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A B S T R A C T

Spermatozoa collected from the cauda epididymis of wild ruminants are more cryoresistant than ejaculated
spermatozoa. Changes in the membrane location of aquaporins (AQPs) follow the osmotic changes that occur
during freeze-thawing, and might influence the cryosurvival of spermatozoa depending on their source. This
work reports the location of AQP3, AQP7 and AQP10 in the cauda epididymal and post-ejaculation spermatozoa
of three wild mountain ungulate species (Iberian ibex, mouflon, and chamois), as determined by Western
blotting (WB) and immunocytochemistry (ICC) using commercial rabbit polyclonal primary antibodies. WB
confirmed the presence of all three AQPs in the spermatozoa of all the studied species, while ICC showed AQP3
to be mainly located in the sperm acrosome, mid-piece, principal piece, and end piece, both in cauda epididymal
and ejaculated cells. The percentage of ejaculated spermatozoa showing AQP3 in the principal piece was higher
in the ibex than in the chamois (P < 0.05), and higher in epididymal spermatozoa in the mouflon than in the
chamois (P < 0.05). AQP7 was located in the acrosome of both epididymal and ejaculated spermatozoa, as well
as in the cytoplasmic droplet of the epididymal spermatozoa of all three species. No differences were seen
between the species with respect to the percentage of spermatozoa showing AQP7. AQP10 was located mainly in
the mid-piece, principal piece and end piece of the sperm tail in both epididymal and ejaculated spermatozoa.
The percentage of mouflon spermatozoa with AQP10 in the end piece was higher in the cauda epididymal than
in the ejaculated spermatozoa (P < 0.05). In conclusion, except for AQP10 in the mouflon, the locations of the
studied AQPs are similar in epididymal and ejaculated spermatozoa, with inter-species differences seen only for
AQP3. Further studies are needed to determine what this might mean with respect to sperm cryopreservation.

1. Introduction

Aquaporins are selective channel proteins that enable rapid water
flux across cell membranes; they are intimately involved in sperm os-
moregulation. The aquaglyceroporins AQP3, AQP7, AQP9 and AQP10
also transport urea, glycerol and other small non-electrolytes [1]. They
are involved in many sperm functions, and variation in their expression

and location appears to be related to sperm quality. For example, AQP3
is actively involved in the regulation of mouse sperm volume in re-
sponse to physiological hypotonicity, protecting the cells from excess
swelling and, thus, optimizing sperm function after copulation [2,3].
While AQP7 is involved in human sperm motility [4], AQP9 appears
involved in human germ cell metabolism and maturation [5] (it is not
found in the sperm of wild ruminants such as ibexes and mouflons [6]).
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There are no reports concerning the possible function and location of
AQP10 in mammalian spermatozoa.

All these AQPs are reported to show species-dependent variation in
terms of their location in spermatozoa. For instance, in boars, AQP3 is
located in the sperm mid-piece, head, and along the entire tail [7]. In
human sperm, it is also located along the entire tail [8]. AQP7 has been
found in the connecting piece of boar spermatozoa [9], while in bulls it
is located in the mid-piece and post-acrosomal region [10]. In humans it
is found in the plasma membrane region of the sperm head [11], the
mid-piece and anterior portion of the tail [4]. However, all these re-
ports are for ejaculated spermatozoa; information regarding their lo-
cation in epididymal spermatozoa is lacking.

The modifications that may occur in the pattern of domain location
of AQPs during sperm transit along the epididymis, following exposure
to seminal plasma, and during ejaculation, are unknown. The reported
differences in sperm protein content between epididymal and ejacu-
lated spermatozoa in ibex, mouflon, and chamois [12], might influence
sperm freezability. Indeed, epididymal spermatozoa have been reported
more cryoresistant than ejaculated spermatozoa [13,14]. Since freez-
ability is partly the consequence of changes in the sperm proteome, and
since AQPs modulate the flux of water and glycerol - the latter being a
universal cryoprotectant for the sperm of most mammals - during
freezing-thawing, variations in the domain location of AQPs might be
associated with differences in cryoresistance, depending on the sperm
source. It has been suggested that AQP3 and AQP7 are involved in the
cryotolerance of bull spermatozoa; the relative abundance of AQP3 and
AQP7 varies among bull ejaculates - variations that are related to sperm
motility after freeze-thawing [15]. Moreover it has been reported that
AQP7 is more abundant in bull ejaculates that show better freezability
[10]; a similar situation has been reported for AQP3 and AQP7 in the
pig [16].

The banking of germplasm is essential role in the preservation and
management of wild ruminants. The response of their sperm cells to
cryopreservation may, however, vary between seasons, individuals,
species, and the sperm collection method, etc. Better knowledge of the
molecular causes behind the variations in cell damage caused by free-
zing–thawing are needed if sperm cryopreservation procedures are to
be optimised and new biomarkers of freezability obtained. The Iberian
ibex, mouflon and chamois (all wild ruminants of the Mediterranean
Basin) have similar rutting seasons, but the capacity of these species'
sperm to endure cryopreservation differs [17], as does that of epidi-
dymal and ejaculated sperm [13,14]. Given all the above, it was hy-
pothesized that the species-related and sperm origin-related (epidi-
dymal or ejaculated) variation in cryoresistance of these species might
be associated with changes in the redistribution of sperm AQPs. The
present work therefore examines the location of AQP3, AQP7 and
AQP10 in the cauda epididymal and ejaculated spermatozoa of these
species.

2. Materials and methods

2.1. Animals, sperm collection, and cryopreservation

2.1.1. Epididymal spermatozoa
Testes were recovered during the breeding season (December and

February) from dead, mature ibexes (n = 5), mouflons (n = 5), and
chamois (n = 5). All animals had good body condition and no signs of
disease. They were legally hunted in their wild habitat following the
harvesting plans of their specific reserves (for chamois, the Somiedo
National Park, Asturias, Spain; for ibexes, the Tejeda y Almijara Game
Reserve, Málaga, Spain; for mouflons, the Cazorla Game Reserve, Jaén,
Spain). These harvesting plans follow Spain's 'Harvest Regulation,
Forest and Wild Animal Law 8/2003', issued by the corresponding au-
tonomous governments, adhering to European Union regulations.
Epididymal spermatozoa were collected from the cauda between 4 and
9 h after death for ibexes and mouflons, and 9–18 h after death for

chamois. The testes, with their scrotal sac were transported to the la-
boratory after removal. All were kept at about 5 °C during transport and
laboratory processing. To reduce the death-to-sperm-collection time, a
small laboratory was set up in the mountains where mouflon ibexes
were located, but this was not possible where chamois were found.

Chamois and ibex cauda epididymal spermatozoa were retrieved by
retrograde flushing using 1 mL of TCG, i.e., Tris (313.7 mM), citric acid
(104.7 mM), glucose (30.3 mM)) + 6 % egg yolk (vol/vol) (pH 6.8–7,
osmolarity 320–345 mOsm/kg) [18], while mouflon spermatozoa were
retrieved in the same way but using TTG, i.e., Tes (210.6 mM), Tris
(95.8 mM), glucose (10.1 mM) + 6 % egg yolk (vol/vol) (pH 6.8–7,
osmolarity 320–345 mOsm/kg). All epididymal samples were diluted to
a concentration of 800 × 106 sperm/mL. The samples were cooled at
5ºC for 1 h. Glycerol was added to a final concentration of 5 % (v/v),
and after 15 min of equilibration at 5 °C, the samples were loaded into
0.25 mL straws and frozen in nitrogen vapour following the conven-
tional method [19].

2.1.2. Ejaculated spermatozoa
Ejaculates (one per male) were collected by trans-rectal ultrasonic-

guided massage of the accessory sex glands (TUMASG) [20] from five
ibexes, five mouflons, and five chamois (all aged 3–9 years).

The ibexes were maintained at the “Reference Station for Iberian
Ibex, El Juanar” Wild Reserve (Ojén, Malaga, Spain). All were handled
in a restraining stall. Anaesthesia for TUMASG was 1.3 mg/kg i.m. ti-
letamine-zolazepam (Zoletil-1001; Virbac España S.A., Barcelona,
Spain) + 1.3 mg/kg i.m. ketamine hydrochloride (Imalgene-1000®,
Rhône Mérieux, Lyon, France) + 138 µg/kg i.m. detomidine
(Domosedan®, Pfizer Inc., Amboise, France).

The mouflons were housed at the INIA-CSIC Department of Animal
Reproduction (Madrid, Spain). All had been born at the INIA facilities.
These animals were anesthetized using 0.5 mg/kg i.v. tiletamine-zola-
zepam + 0.5 mg/kg i.v. ketamine hydrochloride (Imalgene-1000®)
+ 50 μg/kg i.v. detomidine, and maintained with 1.5 % isoflurane
(Isobavet®) (Intervet/Schering Plough Animal Health, Madrid, Spain) in
oxygen (2.5 L/min). All were monitored by capnography and pulse
oximetry. In mouflons and ibexes, anesthesia was reversed using
0.7 mg/kg yohimbine hydrochloride (half intravenous and half in-
tramuscular) (Sigma, Zwijndrecht, The Netherlands). All animals re-
covered fully within 16 min.

The chamois were captured using nets and immediately anesthe-
tized with 75 µg/kg i.m. detomidine + 1.5 mg/kg i.m. ketamine. Pulse
oximetry was used to monitor the condition of the animals.
Immediately after sperm collection, 0.20 mg/kg atipemazole was ad-
ministered, half of the dose i.v. and the other half i.m., as detomidine
antagonist, and the animals returned to their natural habitat. The
chamois recovered fully within 14 min.

Semen was collected from all animals during their species' breeding
season (December for the mouflon and ibex, November for the cha-
mois). All procedures were approved by the INIA Ethics Committee
(reference PROEX 154/17) following the Spanish Policy for Animal
Protection RD53/2013, which conforms to European Union Directive
2010/63 regarding the protection of animals used in scientific experi-
ments.

All ejaculated samples were diluted to a final concentration of
100 × 10 6 sperm/mL, with TCG (ibex and chamois) or TTG medium
(mouflon) at room temperature. After an equilibration period of 3 h at
5 °C, the samples were frozen following a conventional method [17].

2.2. Sperm analysis

Fresh sperm samples were assessed for motility, plasma membrane
functionality, acrosome ridge integrity, and morphological abnormal-
ities. Sperm motility and quality of movement were assessed using a
phase-contrast microscope (Zeiss, Oberkochen, Germany) at 100x
(samples were previously incubated for 20 min at 37ºC). The vigour of
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sperm motility was scored on a scale from 0 (lowest) to 5 (highest).
Plasma membrane functionality was assessed using the hypo-osmotic
swelling test [21]. The percentage of spermatozoa with an intact ac-
rosome apical ridge was evaluated by phase-contrast microscopy
(magnification 1000x), counting 200 cells (fixed in buffered 2 % glu-
taraldehyde solution; buffered solution (BL-1): glucose 2.9 g, sodium
citrate 2 H2O 1 g, sodium bicarbonate 0.2 g, distilled water 100 mL)
[22]. Morphological abnormalities were analyzed by examination of
glutaraldehyde-fixed samples (examining 200 cells) [23]. Distal cyto-
plasmic droplets were not considered morphological abnormalities in
epididymal spermatozoa.

To assess frozen-thawed sperm samples, the straws used were con-
ventionally thawed in a water bath at 37 °C for 30 s. The same sperm
characteristics as above were then analyzed again. In addition, sperm
motility and kinetic parameters were assessed using a computer-aided
sperm analysis system (CASA) coupled to a Nikon Eclipse model 50i
phase contrast microscope with negative contrast capability. The
system ran Sperm Class Analyzer software (SCA®, Microptic S.L.,
Barcelona, Spain) with settings adjusted for Iberian ibex, mouflon and
chamois spermatozoa (Table 1). All sperm samples were analyzed using
Leja eight-chamber slides (Leja Products B.V., Nieuw Vennep, The
Netherlands), with all materials used tempered at 37ºC. A minimum of
three fields and 500 sperm cell tracks were examined. Values for the
following kinetic variables were then recorded: total motility (%),
progressive motility (%), curvilinear velocity (VCL, µm/s), straight-line
velocity (VSL, µm/s), average path velocity (VAP, µm/s), linearity (LIN,
%), straightness (STR, %), wobble (WOB, %), the amplitude of lateral
head displacement (ALH, µm) and the beat-cross frequency (BCF, Hz).
Sperm viability was assessed using fluorochrome propidium iodide (PI)
[24], examining 200 cells.

Sperm cryoresistance was determined as: cryoresistance ratio (CR)
= (post-thaw value/fresh value) x 100 [25].

2.3. Identification and location of aquaporins

The presence and distribution of AQP3, AQP7 and AQP10 in sperm
membranes were assessed by Western blotting (WB) and im-
munocytochemistry (ICC), employing commercial rabbit polyclonal
antibodies (AQP3 = ab125219, AQP7 = ab32826, and AQP10 =
ab182794) (all from Abcam, Netherlands, B.V, Amsterdam 1043 GR
Netherlands). Controls for the specificity of the antibodies were estab-
lished using the corresponding AQPs blocking peptides. For WB ana-
lysis, proteins were extracted from ̴ 35 million spermatozoa. Sheep
small intestine, liver and kidney cells were used as positive controls.
After three rounds of sperm centrifugation at 5400 g for 5 min, the
pellet was subjected to crude mechanical disruption and incubated with
lysis buffer at 4ºC for 60 min. The lysis buffer contained sodium dodecyl
sulphate (SDS), Tris, benzamide, protease inhibitor, and phe-
nylmethylsulphonyl fluoride. The samples were then centrifuged again
at 5400 g for 5 min, the supernatant collected, and Laemmli sample
buffer (DTT, SDS, Tris, glycerol, b-mercaptoethanol, and bromophenol
blue) added. These protein suspensions were then denatured by heating
at 94ºC for 4 min. Aliquots of 35 µl were subsequently loaded onto 12 %
SDS-PAGE gels. Electrophoresis was performed at 150 V for 90 min, and
the proteins then transferred to Amersham™ Protran® 0.45 µm ni-
trocellulose membranes (Global Life Sciences Solutions,
Buckinghamshire, UK). These were then blocked with 5 % BSA (Merck
KGaA, Darmstadt, Germany) in PBS-Tween for 60 min and incubated at
4 °C overnight with the primary antibodies (AQP3 ab 125219, AQP7 ab
32826; AQP10 ab 182794) at a dilution of 1/100. The membranes were
then washed three times in PBS-Tween, and incubated with the sec-
ondary antibodies (mouse anti-rabbit IgG-HRP, sc-2357) (Santa Cruz
Biotechnology Inc., Dallas, TX, USA) at a dilution of 1/15000 for
120 min at room temperature, followed by extensive washing in PBS-
Tween. The membranes were scanned using WesternSure® PREMIUM,
LI-COR® chemiluminiscent substrate (Lincoln, NE, USA), employing an
Amersham™ ECL Western Blotting ImageQuant™ 500 chemiluminiscent
imaging system (GE Healthcare, Uppsala, Sweden).

For ICC, spermatozoa were fixed in paraformaldehyde diluted to 4
% in ultrapure water (Milli-Q® water), centrifuged (1200 g, 6 min), and
the pellet resuspended in PBS. The smears on slides were allowed to
dry, washed with PBS-Tween, and blocked with 5 % BSA in PBS for
60 min. After washing, the slides were incubated at 4 °C overnight with
the primary antibodies against AQPs at a dilution of 1/100 before again
washing and incubating with the secondary antibody (polyclonal goat
anti-rabbit Alexa Fluor 488) (Molecular Probes, Invitrogen, Carlsbad,
CA, USA) diluted 1/500 in PBS containing 1 % BSA, for 180 min in the
dark [26]. Negative controls (sample incubated only with the secondary
antibody) were included in each immunolabelling assay

Table 1
The sperm quality variables was assessed by a computer-aided sperm analyses
(CASA) system (SCA®) with the following settings adjusted for Iberian ibex,
mouflon and chamois spermatozoa.

CASA settings

Image capture rate (frames/s) 50
Head area (µm2) 20–70
Velocity limit for slow sperm velocity (µm/s) 10
Velocity limit for medium sperm (µm/s) 45
Velocity limit for fast sperm (µm/s) 75
Minimal straightness for progressive spermatozoa (%) 80

Table 2
Sperm variable values (mean± SEM) for cauda epididymal and ejaculated frozen-thawed ibex, mouflon, and chamois spermatozoa. Different letters (a,b) indicate
significant differences between cauda epididymal and ejaculated within each species (P < 0.05). ANOVA, post hoc Fisher test.

Ibex Mouflon Chamois

Sperm variables Epididymal Ejaculated Epididymal Ejaculated Epididymal Ejaculated

Total motility (%) 52.1 ± 23.7 a 18.5 ± 2.6 b 38.2 ± 9.6 29.1 ± 6.4 33.0 ± 6.7 30.7 ± 5.1
Progressive motility (%) 39.3 ± 17.9 a 7.8 ± 1.3 b 33.5 ± 9.6 a 11.5 ± 2.8 b 20.9 ± 5.6 16.1 ± 3.3
Intact acrosome (%) 64.4 ± 29.3 a 35.2 ± 1.8 b 17.5 ± 4.7 30.5 ± 7.1 66.6 ± 5.3 a 30.7 ± 4.8 b
Viable sperm (%) 75.6 ± 34.4 a 33.8 ± 3.8 b 35.3 ± 6.3 38.3 ± 2.5 59.0 ± 6.6 a 22.6 ± 4.3 b
Curvilinear velocity (VCL) (µm/s) 100.0 ± 45.5 a 73.2 ± 4.6 b 121.3 ± 9.1 a 85.8 ± 9.2 b 84.6 ± 3.4 b 115.5 ± 6.2 a
Straight-line velocity (VSL) (µm/s) 40.9 ± 18.6 b 43.3 ± 3.5 a 65.0 ± 10.6 a 47.9 ± 3.7 b 30.6 ± 5.9 b 67.5 ± 4.0 a
Average path velocity (VAP) (µm/s) 55.8 ± 25.4 54.8 ± 4.5 83.7 ± 11.2 67.3 ± 8.3 48.1 ± 3.1 b 87.1 ± 47 a
Linearity (LIN) (%) 40.5 ± 18.4 b 58.7 ± 2.6 a 51.9 ± 5.4 b 56.8 ± 2.5 a 36.7 ± 6.4 59.0 ± 3.6
Straightness (STR) (%) 69.4 ± 31.5 b 79.1 ± 1.7 a 72.5 ± 3.5 b 73.3 ± 3.7 a 61.5 ± 7.1 b 77.6 ± 2.1 a
Wobble (WOB) (%) 56.2 ± 25.5 b 74.1 ± 2.7 a 67.9 ± 4.7 77.8 ± 1.6 56.3 ± 3.2 b 75.9 ± 3.9 a
Amplitude of lateral head (ALH) (µm) 4.2 ± 1.9 a 2.3 ± 0.2 b 4.2 ± 0.3 a 2.7 ± 0.2 b 3.6 ± 0.3 3.4 ± 0.3
Beat cross frequency (BCF) (Hz) 8.6 ± 3.9 9.3 ± 0.4 8.4 ± 0.4 7.7 ± 0.5 7.8 ± 0.6 10.7 ± 0.8
Normal spermatozoa (%) 75.2 ± 6.6 a 50.2 ± 6.0 b 84.0 ± 6.0 54.2 ± 10.7 88.4 ± 2.3 79.2 ± 7.4

B. Pequeño, B. Martínez-Madrid, C. Castaño et al. Theriogenology Wild 2 (2023) 100025

3



(Supplementary Fig. 1). Antibody specificity was assessed using the
corresponding AQP blocking peptides (immunolabelling - green fluor-
escence - in the presence of blocking peptide indicates nonspecific AQP
binding) (Supplementary Fig. 2). The sperm membrane locations of the
AQPs, and the percentage of spermatozoa showing AQP3, AQP7 and
AQP10 in different cell regions, were determined (examining 200 cells
per slide; i.e. 200 cells per type of AQP and male) using a Nikon Eclipse
E200 epifluorescence light microscope (Nikon Instruments Inc, New
York, NY, USA).

2.4. Statistical analysis

Values for sperm variables that showed non-normal distributions, as
determined by the Shapiro–Wilk test (P < 0.05), were arcsine-trans-
formed before analysis. Sperm variables and AQP location within spe-
cies and between sperm sources were compared using the t-test for
matched pairs. The influence of the sperm source on frozen-thawed
sperm variables was analyzed by ANOVA, followed by a post hoc Fisher
test. The influence of species on AQP location and sperm variables was
examined by ANOVA, followed by a post hoc Tukey test. Data were
expressed as means± standard error of the mean (SEM). All calcula-
tions were performed using STATISTICA software for Windows v.12.0
(StatSoft Inc., Tulsa, OK, USA).

3. Results

Table 2 shows the frozen-thawed sperm characteristics of the cauda
epididymal and ejaculated samples examined. Differences were seen
depending on the source of the samples and species. In the ibexes, va-
lues for intact acrosome, sperm viability, total motility, progressive
motility, VCL, ALH, and normal morphology, were higher for the epi-
didymal than the ejaculated samples (P < 0.05). In contrast, VSL, LIN,
STR, and WOB were higher (P < 0.05) for the ejaculated than the
epididymal samples. In the mouflons, progressive motility, VCL, VSL
and ALH were higher (P < 0.05) for the epididymal than the ejacu-
lated spermatozoa. In contrast, LIN and STR were higher (P < 0.05)

for the ejaculated than the epididymal samples. In the chamois, sperm
viability and acrosome integrity were greater (P < 0.05) for the epi-
didymal than the ejaculated samples. In contrast, VCL, VSL, VAP, STR
and WOB were greater (P < 0.05) for the ejaculated than the epidi-
dymal samples (Table 2). For the epididymal sperm samples, the
cryoresistance ratio for membrane functional integrity was highest
(P < 0.05) in the ibexes (78.8 ± 3.1), followed by the chamois
(66.6 ± 7.3), and finally the mouflons (65.3 ± 2.2). For the ejacu-
lated sperm samples, the cryoresistance ratio for the quality of motility
was highest in the ibexes (112.1 ± 12.0), then in the mouflon
(77.4 ± 12.7), and finally the chamois (78.6 ± 6.7). No significant
differences were seen between the species for the cryoresistance ratios
of the remaining sperm variables.

In both the epididymal and ejaculated sperm of the ibex, mouflon
and chamois, AQP3 was detected (Fig. 1) in the acrosome, the post-
acrosome region, the mid-piece, the principal piece, and the end piece
(Fig. 2). Within species, no differences were seen between the epidi-
dymal and ejaculated sperm. AQP3 presence in the principal piece of
the cauda epididymal sperm was greater in the mouflon than in the
chamois (P < 0.05), while in the ejaculated sperm it was greater in the
ibex than in the chamois (P < 0.05) (Fig. 2).

AQP7 (Fig. 3) was detected in the acrosome and cytoplasmic dro-
plets of the ibex, mouflon and chamois sperm (both cauda epididymal
and ejaculated), with significantly more (P < 0.001) cells showing the
cytoplasmic droplets and this protein in epididymal sperm (Fig. 4). The
proportion of ejaculated sperm with presence of cytoplasmic droplets
along with AQP7 was lower than 8 %. No interspecific differences were
seen for domain location of AQP7.

AQP10 was detected to a similar degree in the sperm mid-piece and
principal piece of all three species for both types of sperm (Fig. 5).
Differences were only seen for the end region of the tail in the mouflon
cauda epididymal sperm, with a proportion of sperm showing AQP10
greater (P < 0.05) than in ejaculated samples (Fig. 6).

In all species, and in both epididymal and ejaculated sperm, WB
identified AQP3 as a strong signal band of 32 kDa; other diffuse bands
were found between 35 and 40 kDa except for ejaculated sperm of

Fig. 1. Immunolabelling of AQP3 in ibex, mouflon and chamois sperm. AQP3 was located in the acrosome, post-acrosomal region, mid piece, principal piece, and
end piece.
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chamois and epididymal sperm of mouflon. AQP7 was detected as two
bands of about 45 kDa and 50 kDa in both epididymal and ejaculated
samples. AQP10 was detected as two bands of approximately 32 kDa
and 38 kDa (Fig. 7).

4. Discussion

Differences in the domain location of AQPs were seen between the
cauda epididymal and ejaculated spermatozoa only for AQP10 (more
detected at the end of the mouflon sperm tail). AQP7 was detected in the

acrosome and cytoplasmic droplets of the ibex, mouflon and chamois
sperm (both cauda epididymal and ejaculated), with significantly more
cells showing cytoplasmic droplets, and thus this protein, in epididymal
samples (Fig. 4). For AQP3 location, species-specific differences were
found only with respect to the principal piece, with more detected in the
mouflon epididymal sperm than in that of the chamois, and in the eja-
culated sperm of the ibexes than in the corresponding chamois samples.

Cauda epididymal spermatozoa are generally regarded as more
cryoresistant than their ejaculated counterparts [14]. This was con-
firmed in the present work, with better values recorded for most frozen-

Fig. 2. Percentage of spermatozoa showing AQP3 in the sperm acrosome (Acros), post-acrosome (Pac), mid-piece (Mip), principal piece (Prp), and end piece (End) of
the sperm tail. Box plots show the median (horizontal line) and spread from the 1st to the 3rd quartiles; the whiskers extend from the smallest to the largest value.
Different letters (a,b) indicate significant differences (P < 0.05) between species for spermatozoa from the same source.
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thawed sperm variables in the ibex and mouflon cauda epididymal
sperm. Sperm viability and acrosome integrity were also better in the
chamois cauda epididymal samples, but after freeze-thawing the kinetic
variable values were higher in the ejaculated sperm. This might be
explained by either the longer time elapsed between death and the
collection of the epididymal samples in this species, or by the absence of
seminal plasma.

Many sperm proteins have been found more abundant in the cauda
epididymal spermatozoa of the three species examined [12]. In addition,
associations between the sperm proteome, sperm source, and sperm
cryoresistance have been reported in several species [27–29]. A change in
the domain location of AQPs according to their cauda epididymal or post-
ejaculation origin might thus explain variations in cryoresistance. The
location of AQP3 and AQP10 in the mid-piece, which is packed with
mitochondria performing oxidative phosphorylation, and in the principal
piece, where glycolysis occurs [30], suggest they may be involved in the

passage of solutes (e.g., glycerine, lactate, etc.) associated with sperm
energy metabolism and motility. Many studies have reported a relation-
ship between ATP levels and the flagellum beat frequency and sperm
velocity [31]. However, differences in kinetic variables between the cauda
epididymal and ejaculated spermatozoa for the present species were not
accompanied by changes in the domain location of AQPs in either the mid-
piece or principal piece. AQP7 was located in the acrosome in all three
species, so a role in exocytosis during freeze-thawing cannot be ruled out.
Cryopreservation affects acrosome exocytosis [32], and in the present
work the acrosome was more strongly affected in the ibex and chamois
ejaculated samples, but no differences were seen in the proportion of
sperm showing AQP7 between the cauda epididymal and ejaculated
samples. The mechanism by which AQPs improve the freezability of cauda
epididymal sperm remains unclear.

The present results reveal an influence of species on the response of
spermatozoa to freeze-thawing. The ibex sperm showed the greatest

Fig. 3. Immunolabelling of AQP7 in ibex, mouflon and chamois sperm. AQP7 was located in the acrosome and cytoplasmic droplet (cd).

Fig. 4. Percentage of spermatozoa showing AQP7 in acrosome (acr), and cytoplasmic droplet (cd). Box plots show the median (horizontal line) and spread from the
1st to the 3rd quartiles; the whiskers extend from the smallest to the largest value. Different letters (a, b) indicate significant differences (P < 0.001) between cauda
epididymal and ejaculated spermatozoa within species.
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cryoresistance in terms of epididymal sperm membrane functional in-
tegrity, and in ejaculated sperm motile quality. The influence of species
on sperm freezability has been widely studied [14], and factors other
than sperm head dimensions have been suggested to underlie the dif-
ferences seen. Although variation in the domain location of AQPs has its
attraction as an explanation, the only interspecies difference in AQP
location found in the present work was for AQP3 in the mid-piece; here,
a greater proportion of sperm showing AQP3 was seen in the mouflon
epididymal sperm and in the ibex ejaculated sperm compared to the
chamois. However, the present data are inconclusive with regard to
interspecies differences in AQP3 domain location, and the influence of
species on cryoresistance ratios for different sperm variables remains
unclear. Further studies that examine more kinetic variables are
needed. In the present work, the CASA motility variables were only
analyzed in frozen-thawed samples given the difficulty of transporting
the required equipment into the field. However, with respect to quality
of movement, the greater cryoresistance ratio of the ejaculated ibex
spermatozoa was accompanied with a greater AQP3 location in the
mid-piece. Its greater presence in the mouflon epididymal sperm co-
incided with high values for VSL, VCL and VAP.

The domain location of the studied AQPs differed from earlier re-
ports. In the present study, AQP3 was located in different areas of the
spermatozoa (acrosome, post-acrosome region, mid-piece, principal
piece, and end piece), AQP7 was exclusively located in the acrosome
and cytoplasmic droplet, and AQP10 was found in the tail (midpiece,
principal piece, and end piece) of all the examined species. In contrast,
human AQP3 has been located all along the sperm tail [8], and AQP7 in
the connecting piece in boar sperm [9]. Thus, the role of AQPs in sperm
function might vary according to their species-specific location. For
humans, it has been suggested that the presence of AQP7 in the sperm
tail may be correlated with progressive motility [33]. In wild rumi-
nants, its location in the acrosome may be related to a role in the ac-
rosome reaction during oocyte fertilization [6].

The results showed that presence or absence of regional signal for
each AQP was not homogeneous and varied between 0 % to close to
100 %. Variations in the relative intensity of the immunolabelling is
usual for sperm AQPs (Vicente-Carrillo et al., 2016), and may be due to
differences the sperm AQPs abundance. Low abundance of AQPs de-
termines very low or absence of signal with the antibodies used in this
experiment. This heterogeneity in immunolabelling may reside in the
existence of sperm subpopulations that might be the key to explain the
different sensitivity to cryopreservation.

In the present study, WB showed antibody against AQP3 reacted to
multiple bands, but at lower intensity than the specific signal band at
25 kDa, except for ejaculated sperm of chamois and epididymal sperm
of mouflon. In addition, two bands were also detected for AQP7 in both
epididymal and ejaculated samples. This fact suggests that these AQPs
in frozen-thawed samples could have high heterogeneity (e.g. different
isoforms or dimerization capacity with other proteins). Indeed, dif-
ferent AQP7 isoforms have been identified in human sperm (27, 29, 30
and 40 kDa) and they have been suggested to be related to different
glycosylation patterns [33]. No prior studies have reported on the
identification of AQP10 in mammalian spermatozoa. In the present
work, WB revealed two bands of AQP10 between 25 and 35 kDa, sug-
gesting there to be two isoforms, as described for the human small in-
testine [34]. AQP10 appears to be specifically located along the sperm
tail, where it transports water and glycerol (which plays a role as an
energy substrate). Thus, a specific role for AQP10 in sperm motility and
metabolic activity (oxidative phosphorylation in the mid-piece and
anaerobic glycolysis in the main tail) should not be ruled out.

Finally, a quantitative analysis of AQPs was not carried out, and
thus, differences in the relative abundance of AQPs between epididymal
and ejaculated spermatozoa both within and between species cannot be
ruled out.

In conclusion, the sample origin (cauda epididymis or ejaculate) had
no significant influence on the location of the AQPs studied, except for

Fig. 5. Immunolabelling of AQP10 in ibex, mouflon and chamois sperm. AQP10 was located in the mid piece, principal piece and end piece. Immunolabelling in
equatorial zone of the acrosome is a nonspecific union, as revealed by the AQP10-blocking peptide (S1 Fig).
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Fig. 6. Percentage of spermatozoa showing AQP10 in the sperm mid-piece (Mip), principal piece (Prp), and end piece (End) of the sperm tail. Box plots show the
median (horizontal line) and spread from the 1st to the 3rd quartiles; the whiskers extend from the smallest to the largest value. Different letters (a,b) indicate
significant differences (P < 0.05) between cauda epididymal and ejaculated spermatozoa within species.

Fig. 7. Identification of AQPs by Western blotting. Immunoblots for AQP3, AQP7 and AQP10 in cauda epididymal (EP) and ejaculated (EJ) spermatozoa from ibex,
mouflon, and chamois. Sheep kidney (K), small intestine (SI) and liver (LI) tissue lysates were included as a control of antibody specificity.
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AQP10 in mouflon, and inter-species differences were only detected for
AQP3. Further studies are needed to better understand the role of these
AQPs in sperm cryoresistance.
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