C in 5% CO>
in air for 30 min. After this, 500 ul of fluid was collected
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from the outlet port and was diluted with an additional 500 pl
of FT-PHE. This was centrifuged at 300 x g for 5 min. The
resulting pellet was resuspended with TALP-R and sperm
added to the pre-incubation droplets as described above.

Co-incubation of sperm and oocytes

After sperm had been pre-incubated for the designated period
as outlined in each experiment, COCs were removed from
maturation culture. The period of COC holding before matu-
ration, and onset of maturation culture, were timed so that
COCs were always 28-32 h in maturation before addition
to fertilization droplets. COCs that appeared grossly degener-
ated after maturation culture were discarded, and the remain-
der washed in FERT-TALP without PHE. One to three COCs,
in 1 to 2 ul of FERT-TALP medium, were added to each 50-
wul FT-PHE droplet containing pre-incubated sperm, and the
dishes incubated under 38.2°C in a humidified atmosphere of
5% CO3 in air for 3 h.

Embryo culture

After the 3-h sperm-oocyte co-incubation period, COCs were
removed from the fertilization droplets. This time was desig-
nated Time O for embryo formation. COCs were cultured for
embryo development as described by Felix et al. [1]. Briefly,
this consisted of transfer to a commercial human embryo
culture medium (Global, LifeGlobal, Guilford, CT, USA) with
10% added FBS for the initial Zygote culture period of 32 h,
after which the presumptive embryos were denuded of cumu-
lus via pipetting and evaluated for cleavage. Depending upon
the experiment, either all presumptive embryos were fixed and
stained with DAPI for evaluation at that time or alternatively,
uncleaved structures were fixed and stained while cleaved
embryos were continued in embryo culture until Day 5, then
transferred to DMEM/F-12 with 10% added FBS for up to
Day 10 to assess blastocyst formation. Resulting blastocysts
were vitrified as described by Canesin et al. [22].

Staining for protein tyrosine phosphorylation

The pattern of PY was assessed for sperm after 15 min, 3,
6, or 9 h pre-incubation. A minimum of two droplets of
sperm in FT-PHE were prepared for each assessment time. The
contents of the assigned droplets were aspirated and a volume
of 55 ul, containing ~55 000 sperm, was used for assessment.
The sperm were fixed, permeabilized, and stained for PY
as previously described [1], using an antiphosphotyrosine
antibody raised in mouse (anti-phosphotyrosine clone 4G 10,
EMD Millipore Sigma) and Alexa Fluor 633 goat anti-mouse
IgG (H+L) (ThermoFisher) as the secondary antibody. The
preparations were counterstained with Hoechst 33342.

Three replicates were performed, one with sperm from each
of the three stallions. On assessment of sperm in the first
replicate, a PY staining pattern was noted (PY staining of
the entire tail) that was not seen commonly in our previous
fresh sperm work [1]. To determine if this PY staining pattern
was seen in viable sperm, in the next two replicates sperm
were stained for membrane integrity to label non-viable sperm
prior to staining for PY. For this, a fixable live/dead staining
protocol with anti-agglutination measures was performed as
previously described [28], using LIVE/DEAD Fixable Green
Dead Cell Stain. After the sperm were fixed by addition of
paraformaldehyde as the final step of live/dead staining, they
were subjected to PY staining as described above.
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Stained sperm were assessed using a fluorescence micro-
scope (Zeiss AxioObserver with 365-nm and 545-nm excita-
tion filters, or Leica DMIRE with 350-nm and 586-nm excita-
tion filters) at 40 X magnification. Fields for evaluation were
chosen in brightfield to eliminate bias for specific staining
patterns. Images were then acquired for assessment of PY
staining at a fixed camera setting to allow semiquantitative
analysis of staining patterns.

In the two replicates (Stallions LN and TH) in which sperm
were stained for both live/dead and PY, 200 sperm were
evaluated visually at each time period for each replicate and
the findings combined. The proportion of non-viable sperm
was recorded; for viable sperm, PY staining in the apical,
equatorial, midpiece and entire tail were scored separately for
each sperm.

Immunofluorescence staining of intact COCs and denuded
oocytes after co-incubation was performed using the antibod-
ies as for PY staining of sperm, as detailed above. The protocol
mirrored that for sperm, however, instead of using coated
slides, the COCs were transferred through microdroplets con-
taining the staining solutions.

Staining for membrane polarization with DiSC3(5).

Validation of DiSC3(5) staining to detect changes in mem-
brane polarization in equine sperm was performed with fresh
semen from Stallion SM. After collection and extension with
INRA96, semen was transported to the flow cytometry lab-
oratory (5 min), washed twice and the sperm pellet resus-
pended in G-MOPS (Vitrolife) to a concentration of 50 x 10°
sperm/ml. Stock solutions of DiSC;3(5) (Invitrogen) and DAPI
(Invitrogen) were added to the sperm suspension to produce
concentrations of 5 nM and 1 ug/ml, respectively, based on the
results of preliminary dosage trials. The aliquot was incubated
for 10 min at 37°C, then 100 ul of the stained aliquot was
placed in each of multiple wells in a 96-well plate and analyzed
on a 13-color, 4-laser flow cytometer (CytoFLEX S, Beckman
Coulter, Brea, CA) at room temperature (~22°C). The sperm
population was gated based on forward scatter and side scat-
ter. For each sample, 10 000 gated events representing sperm
were recorded. DiSC3(5) fluorescence was detected using a
638-nM laser and a 712/25 BP filter, and DAPI fluorescence
was detected using a 405-nM laser and a 450/45 BP filter.
Unstained and single-stained samples for each fluorochrome
were used as controls for autofluorescence and compensation,
and to set the positive and negative gates for each stain. No
compensation was performed.

After the initial stained sperm suspension was analyzed, the
potassium ionophore valinomycin (Sigma) was added to each
well to a concentration of 1 uM, to hyperpolarize the sperm,
and the sample was analyzed again. To depolarize the sperm,
solutions of KCI (Sigma) of increasing concentrations were
added, in a fixed volume, to separate wells of valinomycin-
treated sperm suspension to achieve an additional 2.5, 5, 10,
20, or 40 mM KCI within the sperm suspensions, and the
suspensions were analyzed again. Histograms of DiSCj(5)
staining were generated to visualize the effects of valinomycin
and KCl addition on relative changes in membrane polariza-
tion.

For the main experiment, fresh extended semen and
frozen—thawed semen (MFRS5) were both processed using
the SSD procedure as described above, and sperm placed
into pre-incubation droplets. Separate dishes containing
pre-incubation droplets were designated to be removed for

analysis at five time points (15 min, 3, 6, 9, and 22 h) during
the pre-incubation period. At each time point, 40 ul of the
pre-incubation sperm suspension was aspirated from each of
five droplets and combined, then 80 wl of this suspension was
stained directly with stock solutions of DiSC3(5) and DAPI
(10 ul of each stock solution) to the final concentrations
described above and analyzed via flow cytometry.

Results
Experiment 1: Effect of selection method on in vitro
fertilization rates with frozen-thawed sperm

The results of Exp. 1 are presented in Table 1. At the end
of the 32-h Zygote culture period, a higher fertilization rate
per fertilizable oocyte (23/26, 88.5%) was found for sperm
selected by SSD than for sperm selected by either SU or
COL (P <0.001). The proportion of oocytes found to be
degenerating or immature tended to be higher in SU than in
SSD (P=0.07). The proportions of cleaved embryos having
2, 3 to 4, or > 5 normal nuclei, respectively, in the different
treatments were: SU: 0, 75, and 25%; COL: 20, 40, and 40 %;
and SSD: 4, 39, and 57%.

Experiment 2: Pre-incubation period required for
IVF with SSD-separated frozen-thawed sperm

The fertilization rate, as represented by embryo cleavage,
increased significantly over time of sperm pre-incubation,
from 7.1% in sperm pre-incubated for 15 min before COC
addition, to 73.3% for sperm pre-incubated for 9 h (P < 0.01;
Table 2). An additional ~5% of oocytes appeared to have
been fertilized but were in early stages of activation (anaphase
to the first mitotic metaphase) at the time of evaluation (after
the 32 h Zygote culture period); these oocytes were included
as fertilizable oocytes but were not included in the “fertilized”
category. Concomitant with the increase in fertilization rate
over time of sperm pre-incubation, the proportion of oocytes
found to be still in metaphase decreased significantly, from
60% of all structures at 15 min, to 13.6% at 9 h (P < 0.05),
indicating that oocytes capable of fertilization were more
likely to be fertilized in the longer pre-incubation treatment.

No blastocysts developed on culture of cleaved embryos in
the 15 min or 3 h groups. The blastocyst development rates
per cleaved embryo cultured in the 6 and 9 h pre-incubation
treatments were 3/5,60% and 6/11, 54.5%. These values were
not significantly different.

Of the six time-lapse monitored COCs transferred to the
monitoring equipment at the beginning of the zygote culture
period, three developed to the blastocyst stage. One of these
provided clear visualization of post-fertilization events. In this
COC, there appear to be two polar bodies present at the onset
of culture (immediately after 3-h co-incubation with sperm),
however at 5 h culture the oocyte blebbed rapidly, suggestive
of second polar body extrusion. Extrusion of cytoplasmic
contents was visualized starting at 14 h after placement in the
equipment, and cleavage at 20 h after placement (Supplemen-
tal Video 1).

Experiment 3: Effect of freezing extender on
fertilization and blastocyst rates with
frozen-thawed semen

The results of Exp. 3 are presented in Table 3. The fertilization
rate, as represented by embryo cleavage, was significantly
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Table 1. Proportions of oocytes in various categories at the end of the 32 h Zygote culture period, after IVF with frozen-thawed sperm selected using
different methods

Treatment n Degenerating/immature Metaphase Fertilized
Swim-up 35 14 (40.0%)* 13 (37.1%) 8/21 (38.1%)?
Colloid 31 6 (19.4%) 20 (64.5%) 5125 (20.0%)
SSD 32 6 (18.8%) 3(9.4%) 23/26 (88.5%)b

Sperm were pre-incubated for 10 h, COCs were co-incubated with sperm for 3 h. After the Zygote culture period, all structures were fixed and stained for
determination of chromatin status. Cleaved embryos with >2 normal nuclei were considered to represent fertilized oocytes. Fertilization rate is calculated
as cleaved / (metaphase + cleaved); no structures were in anaphase, telophase or first mitotic metaphase. SSD, commercial sperm separation device. *The
proportion of degenerating/immature oocytes in the Swim-up treatment tended to be higher than that for the SSD treatment (P =0.07). P within columns,
values with different superscripts differ significantly (P < 0.035).

Table 2. Proportions of oocytes / embryos in the different stages, after IVF with frozen-thawed sperm pre-incubated for different times before addition
of COCs

Uncleaved - stained
Chromatin configuration
n (% of total COC)

Pre-incubation n COCs Immature-Degenerating Metaphase Ana-Tel-Mit Fertilized Blastocysts (% of
time cleaved)

15m 20 6 (30.0%) 12 (60.0%)° 1(5.0%) 114 (71%)* 0

3h 23 5(21.7%) 12 (52.2%)2b 2 (8.7%) 4/18 (22.2%)? 0

6h 20 7 (35.0%) 8 (40.0%)P< 0 513 (38.5%)™  3/5 (60.0%)

9h 22 7 (31.8%) 3(13.6%)° 1(4.5%) 11/15 (73.3%)>  6/11 (54.5%)

Sperm were selected using the SSD method; COCs were co-incubated for 3 h. Oocytes that were uncleaved at 32 h were fixed and stained for determination
of chromatin status; cleaved embryos were continued in culture to determine blastocyst rate. Cleaved embryos were considered to represent fertilized oocytes.
Ana, anaphase; Tel, telophase; Mit, first mitotic metaphase. Fertilization rate is calculated as cleaved / (cleaved + metaphase + ana-tel-mit). &b«
columns, values with different superscripts differ significantly (P < 0.05).

within

Table 3. Proportions of oocytes / embryos in the different stages after IVF with sperm frozen with two different commercial freezing extenders

Freezing extender n Immature— Metaphase Anaphase- Fertilized Blastocysts / cleaved embryos
Degenerating telophase cultured (%)

BC 70 9 330 0 28/61 (45.9%)%  4/9 (44.4%)

MFRS 71 9 7b 2 53/62 (85.5%)°  13/19 (68.4%)

Sperm were selected using the SSD method and pre-incubated for 9 h before addition of COCs, which were co-incubated for 3 h. Oocytes that were uncleaved
at 32 h were fixed and stained for determination of chromatin status. Cleaved embryos were considered to represent fertilized oocytes. Fertilization rate is
calculated as cleaved / (cleaved + metaphase + anaphase + telophase). In two replicates, cleaved embryos were stained to confirm presence of normal nuclei.

In one replicate per stallion, cleaved embryos were cultured to determine competence for blastocyst formation.  within columns, values with different
superscripts differ significantly (P < 0.05).

higher for oocytes co-incubated with sperm that had been
frozen in MFRS than in BC freezing extender (85.5%
vs. 45.9% respectively; P <0.001). Concomitantly, the
proportion of oocytes still in metaphase after the Zygote
culture period in the MFRS5 treatment was significantly
lower than that for BC (P <0.001). In the two replicates
for each stallion in which all structures were stained after
Zygote culture, all cleaved embryos showed the presence
of >2 normal nuclei. In the replicate in which cleaved
embryos were cultured to ascertain potential for blastocyst
development, at least one blastocyst was produced from
each stallion in each extender. The overall blastocyst rates
per cleaved embryo cultured were 13/19 (68.4%) for
MFRS5 and 4/9 (44.4%) for BC. This difference was not
significant (P > 0.1).

When evaluated individually, the fertilization rates for
sperm from Stallions SM, LN and TH were 19/23 (82.6%),
14/19 (73.7%) and 20/20 (100%), respectively, for extender
MFRS and 4/23 (17.4%), 10/24 (41.7%) and 14/14 (100%)
respectively, for extender BC. For both extenders combined,

the fertilization rate for Stallion TH, 100%, was significantly
higher than that for either of the other two stallions
(50.0% and 55.8% for Stallions SM and LN, respectively;
P <0.0001).

Three embryo transfers were performed. For each proce-
dure, three vitrified-warmed blastocysts (stallions SM and TH,
MFRS treatment; blastocysts removed and vitrified on Day 7
of culture) were transferred, for a total of nine blastocysts
transferred. The number of embryonic vesicles visualized
on transrectal ultrasonography in the three recipient mares
on Day 13 were 3, 2 and 2, for an overall pregnancy
rate of 7/9 (78%; Supplemental Video 2). The embryonic
vesicles developed normally to Day 18 to 22, when the
pregnancies were terminated by flushing the uterus to recover
the conceptuses. In the pregnancy that was maintained until
Day 22 before flushing, embryonic heartbeats were seen in
both of the two embryos present. Of the seven conceptuses
recovered, six had normal-appearing embryos proper; in one
conceptus the trophoblast was torn and the embryo proper
could not be identified.
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Figure 1. Protein tyrosine phosphorylation (PY) patterns over the period of sperm pre-incubation. (A) proportions of live sperm showing the different
staining patterns at different time points. Within staining category, values marked with different letters are significantly different between time points
(P <0.05); (B, C) representative photomicrographs of live/dead stained (LD) sperm labeled for PY and chromatin (Chr) at 0 h (15 min) and 9 h
pre-incubation; (D E) PY staining patterns of sperm attached to intact COC after 3 h co-incubation; (F) oocyte denuded after co-incubation showing the
sperm head (sh), metaphase plate (Met) and polar body (pb). No PY was discernable to indicate the sperm tail. Bar=50 um.

Experiment 4: Evaluation of changes in protein
tyrosine phosphorylation in frozen-thawed sperm
over the time of pre-incubation
Changes in PY staining intensity and pattern over time dur-
ing the 9 h pre-incubation period are presented in Figure 1.
There was a decrease in the proportion of live sperm over
the incubation period, from 75.3% at 15 min to 53.3%
at 9 h (P <0.001). Within live sperm, there was a signifi-
cant change in PY staining pattern over the pre-incubation
period (P < 0.001; Figure 1A-C), with decreasing proportions
of sperm having fluorescence of the midpiece only or of the
equatorial region and midpiece, and increasing proportions of
sperm having fluorescence of the apical region and entire tail.
Evaluation of intact COCs after 1 or 3 h co-incubation
with sperm showed that sperm both with and without fluo-
rescence over the entire tail bound to the COC (Figure 1D,E).
Evaluation of oocytes denuded before staining demonstrated
sperm in the cytoplasm of one of two oocytes evaluated at
1 h co-incubation, and all of three oocytes evaluated at 3 h
co-incubation. No distinct PY staining of the sperm tail was
visualized in any oocyte (Figure 1F).

Experiment 5: Changes in membrane polarization
in fresh and frozen-thawed sperm during the
pre-incubation period

For the validation procedure, changes in DiSC3(5) stain-
ing in fresh equine sperm after treatment with valinomycin

and then increasing concentrations of KCI are presented in
Figure 2. After treatment with valinomycin, sperm that were
initially DiSC3(5)-positive, DAPI-negative (membrane-intact
sperm exhibiting membrane polarization; quadrant QS5-LR
in the flow cytometry scattergrams, Figure 3) showed a het-
erogenous response, separating into two subpopulations, one
showing increased median fluorescence intensity (MFI) and
one a slightly decreased MFL. The initial MFI for this quadrant
was 4629 +136 (mean=+s.e); and after valinomycin treat-
ment the MFI of the separate peaks were 3264 +36 and
7045 £ 133. The initial potassium concentration of the basal
G-MOPS was not available from the manufacturer; however,
on analysis of the medium (Vitros XT3400 Chemistry System,
QuidelOrtho) this was 5.5 mM. Subsequent treatment with
increasing concentrations of KCI decreased DiSC3(5) fluores-
cence incrementally.

Flow cytometric analysis of DiSC3(5) and DAPI staining
in fresh and frozen—thawed sperm (both processed via SSD)
and subjected to different periods of pre-incubation revealed
a subpopulation of sperm in Q5-LR staining intensely for
DiSC3(5) (i.e. hyperpolarized sperm) after 22 h pre-incubation
in all four fresh-sperm replicates (Figure 3, Suppl. Figure 1).
This subpopulation also tended to have lower DAPI staining
(was closer to the X-axis). No consistent changes in polariza-
tion were observed in frozen—-thawed sperm, and an intensely-
staining sub-population was not seen at any time point in
frozen—thawed sperm from either stallion.
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Figure 2. Histograms of DAPI-negative (live) fresh sperm (dark shading)
and DAPI-positive (dead) sperm (light shading, resulting in darker shading
when overlapping) in basal medium (GMOPS), after addition of 1 uM
valinomycin, then after addition of KCI to increase potassium
concentration by 2.5, 5, 10, 20 or 40 mM. A line is drawn in the center of
the peak of the main population in the initial sample.
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Discussion

The results of this study show for the first time that repeatable
equine standard in vitro fertilization can be achieved with
frozen—thawed semen and that the embryos produced can
develop into blastocysts that can establish pregnancy. Notably,
appreciable levels of fertilization were achieved with frozen—
thawed sperm after only 3 to 6 h of pre-incubation (22% and
39%, respectively), and up to 100% fertilization was achieved
with sperm pre-incubated 9 h, whereas in our previous study
with fresh sperm, sperm pre-incubated for 6 h were not
capable of fertilization [1]. This suggests that the capacitation-
related changes previously reported in frozen-thawed equine
sperm may speed the onset of functional capacitation (ability
to fertilize) in these sperm. Further studies are needed to
confirm that the more rapid acquisition of fertilizing capacity
is due to the use of frozen-thawed semen, rather than to the
sperm selection technique or other aspects modified in this
study; for example, utilization of only two media, FTI-PHE and
TALP-R, for sperm processing.

We found that the method for selection of sperm from
frozen—thawed semen had a profound effect on fertiliza-
tion rates. Selection via a sperm separation device, in which
sperm were required to swim through a small-bore filter
before selection, was associated with a significantly higher
fertilization rate (89%) than were Swim-up or Colloid Cen-
trifugation techniques (20-38% fertilization). In our initial
paper [1] and in preliminary trials for the studies in this
report we observed an increase in oocyte degeneration when
COCs were co-incubated in droplets in which sperm viability
appeared low (as shown by few motile sperm observed in the
droplet after pre-incubation, at the time of COC placement
in droplets). This phenomenon was suggested in the Swim-
up treatment in Exp. 1 in the current report, which had a high
oocyte degeneration rate. We hypothesize that poor-quality or
membrane-damaged sperm may release toxic compounds dur-
ing prolonged pre-incubation, such as ammonia and hydro-
gen peroxide generated by the L-amino acid oxidase present
in equine sperm [29], that either directly or via formation
of toxic compounds such as lipid peroxides [30] adversely
affect oocyte viability after COCs are introduced. Thus, it is
unclear whether the SSD selection method selects sperm with
greater potential for capacitation, or selects against sperm that
become compromised during the pre-incubation period and
thus release factors into the droplet that adversely affect other
sperm or oocytes.

When evaluating the period required for sperm to capac-
itate, it should be noted that COCs were co-incubated for
3 h, then removed from co-incubation with the cumulus
intact (likely containing numerous sperm, Figure 1D, E) to
Zygote culture. Thus, fertilization could have occurred at
any time in the co-incubation period or potentially during
Zygote culture. Possibly related to this, in Exp. 1 we found a
tendency for embryos to be more advanced on evaluation after
Zygote culture in the SSD treatment than in the SU or COL
treatments, suggesting that the SSD-selected sperm may have
fertilized more rapidly. The finding in Exp. 4 that one of two
oocytes evaluated immediately after 1 h co-incubation were
fertilized, as were three of three oocytes evaluated immediately
after 3 h co-incubation, demonstrates that frozen—thawed
sperm selected by SSD and pre-incubated for 9 h can achieve
fertilization rapidly after COCs are introduced.
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Figure 3. Representative scatterplots and histograms of fresh and frozen-thawed sperm after SSD preparation and pre-incubation in droplets for 0
(15 min), 3, 6, 9, or 22 h. Data obtained at the time the sperm are capable of fertilization are outlined in rectangles. A population of sperm staining
intensely for DiSC3(5) (hyperpolarized sperm; arrow) was seen only in fresh sperm and only after 22 h pre-incubation.

Evaluation of the fertilized COCs via time-lapse imaging
showed extrusion of cytoplasmic contents prior to cleavage,
as noted previously after equine ICSI [24, 31, 32]. It has
been questioned whether this extrusion is associated with
compromise of the oolemma during ICSI; however, arguing
against this is evidence of cytoplasmic extrusion in still images
of in vivo-recovered equine zygotes, and in IVF zygotes from
early reports (reviewed by [24]). The clear occurrence of
cytoplasmic extrusion in the IVF zygote imaged in our study
further indicates that cytoplasmic extrusion in equine oocytes
is not an artifact of the ICSI procedure.

For clinical use, blastocysts resulting from IVF must be able
to be cryopreserved and produce pregnancies after warming
and transfer to recipient mares. Equine embryos produced by
ICSI have good rates of pregnancy after either vitrification or
freezing [22, 33]; however the role of the ICSI-induced hole
in the zona pellucida in supporting post-transfer development
of these embryos is unknown. The in vivo-conceived equine
embryo does not “hatch” from the zona, rather the zona thins
and flakes off the developing embryonic capsule, a glycopro-
tein envelope which forms between the equine embryo and in
inner wall of the zona [34, 35]. In in-vitro produced equine
embryos, the capsule does not form and the zona does not
thin normally while the embryo is in culture [36, 37], thus
these changes must occur after transfer to the uterus. In ICSI

embryos, it is possible that after transfer, if the zona does not
thin rapidly, the developing blastocyst can escape from the
zona through the hole introduced during sperm injection. In
embryos produced by IVF, there is no hole in the zona, and
additionally the more physiological interaction of the sperm at
fertilization may induce a more pronounced cortical granule
reaction than seen in ICSI-produced embryos [24], potentially
resulting in increased zona hardening. Notably, the embryo
vitrification process may then additionally harden the zona,
as indicated in a meta-analysis of human data that concluded
that assisted hatching (creating a hole in the zona) increased
pregnancy rates after transfer of frozen—thawed, but not fresh,
embryos to unselected recipients [38]. Because IVF has not
previously been repeatably successful in the horse, there is no
information available on the viability of equine IVF embryos
after vitrification and warming. Our findings that seven of
nine transferred vitrified-warmed IVF blastocysts produced
pregnancies after transfer was therefore meaningful.

We found a significant difference in fertilizing ability of
frozen—thawed sperm associated with the extender used for
freezing. It should be noted additionally that a different
protocol was used for the BC extender (freezing over liquid
nitrogen rather than in a programmable freezer). The two
commercial extenders differ in many respects; notably, the
BC extender has a higher egg yolk content than does MFRS5
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and contains dimethylformamide as a cryoprotectant. These
components may stabilize the sperm membrane and internal
structures and reduce cryocapacitation-related changes. In
cattle, some cryocapacitation changes have been noted to be
dependent on the type of extender used [39]. In a study we
recently completed on use of re-frozen semen for ICSI, we
found that frozen—thawed stallion semen that was re-frozen in
Botucrio extender had a mean total and progressive motility
more than twice those for the same semen re-frozen in MFRS5
extender, but yielded a significantly lower cleavage rate after
ICSI [25]. In that study using fertilization via ICSI, in contrast
to our present findings with IVE, we found no differences in
cleavage or blastocyst rates after use of sperm frozen once
in either extender; however, Ramirez-Agamez and co-workers
[40] reported significantly lower cleavage and blastocyst rates
after ICSI with sperm frozen once in extenders with high phos-
pholipid content and containing amides as cryoprotectants. If
an extender-dependent increase in membrane stability during
freezing and thawing is related to our findings on lowered IVF
rates with the BC extender, this is important to note for future
studies on the effect of freeze-thawing on capacitation-related
changes in equine sperm.

In evaluating status of frozen—thawed semen in our study
over the period of pre-incubation, we did not see the same
PY acquisition pattern as we saw previously in fresh sperm
during the pre-incubation period [1]. In that study, in fresh
sperm, there was little anti-PY staining initially, and staining
of the apical and equatorial regions, along with the midpiece,
increased in intensity over time of pre-incubation. In contrast,
in the current study the majority of viable frozen—thawed
sperm showed staining in the equatorial region and mid-
piece when first evaluated after 15 min incubation. Bubenick-
ova and co-workers [16] presented photographs of similar
PY staining patterns in non-incubated frozen—thawed equine
sperm. We found that the most prominent PY staining pattern
increasing during pre-incubation in frozen-thawed sperm was
staining of the entire tail. We have detected anti-PY staining
of the entire tail previously after exposing equine sperm
to conditions that are not associated with fertilizing ability
[41, 42], thus we believe that PY staining of the entire tail
may not reflect functional capacitation. In support of this,
Chung and coworkers [43] showed that PY in capacitated
mouse sperm is localized to specific structures in the sperm
tail. They noted that non-specific PY can be induced by
various treatments and may be abundant, but this PY is not
associated with capacitation [43]. To explore the role of PY
staining of the entire tail, we attempted to determine the PY
staining pattern in frozen—thawed sperm that had successfully
fertilized oocytes. Evaluation of co-incubated COCs in Exp. 4
showed that sperm both with and without PY staining of the
entire tail were associated with the oocyte cumulus. We were
unable to detect PY staining in the fertilizing sperm within the
oocyte cytoplasm; this may be due to rapid changes in protein
tyrosine phosphorylation status of the tail upon entry into the
cytoplasm.

We evaluated membrane hyperpolarization in our sperm
treatments as this is considered to be a hallmark of sperm
capacitation in other species [44-46]. Little work has been
reported on membrane polarization in horse sperm under any
conditions. Using spectrophotometry with DiSC3(5) staining,
McPartlin and colleagues [47] demonstrated that exposure
to bicarbonate and BSA increased membrane polarization
in populations of fresh equine sperm. Ortega Ferrusola and
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co-workers [48], using flow cytometry with the anionic dye
DiSBAC;(3), reported that freezing and thawing increased
depolarization of live sperm. We used the cationic dye
DiSC3(5) and flow cytometric analysis to explore membrane
hyperpolarization, following the methods validated by Puga
Molina and coauthors in human sperm [49]. These authors
found that hyperpolarization, as detected by DiSC;3(5)
staining, increased after treatment for capacitation and
correlated positively with fertilizing ability in human sperm.
Our analysis revealed a subpopulation of hyperpolarized
sperm in fresh equine sperm at 22 h pre-incubation, the
time that we previously showed these sperm are capable of
fertilization [1]. The observation that only a subpopulation of
sperm exhibited these changes aligns with findings in mouse
sperm, in which only a subpopulation was shown to undergo
hyperpolarization during capacitation using flow cytometry
analysis with DiSBAC;(3) [46]. Notably, we could not define
a similar hyperpolarized sub-population in frozen—thawed
sperm at the time they were maximally fertilization-competent
(9 h pre-incubation).

As a cationic probe, DiSC3(5) may be influenced by mito-
chondrial membrane potential, and uncouplers of oxidative
phosphorylation are often added to reduce contribution from
mitochondrial membrane staining. We did not incorporate
use of uncouplers, as in mouse sperm use of uncouplers have
been shown to have no effect on DiSC3(5) measurements
[50], and we felt they could affect maintenance of sperm
function. We did investigate use of DiSBAC,(3), which as an
anionic probe is more specific to plasma membrane polariza-
tion. Staining with DiSBAC;(3) provided similar findings to
those for DiSCj3(5) in frozen—thawed sperm in our system;
i.e. no evidence of a hyperpolarized subpopulation over the
time of pre-incubation (Suppl. Figs. 1 and 2). In fresh sperm,
results for DiSBAC;(3) over time were difficult to interpret
and we did not identify the population of hyperpolarized
sperm at 22 h that was identified with DiSC3(5) in the
same sperm sample. Because additionally use of DiSBAC,(3)
precludes the use of valinomycin [51], requires a relatively
high concentration (we found that 15 uM was needed to
define populations in equine sperm) and has a broad emission
spectrum that overlaps that of standard viability stains, our
initial perception is that DiSCj3(5) is preferable for investi-
gating membrane polarization via flow cytometry in equine
sperm. It is possible that the sub-population of intensely-
fluorescent sperm identified by DiSC3(5) at 22 h reflects not
only plasma membrane hyperpolarization but also increased
mitochondrial membrane potential. While in mice, capacita-
tion is associated with a shift from oxidative phosphorylation
to glycolysis [52], equine sperm have been shown to rely
almost entirely on oxidative phosphorylation [20, 53], and
thus may possibly exhibit increased mitochondrial activity
related to capacitation. This is a fertile area for further study.

Our findings on these well-accepted hallmarks of capacita-
tion, protein tyrosine phosphorylation and membrane hyper-
polarization, suggest that while frozen-thawed equine sperm
prepared as in this report can achieve fertilization followed
by normal embryo development, the mechanisms whereby
frozen—thawed sperm become capable of fertilization may
differ from those found in fresh sperm. The DiSCj3(35) stain
identified increases in membrane polarization in subpopula-
tions of fresh sperm prepared for IVE suggesting capacita-
tion. However, the absence of this subpopulation in frozen—
thawed sperm, which also became fertilization-competent,
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unfortunately appears to negate DiSC3(5) staining as a proxy
for functional capacitation in work with horse sperm. Devel-
opment of an accurate test for capacitation status would be
of great value to research in capacitation in horse sperm, as
evaluating rates of oocyte fertilization is problematic due to
the difficulty of obtaining horse oocytes for study. Much fur-
ther work is warranted on the cellular and molecular changes
associated with acquisition of competence for fertilization in
both fresh and frozen—thawed equine sperm. The ability to
easily acquire abundant fresh and frozen semen from the same
individual male, on repeated occasions, may make the horse
an excellent model for study of differences in capacitation-
related changes in these sperm types.

Acknowledgment

Supported by the clinical ICSI program of the Penn Equine Assisted
Reproduction Laboratory. We thank the faculty and staff of the Section
of Reproduction and Behavior, Department of Clinical Studies—New
Bolton Center, for their assistance with stallion semen collection and
freezing. We thank Dr. Gary Althouse and the Reference Andrology
Laboratory, Department of Clinical Studies—New Bolton Center, for
providing flow cytometry resources and Dr. Kim Gleason in the Penn
Equine Assisted Reproduction Laboratory for excellent technical assis-
tance.

Author contributions

MEF: Conceptualization, methodology and investigation.

TD: Investigation.

EW: Methodology, conceptualization, investigation, data interpretation.
RL: Methodology, investigation, data interpretation.

CO: Methodology, conceptualization, and investigation.

RS: Methodology and investigation.

KH: Conceptualization, formal analysis, methodology, project admin-
istration, supervision, data interpretation, visualization, and writing.

Conlflict of Interest: The authors declare that they have no competing
interests.

Data availability

The data underlying this article will be shared on reasonable request to
the corresponding author.

References

1. Felix MR, Turner RM, Dobbie T, Hinrichs K. Successful in vitro
fertilization in the horse: production of blastocysts and birth
of foals after prolonged sperm incubation for capacitation. Biol
Reprod 2022;107:1551-1564.

2. Aurich J, Kuhl J, Tichy A, Aurich C. Efficiency of semen cryop-
reservation in stallions. Animals 2020; 10:1033.

3. Kalmar J, Ball B, Troedsson M, Skaife ], Loomis P, Squires E.
Factors impacting freezability of stallion sperm. | Equine Vet Sci
20135 33:372-373.

4. Watson P. Cooling of spermatozoa and fertilizing capacity. Reprod
Domest Anim 19965 31:135-140.

5. Bailey JL, Bilodeau JF, Cormier N. Semen cryopreservation in
domestic animals: a damaging and capacitating phenomenon.
J Androl 2000; 21:1-7.

6. Bailey JL, Buhr MM. Cryopreservation alters the Ca2+ flux of
bovine spermatozoa. Can | Anim Sci 1994; 74:45-51.

7. Robertson L, Watson PF. Calcium transport in diluted or cooled
ram semen. | Reprod Fertil 1986; 77:177-185.

8. Cormier N, Sirard MA, Bailey JL. Premature capacitation of bovine
spermatozoa is initiated by cryopreservation. | Androl 1997; 18:
461-468.

9. Pérez L], Valcarcel A, de las Heras MA, Moses D, Baldassarre H.
Evidence that frozen/thawed ram spermatozoa show accelerated
capacitation in vitro as assessed by chlortetracycline assay. Theri-
ogenology 1996; 46:131-140.

10. Maxwell WM, Johnson LA. Chlortetracycline analysis of boar
spermatozoa after incubation, flow cytometric sorting, cooling, or
cryopreservation. Mol Reprod Dev 1997; 46:408-418.

11. Naresh S. Effect of cooling (4°C) and cryopreservation on
cytoskeleton actin and protein tyrosine phosphorylation in buffalo
spermatozoa. Cryobiology 2016; 72:7-13.

12. Cormier N, Bailey JL. A differential mechanism is involved dur-
ing heparin- and cryopreservation-induced capacitation of bovine
spermatozoa. Biol Reprod 2003; 69:177-185.

13. Critser JK, Arneson BW, Aaker DV, Huse-Benda AR, Ball GD,
Cryopreservation of human spermatozoa. II. Postthaw chronology
of motility and of zona-free hamster ova penetration. Fertil Steril
1987; 47:980-984.

14. Ortega-Ferrusola C, Anel-Lépez L, Martin-Mufioz P, Ortiz-
Rodriguez JM, Gil MC, Alvarez M, de Paz P, Ezquerra L], Masot
AJ, Redondo E, Anel L, Pefia FJ. Computational flow cytometry
reveals that cryopreservation induces spermptosis but subpopu-
lations of spermatozoa may experience capacitation-like changes.
Reproduction 2017; 153:293-304.

15. Pommer AC, Rutllant J, Meyers SA. Phosphorylation of protein
tyrosine residues in fresh and cryopreserved stallion spermatozoa
under capacitating conditions. Biol Reprod 2003; 68:1208-1214.

16. Bubenickova F, Postlerova P, Simonik O, Sirohi J, Sichtar J. Effect
of seminal plasma protein fractions on stallion sperm cryopreser-
vation. Int | Mol Sci 20205 21:6415.

17. Neild DM, Gadella BM, Chaves MG, Miragaya MH, Colenbran-
der B, Aguero A. Membrane changes during different stages of
a freeze-thaw protocol for equine semen cryopreservation. Theri-
ogenology 2003; 59:1693-1705.

18. Schembri MA, Major DA, Suttie JJ, Maxwell WM, Evans G.
Capacitation-like changes in equine spermatozoa throughout the
cryopreservation process. Reprod Fertil Dev 2002; 14:225-233.

19. Ferrer MS, Canisso IF, Ellerbrock RE, Podico G, Lister BN, Hurley
D], Kline K, Palomares RA. Optimization of cryopreservation
protocols for cooled-transported stallion semen. Anim Reprod Sci
2020; 221:106581.

20. Davila MP, Munoz PM, Bolanos JM, Stout TA, Gadella BM,
Tapia JA, da Silva CB, Ferrusola CO, Pena F]. Mitochondrial
ATP is required for the maintenance of membrane integrity in
stallion spermatozoa, whereas motility requires both glycolysis and
oxidative phosphorylation. Reproduction 20165 152:683-694.

21. Thomas AD, Meyers SA, Ball BA. Capacitation-like changes in
equine spermatozoa following cryopreservation. Theriogenology
2006; 65:1531-1550.

22. Canesin HS, Ortiz I, Rocha Filho AN, Salgado RM, Brom-de-Luna
JG, Hinrichs K. Effect of warming method on embryo quality in
a simplified equine embryo vitrification system. Theriogenology
2020; 151:151-158.

23. Jacobson CC, Choi YH, Hayden SS, Hinrichs K. Recovery of mare
oocytes on a fixed biweekly schedule, and resulting blastocyst
formation after intracytoplasmic sperm injection. Theriogenology
2010; 73:1116-1126.

24. Salgado RM, Brom-de-Luna JG, Resende HL, Canesin HS, Hin-
richs K. Lower blastocyst quality after conventional vs. piezo ICSI
in the horse reflects delayed sperm component remodeling and
oocyte activation. | Assist Reprod Genet 2018; 35:825-840.

25. Brito LFC, Felix MR, Linardi RL, Martinez de Andino EV, Bala-
murugan NS, Herndndez-Avilés C, Hinrichs K. Effect of refreez-
ing extender on stallion sperm quality and embryo production
after intracytoplasmic sperm injection. Theriogenology 2025; 231:
29-35.



M.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

R. Felix et al., 2025, Vol. 112, No. 5

Bavister BD, Yanagimachi R. The effects of sperm extracts and
energy sources on the motility and acrosome reaction of hamster
spermatozoa in vitro. Biol Reprod 1977; 16:228-237.

Leibfried ML, Bavister BD. Effects of epinephrine and hypotaurine
on in-vitro fertilization in the golden hamster. | Reprod Fertil 1982;
66:87-93.

Ortiz 1, Felix M, Resende H, Ramirez-Agdmez L, Love CC, Hin-
richs K. Flow-cytometric analysis of membrane integrity of stallion
sperm in the face of agglutination: the "zombie sperm" dilemma.
J Assist Reprod Genet 2021; 38:2465-2480.

Aitken R], S. L, Z. G. Aspects of sperm physiology-oxidative stress
and the functionality of stallion spermatozoa. Equine Vet Sci 2014;
34:17-27.

Jones R, Mann T. Toxicity of exogenous fatty acid peroxides
towards spermatozoa. Reproduction 1977; 50:255-260.

Lewis N, Schnauffer K, Hinrichs K, Morganti M, Troup S, Argo C.
Morphokinetics of early equine embryo development in vitro using
time-lapse imaging, and use in selecting blastocysts for transfer.
Reprod Fertil Dev 2019; 31:1851-1861.

Martino NA, Marzano G, Mastrorocco A, Lacalandra GM, Vin-
centi L, Hinrichs K, Dell Aquila ME. Use of time-lapse imaging to
evaluate morphokinetics of in vitro equine blastocyst development
after oocyte holding for two days at 15 degrees C versus room
temperature before intracytoplasmic sperm injection. Reprod Fertil
Dev 2019; 31:1862-1873.

. Galli C, Colleoni S, Duchi R, Lagutina I, Lazzari G. Developmental

competence of equine oocytes and embryos obtained by in vitro
procedures ranging from in vitro maturation and ICSI to embryo
culture, cryopreservation and somatic cell nuclear transfer. Anim
Reprod Sci 2007; 98:39-55.

Flood PF, Betteridge K], Diocee MS. Transmission electron
microscopy of horse embryos 3-16 days after ovulation. ] Reprod
Fertil 1982; Supplement 32:319-327.

Oriol JG, Betteridge KJ, Clarke AJ, Sharom FJ. Mucin-like glyco-
proteins in the equine embryonic capsule. Mol Reprod Dev 1993;
34:255-265.

Choi YH, Roasa LM, Love CC, Varner DD, Brinsko SP, Hinrichs K.
Blastocyst formation rates in vivo and in vitro of in vitro-matured
equine oocytes fertilized by intracytoplasmic sperm injection. Biol
Reprod 20045 70:1231-1238.

Tremoleda JL, Stout TA, Lagutina I, Lazzari G, Bevers MM,
Colenbrander B, Galli C. Effects of in vitro production

41.

42.

44,

45.

46.

47.

48.

49.

50.

879

by intracytoplasmic sperm injection (ICSI) using frozen/thawed
semen. Theriogenology 2023; 195:85-92.

Gonzalez-Fernandez L, Macias-Garcia B, Loux SC, Varner DD,
Hinrichs K. Focal adhesion kinases and calcium/calmodulin-
dependent protein kinases regulate protein tyrosine phosphoryla-
tion in stallion sperm. Biol Reprod 2013; 88:138.

Loux SC, Macias-Garcia B, Gonzalez-Fernandez L, Canesin HD,
Varner DD, Hinrichs K. Regulation of axonemal motility in
demembranated equine sperm. Biol Reprod 2014; 91:152.

. Chung JJ, Shim SH, Everley RA, Gygi SP, Zhuang X, Clapham DE.

Structurally distinct Ca(2+) signaling domains of sperm flagella
orchestrate tyrosine phosphorylation and motility. Cell 2014; 157:
808-822.

Zeng Y, Clark EN, Florman HM. Sperm membrane potential:
hyperpolarization during capacitation regulates zona pellucida-
dependent acrosomal secretion. Dev Biol 1995; 171:554-563.
Balestrini PA, Sanchez-Cardenas C, Luque GM, Baro Graf C,
Sierra JM, Hernidndez-Cruz A, Visconti PE, Krapf D, Darszon
A, Buffone MG. Membrane hyperpolarization abolishes calcium
oscillations that prevent induced acrosomal exocytosis in human
sperm. FASEB ] 2021; 35:e21478.

Escoffier J, Navarrete F, Haddad D, Santi CM, Darszon A, Visconti
PE. Flow cytometry analysis reveals that only a subpopulation
of mouse sperm undergoes hyperpolarization during capacitation.
Biol Reprod 20155 92:121.

McPartlin LA, Visconti PE, Bedford-Guaus SJ. Guanine-nucleotide
exchange factors (RAPGEF3/RAPGEF4) induce sperm membrane
depolarization and acrosomal exocytosis in capacitated stallion
sperm. Biol Reprod 2011; 85:179-188.

Ortega Ferrusola C, Anel-Lépez L, Ortiz-Rodriguez JM, Martin
Muiioz P, Alvarez M, de Paz P, Masot ], Redondo E, Balao da
Silva C, Morrell JM, Rodriguez Martinez H, Tapia JA, et al. Stallion
spermatozoa surviving freezing and thawing experience membrane
depolarization and increased intracellular Na™. Andrology 2017;
5:1174-1182.

Molina LCP, Gunderson S, Riley J, Lybaert P, Borrego-Alvarez A,
Jungheim ES, Santi CM. Membrane potential determined by flow
cytometry predicts fertilizing ability of human sperm. Front Cell
Dev Biol 2019; 7:387.

Chavez JC, de la Vega-Beltran JL, Escoffier J, Visconti PE, Trevino
CL, Darszon A, Salkoff L, Santi CM. Ton permeabilities in mouse
sperm reveal an external trigger for SLO3-dependent hyperpolar-

on horse embryo morphology, cytoskeletal characteristics, ization. PloS One 2013; 8:e60578.
and blastocyst capsule formation. Biol Reprod 2003; 69: 51. Klapperstiick T, Glanz D, Klapperstick M, Wohlrab J. Method-
1895-1906. ological aspects of measuring absolute values of membrane poten-
38. Martins WP, Rocha IA, Ferriani RA, Nastri CO. Assisted hatch- tial in human cells by flow cytometry. Cytometry A 2009; 75A:
ing of human embryos: a systematic review and meta-analysis 593-608.
of randomized controlled trials. Hum Reprod Update 2011; 17: 52. Tourmente M, Sansegundo E, Rial E, Roldan ERS. Capacitation
438-453. promotes a shift in energy metabolism in murine sperm. FrontCell
39. Zhao Y, Buhr MM. Cryopreservation extenders affect calcium flux Dev Biol 2022; 10:950979.
in bovine spermatozoa during a temperature challenge. | Androl 53. Darr CR, Varner DD, Teague S, Cortopassi GA, Datta S, Meyers
1995; 16:278-285. SA. Lactate and pyruvate are major sources of energy for stallion
40. Ramirez-Agamez L, Herndndez-Avilés C, Varner DD, Love CC. sperm with dose effects on mitochondrial function, motility, and
Sperm factors associated with the production of equine blastocysts ROS production. Biol Reprod 20165 95:34.
© The Author(s) 2025. Published by Oxford University Press on behalf of Society for the Study of Reproduction. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (https://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com

Biology of Reproduction, 2025, 112(5), 867-879
https://doi.org/10.1093/biolre/ioaf043
Research Article


https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/biolre/ioaf043

	 Equine in vitro fertilization with frozen--thawed semen is associated with shortened pre-incubation time and modified capacitation-related changes
	Introduction
	Materials and methods
	Results
	Discussion
	 Acknowledgment
	Author contributions
	Data availability


