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Abstract

Sperm capacitation is essential for fertilization and involves coordinated changes in mem-
brane organization, ion fluxes, and intracellular signaling. However, commonly used detec-
tion methods may reflect different biological events, which can be strongly influenced by
experimental methodology. This study critically evaluated fluorescence-based approaches
for assessing capacitation in boar spermatozoa, focusing on their specificity, interpretative
limits, and methodological sensitivity. Ejaculated boar spermatozoa were incubated under
in vitro capacitating conditions in TALP medium. Selected samples were subsequently
treated with calcium ionophore to induce the acrosome reaction (AR). Phosphotyrosine
(PTyr) immunofluorescence was assessed using five fixation and labeling protocols, acrosin
redistribution was evaluated with the ACR.2 antibody, calcium ion redistribution was as-
sessed using chlortetracycline (CTC) fluorescence, and acrosomal responsiveness was mon-
itored by peanut agglutinin (PNA) lectin labeling. PTyr immunofluorescence was highly
dependent on fixation protocol, indicating marked methodological sensitivity. Acrosin
immunodetection revealed a clear capacitation-associated redistribution from weak or
diffuse staining to a well-defined acrosomal pattern, whereas ionophore treatment caused
a pronounced signal loss consistent with acrosomal exocytosis. PNA labeling confirmed
that capacitation alone did not increase spontaneous acrosome loss, whereas ionophore
treatment induced a robust AR. CTC staining showed a significant shift from whole-head
pattern to acrosome in TALP-treated spermatozoa, indicating capacitation-associated Ca2+

redistribution. Together with CTC and Western blot data, these findings show that sperm
capacitation status should be evaluated using multiple complementary markers rather than
a single gold-standard assay.

Keywords: phosphotyrosine; phosphorylation; acrosome reaction; acrosin; calcium

1. Introduction
Sperm capacitation is a functional maturation process that enables mammalian sper-

matozoa to acquire fertilizing competence. In vivo, this process occurs within the female
reproductive tract [1–3]. Under laboratory conditions, it is commonly induced by incuba-
tion in defined capacitation media [4,5]. Capacitation is represented by cholesterol efflux
from the sperm plasma membrane, leading to increased membrane fluidity [6], as well as
ion fluxes such as Ca2+ influx [7] and Zn2+ efflux [8]. Intracellular signaling pathways are
activated, particularly the cyclic adenosine monophosphate/protein kinase A (cAMP–PKA)
cascade, increased protein phosphorylation, including tyrosine phosphorylation [9]. These
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processes are accompanied by reorganization of sperm membrane domains [10], actin poly-
merization [11], and changes in mitochondrial activity [12] and motility patterns, including
the development of hyperactivation [13]. Together, these events prime the spermatozoa for
the acrosome reaction (AR) and enable successful interaction with the oocyte.

Various methods are employed to detect these changes in boar spermatozoa, each
focusing on different functional aspects with varying reliability [14]. A critical change
during capacitation is the efflux of Zn2+, which is essential for Ca2+ influx into the sperm cell.
Zn2+ blocks the voltage-gated hydrogen channel 1 HVCN1, which, when activated, allows
Ca2+ to enter through the cation channel of sperm (CatSper), crucial for capacitation and,
along with that, hyperactivation of motility [8,15]. The intracellular calcium concentration
[Ca2+]i increases during capacitation. It can be detected using chlortetracycline (CTC)
staining, a fluorescent dye that forms chelate complexes of Ca2+. This method enables
precise determination of the time at which the largest number of spermatozoa are in a
capacitated state using immunofluorescence and flow cytometry [14,16,17].

There are several pathways leading to tyrosine phosphorylation (PTyr) of several
sperm proteins [18]. PTyr increases during capacitation and can be detected by Western
blotting and indirect immunofluorescence using specific antibodies. These methods reveal
changes in the distribution and intensity of phosphorylated proteins, providing insights
into the stages of capacitation [2,19–22]. However, the PTyr is widely influenced by the
methodological approach, such as the fixation protocols, or strongly influenced by them [23],
as well as by the employed capacitation medium (CM) [5].

Capacitation also leads to the activation and release of acrosomal enzymes, such as
acrosin, which are crucial for binding to and penetrating the zona pellucida. Acrosin is
present in ejaculated spermatozoa as the inactive precursor which converts to proacrosin
during capacitation, which, in turn, converts to acrosin during capacitation. A specific
primary antibody against acrosin can detect this change, with a stronger antibody signal in
capacitated spermatozoa [14,24]. Visualizing the acrosome with PNA lectin conjugated with
a fluorescent probe, which binds to glycans on the outer acrosomal membrane, allows for
differentiation between acrosome-intact and acrosome-reacted sperm. In vitro induction of
the AR using calcium ionophore (CaI) provides insight into the proportion of spermatozoa
functionally primed for acrosomal exocytosis, and thus indirectly reflects the fraction of
cells that have undergone capacitation [25,26].

Although these detection methods are highly specialized and robust, each of them
reflects only a single aspect of the complex capacitation process. Consequently, individual
assays are not sufficient on their own to clearly distinguish capacitated from non-capacitated
spermatozoa, since the detected parameters may be affected by other variables, including
the composition of the capacitation media and the methodological steps preceding the
analysis [23]. Therefore, the aim of this study was to evaluate selected complementary
approaches for assessing sperm capacitation status in a widely used CM, with particular
emphasis on the impact of fixation conditions on PTyr detection and on the interpretation
of capacitation-associated changes. Specifically, we compared CTC staining, PTyr detection
under different fixation protocols, Western blot analysis of PTyr patterns, and assessment
of the AR using PNA labeling to define their reliability and methodological limitations
under controlled experimental conditions.

2. Materials and Methods
All chemicals used in this study were obtained from Sigma-Aldrich (St. Louis, MO,

USA), unless otherwise specified. Ejaculates from 29 fertile Duroc boars aged 12–18 months
were sourced from the Insemination Station Skrsin (LIPRA PORK a.s., Rovensko pod
Troskami, Czech Republic), where only boars with proven fertility are routinely used for
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semen collection. Spermatozoa were transported to the laboratory in a styrofoam box
maintained at 37 ◦C and processed within 3 h of collection. Before experimental processing,
sperm concentration and motility were evaluated using standard andrological techniques
with a light microscope. Only ejaculates showing normal microscopic appearance and at
least 70% total motility were included in the study. All received ejaculates fulfilled these
criteria. The initial sperm concentration of the received ejaculates ranged from 20 × 107 to
100 × 107 sperm/mL.

A total of 65 ejaculate samples from 29 boars were included in the study. Although
some boars were sampled repeatedly, all samples were obtained from separate ejaculate
collections. For each biological replicate, ejaculates from three fertile adult boars were
diluted in PBS (phosphate-buffered saline, #P4417) to a concentration of 5 × 107 sperm/mL
and pooled to eliminate individual variations. The remaining seminal plasma was removed
by washing the spermatozoa three times in PBS and centrifugation at 300× g for 5 min.
Non-capacitated spermatozoa (Non-cap; 5 × 107) were stored in pellets at −20 ◦C for
gel electrophoresis.

2.1. Sperm In Vitro Capacitation (IVC) and Acrosome Reaction (AR)

Spermatozoa were then diluted in TALP CM (pH 7.4) [114 mM NaCl (#SZBC1650V),
3.2 mM KCl (#P-5405), 0.35 mM NaH2PO4 (#S9638), 18 mM Na-Lactate (#L4263), 8 mM
Ca-Lactate (#C8356), 0.5 mM MgCl2 (#M2393), 1.1 mM Na-pyruvate (#P2256), 0.17 mM
Kanamycin sulfate (#606-15), 1% (w/v) polyvinyl alcohol (PVA; #P8136), 5 mM Glucose
(#G-7021), 3% (w/v) bovine serum albumin (BSA; #A9647), 25 mM NaHCO3 (#S5761), 2 mM
Caffeine (#C0750)] [27]. Spermatozoa underwent capacitation for 3 h at 37 ◦C with 5%
(v/v) CO2. Capacitated spermatozoa (Cap; 5 × 107) were stored in pellets at −20 ◦C for gel
electrophoresis. Part of the IVC sperm suspension (5 × 107 sperm/mL) was supplemented
with calcium ionophore (CaI) A23187 (#C7522) to a final concentration of 5 µM (Cap + CaI).
To assess whether CaI alone could induce acrosomal exocytosis in the absence of prior
IVC, an aliquot of the non-capacitated sperm suspension (5 × 107 sperm/mL) in non-
capacitation medium (TALP NCM; pH 7.4; 114 mM NaCl, 3.2 mM KCl, 0.35 mM NaH2PO4,
18 mM Na-Lactate, 8 mM Ca-Lactate, 0.5 mM MgCl2, 0.17 mM Kanamycin sulfate, 1% (w/v)
PVA, 5 mM Glucose) was supplemented with A23187 (#C7522) to a final concentration of
5 µM (Non-cap + CaI). CaI was prepared as a 5 mM stock solution in ethanol, resulting
in a final ethanol concentration of 0.1% (v/v) in the sperm suspension. These samples
(Cap + CaI and Non-cap + CaI) were then incubated for 1 h at 37 ◦C in 5% CO2 to induce
the AR in vitro. Vehicle controls with 0.1% (v/v) ethanol concentration were employed
(Non-cap + EtOH, Cap + EtOH).

2.2. Detection of PTyr-Specific Immunofluorescence Patterns with the Use of Distinct
Fixation Protocols

Non-capacitated (Non-cap) and IVC (Cap) spermatozoa were divided into five groups:
(i): spermatozoa labeled with primary antibody in suspension and then fixed with 70%
acetone/methanol (1:1, v/v) (Susp.), (ii) fixed in suspension in 2% formaldehyde methanol-
free (Carl Roth GmbH, Karlsruhe, Germany, Art.-Nr. 4235.1) with 2% BSA and labeled with
antibody on slides (F mf), (iii): fixed in suspension in 2% formaldehyde with 2% BSA and
labeled with antibody on slides (F), (iv): fixed in 70% acetone and labeled with antibody on
slides (A), (v): fixed in 70% methanol and labeled with antibody on slides (M).

Spermatozoa (Non-cap and Cap) of the first group (i) were labeled with a mouse
anti-phosphotyrosine antibody (clone 4G10; Millipore, MA, USA) diluted 1:150 for 1 h in
suspension. Non-cap spermatozoa were incubated with the antibody in PBS supplemented
with 2% BSA at room temperature (RT). After 2 h of IVC, the 4G10 antibody was added to
the sperm suspension (final dilution 1:150) in TALP CM, and the spermatozoa were further
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incubated for 1 h at 37 ◦C with 5% (v/v) CO2. After incubation, spermatozoa were washed
3 times with PBS (300× g for 5 min) and resuspended in PBS. Sperm suspension was placed
onto slides and fixed with 70% acetone/methanol.

In other experimental groups (ii–v), Non-cap and Cap sperm suspensions were cen-
trifuged at 300× g for 10 min. The supernatant was discarded, and the spermatozoa were
fixed. Spermatozoa fixed in suspension (ii, iii) were resuspended in 2% formaldehyde with
2% BSA and in 2% formaldehyde methanol-free (#4235.1, Carl Roth GmbH, Karlsruhe,
Germany) with 2% BSA, respectively. Spermatozoa were incubated for 20 min at RT. Then,
the samples were washed three times with PBS (300× g for 5 min) and resuspended in
PBS. Sperm suspensions were placed onto slides and allowed to dry. Sperm suspensions
fixed onto the slides (iv, v) were placed on slides and fixed with 70% acetone and 70%
methanol, respectively.

Slides were then rinsed with PBS and incubated with SuperBlock Blocking Buffer
(#37517, ThermoFisher Scientific, Rockford, IL, USA) for 30 min. Four groups of slides
(ii–v) were then treated with 4G10 antibody diluted 1:300 in PBS at 4 ◦C in a wet chamber
overnight. After washing with PBS, all slides were labeled with secondary antibody Goat
anti-Mouse IgG (H + L) Highly Cross-Adsorbed conjugated to Alexa Fluor® Plus 488
(#A11001, Invitrogen, Rockford, IL, USA) diluted 1:300 in PBS and incubated at 4 ◦C for 1 h
in the dark in a wet chamber. Slides were then washed with PBS and treated with PNA
conjugated with rhodamine (#RL-1072-5, Vector Laboratories, Newark, CA, USA), diluted
1:1000 in PBS at RT, in a wet chamber in the dark for 30 min. After washing with PBS and
water, sperm samples were mounted in Vectashield mounting medium containing DAPI
(#H-1200, Vector Laboratories, Newark, CA, USA).

Sperm fluorescence was analyzed under a confocal microscope (Zeiss LSM 800; Carl
Zeiss AG, Oberkochen, Germany) using NIS-Elements AR 4.30.01 software (Nikon Instru-
ments Inc., NY, USA). At least 100 spermatozoa per sample were subjectively evaluated,
and all the detected patterns were counted. For image analysis, only spermatozoa with
intact acrosomes were included.

2.3. SDS Gel Electrophoresis and Protein Blotting

Frozen sperm pellets from Non-cap and Cap groups were lysed in 100 µL of 2× reduc-
ing Laemmli buffer containing 20% (v/v) glycerol (#G9012), 4% (w/v) SDS (sodium dodecyl
sulfate; #161-0732), 0.125 M Tris-HCl (pH 6.8; #161-0799), 5% (v/v) β-mercaptoethanol
(#M7522), and 0.005% (w/v) bromophenol blue (#B0126), supplemented with protease
and phosphatase inhibitors (#11873580001, Roche, Mannheim, Germany). Samples were
incubated on ice for 30 min with intermittent mixing and then boiled for 5 min. Proteins
were separated by SDS-PAGE on 12% polyacrylamide gels (12% (w/v) Acrylamide/Bis-
acrylamide solution (Bio-Rad, Hercules, CA, USA); 1.5M Tris-HCl (Bio-Rad, Hercules,
CA, USA), pH 8.8; 0.1% (w/v) SDS; TEMED; 0.1% (w/v) ammonium persulfate) and 4%
stacking gel (4% Acrylamide/Bis-Acrylamide solution; 0.5M Tris-HCl pH 6.8 (Bio-Rad,
Hercules, CA, USA); 0.1% SDS; TEMED; 0.1% ammonium persulfate) using Precision Plus
Protein All Blue Standards (#1610373, Bio-Rad, Hercules, CA, USA) and transferred onto
nitrocellulose membranes (#GE10600001, Amersham Protran, GE Healthcare, Chicago, IL,
USA) at 0.5 A for 1 h. Membranes were blocked in 5% (w/v) non-fat dry milk (Blotto;
#SC-2325, ChemCruz, Santa Cruz Biotechnology, Inc., Dallas, TX, USA) prepared in PBS
and incubated overnight at 4 ◦C with anti-phosphotyrosine antibody (clone 4G10; 1:1000) or
mouse IgG isotype control (#31903, ThermoFisher Scientific, Waltham, MA, USA; 1:10,000).
For densitometric analysis, the membranes were incubated with mouse anti-tubulin anti-
body (clone DM1A; Invitrogen, Rockford, IL, USA) diluted 1:1000 in PBS. After washing in
PBS-T (PBS containing 0.1% [v/v] Tween-20), membranes were incubated with horseradish
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peroxidase-conjugated goat anti-mouse IgG secondary antibody (Bio-Rad; 1:3000) for 1 h at
room temperature. Immunoreactive signals were detected using SuperSignal West Pico
PLUS substrate (#34580, Thermo Fisher Scientific, Rockford, IL, USA), visualized with an
Azure C300 imaging system (Azure Biosystems, Dublin, CA, USA), and quantified using
IMAGE Studio Digits 3.1 software (Li-COR Biotechnology, Lincoln, NE, USA).

2.4. Detection of Acrosin-Specific Immunofluorescence Patterns

Non-cap and Cap sperm suspensions were centrifuged at 300× g for 10 min. The
supernatant was discarded, spermatozoa were further washed twice in PBS with centrifu-
gation at 300× g for 10 min, and then resuspended in PBS. Sperm suspension was placed
onto slides and fixed with 70% acetone. Slides were rinsed with PBS and incubated with
SuperBlock Blocking Buffer for 30 min. Slides were then treated with mouse ACR.2 (#11-
260-C100, Exbio, Prague, Czech Republic) diluted 1:100 in PBS at 4 ◦C in a wet chamber
for 1 h. After washing with PBS, all slides were labeled with secondary antibody Goat
anti-Mouse IgG (H + L) Highly Cross-Adsorbed conjugated to Alexa Fluor® Plus 488
(Invitrogen, CA, USA), diluted 1:300 in PBS and incubated at 4 ◦C for 1 h in the dark in a
wet chamber. Slides were then washed with PBS and treated with PNA conjugated with
rhodamine (Vector Laboratories, Newark, CA, USA) diluted 1:500 in PBS at RT in a wet
chamber in the dark for 30 min. After washing with PBS and water, sperm samples were
mounted in Vectashield mounting medium containing DAPI (Vector Laboratories, Newark,
CA, USA).

Sperm fluorescence was analyzed under a Nikon Eclipse Ni-U microscope (Nikon,
Tokyo, Japan) using constant settings in NIS-Elements software. At least 100 spermatozoa
per sample were subjectively evaluated and classified as Non-cap (low fluorescent signal)
or Cap (fluorescence restricted to the acrosome) and AR (no fluorescent signal) according
to Ded et al. (2019) [14].

2.5. Detection of Capacitation-Associated Calcium Distribution Changes

Sperm capacitation was assessed using the chlortetracycline (CTC) fluorescence assay.
The CTC staining solution consisted of 0.78 mM chlortetracycline (#C-4881) dissolved
in 20 mM Tris, 130 mM NaCl, and 5 mM L-cysteine (pH 7.8). Briefly, 30 µL of sperm
suspension from the Non-cap and Cap sperm groups (5 × 107 spermatozoa/mL) were
mixed with 30 µL of CTC solution and incubated for 10 min at room temperature in the
dark. The reaction was then stopped by adding 20 µL of 4% paraformaldehyde. Subse-
quently, 10 µL of the suspension was mounted in VectaShield containing 4′,6-diamidino-2-
phenylindole (DAPI; #H-1200, Vector Laboratories, Newark, CA, USA). Sperm fluorescence
was analyzed under a confocal microscope (Zeiss LSM 800; Carl Zeiss AG, Oberkochen,
Germany) using NIS-Elements AR 4.30.01 software (Nikon Instruments Inc.). At least
100 spermatozoa per sample were assessed by subjective scoring and classified either as
non-capacitated, characterized by uniform fluorescence over the entire sperm head, or as
undergoing capacitation-associated changes, characterized by fluorescence restricted to the
acrosomal region, according to Ded et al. (2019) [14].

2.6. Detection of Acrosome Reaction

Non-cap, Non-cap + EtOH, Non-cap + CaI, Cap, Cap + EtOH, and Cap + CaI sperm
suspensions were centrifuged at 300× g for 5 min. The supernatant was discarded, and
spermatozoa were further washed twice in PBS with centrifugation at 300× g for 5 min.
Spermatozoa were resuspended in PBS. Sperm suspension was placed onto slides and fixed
with 70% acetone. Slides were then washed with PBS and treated with PNA conjugated
with rhodamine (Vector Laboratories) diluted 1:500 in PBS at RT in a wet chamber in the
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dark for 30 min. After washing with PBS and water, sperm samples were mounted with
VectaShield mounting medium with DAPI (Vector Laboratories).

Sperm fluorescence was analyzed under a confocal microscope (Zeiss LSM 800; Carl
Zeiss AG) using NIS-Elements AR 4.30.01 software (Nikon Instruments Inc.). At least
100 spermatozoa per sample were subjectively evaluated, and all the detected patterns
were counted.

2.7. Data and Statistical Analysis

When counting spermatozoa from a confocal or epifluorescence microscope, at least
100 were counted in each sample. For PTyr and acrosin detection, spermatozoa with PNA
labeling in the acrosome were counted for Non-cap and Cap spermatozoa. In the case of
acrosin detection after AR, only spermatozoa without a PNA signal in the acrosome were
counted. When detecting AR using PNA labeling, all spermatozoa in the samples were
counted, regardless of their acrosome status.

For statistical analyses, GraphPad Prism version 9.0 (GraphPad Software, Boston, MA,
USA) was used. Data normality was assessed using the Shapiro–Wilk test prior to paramet-
ric analysis. The effects of IVC and in vitro AR, and, for PTyr analysis, the effect of fixation
treatment, as well as their interaction, were evaluated using two-way analysis of variance
(two-way ANOVA). When significant main effects or interactions were detected, post hoc
multiple comparisons were performed using Tukey’s multiple comparison test to identify
differences between experimental groups. The results are presented as mean ± standard
error of the mean (SEM). Differences were considered statistically significant at p < 0.05.

3. Results
3.1. Fixatives Influence the Presentation of Specific PTyr Fluorescence Patterns

Indirect immunofluorescence using sperm labeling with an antibody against phos-
photyrosine is often used as a typical marker of capacitation. We compared the effect
of different fixatives on the presentation of specific fluorescence patterns. Two aldehyde
fixatives (2% formaldehyde—F—and 2% methanol-free formaldehyde—F mf) and two
alcohol fixatives (70% acetone—A—and 70% methanol—M) were chosen. In addition, we
evaluated spermatozoa labeled with the antibody in suspension, which we subsequently
fixed with acetone/methanol (Susp.). In total, nine different fluorescence patterns (Figure 1)
were detected.

We further merged these patterns into three groups (No signal—no fluorescent
signal, Head—fluorescent signal present in various compartments of the sperm head,
Head + flagellum—fluorescent signal present in various compartments of the sperm head
and in the flagellum). After defining these overarching groups, we detected significant
differences between Non-cap and Cap spermatozoa across three fixation methods (2%
formaldehyde, 2% formaldehyde methanol-free, and acetone). We did not detect any
significant differences in the suspension (Susp.) group; both the Non-cap and Cap sperm
groups showed no fluorescent signal in most cases (87% and 61%, respectively). We also
did not find any significant differences in the methanol (M) fixed group; spermatozoa in
this experimental group largely showed the Head pattern (Non-cap group in 82% and Cap
group in 60%). Non-cap spermatozoa from the 2% formaldehyde (F), 2% formaldehyde
methanol-free (F mf), and acetone (A) groups mainly showed a Head signal (95%, 98%, and
87%, respectively). In comparison, Cap spermatozoa showed a Head + flagellum signal
(2% formaldehyde in 63%, 2% formaldehyde methanol-free in 62%, and acetone in 34%).
The Head + flagellum pattern was not detected in any group of differently fixed Non-cap
spermatozoa; so, it appears that this pattern is specific only to Cap spermatozoa. Figure 2
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shows representative images of individual sperm groups, and a graph (Figure 3) shows the
percentage representation of individual patterns.

Figure 1. Schematic representation of detected fluorescence patterns when labeling with the 4G10
antibody. (A) no fluorescent signal, (B) strong fluorescent signal in the equatorial subsegment (EqSS),
(C) weak fluorescent signal in the acrosome, (D) weak fluorescent signal in the acrosome and strong
signal in EqSS, (E) strong fluorescent signal in the acrosome and EqSS, (F) strong fluorescent signal in
the neck and main part of the flagellum and weaker signal in the midpiece, (G) strong fluorescent
signal in the EqSS, neck, and main part of the flagellum and weaker signal in the midpiece, (H) strong
fluorescent signal in EqSS, weaker signal in the acrosome, strong signal in the neck and main part
of the flagellum, and weaker signal in the midpiece, (I) strong fluorescent signal in EqSS, acrosome,
neck, and main part of the flagellum, and weaker signal in the midpiece.

Figure 2. Phosphotyrosine fluorescent patterns in boar spermatozoa fixed in different fixatives. Repre-
sentative images of indirect immunofluorescence of non-capacitated (Non-cap) and capacitated (Cap)
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spermatozoa; Susp.—spermatozoa labeled with 4G10 antibody in suspension, F mf—spermatozoa
fixed in 2% formaldehyde methanol free with 2% BSA in water, F—spermatozoa fixed in 2% formalde-
hyde with 2% BSA in water, A—spermatozoa fixed with 70% acetone, M—spermatozoa fixed with
70% methanol; green color (AlexaFluor 488)—immunofluorescence presenting the reaction of the
antibody with antigen, red color (Rhodamine)—PNA-lectin staining of sperm acrosome, blue color
(DAPI)—staining of the cell nucleus; negative controls are inserted in corners.

Figure 3. Graph showing the percentage of spermatozoa presenting different immunofluorescent
patterns (No signal—no fluorescent signal, Head—fluorescent signal present in various compartments
of sperm head, Head + flagellum—fluorescent signal present in various compartments of sperm
head and in the flagellum); the graph compares differences between non-capacitated (Non-cap) and
capacitated (Cap) spermatozoa within individual fixative (Susp., F mf, F, A, M). Error bars show SEM;
statistically significant differences (p < 0.05) are indicated by letters. Dashed vertical lines separate
the individual immunofluorescence patterns. Statistical comparisons were performed only within
each pattern category. n = 5 independent biological replicates, each replicate consisted of a pooled
ejaculate from three boars.

Not all 9 detected patterns were found in all experimental sperm groups. The detailed
percentage distribution of individual patterns across spermatozoa fixed using different
fixatives is illustrated in Figure 4A–E. Panel A shows the representation of patterns in
spermatozoa from the suspension PTyr antibody-labeled group. In this case, significant
differences were detected in two expressed patterns. Non-cap spermatozoa showed a higher
representation of the No-signal pattern (87%), and Cap spermatozoa showed significantly
higher percentage of spermatozoa with strong fluorescence in EqSS (38%). Other PTyr
sperm localizations were not detected using this antibody-labeling approach.

Panel B shows the representation of patterns in spermatozoa from the 2% formalde-
hyde methanol-free fixed group. Using this fixation, Non-cap spermatozoa typically
showed a PTyr pattern with strong fluorescence in EqSS (73%), and Cap spermatozoa
showed a pattern with strong fluorescence in EqSS, but in combination with fluorescence in
the flagellum (39%). In both these patterns, a significant difference was observed between
sperm groups at different maturation states.
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Figure 4. Phosphotyrosine fluorescent patterns in boar spermatozoa fixed with different fixatives.
The graphs show the percentage of spermatozoa presenting different specific immunofluorescent
patterns, as shown by the pictograms, and compare differences between non-capacitated (Non-
cap) and capacitated (Cap) spermatozoa. (A) shows patterns after labeling the spermatozoa in
suspension, (B) shows patterns in boar spermatozoa fixed in 2% formaldehyde methanol free with
2% BSA in water, (C) shows patterns in boar spermatozoa fixed in 2% formaldehyde with 2% BSA
in water, (D) shows patterns in boar spermatozoa fixed in 70% acetone, and (E) shows patterns in
boar spermatozoa fixed in 70% methanol. Error bars show SEM; statistically significant differences
(p < 0.05) are indicated by an asterisks (* p < 0.05, ** p < 0.01, and **** p < 0.0001); n = 5 independent
biological replicates, each replicate consisted of a pooled ejaculate from three boars.

Using 2% formaldehyde fixation (Panel C), variations in pattern assessment among
individual samples were relatively extensive. Still, significant differences were detected
only in the pattern with strong fluorescence in EqSS alone, which was typical for Non-cap
spermatozoa (39%), and in the pattern with fluorescence exclusively in the flagellum, which
was typical for Cap spermatozoa (31%).
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Panel D shows the pattern representation when spermatozoa were fixed with 70%
acetone. In this case, a significant difference was detected only in the pattern with weak
fluorescence in the acrosome and strong fluorescence in the EqSS, which was more prevalent
with significance (p < 0.05) in Non-cap spermatozoa (41%) than in Cap spermatozoa (11%).
However, the pattern with strong fluorescence in the acrosome and EqSS was highly
prevalent in both Non-cap spermatozoa (44%) and Cap spermatozoa (36%).

Spermatozoa fixed with 70% methanol (Panel E) showed no significant differences
between Non-cap and Cap spermatozoa in any pattern. Although fluorescence patterns
with signal in the flagellum were observed only in Cap spermatozoa, these groups showed
substantial variation in pattern assessment across individual samples. Similarly, a decrease
in the proportion of spermatozoa showing PTyr labeling exclusively in the EqSS region was
observed after capacitation.

In summary, aldehyde fixatives reliably distinguish between non-capacitated and
capacitated spermatozoa, with capacitated spermatozoa typically exhibiting a fluorescent
signal in the flagellum. The same result can be achieved using 70% acetone. However,
individual fixatives differ from one another, and the chosen fixative should always be
considered when interpreting PTyr fluorescence as a marker of capacitation.

3.2. Increase in PTyr During IVC Detected by Electrophoresis and Western Blotting

Differences in overall PTyr levels were detected between Non-cap and Cap spermato-
zoa (Figure 5). We observed a significant increase (p < 0.05) in total PTyr after IVC. We also
detected four distinct PTyr-reactive bands with approximate molecular weights 152 kDa,
55 kDa, 31 kDa and 27 kDa with significant differences in relative optical density between
Non-cap and Cap spermatozoa, with Cap spermatozoa showing in all of those protein
bands significantly higher relative optical density. The largest difference was observed in
the 31-kDa protein band.

Figure 5. Phosphotyrosine (PTyr) detection in boar sperm protein extracts from non-capacitated (Non-
cap) and capacitated (Cap) spermatozoa. Representative Western blot shows the molecular weights
of detected phosphoprotein bands; the protein leader sizes are labeled in blue (A). Graphs show
the relative optical density of Total PTyr (B) and individual protein bands (C). Protein loading was
normalized to α-tubulin in sperm lysates. Error bars show SEM; statistically significant differences
(p < 0.05) in total PTyr (B), or within one protein band (C), are indicated by letters. Dashed vertical
lines in panel (C) separate the individual protein band evaluation. Statistical comparisons were
performed only within each band size, comparing the Non-cap and Cap groups for the corresponding
band. n = 6 independent biological replicates, each replicate consisted of a pooled ejaculate from
three boars.
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3.3. Acrosin-Specific Immunofluorescence Patterns Differ Between Sperm Status

Acrosin detection was evaluated by indirect immunofluorescence using the ACR.2
antibody in Non-cap, Cap, and AR spermatozoa (Figure 6). Based on signal detection,
three distinct fluorescence patterns were identified: Low signal (weak or diffuse fluorescent
signal), Acrosome (clear acrosomal fluorescent signal), and no signal (absence of detectable
fluorescent signal).

Figure 6. Immunofluorescent detection of acrosin in boar spermatozoa using ACR.2 antibody.
Representative images of indirect immunofluorescence of non-capacitated (Non-cap), capacitated
(Cap), and acrosome-reacted (AR) spermatozoa labeled with anti-ACR.2 antibody; green color
(AlexaFluor 488)—immunofluorescence presenting the reaction of the antibody with antigen, red
color (Rhodamine)—PNA-lectin staining of sperm acrosome, blue color (DAPI)—staining of the cell
nucleus; negative controls are inserted in corners; distinct fluorescence patterns were classified as Low
signal (weak or diffuse fluorescence), Acrosome (clear acrosomal localization), and No signal (absence
of detectable fluorescence). The graph shows the percentage distribution of spermatozoa presenting
individual ACR.2 fluorescence patterns in each experimental group (Non-cap, Cap, AR). Dashed
vertical lines separate the evaluated categories. Error bars represent SEM; statistically significant
differences between patterns within each experimental category (p < 0.05) are indicated by letters;
n = 5 independent biological replicates, each replicate consisted of a pooled ejaculate from three boars.

In the Non-cap group, the predominant pattern was Low signal, observed in ap-
proximately 84% of spermatozoa. In contrast, the Acrosome pattern was detected in a
minor proportion (around 10%), and no signal was rare (6%). Following capacitation, a
significant shift in fluorescence distribution was observed. The proportion of spermatozoa
exhibiting the Acrosome pattern increased markedly (approximately 58%), accompanied
by a significant decrease in the Low signal pattern (38%). The No signal category remained
minimal in this group. In contrast, acrosome-reacted (AR) spermatozoa showed a striking
predominance of the No signal pattern (approximately 95%), consistent with the loss of
acrosomal content following acrosomal exocytosis. Both the Low signal (3%) and Acrosome
(2%) patterns were significantly reduced in AR spermatozoa compared to the Non-cap and
Cap groups.

Statistical analysis confirmed significant differences in the distribution of fluores-
cence patterns among groups (p < 0.05). These findings indicate that ACR.2 immunola-
beling reliably distinguishes between acrosome-intact and AR spermatozoa and reflects
capacitation-associated redistribution of acrosin prior to acrosomal exocytosis.

3.4. Calcium Redistribution Is Evident After IVC

Figure 7 presents the results of the fluorescent CTC assay, showing the proportion of
spermatozoa exhibiting two predominant staining patterns: Whole head, characterized
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by strong fluorescence over the entire sperm head, and Acrosome, characterized by in-
tense fluorescence in the acrosomal region with lower signal in the postacrosomal region.
According to established interpretations of CTC staining [14], the Whole head pattern is
typical of non-capacitated spermatozoa. In contrast, the Acrosome pattern reflects the
capacitation-associated redistribution of intracellular Ca2+ and was therefore considered
indicative of spermatozoa undergoing capacitation. The Whole head pattern predominated
in the Non-cap group (81.7%), whereas it was significantly less frequent in the Cap-TALP
group (20.5%; p < 0.0001). In contrast, the Acrosome pattern was detected in 18.3% of Non-
cap spermatozoa and was markedly increased in the Cap-TALP group (79.5%). Together,
these results confirm that incubation in Cap-TALP medium induced capacitation-associated
calcium redistribution in boar spermatozoa.

Figure 7. Detection of capacitation-associated changes in calcium distribution in Non-cap and Cap
sperm samples using the chlortetracycline (CTC) assay. Yellow arrows indicate spermatozoa with
strong fluorescence over the entire head (Whole head), blue arrows indicate spermatozoa with
strong fluorescence over the acrosomal region and weaker fluorescence in the postacrosomal region
(Acrosome), and red arrows indicate acrosome-reacted spermatozoa, which were excluded from the
analysis. Scale bar = 20 µm. The graph shows the percentage of spermatozoa exhibiting specific
fluorescence patterns, as illustrated in the representative images. Different letters (a, b) indicate
statistically significant differences between individual patterns within each sperm group (p < 0.05);
error bars represent SEM; n = 5 independent biological replicates, each replicate consisted of a pooled
ejaculate from three boars.

3.5. Detection of Acrosome Reaction as an Indirect Marker of Capacitation

Spermatozoa that successfully undergo IVC and are subsequently exposed to a CaI
treatment can complete an in vitro AR, as demonstrated by changes in PNA lectin labeling
(Figure 8). Specifically, spermatozoa displaying a ruptured or absent acrosomal PNA signal
after CaI treatment (Reacted/No Acr fluorescent signal) are classified as acrosome-reacted.
This approach allows for indirect estimation of the proportion of capacitated spermatozoa,
as only those that have completed capacitation can respond to CaI by acrosomal exocytosis.

Non-cap, Non-cap + EtOH, Non-cap + CaI, Cap, and Cap + EtOH spermatozoa
showed significantly more Whole Acr signal 96.3%, 84.7%, 75.0%, 68.9%, and 70.0%, re-
spectively) than Cap + CaI spermatozoa, in which the No Acr signal predominated in
63.9%. In contrast, the proportion of Reacted Acr spermatozoa remained low in the non-
capacitated groups, reaching only 1.6% in Non-cap, 11.2% in Non-cap + EtOH, and 9.5% in
Non-cap + CaI. Higher proportions of Reacted Acr spermatozoa were observed after ca-
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pacitation, accounting for 17.5% in Cap, 17.0% in Cap + EtOH, and 21.7% in Cap + CaI. The
Whole Acr pattern still represented the major population in Cap and Cap + EtOH spermato-
zoa, its proportion was reduced compared with the non-capacitated groups, accompanied
by an increase in both Reacted Acr and No Acr patterns. The most pronounced shift was
observed in Cap + CaI spermatozoa, in which the Whole Acr signal dropped significantly
and the No Acr pattern became the dominant labeling pattern. In our experiments, CaI
exposure of in vitro capacitated spermatozoa resulted in a significant increase in the pro-
portion of acrosome-reacted spermatozoa compared with non-capacitated spermatozoa,
confirming that capacitation occurred and preceded the induced AR.

Figure 8. Fluorescent patterns of boar spermatozoa labeled with PNA lectin. Representative images
of indirect immunofluorescence of non-capacitated spermatozoa (Non-cap), capacitated spermatozoa

https://doi.org/10.3390/mps9030098

https://doi.org/10.3390/mps9030098


Methods Protoc. 2026, 9, 98 14 of 20

(Cap), non-capacitated spermatozoa incubated with 5 µM calcium ionophore (Non-cap + CaI), and
capacitated spermatozoa incubated with 5 µM calcium ionophore (Cap + CaI); vehicle controls of 0.1%
(v/v) ethanol are shown as Non-cap + EtOH and Cap + EtOH; red color (Rhodamine)—PNA-lectin
staining of sperm acrosome, blue color (DAPI)—staining of the cell nucleus. Graphs show the percent-
age of spermatozoa presenting different immunofluorescent patterns (Whole Acr—clear fluorescent
signal over the acrosome, Reacted—fluorescent signal showing ruptured acrosome, No Acr—no
fluorescent signal present); the upper graph shows differences inside individual fluorescent patterns,
the graph bellow shows differences inside each sperm group; error bars show SEM; statistically
significant differences (p < 0.05) are indicated by letters. Dashed vertical lines separate the evaluated
categories. In the graph showing differences within patterns, the dashed lines separate individual
acrosomal staining patterns, and statistical comparisons were performed only within each pattern
category. In the graph showing differences within sperm groups, the dashed lines separate individual
sperm treatment groups, and statistical comparisons were performed only within each group. n = 3
independent biological replicates, each replicate consisted of a pooled ejaculate from three boars.

3.6. Integrated Comparison of Capacitation Markers

To provide an integrated comparison of capacitation-associated markers in boar sper-
matozoa, we summarize the predominant patterns across methods in Table 1. The table
highlights methodological differences and their impact on the interpretation of sperm
capacitation status across markers. When all evaluated markers are considered together, a
coherent picture of capacitation-associated changes emerges. Although individual tech-
niques differ in sensitivity and biological readout, their combined interpretation supports a
coordinated but multi-level remodeling process.

Table 1. Overview of capacitation-associated markers in non-capacitated and capacitated boar sper-
matozoa. The table summarizes the predominant fluorescence or biochemical patterns detected by
individual markers in non-capacitated (Non-cap) and capacitated (Cap) spermatozoa. For phospho-
tyrosine (PTyr) fluorescence, the predominant pattern is shown for each fixation condition (Susp., F
mf, F, A, M). Western blot (WB) data reflect global PTyr levels and the intensity of the 31 kDa band
(relative optical density, ROD). ACR.2 immunolabeling indicates acrosin-specific patterns (Low signal
vs. Acrosome). PNA labeling reflects acrosomal integrity before and after calcium ionophore (CaI)
induction. CTC data indicate calcium-dependent redistribution patterns. ↑—increase; ↓—decrease.

Non-Cap Spermatozoa Cap Spermatozoa
Marker Non-Cap

Predominant Pattern
Cap Predominant

Pattern
Non-Cap

Predominant Pattern
Cap Predominant

Pattern
PTyr—fluorescence Head Head + flagellum Head Head + flagellum

Susp. 13% 0% 38% 1%
F. mf 98% 0% 19% 62%

F 96% 0% 11% 63%
A 87% 0% 43% 34%
M 82% 0% 60% 36%

PTyr—WB
↓ overall PTyr, ↓
PTyr at 31 kDa

1 ROD, 0.03 ROD

↑ overall PTyr,
↑ PTyr at 31 kDa

N/A

↓ overall PTyr, ↓
PTyr at 31 kDa

N/A

↑ overall PTyr, ↑
PTyr at 31 kDa

2 ROD, 0.18 ROD

ACR.2 Low signal
84%

Acr.
10%

Low signal
38%

Acr.
58%

PNA Whole Acr.
96.3%

No Acr. After CaI
15.5%

Whole Acr.
68.9%

No Acr. After CaI
63.9%

CTC Whole head
81.7%

Acr.
18.3%

Whole head
20.5%

Acr.
79.5%
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PTyr immunofluorescence revealed a shift from predominantly head-restricted pat-
terns in Non-cap spermatozoa to increased Head + flagellum localization after capacitation,
particularly depending on the fixation method. In contrast, Western blot analysis demon-
strated a global increase in total PTyr, including a consistent increase in PTyr in the 31 kDa
band. These approaches therefore provide complementary information; ICC reflects spatial
redistribution of accessible epitopes, whereas Western blot analysis captures overall PTyr
intensity at the protein level.

Acrosin immunodetection using ACR.2 antibody showed a transition from predomi-
nantly Low signal in Non-cap spermatozoa to a defined Acrosome pattern after capacitation,
indicating molecular remodeling within the acrosomal compartment. Importantly, this
shift occurred without a parallel increase in spontaneous acrosome loss as assessed by PNA
labeling. The majority of spermatozoa retained intact acrosomes after capacitation, and a
significant AR was observed only after CaI induction after capacitation. This confirms that
capacitation induces biochemical priming for the AR.

Similarly, CTC staining demonstrated a transition from the Whole head pattern (Non-
cap) to the Acrosome pattern (Cap), reflecting redistribution of calcium during the capac-
itation process. The calcium dynamics, protein phosphorylation, and acrosomal protein
remodeling occur in parallel but represent distinct layers of the capacitation cascade.

4. Discussion
This study was designed to critically evaluate commonly used approaches to detect-

ing sperm capacitation, with a focus on methodological specificity, limitations, and the
interpretative boundaries of individual detection techniques. Capacitation is a complex
process regulated by both signal stimuli from the surrounding environment and intracellu-
lar signals. The pathways leading to capacitation are regulated at multiple levels. These
pathways interact and converge to induce structural and functional changes in sperm,
thereby preparing them for successful fertilization [18,23,28]. Various detection markers
reflect the physiological and biochemical changes occurring in spermatozoa during capaci-
tation. However, as demonstrated in previous studies, individual capacitation markers do
not progress synchronously and reflect distinct events; so, it is better to interpret them as
complementary rather than independent and unambiguous markers of capacitation [15,29].

Immunocytochemical (ICC) detection of PTyr provides information on the spatial
localization of phosphorylated epitopes in individual spermatozoa. Still, it is inherently
limited by its strong dependence on fixation and permeabilization conditions [23]. Using
aldehyde fixatives or native labeling, ICC primarily detects epitopes accessible on or near
the plasma membrane and therefore reflects localized phosphorylation events rather than
the overall phosphorylation status of the cell [30–32]. In contrast, fixation with alcohol
fixatives allows for high permeabilization, making it possible to detect epitopes inside the
cell. However, this type of fixation disrupts the membrane; so, the plasma membrane state
is not clearly reflected [33,34]. As a result, ICC-based PTyr patterns are highly sensitive
to methodological parameters and should be interpreted primarily in spatial and qualita-
tive contexts. The identification of up to nine PTyr fluorescence patterns across fixation
conditions in this study further illustrates this methodological variability. While some
heterogeneity may reflect genuine biological redistribution of phosphorylated proteins
during capacitation, the high pattern diversity is more plausibly explained by differential
epitope accessibility, extraction of soluble proteins, and altered membrane permeability [35].
Thus, the observed diversity of fluorescence patterns primarily reflects methodological
sensitivity rather than distinct biologically defined capacitation states [23]. For this reason,
reduction and standardization of fluorescence pattern categories (in this study, to three
groups—No signal, Head, and Head + flagellum) are methodologically necessary. Consoli-
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dating patterns into biologically interpretable groups minimizes observer bias, improves
reproducibility, and facilitates comparison across experiments and laboratories. Based on
our results, fixation with 2% methanol-free formaldehyde with 2% BSA appears to be the
most suitable protocol for routine PTyr immunofluorescence in boar spermatozoa. This
fixation protocol provided the clearest distinction between non-capacitated and capacitated
sperm subpopulations, as most non-capacitated spermatozoa showed PTyr signal mainly
in the equatorial subsegment. In contrast, capacitated spermatozoa additionally displayed
fluorescence in the flagellum.

Western blot analysis captures global changes in PTyr across the entire sperm popula-
tion, integrating signals from both membrane-associated and intracellular proteins [35,36].
These two approaches therefore report on distinct biological layers of capacitation-related
signaling. Importantly, apparent discrepancies between PTyr patterns observed by ICC and
changes detected by Western blot do not represent conflicting results but instead reflect
the fundamentally different nature of the information provided by each method. Together,
these findings emphasize that ICC and Western blot analyses of PTyr are complemen-
tary rather than interchangeable, and that they should not be directly compared without
considering their methodological and biological contexts.

Fluorescence-based assessment of capacitation using ACR.2 immunodetection, CTC
staining, and PNA labeling with CaI-induced AR provided mutually supportive yet mech-
anistically distinct information about sperm functional status. Detection of acrosin using
the ACR.2 antibody revealed a clear shift in fluorescence patterns after capacitation. In the
non-capacitated group, 84% of spermatozoa exhibited the pattern typical of non-capacitated
cells, whereas only 10% showed a capacitation-associated pattern. Following capacitation,
the proportion of spermatozoa displaying the non-capacitated pattern decreased to 38%,
while 58% exhibited the capacitated phenotype. This different labeling confirms previous
findings [14,37] that acrosin accessibility or localization changes during capacitation, likely
reflecting membrane reorganization and preparatory modifications within the acrosomal
region rather than full acrosomal exocytosis [38]. The incomplete conversion (i.e., not
100%) is consistent with the physiological heterogeneity of sperm populations and the
asynchronous nature of capacitation [38].

A comparable trend was using the CTC assay, which monitors calcium redistribu-
tion [39]. In the non-capacitated group, 81.7% of spermatozoa displayed the non-capacitated
fluorescence pattern and 18.3% the capacitated pattern. After capacitation in TALP-based
medium, this ratio was reversed, with 79.5% showing the capacitation-associated pattern
and only 20.5% retaining the non-capacitated signal. Because CTC primarily reflects intra-
cellular Ca2+ dynamics and membrane-associated changes [16,40], these data indicate that
calcium redistribution occurs in a majority of spermatozoa under capacitating conditions
and parallels the changes detected by ACR.2 labeling.

Functional validation was provided by PNA lectin labeling combined with CaI-
induced AR. The predominance of the Whole Acr pattern in untreated non-capacitated
spermatozoa confirms that most cells retained intact acrosomes under basal conditions.
Similar proportions in the Non-cap + EtOH and Non-cap + CaI groups indicate that CaI
alone was insufficient to induce extensive acrosomal exocytosis in non-capacitated boar
spermatozoa, supporting the concept that capacitation is required for spermatozoa to ac-
quire responsiveness to AR-inducing stimuli [41,42]. In contrast, capacitated spermatozoa
exhibited reduced proportions of Whole Acr cells and increased frequencies of reacted
acrosomal patterns. This effect was most pronounced in the Cap + CaI group, in which
the No Acr pattern became predominant, indicating extensive AR following ionophore
treatment. Similar findings have been reported in boar spermatozoa, in which CaI effec-
tively induces acrosomal exocytosis only after capacitation [39]. This high responsiveness
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confirms that the majority of spermatozoa acquired functional competence to undergo
regulated acrosomal exocytosis, a definitive endpoint of capacitation.

Importantly, while ACR.2 and CTC report structural and signaling-associated changes
occurring during capacitation, PNA labeling after CaI provides a functional readout of
acrosomal responsiveness. The concordance among these methods strengthens the conclu-
sion that capacitation occurred in a substantial proportion of the sperm population. At the
same time, the partial overlap between marker-defined subpopulations underscores that
capacitation is a gradual and heterogeneous process, and that different fluorescence-based
assays capture distinct biological layers of this complex maturation event.

Together with our systematic review [23], which not only demonstrated the possible
effect of fixation protocols on the presentation of specific PTyr fluorescent patterns but also
showed how spermatozoa-handling methods and capacitation medium composition shape
signaling trajectories, the present work shows that an analytical methodology critically
determines how capacitation is detected and interpreted. While the former addressed how
experimental conditions influence the biological course of capacitation, the current study
clarifies how detection strategies shape its readout. Collectively, these studies highlight
that both the experimental design and the analytical framework fundamentally influence
conclusions about sperm capacitation and underscore the necessity of an integrative,
context-aware interpretation.

5. Conclusions
Taken together, our findings do not support the concept of a single “gold standard”

marker of capacitation. Instead, they demonstrate that individual assays capture different
biological dimensions of this multifaceted process and are variably influenced by method-
ological context. Calcium redistribution (e.g., CTC or alternative ion-sensitive probes)
reflects early membrane and signaling events; PTyr detection (by WB or ICC) reports
phosphorylation-dependent signaling, albeit with clear methodological constraints; and
acrosomal responsiveness (e.g., PNA labeling after CaI induction) provides functional
validation of capacitation competence. Rather than proposing a single standardized marker,
our data support a modular approach to capacitation assessment, in which the minimal
combination of Ca2+ dynamics, phosphorylation status, and acrosomal responsiveness is
selected according to the specific research question.
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Abbreviations
The following abbreviations are used in this manuscript:

A Acetone
Acr Acrosome
ALH Amplitude of lateral head displacement
AR Acrosomally reacted
BSA Bovine serum albumin
CaI Calcium ionophore
cAMP Cyclic adenosine monophosphate
Cap Capacitated
CASA Computer-assisted sperm analysis
CatSper Cation channel of sperm
CM Capacitation media
CTC Chlortetracycline
EqSS Equatorial subsegment
F Formaldehyde
F mf. Formaldehyde methanol-free
HVCN1 Voltage-gated hydrogen channel 1
ICC Immunocytochemistry
IVC In vitro capacitation
LIN Linearity
M Methanol
Non-cap Non-capacitated
PBS Phosphate-buffered saline
PKA Protein kinase A
PNA Peanut agglutinin
PTyr Phosphotyrosine
PVA Polyvinyl alcohol
ROD Relative optical density
RT Room temperature
SEM Standard error of the mean
Susp. Suspension
TALP Tyrode’s albumin lactate pyruvate
UV Ultraviolet
VCL Curvilinear velocity

References
1. Baldi, E. Intracellular events and signaling pathways involved in sperm acquisition of fertilizing capacity and acrosome reaction.

Front. Biosci. 2000, 5, 110–113. [CrossRef]
2. López-Úbeda, R.; García-Vázquez, F.A.; Gadea, J.; Matás, C. Oviductal epithelial cells selected boar sperm according to their

functional characteristics. Asian J. Androl. 2017, 19, 396–403. [CrossRef]
3. Yanagimachi, R. Mysteries and unsolved problems of mammalian fertilization and related topics. Biol. Reprod. 2022, 106, 644–675.

[CrossRef]

https://doi.org/10.3390/mps9030098

https://doi.org/10.2741/baldi
https://doi.org/10.4103/1008-682x.173936
https://doi.org/10.1093/biolre/ioac037
https://doi.org/10.3390/mps9030098


Methods Protoc. 2026, 9, 98 19 of 20

4. Soriano-Úbeda, C.; Romero-Aguirregomezcorta, J.; Matás, C.; Visconti, P.E.; García-Vázquez, F.A. Manipulation of bicarbonate
concentration in sperm capacitation media improves in vitro fertilisation output in porcine species. J. Anim. Sci. Biotechnol. 2019,
10, 19. [CrossRef] [PubMed]

5. Klusackova, B.; Pilsova, Z.; Bryndova, B.; Pilsova, A.; Zelenkova, N.; Pecina, P.; Knezu, M.; Secova , P.; Hegrova, P.T.; Chmelikova,
E.; et al. Medium Composition Determines the Dynamics of Boar In Vitro Sperm Capacitation-Associated Events. Int. J. Mol. Sci.
2026, 27, 4567. [CrossRef]

6. Flesch, F.M.; Wijnand, E.; van de Lest, C.H.A.; Colenbrander, B.; van Golde, L.M.G.; Gadella, B.M. Capacitation dependent
activation of tyrosine phosphorylation generates two sperm head plasma membrane proteins with high primary binding affinity
for the zona pellucida. Mol. Reprod. Dev. 2001, 60, 107–115. [CrossRef]

7. Wennemuth, G.; Carlson, A.E.; Harper, A.J.; Babcock, D.F. Bicarbonate actions on flagellar and Ca2+-channel responses: Initial
events in sperm activation. Development 2003, 130, 1317–1326. [CrossRef]

8. Kerns, K.; Zigo, M.; Drobnis, E.Z.; Sutovsky, M.; Sutovsky, P. Zinc ion flux during mammalian sperm capacitation. Nat. Commun.
2018, 9, 2061. [CrossRef]

9. Kalab, P.; Peknicova, J.; Geussova, G. Regulation of Protein Tyrosine Phosphorylation in Boar Sperm Through a cAMP-Dependent
Pathway. Mol. Reprod. Dev. 1998, 51, 304–314. [CrossRef]

10. Boerke, A.; Tsai, P.S.; Garcia-Gil, N.; Brewis, I.A.; Gadella, B.M. Capacitation-dependent reorganization of microdomains in
the apical sperm head plasma membrane: Functional relationship with zona binding and the zona-induced acrosome reaction.
Theriogenology 2008, 70, 1188–1196. [CrossRef] [PubMed]

11. Castellani-Ceresa, L.; Mattioli, M.; Radaelli, G.; Barboni, B.; Brivio, M.F. Actin polymerization in boar spermatozoa: Fertilization
is reduced with use of cytochalasin D. Mol. Reprod. Dev. 1993, 36, 203–211. [CrossRef]

12. Ramió-Lluch, L.; Fernández-Novell, J.M.; Peña, A.; Colás, C.; Cebrián-Pérez, J.A.; Muiño-Blanco, T.; Ramírez, A.; Concha,
I.I.; Rigau, T.; Rodríguez-Gil, J.E. In Vitro ’ Capacitation and Acrosome Reaction are Concomitant with Specific Changes in
Mitochondrial Activity in Boar Sperm: Evidence for a Nucleated Mitochondrial Activation and for the Existence of a Capacitation-
Sensitive Subpopulational Structure. Reprod. Domest. Anim. 2011, 46, 664–673. [CrossRef]

13. Harayama, H.; Nakamura, K. Changes of PKA and PDK1 in the principal piece of boar spermatozoa treated with a cell-permeable
cAMP analog to induce flagellar hyperactivation. Mol. Reprod. Dev. 2008, 75, 1396–1407. [CrossRef]

14. Ded, L.; Dostalova, P.; Zatecka, E.; Dorosh, A.; Komrskova, K.; Peknicova, J. Fluorescent analysis of boar sperm capacitation
process in vitro. Reprod. Biol. Endocrinol. 2019, 17, 109. [CrossRef] [PubMed]

15. Kerns, K.; Zigo, M.; Sutovsky, P. Zinc: A Necessary Ion for Mammalian Sperm Fertilization Competency. Int. J. Mol. Sci. 2018, 19,
4097. [CrossRef] [PubMed]

16. Mattioli, M.; Barboni, B.; Lucidi, P.; Seren, E. Identification of capacitation in boar spermatozoa by chlortetracycline staining.
Theriogenology 1996, 45, 373–381. [CrossRef]

17. Grunewald, S.; Reinhardt, M.; Blumenauer, V.; Said, T.M.; Agarwal, A.; Abu Hmeidan, F.; Glander, H.; Paasch, U. Increased sperm
chromatin decondensation in selected nonapoptotic spermatozoa of patients with male infertility. Fertil. Steril. 2009, 92, 572–577.
[CrossRef] [PubMed]

18. Tardif, S.; Dubé, C.; Chevalier, S.; Bailey, J.L. Capacitation Is Associated with Tyrosine Phosphorylation and Tyrosine Kinase-Like
Activity of Pig Sperm Proteins1. Biol. Reprod. 2001, 65, 784–792. [CrossRef]

19. Matás, C.; Vieira, L.; García-Vázquez, F.A.; Avilés-López, K.; López-Úbeda, R.; Carvajal, J.A.; Gadea, J. Effects of centrifugation
through three different discontinuous Percoll gradients on boar sperm function. Anim. Reprod. Sci. 2011, 127, 62–72. [CrossRef]

20. Romero-Aguirregomezcorta, J.; Matás, C.; Coy, P. A-L-fucosidase enhances capacitation-associated events in porcine spermatozoa.
Vet. J. 2015, 203, 109–114. [CrossRef]

21. Bernecic, N.C.; Zhang, M.; Gadella, B.M.; Brouwers, J.F.H.M.; Jansen, J.W.A.; Arkesteijn, G.J.A.; de Graaf, S.P.; Leahy, T. BODIPY-
cholesterol can be reliably used to monitor cholesterol efflux from capacitating mammalian spermatozoa. Sci. Rep. 2019, 9, 9804.
[CrossRef]

22. Oseguera-López, I.; Pérez-Cerezales, S.; Ortiz-Sánchez, P.B.; Mondragon-Payne, O.; Sánchez-Sánchez, R.; Jiménez-Morales,
I.; Fierro, R.; González-Márquez, H. Perfluorooctane Sulfonate (PFOS) and Perfluorohexane Sulfonate (PFHxS) Alters Protein
Phosphorylation, Increase ROS Levels and DNA Fragmentation during In Vitro Capacitation of Boar Spermatozoa. Animals 2020,
10, 1934. [CrossRef]

23. Klusackova, B.; Pilsova, A.; Zelenkova, N.; Pilsova, Z.; Krejcirova, R.; Chmelikova, E.; Komrskova, K.; Simonik, O.; Postlerova, P.
Time to revise: Impact of methodology on boar sperm capacitation in vitro via phosphotyrosine patterns. BMC Vet. Res. 2025, 21,
448. [CrossRef]

24. Peknicova, J.; Moos, J.; Mollova, M.; Srsen, V.; Capkova, J. Changes in immunochemical localisation of acrosomal and sperm
proteins in boar spermatozoa during capacitation and induced acrosome reaction. Anim. Reprod. Sci. 1994, 35, 255–271. [CrossRef]

25. Cross, N.L.; Watson, S.K. Assessing acrosomal status of bovine sperm using fluoresceinated lectins. Theriogenology 1994, 42, 89–98.
[CrossRef]

https://doi.org/10.3390/mps9030098

https://doi.org/10.1186/s40104-019-0324-y
https://www.ncbi.nlm.nih.gov/pubmed/30899459
https://doi.org/10.3390/ijms27104567
https://doi.org/10.1002/mrd.1067
https://doi.org/10.1242/dev.00353
https://doi.org/10.1038/s41467-018-04523-y
https://doi.org/10.1002/(SICI)1098-2795(199811)51:3%3C304::AID-MRD10%3E3.0.CO;2-2
https://doi.org/10.1016/j.theriogenology.2008.06.021
https://www.ncbi.nlm.nih.gov/pubmed/18640708
https://doi.org/10.1002/mrd.1080360211
https://doi.org/10.1111/j.1439-0531.2010.01725.x
https://doi.org/10.1002/mrd.20882
https://doi.org/10.1186/s12958-019-0554-z
https://www.ncbi.nlm.nih.gov/pubmed/31856844
https://doi.org/10.3390/ijms19124097
https://www.ncbi.nlm.nih.gov/pubmed/30567310
https://doi.org/10.1016/0093-691X(96)81099-5
https://doi.org/10.1016/j.fertnstert.2008.07.1705
https://www.ncbi.nlm.nih.gov/pubmed/18823884
https://doi.org/10.1095/biolreprod65.3.784
https://doi.org/10.1016/j.anireprosci.2011.06.009
https://doi.org/10.1016/j.tvjl.2014.11.006
https://doi.org/10.1038/s41598-019-45831-7
https://doi.org/10.3390/ani10101934
https://doi.org/10.1186/s12917-025-04900-y
https://doi.org/10.1016/0378-4320(94)90041-8
https://doi.org/10.1016/0093-691X(94)90665-6
https://doi.org/10.3390/mps9030098


Methods Protoc. 2026, 9, 98 20 of 20

26. Robles-Gómez, L.; González-Brusi, L.; Sáez-Espinosa, P.; Huerta-Retamal, N.; Cots-Rodríguez, P.; Avilés, M.; Gómez-Torres, M.J.
Specific lectin binding sites during in vitro capacitation and acrosome reaction in boar spermatozoa. Ital. J. Anim. Sci. 2021, 20,
372–382. [CrossRef]

27. Staicu, F.D.; Lopez-Úbeda, R.; Romero-Aguirregomezcorta, J.; Martínez-Soto, J.C.; Matás, P.C. Regulation of boar sperm
functionality by the nitric oxide synthase/nitric oxide system. J. Assist. Reprod. Genet. 2019, 36, 1721–1736. [CrossRef]

28. Dubé, C.; Tardif, S.; Leclerc, P.; Bailey, J.L. The Importance of Calcium in the Appearance of p32, a Boar Sperm Tyrosine
Phosphoprotein, During In Vitro Capacitation. J. Androl. 2003, 24, 727–733. [CrossRef]

29. Hackerova, L.; Klusackova, B.; Zigo, M.; Zelenkova, N.; Havlikova, K.; Krejcirova, R.; Sedmikova, M.; Sutovsky, P.; Komrskova,
K.; Postlerova, P.; et al. Modulatory effect of MG-132 proteasomal inhibition on boar sperm motility during in vitro capacitation.
Front. Vet. Sci. 2023, 10, 1116891. [CrossRef]

30. Mason, J.T.; O’Leary, T.J. Effects of formaldehyde fixation on protein secondary structure: A calorimetric and infrared spectroscopic
investigation. J. Histochem. Cytochem. 1991, 39, 225–229. [CrossRef]

31. Kiernan, J.A. Formaldehyde, Formalin, Paraformaldehyde and Glutaraldehyde: What They Are and What They Do. Microsc.
Today 2000, 8, 8–13. [CrossRef]

32. Thavarajah, R.; Mudimbaimannar, V.K.; Elizabeth, J.; Rao, U.K.; Ranganathan, K. Chemical and physical basics of routine
formaldehyde fixation. J. Oral. Maxillofac. Pathol. 2012, 16, 400. [CrossRef]

33. Stadler, C.; Skogs, M.; Brismar, H.; Uhlén, M.; Lundberg, E. A single fixation protocol for proteome-wide immunofluorescence
localization studies. J. Proteom. 2010, 73, 1067–1078. [CrossRef]

34. Haque, Z.; Rahman, A.; Khan, Z.I.; Hussan, M.T.; Alam, M. Alcohol-Based Fixatives can Better Preserve Tissue Morphology than
Formalin. Int. J. Morphol. 2020, 38, 1371–1375. [CrossRef]

35. Sawasdikosol, S. Detecting Tyrosine-Phosphorylated Proteins by Western Blot Analysis. Curr. Protoc. Immunol. 2010, 89,
11.3.1–11.3.11. [CrossRef]

36. Sule, R.; Rivera, G.; Gomes, A.V. Western Blotting (immunoblotting): History, Theory, Uses, Protocol and Problems. Biotechniques
2023, 75, 99–114. [CrossRef]

37. Puigmulé, M.; Fàbrega, A.; Yeste, M.; Bonet, S.; Pinart, E. Study of the proacrosin–acrosin system in epididymal, ejaculated and
in vitro capacitated boar spermatozoa. Reprod. Fertil. Dev. 2011, 23, 837–845. [CrossRef]

38. Harrison, R.A. Capacitation mechanisms, and the role of capacitation as seen in eutherian mammals. Reprod. Fertil. Dev. 1996, 8,
581. [CrossRef]

39. Casao, A.; Miguel-Jimenez, S.; Pérez-Pe, R. Sperm Intracellular Calcium Evaluation. In Methods in Molecular Biology; Springer:
New York, NY, USA, 2025; pp. 341–352. [CrossRef]

40. Fraser, L.R.; Abeydeera, L.R.; Niwa, K. Ca2+-Regulating mechanisms that modulate bull sperm capacitation and acrosomal
exocytosis as determined by chlortetracycline analysis. Mol. Reprod. Dev. 1995, 40, 233–241. [CrossRef]

41. Dapino, D.G.; Marini, P.E.; Cabada, M.O. Effect of heparin on in vitro capacitation of boar sperm. Biol. Res. 2006, 39, 631–639.
[CrossRef]

42. Bailey, J.L. Factors regulating sperm capacitation. Syst. Biol. Reprod. Med. 2010, 56, 334–348. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/mps9030098

https://doi.org/10.1080/1828051X.2021.1886611
https://doi.org/10.1007/s10815-019-01526-6
https://doi.org/10.1002/j.1939-4640.2003.tb02734.x
https://doi.org/10.3389/fvets.2023.1116891
https://doi.org/10.1177/39.2.1987266
https://doi.org/10.1017/S1551929500057060
https://doi.org/10.4103/0973-029X.102496
https://doi.org/10.1016/j.jprot.2009.10.012
https://doi.org/10.4067/S0717-95022020000501371
https://doi.org/10.1002/0471142735.im1103s89
https://doi.org/10.2144/btn-2022-0034
https://doi.org/10.1071/RD10345
https://doi.org/10.1071/RD9960581
https://doi.org/10.1007/978-1-0716-4406-5_24
https://doi.org/10.1002/mrd.1080400213
https://doi.org/10.4067/S0716-97602006000500006
https://doi.org/10.3109/19396368.2010.512377
https://doi.org/10.3390/mps9030098

	Introduction 
	Materials and Methods 
	Sperm In Vitro Capacitation (IVC) and Acrosome Reaction (AR) 
	Detection of PTyr-Specific Immunofluorescence Patterns with the Use of Distinct Fixation Protocols 
	SDS Gel Electrophoresis and Protein Blotting 
	Detection of Acrosin-Specific Immunofluorescence Patterns 
	Detection of Capacitation-Associated Calcium Distribution Changes 
	Detection of Acrosome Reaction 
	Data and Statistical Analysis 

	Results 
	Fixatives Influence the Presentation of Specific PTyr Fluorescence Patterns 
	Increase in PTyr During IVC Detected by Electrophoresis and Western Blotting 
	Acrosin-Specific Immunofluorescence Patterns Differ Between Sperm Status 
	Calcium Redistribution Is Evident After IVC 
	Detection of Acrosome Reaction as an Indirect Marker of Capacitation 
	Integrated Comparison of Capacitation Markers 

	Discussion 
	Conclusions 
	References

