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Capacitation Inducers on Thawed Stallion Sperm: Effect on
Sperm Capacitation and Homologous Zona Pellucida Binding Assay
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SUMMARY: Frozen-thawed spermatozoa from different mammalian species successfully undergo capaoitabamder
specific and defined conditions, however the induction eftro capacitation of equine spermatozoa still needs optimizations. The aim
of this study was to evaluate the effects of different culture media on induciiorityb capacitation of thawed stallion sperm. To do
this, the sperm were thawed and incubated with different combinations of capacitating inducers for 2 h. In our studsefivendiffi:
no capacitation medium (NC), basal medium that included BSA and bicarbonate, basal mediium plus capacitating inducer dibutyryl
cyclic-AMP (dbcAMP) as a PKA activator, a phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX) and a cholesfetm| acc
methyl$-cyclodextrin (M3CD). The membrane fluidity, acrosome reaction and intracellular calcium levels were evaluated after 2 h of
incubation, but we did not find any differences among groups. Different behavior between stallions was also observéike Bipeliy,
treatments were evaluated using a homologues zona pellucida binding assay. This assay showed that incubation in bashlaigglium in
MBCD increased the number of spermatozoa adhered to the zona pellucida of mare oocytes. Further studies are neededdo evaluate th
effect of these conditions an vitro fertilization of equine species using thawed sperm.

KEY WORDS: Capacitation; Spermatozoa; Stallion; Zona pellucida.

INTRODUCTION

The development of equini@ vitro assisted efficiency benefits by eliminating the need for fresh semen,
reproduction technologies has improved over timeahereby avoiding the logistical challenges associated with
However, there is still the need to improve and increase thecessing animals. It also reduces the risk of disease
efficiency of several processes. Reproductive technologigansmission, overcomes geographic limitations, and allows
such as artificial insemination (Aljn vitro fertilization for the indefinite preservation of genetic material. It is also
(IVF), intracytoplasmic sperm injection (ICSl),important to highlight that the success of cryopreservation
cryopreservation of gametes and embryos have besnnfluenced by factors such as the stallion's genetics and
developed (Leemanst al, 2016), although with low age (Gimencet al., 2021), making cryopreservation a
efficiency and a narrow window in its application in theparticularly challenging process for stallion sperm.
equine industry (Gimenet al, 2021). A frequent factor to
treat in male gamete cryopreservation in mammal species, On the other hand, sperm capacitation is a
is the wide variability of the ejaculates among donors amhysiological process that spermatozoa must undergo to
from different ejaculates from same sire (Dowsett & Knotteach the fertilizing ability. It primarily occurs in the female
1996). This is particularly evident in the equine speciesgproductive tract after ejaculation and involves a series of
since the semen is highly variable in terms of sperm surviialochemical and cellular changes in the spermatozoa
against after cryopreservation (Hoffmaanal., 2011). (Shivajiet al, 2007). The sperm capacitation is associated
Using frozen semen provides significant laboratorwith the increase of membrane fluidity due to cholesterol
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depletion, lipid raft aggregation, protein tyrosineBotucatu, Brazil) in a 1:1 ratio and transported to the
phosphorylation, hypermotility and finally the ability tolaboratory at room temperature within 15 min of semen
undergo the acrosome reaction (Leenetral., 2016). All  collection. Sperm concentration was evaluated using an
of these processes can be mimickedlitro by incubating SDM1 equine photometer (Minitube, Valencia, Spain)
sperm to an environment containing bicarbonate, calciumijuting the sample 100 times. Semen was loaded in different
and albumin (Leemanst al, 2019). The induction ah 15 mL tubes for subsequent cryopreservation. At least four
vitro capacitation is vital for the success of IVF in mammalgjaculates per stallion were collected, cryopreserved, and
Despite numerous attempts to establish IVF, consistent aamtalyzed.
repeatable protocols have not been achieved in the equine
species (Leemaret al, 2019). Semen freezingThe semen was centrifuged at 600g for 10
min. The supernatant was discarded, and the pellet was
In other mammals IVF has been successfullgiluted in freezing medium (Minitube (R) to a concentration
enhanced by using capacitation inducers, molecules twit200 x 10 sperm/mL at room temperature. The diluted
promote changes associated with sperm capacitation. Thesmen was gradually cooled from room temperaturgGo 4
inducers include methyg-cyclodextrin (MBCD), for 1 h (0.3°C/min). The sperm suspension was stored in
isobutylmethylxanthine (IBMX), and dibutyryl-cAMP 0.5 mL straws at a concentration of 200 X §ferm/mL.
(dbcAMP), which have been applied in species such as caiflee straws were placed in liquid nitrogen vapor atmosphere
and mice (Seitat al, 2009). IBMX increases intracellular (NL,) horizontally at 4 cm for 10 min. Subsequently, they
cyclic AMP (cAMP) levels (Gadella & Harrison, 2002),were immersed and stored in N{z196 °C) for further
while MBCD, a heptasaccharide, facilitates cholester@valuation.
efflux from the sperm cell membrane (Compamydl.,
2007). Additionally, dbcAMP acts as a cAMP analogudyledia Preparation. Base (non-capacitating) medium:
further supporting capacitation (Maitahal, 2021). These Sperm TLP (NC) medium (100 mM NaCl, 3.1 mM KClI,
inducers collectively enhance fertilization rates i©.3 mM NaH2PO4, 21.6 mM sodium lactate, 2.0 mM GaCl
mammalian embryos. 0.4 mM MgCl, 10.0 mM HEPES and 1.0 mM pyruvate)
was used for post-thaw incubations (McPas#tial, 2009).
Thus, the objective of this study was to find a mediur@apacitating medium: Sperm TALP (C) supplemented with
capable to effectively indude vitro capacitation of thawed bovine serum albumin (BSA 0.1 mg/mL) and 25 mM
equine sperm, since it has not been possible to achieve ti&HCO, (McPartlinet al, 2009). Medium osmolarity was
process in short incubation times. Considering the higtdjusted to 290 to 300 mOs and pH 7.4.
demand foin vitro equine embryos, and the significant cost
associated with producing equine embryos through ICSI, Fert-TALP: consisted of 114 mM NacCl, 3.2 mM KCl,
including the need for highly trained staff, it is essential t835 mM NaHCQ, 0.4 mM NaHPO,, 0.05 mM MgC], 4.6
advance in the search of capacitation media and/mM D-glucose, 10 mM HEPES, 10 mM sodium lactate,
capacitation conditions to enhance IVF performance a®s mM sodium pyruvate, 1.5 mM CaCand 6 mg/mL
improve fertilization rates. BSA, at 290-305 mOsm and pH 7.3 after equilibration at 5
% CQ, in according to Feliet al (2022).
MATERIAL AND METHOD
Semen thawing and incubation under capacitating
Ethical approval. The study protocol was approved byconditions. The straws with semen from each of the stallions
Bioethical Committee from Universidad de La Fronteravere thawed in a 3TC water bath for 30 seconds; the semen
(Approval number, Act R057/2016; Approval date, Junewas deposited in 1 ml Eppendorf tubes containing the base
2016). Sperm TLP medium at 3TC. The sample was washed in
non-capacitating (SPTL NC) medium and divided into
Chemicals. Unless otherwise stated, all reagents analiquots of 200 x 10sperm/mL and placed in 0.4 mL as
chemicals were purchased from Sigma-Aldrich (St. Louislescribed below. The treatments evaluated were the
MO, USA). following: NC control non capacitating: C capacitating with
BSA and NaHCQ C-I: capacitating with BSA + NaHCO
Semen collection and preparationSemen was collected + 0.4 mM IBMX, C-CD: capacitating with BSA + NaHGO
from three Chilote stallions 3 to 8 years old with a&0.1 mM MBCD, C-D: capacitating with BSA + NaHGO
“Colorado” artificial vagina twice a week during the+ 5 mM dbAMPc. Thawed spermatozoa in the different
reproductive season. Immediately after collection, the semiaatments were incubated for 120 min &@& CQ, in a
was diluted adding a commercial extender (Botusemen®aturated atmosphere.
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Flow cytometry. Flow cytometry was conducted in aZona pellucida (ZP) binding assayZona pellucida (ZP)
FACSCanto Il flow cytometer (Becton, Dickinson andbinding assay was performed as previously reported
Company). A total of 10,000 events were used from ea¢Bromfield et al,, 2014) with some modifications. Briefly,
measurement. Acquisition was performed with a sampkxjuine ovaries were collected at a local slaughterhouse
aspiration of 60 mL/min. Samples were acquired and analyz@erigorifico Nueva imperial, Imperial and Matadero
using the FACSDivasoftware, version 6.1.3 (BectonCholchol, Cholchol, Chile) and transported to the laboratory
Dickinson and Company). Fluorophores were excited at 488 a warmed 0.9 % saline solution within 1 h of slaughter.
nm using an argon laser. Green fluorescence staining weasmature oocytes were recovered by follicular aspiration
detected using a 530/30 nm bandwidth filter. Orangand scrapping, selecting those with homogenous granular
fluorescence was detected using a 585/42 nm bandwidth filteytoplasm and more than 5 layers of cumulus oophorus cells.
Three replicates of each foal were performed. A maximum of 50 oocytes were incubated in 500 mL of
maturation medium for 30 h at 38.&, 5 % CQin a
Assessment of acrosome integritf.he acrosome integrity saturated atmosphere. After maturation, oocytes were
was asessed using the FITC-PNA/Pl-assay. Frozestripped of cumulus cells by treatment with 1 mg/mL of
spermatozoa were thawed as described earlier. Aliquots of 3@aluronidase and pipetting. Oocytes presenting extrusion
UL of sperm suspension (3-5 X¥&lls/mL) were stained with of the first polar body were selected. Stallion semen straws
2 UL of FITC-PNA (60ug/ml stock solution) for 15 min at 38 were thawed according to the protocol described above,
°C in darkness. Then, 2 of Pl (2.4 mM stock solution) was washed in PBS, and diluted to 1 XEperm/mL. Oocytes
added and incubated for 5 min before the analysis by flowere cultured in drops of non-capacitating medium
cytometry. This staining led to the identification of fourpreviously equilibrated at 38 and 5 % COQfor 1 h, and
different populations of spermatozoa: (1) non-viabl¢he sperm suspension at concentration of 15sgérm/mL
spermatozoa with intact acrosome (PNA-/PI+), (2) non-viablgere added to each drop and the gametes were co-incubated
spermatozoa with reacted acrosome (PNA+/Pl+), (3) viabfer 1 h at 38C and 5 % CQ Sperm-oocyte complexes were
spermatozoa with intact acrosome (PNA-/PI-) and (4) viablgashed thoroughly 3nies with a washing medium (SPTL
spermatozoa with reacted acrosome (PNA+/PI-). Results wN€) supplemented with 0.2 % PVA to remove loosely attached
expressed as the percentage of viable spermatozoa with insgarmatozoa stained with Hoechst (Molecular Probes, Eugene,
and reacted acrosome. OR, USA) (10 mg/mL in PBS) for 30 min and mounted on
slides with a mounting medium. The number of ZP-bound
Assessment of plasma membrane integrity and fluidity. sperm was recorded under an epifluorescence microscope
To evaluate plasma membrane integrity and changes(Eclipse TS100F, Nikon Instruments, New York, NY, USA)
fluidity (lipid disorder) there was use of Merocyanine 54@t 200x magnification. Results were expressed as the average
(MC540; Sigma M6390) and Sytox Green stainingiumber of spermatozoa attached to the oocytes.
(Molecular Probes, Life Technologies, Carlsbad, USA). For
each analysis, 0.5 mL of sperm suspension containb@f2 Statistical analysis Statistical analyses were performed with
cells/mL was incubated during 15 min at 37Gwith 2.7 GraphPad Prism®, version 8.0.1 (GraphPad Software, San
UM MC540. Spermatozoa were subsequently washed at 35iego CA). Data for the functional parameters evaluated by
g for 5 min and suspended in 5000f Sperm TLP medium. flow cytometry are presented as meastandard deviation
Finally, 0.5uM of Sytox Green was added and incubated 45.D.). The homoscedasticity of the data was analyzed using
37.5°C for 5 min. Analyses were performed by flowthe Shapiro Wilk test. Differences between treatments were
cytometry. Results were expressed as the percentage of spanalyzed using ANOVA. To determine differences between
positive to MC540 and negative to Sytox Green. groups, a post hoc analysis was performed using the Tukey
or Kruskal Wallis test according to the normality of the data.
Assessment of intracellular calcium i(C#&) levels.To Differences were considered significant at P < 0.05.
assess the i(Gq levels, spermatozoa were loaded with 2
UM Fluo-3 AM (Molecular Probes, Eugene, OR, USA) andRESULTS
incubated for 30 min at 37.% and protected from light.
Then, 2uM of Pl were added, and the suspension wascrosome integrity, plasma membrane fluidity and
incubated for an additional 5 min. Samples were washatracellular calcium i(Ca?*) levels.Evaluation of sperm
once by centrifugation at 350 g for 10 min and theacrosome integrity, plasma membrane fluidity, and3{(Ca
resuspended in Sperm TLP medium. Sperm samples wéreels showed no differences (P > 0.05) between groups in
evaluated using flow cytometry, and the results are expresssth of the stallion analyzed (Figs. 1 to 3). Similarly, when
as mean fluorescence intensity of viable spermatozpaoling all the data from the stallions, no significant
(arbitrary unit; AU). differences were observed (Panel D of Figs. 1 to 3).
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Fig. 1. Analysis of the effect of incubating thawed spermatozdag. 2. Analysis of the effect of incubating thawed spermatozoa
with different capacitating conditions on the acrosome membraméth different capacitating conditions on membrane fluidity. Panels
integrity. Panels A, B, C: acrosome membrane integrity (FITCA, B, C: membrane fluidity (MC540/ SYTOX staining) of each
PNA/PI staining) of each stallion. Panel D: average of data from aditallion. Panel D: average of data from all stallions. Panel E:
stallions. Panel E: Corresponds to two-dimensional fluorescence @arresponding to two-dimensional fluorescence dot plot of results
plot of results conducted with the FITC-PNA/PI staining. from conducting the MC540/ SYTOX staining. NC control: non-
NC control: non-capacitating, C: capacitating with BSA and NapiCCGrapacitating, C: capacitating with BSA and NaHCOH I

C-I: capacitating with BSA + NaHCG- IBMX, C-CD: capacitating ~ capacitating with BSA + NaHCCr IBMX, C-CD: capacitating
with BSA + NaHCQ + MBCD, C-D: capacitating with BSA with BSA + NaHCQ + MBCD, C-D: capacitating with BSA
+NaHCQ, + dbAMPc. Three biological replicates from each one+NaHCQ + dbAMPc. Three biological replicates from each one.

Evaluation of plasma membrane fluidity after twoHomologues zona pellucida (ZP) binding assa$tallion
hours of incubation in different capacitating treatments showegerm was incubated in different capacitation conditions
no differences (P > 0.05; Fig. 2) between the capacitatingcluding inducers of capacitation. Incubation in
treatments and the non-capacitating control in each of tkapacitation medium includingBCD showed significant
stallion analyzed. Similarly, the average of all foals did nalifferences P < 0.05) with the non-capacitation (NC),
show significant differences either (Fig. 2 Panel D). Evaluatiorapacitation (C) and capacitation medium with IBMX (C-
of i (C&") levels after two hours of incubation in differentl) (Fig. 4). Figure 5 shows representative images of the
capacitating treatments showed no differences (P > 0.05; Fpermatozoa bound to mare oocytes. It is important to note
3) between the capacitating treatments and the non-capacitatingt this zona pellucida (ZP) binding assay was performed
control in each of the stallion analyzed. Similarly, whemvith mare oocytes, therefore we could demonstrate the
grouping (pooling) all the data from the stallions, no significanhduction of capacitation in stallion spermatozoa with these
differences were also observed (Fig. 3 Panel D). conditions.
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Fig. 3. Analysis of the effect of incubating thawed spermatozoa with NC control: non-capacitating, C: capacitating with BSA and
different capacitating conditions on the concentrations of intracellularNaHCQ, C-I: capacitating with BSA + NaHCG- IBMX,
calcium. Panels A, B, C: Concentrations of {C&Fluo-3/PI staining) C-CD: capacitating with BSA + NaHGG MBCD, C-D:

of each of the stallion. Panel D: average of data from all stallions.capacitating with BSA +NaHCO+ dbcAMP. Three
Panel E: Corresponds to two-dimensional fluorescence dot plot ofbiological replicates from each one.

results from conducting the Fluo-3/PI staining.

C-l

Fig. 5. Zona pellucida (ZP) binding
assay. Representative images of
stallion sperm bound to the ZP of
equine oocytes. NC control: non-
capacitating, C: capacitating with BSA
and NaHCQ, C-I: capacitating with
BSA + NaHCQ + IBMX, C-CD:
capacitating with BSA + NaHCCr
MPBCD, C-D: capacitating with BSA
+ NaHCQ + dbcAMP.

c-CDh
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DISCUSSION inhibitor IBMX, and the cholesterol accepto3D. Our
data showed that after two hours of incubation in different
Failure ofin vitro capacitation of stallion sperm hascapacitating media, there were similar levels of acrosome
been mentioned as a major limiting factor in the developmeintegrity, plasma membrane fluidity, and i@@alevels,
of conventional IVF in the horse. Although previous studieamong groups. Similarly, when the data were pooled across
have reported successful induction of sperm-zona pellucidl stallions, no significant differences were observed.
interaction between equine gametes (Macias-Gatah, Fuenteset al (2024), working with fresh semen obtained
2015), media developed to support gamete interaction hgu®mising results, showing an early response to tyrosine
not yielded repeatable IVF success (Mugeieal, 2009). phosphorylation in the sperm within 4 hours after incubation
in capacitating conditions including inducers of capacitation.
In our study, we evaluated different capacitatiomn contrast to this data, our study employing cryopreserved
conditions and inducers, analyzing the data both individualbemen, failed to show an increase in plasma membrane
for each stallion and by pooling the sires. We observed tHatidity and increase of intracellular calcium levels. In a
each stallion responded differently to the treatments,different study by Contrerast al (2022), stallion sperm
phenomenon widely reported in the literature, where stalliamas cryopreserved with membrane stabilizers (cholesterol-
sperm often exhibit variable behavior when analyzeldaded cyclodextrin and cholestanol-loaded cyclodextrin)
separately. Stallion sperm are particularly variable in theifter 4 hours of post-thaw incubation in capacitating
resistance to freeze-thaw processes, especially regardampditions.
sperm survival post-thawing (Hoffmaatal, 2011). Despite
this variability, when frozen-thawed semen was incubated These findings suggest that the capacitation
with different capacitation inducers and analyzed bottnreatments used in this study did not produce the expected
individually and in pooled data, we found no significanthanges in sperm function parameters within the two-hour
differences between the control and capacitation media. incubation period. Specifically, the lack of significant
alterations in plasma membrane fluidity and intracellular
A significant population of spermatozoa undergoingalcium levels indicates that the spermatozoa did not undergo
acrosome reaction was observed after two hours tife typical capacitation-related modifications, such as
incubation in both non-capacitating and capacitating mediacreased membrane fluidity and calcium influx, which are
Notably, different sensitivity to this process was observezssential for successful fertilization. One possible
among the stallions evaluated, with stallion A exhibiting axplanation for these results is that the cryopreserved semen
higher percentage of spermatozoa with reacted acrosomesy have a reduced capacity to respond to capacitating
compared to others, including a considerable proportion &imuli due to cryopreservation-induced damage or altered
the non-capacitating medium, which lacks bicarbonate antembrane properties. This is supported by the study of
BSA. Previous studies have confirmed that cryopreservédientest al (2024), which demonstrated that fresh semen
semen often shows reduced sperm motility and fertility, wittesponded more readily to capacitation inducers, showing
notable differences observed between individual stalliomoticeable changes in tyrosine phosphorylation and
(Bedfordet al, 1995). Pommegt al. (2003) suggested that membrane fluidity within 2 hours, an effect not observed in
sperm longevity might be compromised by prematureur study using cryopreserved semen.
capacitation-related changes associated with sperm storage,
indicating that cryopreserved sperm may be more sensitive  On the other hand, we employed a zona pellucida
to stimuli, which could explain their shorter lifespan(ZP) binding assay, based on earlier studies that demonstrated
compared to fresh sperm. Furthermore, signs of prematenehanced acrosomal exocytosis in response to media
capacitation associated with cryopreservation have beeontaining capacitation inducers compared to non-
demonstrated in both bovine and equine sperm (Coghiercapacitating conditions. This technique, previously used to
al., 1997). assess the capacitation status of stallion sperm by Coutinho
da Silvaet al (2012), differs in our study as we used mare
For the capacitation process to occur, sperm must becytes. In our assay, we observed a significant increase in
maintained in an environment containing HE@&*, and  the number of sperm bound to the ZP of mare oocytes under
BSA (Maitanet al, 2021). Additionally, agents such ascapacitating conditions, a result similar to that reported by
calcium ionophore A23187, progesterone, or heparin aFeientest al. (2024) with fresh semen.
employed to induce the acrosome reaction (Vaetel,
1987). In our study, we used media containing HCé&nd Interestingly, the average number of stallion sperm
BSA, supplemented single or combined with capacitatidmound to mare oocytes was particularly high with a
inducers: dbcAMP as a PKA activator, the phosphodiesterasspacitating medium supplemented witBGD. The results
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from Fuentet al (2024), provide evidence of the effectsde espermatozoides equinos aln requiere optimizaciones. El
of HCOS-, BSA, dbcAMP, IBMX, and MBCD on objetivo de este estudio fue evaluar los efectos de diferentes
capacitation-related parameters in equine sperm, which cofiigdios de cultivo en la induccion de la capacitagidvitro de

be valuable in future research aimed at reducing the tifigPérmatozoides de semental descongelados. Para ello, los
required for sperm capacitation in IVF protocols agspermatozmdes se descongelaron e incubaron con diferentes

compared to those reported by Fefial (2022). Our combllnauones'c.iemductqres capac!tanteg durante?h.Eq nugstro
findi . ith thei howing that th di estudio se utilizaron cinco medios diferentes: medio sin
Indings are consistent with theirs, showing that the me Iu[?'(ngpacitacién (NC), medio basal que incluia BSA y bicarbonato,

containing MSCD produced a significant increase in spermheqio basal mas el inductor capacitante dibutiril AMP ciclico
binding compared to both the non-capacitating medium a@gibAMpC) como activador de PKA, un inhibidor de la
the capacitating media without inducers. fosfodiesterasa, 3-isobutil-1-metilxantina (IBMX) y un aceptor
de colesterol, metil-b-ciclodextrina BCD). Se evaluaron la
The observed increase in the number of spermatoziiiddez de la membrana, la reaccion acrosémica y los niveles de
bound to mare oocytes with the addition dd&D suggests calcio intracelular despuées de 2 h de incubacion, pero no
that this inducer could be a viable option for improvimg €ncontramos diferencias entre los grupos. También se observé
vitro fertilization with frozen spermatozoa. It is importantn comportamiento diferente entre los sementales. Finalmente,

to note that our study utilized thawed spermatozoa Whi&?ﬁ tratamientos de los espermatozoides se evaluaron utilizando

S un ensayo de unién de homélogos a la zona pellcida. Este ensayo
are known to suffer from cryopreservation-induced damagpe.

C tion has b h t D ostré que la incubacion en medio basal que incl3&M
ryopreservation has been shown to cause sperm ent6 el nimero de espermatozoides adheridos a la zona

fragmentation (Baumbeet al, 2000), translocation of pejicida de los ovocitos de yegua. Se necesitan mas estudios para
phosphatidylserine, decreased mitochondrial membrag@ajuar el efecto de estas condiciones en la fertilizagigitro
potential, acrosome damage (Thonedsal, 2006), and de especies equinas utilizando espermatozoides descongelados.
increased intracellular ROS generation. Specifically, stallion

sperm generates superoxide aniong)Qvhich rapidly PALABRAS CLAVE: Capacitacion; Espermatozoide;
convert to hydrogen peroxide B), a ROS with significant Semental; Zona pellcida.

cytotoxic effects (Burnaugét al., 2007).
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