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ABSTRACT
Despite the apparent progress in reproductive technologies in wild ruminant species, healthy live births have been limited.
Acquiring a sound knowledge of the molecular basis of most functional aspects of spermatozoa will improve the effectiveness
of reproductive techniques and optimise conservation programs for threatened species. CatSper channels, opioid receptors and
CD44 are involved in sperm capacitation of humans and domestic animals, but their presence inwild ruminants is yet undisclosed.
The aim of this study was to determine the presence and localisation of CatSper 1–4, μ, δ and κ-opioid receptors and CD44 in three
wild ruminant species spermatozoa (aoudad [n = 5], Iberian ibex [n = 5], mouflon [n = 5]), which show different resistance
to freezing-thawing processes. Western blotting (WB) and immunocytochemistry (ICC) performed with commercially available
antibodies revealed that aoudad, Iberian ibex andmouflon are equipped with the aforementioned channels and receptors, sharing
localisation with other domestic animals’ spermatozoa but presenting species-particularities. WB revealed homogeneous results
in CatSper 1, Catsper 2, Catsper 3 and CatSper 4 among the spermatozoa of the three species, unlike μ, δ and κ-opioid and CD44
receptors that showed substantial inter-species differences in the number of bands. ICC showed inter-species differences in the
location of CatSper 1–4, μ, δ and κ-opioid and CD44 receptors. Data confirmed their presence and putative role on sperm function
in wild ruminant species. Inter-species differences in the location of CatSper 1–4, μ, δ and κ-opioid and CD44 receptors might
underlie the variable response to reproductive technologies in these species.

1 Introduction

The knowledge about sperm function in wild ruminant species is
scarce due to the difficulties in obtaining a reasonable number of
semen samples. This may be a limiting factor for the successful
implementation of assisted reproductive techniques (ART), such

as artificial insemination (AI), IVF technologies and sperm
cryopreservation, in conservation programs or to increase the
number of animals that can be produced in game reserves. Unlike
wild species, in humans and many domestic species, there is
much information about the interaction of spermatozoa with
seminal plasma, for subsequent activation of motility (Mann
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and Lutwak-Mann 1981) and with key molecules, ions, cells and
tissues from the female’s genital tract to overcome capacitation
(Austin 1951; Chang 1951), hyperactivation (Suarez et al. 1992;
Yanagimachi 1970) and the acrosome reaction (Gadella et al. 2008;
Sánchez González et al. 2023) prior to fertilisation.

Under in vitro conditions, spermatozoa are exposed to defined
media, buffers and cryoprotectants to be preserved or used in
ART either in a short (extended) or long (cryopreserved) time
(Garde et al. 2008; Prieto-Pablos et al. 2016; Santiago-Moreno et al.
2013). Spermatozoa also interact with different components from
the media through plasma membrane receptors and membrane
channels, such as the aquaglyceroporins that allow the active
entrance of water and cryoprotectants (i.e., glycerol) to maintain
sperm homeostasis (Pequeño et al. 2023; Santiago-Moreno et al.
2022).

Despite the recent advances in germplasm cryopreservation
procedures, cryopreserved spermatozoa usually provide poor
fertility outcomes in wild small ruminants (Santiago-Moreno
et al. 2023). Acquiring a sound knowledge of different aspects
of gamete physiology will improve the effectiveness of assisted
reproduction techniques and optimise endangered species con-
servation programs. More studies are required to establish the
molecular mechanisms that mediate sperm functionality, with a
main emphasis on the processes that could be involved in events
occurring during sperm freezing, like cryo-capacitation (Rajoriya
et al. 2020) and on the influence of certain drugs, such as opioids,
used to capture and anesthetise wild species. CatSper, opioid
receptors andCD44 are involved in sperm capacitation of humans
and some studied domestic animals, but their presence in wild
ruminants is unknown.

The main calcium channel of sperm (CatSper) was first evi-
denced in 2001 in mouse and human spermatozoa (Quill et al.
2001; Ren et al. 2001). Since then its presence and distribution
have been evidenced in a plethora of vertebrates, as recently
reviewed by Vicente-Carrillo et al. (2023). The CatSper channel
is composed by four main subunits (CatSper 1, CatSper 2,
CatSper 3 and CatSper 4) (Hwang and Chung 2023; Navarro
et al. 2008) and a series of accessory subunits (CatSper β,
γ, δ, ε, y ζ) and its function in spermatozoa is related to
sperm capacitation and hyperactivation (Vicente-Carrillo et al.
2023). The μ, δ and κ-opioid receptors are G protein coupled
receptors (Ong and Cahill 2014) and have, to date, only been
evidenced in spermatozoa from humans (Agirregoitia et al. 2006;
Albrizio et al. 2006), equines (Albrizio et al. 2010; Albrizio
et al. 2005), sea breams (Albrizio et al. 2013), rams (Vicente-
Carrillo et al. 2015) and boars (Vicente-Carrillo et al. 2016). These
opioid receptors are reported to have a role in sperm motility
(Agirregoitia et al. 2006; Albrizio et al. 2010; Albrizio et al.
2005; Vicente-Carrillo et al. 2016; Agirregoitia et al. 2012). The
CD44, considered the main receptor for hyaluronic acid, has
been demonstrated to be present in human (Álvarez-Rodriguez
et al. 2018; Bains et al. 2002), ram (Vicente-Carrillo et al.
2015) and boar (Álvarez-Rodriguez et al. 2018; Vicente-Carrillo
and Rodríguez-Martínez 2016) spermatozoa. This receptor takes
relevant functions in sperm chemotaxis towards the oocyte
and its relationship to sperm cryopreservation has previously
been explored in boar spermatozoa (Álvarez-Rodriguez et al.
2018).

The aoudad (Ammotragus lervia), Iberian ibex (Capra pyrenaica)
and mouflon (Ovis musimon) (all wild ruminants of the Mediter-
ranean Basin) have similar rutting seasons, but their sperm
variables and the capacity of these species’ sperm to endure
cryopreservation differs (Pradiee et al. 2016). Therefore, it is
expected that these variations inter-species might be associated
with changes in the presence and distribution of sperm receptors
involved with kinetic variables and capacitation.

Considering all the above mentioned, the present study aimed to
determine the presence and distribution of CatSper 1–4, μ, δ and
κ-opioid receptors andCD44 in the spermatozoa ofwild ruminant
species (aoudad, Iberian ibex and mouflon).

2 Material and Methods

2.1 Animals, Semen Collection and Initial
Evaluation

Animals in the study (all adults aged 3–9 years) were five Iberian
ibexes, five mouflons and five aoudads. Iberian ibexes and mou-
flons were housed at the Animal Reproduction Department of
the SpanishNational Institute forAgricultural andFoodResearch
and Technology (INIA-CSIC, Madrid, Spain). The aoudads were
housed at the Zoo of Madrid (Madrid, Spain). Animal handling
procedures were approved by the INIA-CSIC Ethics Committee
(Reference: PROEX 154/17). The aoudads were anaesthetised by
darting to i.m-administer 138 µg/kg detomidine + 1.3 mg/kg
ketamine hydrochloride + 1.3 mg/kg tiletamine-zolazepam. The
ibexes and mouflons were anaesthetised by darting to i.m-
administer 100 µg/kg detomidine+ 1 mg/kg ketamine hydrochlo-
ride + 1 mg/kg tiletamine-zolazepam. Inhalant anaesthesia was
maintained in both species with isoflurane (Isobavet; Intervet
Schering Plough Animal Health, Madrid, Spain). Semen was col-
lected from all animals by trans-rectal ultrasonic-guided massage
of the accessory sex glands (TUMASG; Santiago-Moreno et al.
2013) during the breeding season of each species (December in the
Iberian ibex and mouflon and January in the aoudad) (Santiago-
Moreno et al. 2006). Semen collection was performed for one
replicate for each animal. Anaesthesia was reversed using 0.20
mg/kg atipamezole, half of the dose i.v. and the other half i.m.,
as a detomidine antagonist. All materials coming into contact
with the semen were maintained at 37◦C. One ejaculate per male
was recovered. The volume of the ejaculate was measured using
a micropipette (Gilson1, France). Total sperm concentrations
were calculated using a Neubauer chamber (Marienfeld, Lauda-
Königshofen, Germany). Semenwas immediately diluted 1:1 (v:v)
with the extender most appropriate for each species (Tris-citric
acid-glucose-based medium for the ibex and Tris-TES-glucose-
based medium for the mouflon and aoudad sperm (Pradiee et al.
2016)) and maintained at 37◦C until sperm analysis. Spermmotil-
ity was evaluated subjectively using a phase contrast microscope
(Zeiss, Germany) at 400x. Finally, a pool of the 5 males was done
to eliminate inter-individual variations in the study.

Boar spermatozoa, collected and pooled from five fertile breed-
ing boars and extended in Durasperm (Jørgen Kruuse A/S,
Langeskov, Denmark), were used as positive control for the
CatSper 1–4 receptors as previously published by Vicente-Carrillo
et al. (2023) and Vicente-Carrillo et al. (2017) using the same
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antibodies as were used in this study.Mature SwedishHampshire
breeding boars, selected according to normal semen quality and
proven fertility, were housed individually on straw beds at Quality
Genetics (now Svenska Köttföretagen, SvKF, Hållsta, Sweden).
The animals were fed with commercial rations (Läntmännen,
Stockholm, Sweden) according to national standards (Simonsson
1994) and provided with water ad libitum.

Human spermatozoa were used as positive control for detection
of the individual opioid receptors (as previously published by
(Vicente-Carrillo et al. 2016)) and the CD44 (as previously
published by (Vicente-Carrillo and Rodríguez-Martínez 2016)),
using the same antibodies as were used in this study. Ejaculates
were obtained from 5 anonymous donors after informed, written
consent at the Reproductive Medicine Centre (RMC), Region
Östergötland, Linköping, Sweden (Ethical Permission Number
Dnr 2015/387-31) and pooled prior to analyses.

2.2 Western Blotting

One (1) mL of the pooled ejaculated semen for each species was
centrifuged at 75,000 x g for 5 min to obtain a spermatozoa pellet.
Proteins were extracted from those spermatozoa by incubation
in RIPA buffer (Sigma-Aldrich) with gentle stirring at 4◦C for
40 min. After incubation, samples were centrifuged at 13,000
x g for 10 min, and the supernatant was collected. The DC
Protein assay kit (Bio Rad, Hercules, CA) was used for protein
quantification according to the manufacturer’s instructions prior
to protein denaturation and dilution. Protein suspensions were
heated at 7◦C for 10 min for denaturation and then 10 µL
aliquots of each protein suspension (concentration: 25 µg/10 µL)
were loaded into a NuPAGE 4–12% Bis-Tris SDS-PAGE gel (Life
Technologies, Carlsbad, CA). The pre-stained protein ladder See
Blue Plus 2 (Invitrogen) was also loaded in the gel for protein
molecular weight detection. Electrophoresis was run at 180 V
for 90 min, followed by protein transfer to a polyvinyl difluoride
(PVDF)membrane (Invitrolon PVDF filter paper sandwich) (Life
Technologies) at 125 mA for 90 min. Blocking of the membrane
was performed at room temperature for 60 min using 5% bovine
serum albumin (BSA) diluted in phosphate buffered saline (PBS)
(ThermoFisher Scientific, Waltham, MA) and 0.1% Tween-20
(Sigma-Aldrich) (PBST). Once washed three times for 5 min
each in PBST, membranes were incubated overnight at 4◦C with
gentle stirring and a 1:1000 dilution of each primary antibody:
CatSper 1: rabbit polyclonal antibody to CatSper 1 ab101891;
CatSper 2: rabbit polyclonal antibody to CatSper 2 ab101895;
CatSper 3: rabbit polyclonal antibody to CatSper 3 ab101894 or
CatSper 4: rabbit polyclonal antibody to CatSper 4 ab101892
rabbit anti-μ-opioid receptor polyclonal antibody ab10275, rabbit
anti-δ-opioid receptor polyclonal antibody ab10272, rabbit anti-κ-
opioid receptor polyclonal antibody ab113533 or rabbit anti-CD44
polyclonal antibody ab24504. All antibodies were purchased from
Abcam (Cambridge, UK). After primary antibody incubation, the
membranes were thenwashed three times in PBST and incubated
with a 1:7500 dilution of horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody (DC03L) (Calbiochem, Merck
Millipore, Darmstadt, Germany) for 60 min, followed by thor-
ough washing in PBST. Membranes were then sequentially
incubated with Super Signal West Pico Chemiluminescent Sub-
strate (Thermo Scientific, Stockholm, Sweden), according to

manufacturer instructions, and scanned using a C-Digit (LI-COR
Biosciences, Lincoln, NE). Images of the blots were obtained
using Image Studio Digits 4.0.21 software (LI-COR Biosciences).

2.3 Immunocytochemistry

After semen collection and dilution, spermatozoa were fixed in
4% paraformaldehyde diluted in PBS at room temperature (RT)
for 20 min. Sperm suspensions were then centrifuged at 1,200
x g at RT for 6 min and the pellet was resuspended in PBS,
pH 7.3, to prepare smears on poly-L-lysine slides (LSM, Thermo
Scientific, Germany). Smears were allowed to dry at RT and
after that washed three times for 5 min each time with PBS,
followed by blocking of non-specific epitopes with 5% BSA in
PBS at 4◦C for 2 h. After blocking, smears were washed 3 times
in PBS for 5 min each and the slides were incubated at 4◦C
overnight with primary antibodies diluted in 1% BSA-PBS. The
following dilutions were used for each primary antibody: 1:25
for CatSper 1, 1:50 for CatSper 2, 1:50 for CatSper 3, 1:25 for
CatSper 4, 1:00 for μ-opioid receptor, 1:100 for δ-opioid receptor,
1:25 for κ-opioid receptor and 1:25 for the CD44. The slides
were then washed for three times in PBS for 5 min each before
incubation in darkness at RT for 75 min with a 1:1000 dilution
in PBS containing 1% BSA of the secondary antibody, which
was polyclonal goat anti-rabbit Alexa Fluor 568 for CatSper 1–
4 and polyclonal goat anti-rabbit Alexa Fluor 488 for the μ- δ-
and κ-opioid receptors and the CD44. Both secondary antibodies
were purchased fromMolecularProbes, Invitrogen, Carlsbad, CA,
USA. After incubation with the secondary antibodies, slides
were washed extensively and mounted with Prolong Gold anti-
fade reagent (Invitrogen). Negative controls were performed by
omitting each primary antibody. All stained sperm smears were
examined on an LSM 700 Zeiss confocal microscope (Carl Zeiss,
Stockholm, Sweden) at 400x magnification, and images were
recorded using ZEN Navigator software (Carl Zeiss). At least 200
cells were counted per replicate. Immunolabelling was consistent
in > 90% of spermatozoa. Slides were not blind to treatment and
were analysed by the same technician.

2.4 Statistical Analysis

The non-parametric Kruskal-Wallis test was used to examine
differences of ejaculate variables (volume, concentration and
motility) among species. Data were expressed as means ± S.E.M.
Statistical analyses were performed using STATISTICA software
for Windows v.13.3 (Tibco Inc., Tulsa, OK, USA).

3 Results

3.1 Semen Characteristics

Semen volume, sperm concentration and motility are shown in
Table 1. There were no differences between species for values
of semen volume and sperm motility. Sperm concentration was
greater in mouflon (p < 0.01) than in aoudad and ibex.
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TABLE 1 Characteristics (mean ± SE) of fresh ejaculated sperm collected from the aoudad, Iberian ibex and mouflon.

Sperm variables
Aoudad
(n = 5)

Ibex
(n = 5)

Mouflon
(n = 5)

Volume (µL) 749.80 ± 102.37 554.00 ± 98.26 453.00 ± 43.44
Concentration (× 106 sperm/mL) 1102.00 ± 93.40b 1324.40 ± 113.28b 2044.00 ± 210.49a
Motility (%) 69.00 ± 3.32 68.00 ± 3.74 70.00 ± 3.54

Different letters within a row indicate differences (p < 0.01).

FIGURE 1 Western blotting images for (A) CatSper 1, (B) CatSper 2,
(C) CatSper 3 and (D) CatSper 4. L1: Boar (positive control), L2: Aoudad,
L3: Iberian ibex and L4: Mouflon.

3.2 Western Blotting (WB)

3.2.1 Positive Controls

Pig positive controls for CatSper 1–4 (Figures 1A–D) revealed
consistency of antibody response with our previous observations
inWB (Vicente-Carrillo et al. 2017). As such,WBanalysis revealed
a band of 50KDa for CatSper 1 (Figure 1A), two bands of 50 and 40
KDa for CatSper 2 (Figure 1B), three bands of 46, 36 and 29 KDa
for CatSper 3 (Figure 1C) and three bands of 50, 46 and 39 KDa for
CatSper 4 (Figure 1D).

Human positive controls for the μ, δ and κ-opioid receptors
and CD44 (Figures 2A–D) are also in agreement with our
previous results (Vicente-Carrillo et al. 2016; Vicente-Carrillo and
Rodríguez-Martínez 2016) revealing consistency of the antibodies
response. Two bands of 64 and 45 KDa are displayed for the μ-
opioid receptor (Figure 2A), four bands between 64–51 KDa for
the δ-opioid receptor (Figure 2B), three bands of 40, 34 and 33
KDa for the κ-opioid receptor (Figure 2C) and one band of 30 KDa
for the CD44 (Figure 2D).

FIGURE 2 Western blotting images for (A) μ-opioid receptor, (B) δ-
opioid receptor, (C) κ-opioid receptor and (D) CD44. L1: Human (positive
control), L2: aoudad, L3: Iberian ibex and L4: Mouflon.

3.2.2 CatSper 1–4

WBanalysis reveals homogeneous results forCatSper 1 in aoudad,
Iberian ibex andmouflon, depicting a band of 39 KDa (Figure 1A),
for CatSper 2, a band of 65 KDa was detected for aoudad, a band
of 39 KDa for Iberian ibex and two bands of 50 and 39 KDa for
mouflon (Figure 1B). CatSper 3 was detected as three bands of 50,
46 and 39 KDa in aoudad, Iberian ibex and mouflon (Figure 1C).
Finally, CatSper 4 was detected as 2 bands of 55 and 39 KDa in
aoudad, Iberian ibex and mouflon (Figure 1D).

3.2.3 μ, δ and κ-opioid and CD44 Receptors

The WB analysis of the μ-opioid receptor reveals three bands of
64, 51 and 45 KDa for aoudad, 2 bands of 50 and 51 KDa for Iberian
ibex and 4 bands of 51, 47, 45 and 37 KDa for mouflon (Figure 2A).
For the δ-opioid receptor, one band of 51 KDa was observed for
aoudad, three bands of 51, 49 and 40 KDa were observed for
Iberian ibex and four bands of 67, 61, 51 and 49KDawere observed
for mouflon (Figure 2B). WB of the κ-opioid receptors depicted
two bands of approximately 40 and 30 KD for all the studied
species (aoudad, Iberian ibex and mouflon, Figure 2C). Finally,
the CD44 receptor was detected as four bands of 64, 50, 36 and 30
KDa in aoudad, two bands of 50 and 30 KDa in Iberian ibex and
4 bands of 50, 40, 36 and 30 KDa in mouflon (Figure 2D).

4 of 12 Veterinary Medicine and Science, 2025
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FIGURE 3 Immunocytochemical positive controls for (A) CatSper 1, (B) CatSper 2, (C) CatSper 3 and (D) CatSper 4 in boar spermatozoa. Confocal
laser scanning microscopy, 630 x. Scale bar: 10 µm.

3.3 Immunocytochemistry (ICC)

3.3.1 Positive and Negative Controls

Pig positive controls for CatSper 1–4 (Figures 3A–D) revealed
consistency of the antibodies response as results agreed with our
previous observations in ICC (Vicente-Carrillo et al. 2017). As
such, ICC analysis revealed that CatSper 1 is located over the
membrane of the acrosome, neck, tail and cytoplasmic droplets
(Figure 3A), CatSper 2 over the neck and tail (Figure 3B), CatSper
3 over the membrane of the neck and tail (Figure 3C) and
CatSper 4 over themembrane of the post-acrosome, neck, tail and
cytoplasmic droplets (Figure 3D).

Human positive controls for the μ, δ and κ-opioid receptors
and CD44 (Figures 4A–D) are also in agreement with our
previous results (Vicente-Carrillo et al. 2016; Vicente-Carrillo
and Rodríguez-Martínez 2016) proving the consistency of the
response of the used antibodies. The μ-opioid receptor was
detected over the membrane of the acrosome, post-acrosome and
tail (Figure 4A), the δ-opioid receptor over the membrane of the
equatorial segment, post-acrosome and tail (Figure 4B), the κ-
opioid receptor over the membrane of the post-acrosome, neck
and tail (Figure 4C) and the CD44 over the membrane of the
post-acrosome and tail (Figure 4D).

Negative controls for the ICC where the primary antibodies were
omitted are depicted in Figures 5A–B for boar and human respec-
tively and for aoudad, Iberian ibex and mouflon in Figures 6A, C

and E for Alexa Flour 567 and Figures 6B, D and F for Alexa Flour
567, respectively.

3.3.2 CatSper 1–4

CatSper 1 was detected over themembrane of the sperm head and
tail of aoudad spermatozoa (Figure 7A), over themembrane of the
post-acrosome and tail of Iberian ibex spermatozoa (Figure 7B)
and over themembrane of the acrosome and tail of mouflon sper-
matozoa (Figure 7C). CatSper 2 was detected over the membrane
of the post-acrosome and tail of aoudad spermatozoa (Figure 7D)
and over the membrane of the sperm head and tail of Iberian
ibex (Figure 7E) andmouflon spermatozoa (Figure 7F). CatSper 3
was detected over the membrane of the acrosome, post-acrosome
and tail of aoudad (Figure 7G) and Iberian ibex spermatozoa
(Figure 7H) and over the membrane of the post-acrosome and
tail of mouflon spermatozoa (Figure 7I). CatSper 4 was detected
over the membrane of the post-acrosome and tail of aoudad
(Figure 7J), over the membrane of the acrosome, post-acrosome
and tail of Iberian ibex (Figure 7K) and mouflon spermatozoa
(Figure 7L). Over 95 % of analysed spermatozoa showed the same
immuno labelling as described for each CatSper subunit.

Dark field and bright field images of the ICC results in aoudad,
Iberian ibex andmouflon are provided for CatSper 1 (Supplemen-
tary Figure S1), CatSper 2 (Supplementary Figure S2), CatSper
3 (Supplementary Figure S3) and CatSper 4 (Supplementary
Figure S4).
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FIGURE 4 Immunocytochemical positive controls for (A) μ-opioid receptor, (B) δ-opioid receptor, (C) κ-opioid receptor and (D) CD44 in human
spermatozoa. Confocal laser scanning microscopy, 630 x. Scale bar: 10 µm.

FIGURE 5 Immunocytochemical negative controls (primary antibody excluded) in (A) boar and (B) human spermatozoa. Confocal laser scanning
microscopy, 630 x. Scale bar: 10 µm.

3.3.3 μ, δ and κ-opioid and CD44 Receptors

The μ-opioid receptor was detected over the membrane of the
acrosome and tail of aoudad spermatozoa (Figure 8A), over
the membrane of the acrosome and post-acrosome of Iberian
ibex spermatozoa (Figure 8B) and over the membrane of the
acrosome, post-acrosome, neck and tail of mouflon spermato-
zoa (Figure 8C). The δ-opioid receptor was detected over the

membrane of the acrosome and tail of aoudad spermatozoa
(Figure 8D) and over the membrane of the acrosome of Iberian
ibex (Figure 8E) and over the membrane of the acrosome, neck
and tail of mouflon spermatozoa (Figure 8F). The κ-opioid recep-
tor was detected over themembrane of the post-acrosome and tail
of aoudad spermatozoa (Figure 8G) and over the membrane of
the head, neck and tail of Iberian ibex (Figure 8H) and mouflon
spermatozoa (Figure 8I).
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FIGURE 6 Immunocytochemical negative controls (primary antibody excluded) in aoudad for the secondary antibody (A) Alexa Flour 488 and
(B) Alexa Flour 567, (C) Iberian ibex for the secondary antibody Alexa Flour 488 and (D) Alexa Flour 567 and (E) Mouflon for the secondary antibody
Alexa Flour 488 and (F) Alexa Flour 567. Confocal laser scanning microscopy, 630 x. Scale bar: 10 µm.

The CD44 receptor was detected over the membrane of the
acrosome and tail of aoudad spermatozoa (Figure 8J) and over
the membrane of the apical part of the acrosome of Iberian ibex
(Figure 8K) and mouflon spermatozoa (Figure 8L). Over 95 %
of analysed spermatozoa showed the same immuno labelling as
described for each opioid receptor and the CD44.

Dark field and bright field images of the ICC results in
aoudad, Iberian ibex and mouflon are provided for the μ-
opioid receptor (Supplementary Figure S5), the δ-opioid recep-
tor (Supplementary Figure S6), the κ-opioid receptor (Supple-
mentary Figure S7) and the CD44 receptor (Supplementary
Figure S8).
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FIGURE 7 Localisation of CatSper subunits 1, 2, 3 and 4 in aoudad, Iberian ibex and mouflon spermatozoa by laser confocal microscopy. (A)
CatSper 1, Aoudad. (B) CatSper 1, Iberian ibex. (C) CatSper 1, Mouflon. (D) CatSper 2, Aoudad. € CatSper 2, Iberian ibex. (F) CatSper 2, Mouflon. (G)
CatSper 3, Aoudad. (H) CatSper 3, Iberian ibex. (I) CatSper 3, Mouflon. (J) CatSper 4, Aoudad. (K) CatSper 4, Iberian ibex. (L) CatSper 4, Mouflon. Scale
bar, 10 µm.

4 Discussion

To the best of our knowledge, this study constitutes the first
evidence of the presence and distribution of CatSper 1–4, μ, δ
and κ-opioid and CD44 receptors in aoudad, Iberian ibex and
mouflon. The WB revealed some inter-species differences in the
number of bands in spermCatSper 1–4 as well as in the μ, δ and κ-
opioid and CD44 receptors, among the three species. In addition,
ICC showed inter-species differences in the location of CatSper
1–4, μ, δ and κ-opioid and CD44 receptors.

Regardless of the reduced sample size of this study (due to the
difficulties of obtaining samples of wild animals), the consistency
of the response of the antibodies used in this study is guaranteed
as the same antibodies have been previously used for detection
of CatSper 1–4, μ, δ and κ-opioid receptors and CD44 by WB and
ICC in boar, human and mice and our positive controls reveals
the exact same results as the already peer-reviewed and published
(Vicente-Carrillo et al. 2016; Vicente-Carrillo and Rodríguez-
Martínez 2016; Vicente-Carrillo et al. 2017). Our results show 3

bands for CatSper 3 in boar spermatozoa detected here at 46, 36
and 29 KDa, which we previously detected at 38, 29 and 19 KDa
(Vicente-Carrillo et al. 2017). These small differences inmolecular
weight can be explained by gel-to-gel variations and are to be
taken in consideration when interpreting WB results.

WB analysis revealed the same number of bands and molecular
weight (with minimal differences) for Catsper 1 and 4 subunits.
However, the band pattern observed for CatSper 2–3 among
aoudad, Iberian ibex andMouflonwas not as homogeneous as for
CatSper 1 and 4 subunits. If those differences observed in the WB
are due to differences in CatSper subunit structure among species
remains to be elucidated.

The WB analysis of the μ, δ and κ-opioid receptors and CD44
revealed inter species variations in the number of detected
bands, suggesting that these receptors and glycoproteins seem
to have high heterogeneity, for instance, different isoforms or
dimerization capacity with other proteins. The identification of
different isoforms or dimerisation with other proteins has also

8 of 12 Veterinary Medicine and Science, 2025
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FIGURE 8 Localisation of μ, δ and κ-opioid receptors and CD44 in aoudad, Iberian ibex and mouflon spermatozoa by laser confocal microscopy.
(A) μ-opioid receptor, Aoudad. (B) μ-opioid receptor, Iberian ibex. (C) μ-opioid receptor, Mouflon. (D) δ-opioid receptor, Aoudad. € δ-opioid receptor,
Iberian ibex. (F) δ-opioid receptor, Mouflon. (G) κ-opioid receptor, Aoudad. (H) κ-opioid receptor, Iberian ibex. (I) κ-opioid receptor, Mouflon. (J) CD44,
Aoudad. (K) CD44, Iberian ibex. (L) CD44, Mouflon. Scale bar, 10 µm.

been suggested in other membrane proteins from spermatozoa
from wild ruminant, such as in aquaglycerolporins from ibex,
mouflon and chamois (Rupicapra pyrenaica) (Pequeño et al.
2023).

ICC showed that the main four subunits of the CatSper channel
appear to be primarily located over the membrane of the sperm
tail in aoudad, Iberian ibex and mouflon, reflecting a highly
conserved location among species. Similarly, the four subunits of
the CatSper channel have been evidenced to be located mainly
over themembrane of the principal piece of the sperm tail of mice
(Quill et al. 2001; Ren et al. 2001; Jin et al. 2007; Jin et al. 2005;
Lobley et al. 2003; Qi et al. 2007; Quill et al. 2003), human (Lobley
et al. 2003; Bhilawadikar et al. 2013; Smith et al. 2013; Tamburrino
et al. 2015; Tamburrino et al. 2014), boar (Vicente-Carrillo et al.
2017), bull (Johnson et al. 2017), stallion (Loux et al. 2013) and
sea urchin (Loyo-Celis et al. 2021) spermatozoa. However, our
findings also revealed that CatSper channels were also located
in other sperm regions along with the tail, such as acrosome
and post-acrosome. Interestingly, CatSper 1–4 subunits have been

primarily located over the membrane of the acrosome and post-
acrosme of ram spermatozoa (Vicente-Carrillo et al. 2015), i.e., in
a domestic small ruminant species.

In the present study, the μ-opioid receptor was detected in
different areas depending on the species: over the membrane of
the acrosome and tail of aoudad spermatozoa, over themembrane
of the acrosome and post-acrosome of Iberian ibex spermatozoa
and over the membrane of the acrosome, post-acrosome, neck
and tail of mouflon spermatozoa. The μ-opioid receptor has
been previously located over the membrane of the acrosome,
equatorial and post-acrosomal region, neck, midpiece, and tail
in human spermatozoa (Agirregoitia et al. 2006; Albrizio et al.
2006; Vicente-Carrillo et al. 2016), over the membrane of the
acrosome and the tail in stallion spermatozoa (Albrizio et al.
2005), over the membrane of the sperm head in sea bream
spermatozoa (Albrizio et al. 2013), over the membrane of the
acrosome in ram spermatozoa (Vicente-Carrillo et al. 2015) and
over the membrane of the acrosome, neck and principal piece
of boar spermatozoa (Vicente-Carrillo et al. 2016). The δ-opioid
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receptorwas detected over themembrane of the acrosome and tail
of aoudad spermatozoa and over the membrane of the acrosome
of Iberian ibex and over the membrane of the acrosome, neck
and tail of mouflon spermatozoa. This variability has also been
found in spermatozoa from human and domestic species. The δ-
opioid receptor appears to be located over the membrane of the
acrosome, equatorial segment, post-acrosome and tail in human
spermatozoa (Agirregoitia et al. 2006;Vicente-Carrillo et al. 2016),
over the membrane of the tail in stallion spermatozoa (Albrizio
et al. 2010), over the membrane of the acrosome, post-acrosome
and tail of ram spermatozoa (Vicente-Carrillo et al. 2015) and
over the membrane of the acrosome, neck and principal piece
of boar spermatozoa (Vicente-Carrillo et al. 2016). Whereas the
κ-opioid receptor was detected over the membrane of the post-
acrosome and tail of aoudad spermatozoa and over themembrane
of the neck and tail Iberian ibex andmouflon spermatozoa, it can
be found over the membrane of the sperm head, the mid-piece
and the tail of human spermatozoa (Agirregoitia et al. 2006) and
over the membrane of the acrosome and principal piece of ram
spermatozoa (Vicente-Carrillo et al. 2015). All these opioid have
a role in sperm motility (Agirregoitia et al. 2006; Albrizio et al.
2010; Albrizio et al. 2005; Vicente-Carrillo et al. 2016; Agirregoitia
et al. 2012). Anaesthesia of wild ruminants is required previously
sperm collection (Santiago-Moreno et al. 2011). A certain role
of these receptors on the kinematic variables of spermatozoa
from anaesthetised wild ruminants should not be ruled out.
For instance, butorphanol, a synthetic agonist–antagonist opioid
used extensively in a wide variety of veterinary species, exerts
its relevant clinical effects through its interactions at κ-opioid
receptors and acts as an antagonist at μ-opioid receptors (Lamont
and Grimm 2014).

The domain location of the CD44 receptor appeared just over
the membrane of the apical part of the acrosome of Iberian
ibex and mouflon spermatozoa, like previously reported in ram
spermatozoa (Vicente-Carrillo et al. 2015), reflecting the phyloge-
netical proximity of these species. Conversely, CD44 was located
in themembrane of the acrosome and tail of aoudad spermatozoa.
Differences in the domain location of the CD44 receptor have also
been noted in human and boar spermatozoa, in which it seem to
have a primary location over the membrane of the post-acrosome
region (Álvarez-Rodriguez et al. 2018; Bains et al. 2002; Vicente-
Carrillo and Rodríguez-Martínez 2016). Potentially, the location
of CD44 in ram, aoudad, Iberian ibex and mouflon, reflects the
relevance of this receptor when spermatozoa are moving towards
the oocyte in the oviduct, where increasing concentrations of
hyaluronic acid secreted by the cumulus cells are present and
spermatozoa need to orientate towards the oocyte to fertilise it
(Rodriguez-Martinez et al. 2016).

The proportion of motile sperm in the collected samples were
always≥ 60%, and the volume and concentrations was within the
ranges described for these species (Pradiee et al. 2016). However,
our findings revealed interspecific differences in sperm concen-
tration (Pradiee et al. 2016). In addition, it has been reported
that the aoudad, Iberian ibex, and mouflon show species-specific
sperm cryo-resistance (Pradiee et al. 2016). Aoudad spermato-
zoa have a greater sensitivity to freezing-thawing process than
those of mouflon and Iberian ibex, whereas ibex spermatozoa
show the greatest cryo-resistance to freezing procedures that use
both conventional and shortened equilibration periods (Santiago-

Moreno et al. 2023; Pradiee et al. 2016). Previous reports in
wild and domestic small ruminant species have suggested that
differences in cryo-resistance may be related to the variable
expression, location and relocation of plasmamembrane proteins
and channels like aquaglyceroporins (Santiago-Moreno et al.
2022; Pequeño et al. 2022) which, in domestic rams, seems to
have a genetic component linked to their seminal plasma (Bülbül
et al. 2025; Dayanıklı et al. 2025). In the same way, the location of
CatSper 1–4, μ, δ and κ-opioid and CD44 receptors might also be
involved in the variable susceptibility of spermatozoa to sustain
freezing and thawing processes. Differential location in Iberian
ibex spermatozoa, respect the remaining wild species, could mir-
ror a major cryoresistance, for instance, CatSper 1 being detected
over the membrane of the post-acrosome and of the κ-opioid
receptor over the sperm neck. In addition to further exploring
differential location, the capacity of the studied channels and
receptors to relocate during freezing-thawing should also be taken
into account.

5 Conclusions

In conclusion, data confirmed the presence of CatSper 1–4,
μ, δ and κ-opioid and CD44 receptors, and thus their pos-
sible role on sperm function in wild ruminant species, i.e.,
motility/hyperactivated motility, capacitation and chemotaxis.
Inter-species differences in the location of CatSper 1–4, μ, δ and κ-
opioid and CD44 receptors might underlie the variable response
to reproductive technologies.
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