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Pannexin channels increase propidium iodide permeability
in frozen-thawed dog spermatozoa
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Abstract. Pannexins (Panx) are proteins that form functional single membrane channels, but they have not yet been
described in dogs. The aim of the present study was to detect Panx 1, Panx2 and Panx3 in frozen—thawed dog spermatozoa
using flow cytometry and immunofluorescence analyses, evaluating the relationship of these proteins with propidium
iodide (PI) in frozen—thawed spermatozoa. Fresh and frozen—thawed dog spermatozoa from eight dogs were preincubated
with 3 uM PI with or without 15 pM carbenoxolone (CBX) or 1 mM probenecid (PBD), two Panx channel inhibitors, and
then incubated with rabbit anti-Panx1, anti-Panx2 and anti-Panx3 antibodies (1:200). Panx immunolocalisation was
assessed by fluorescence microscopy. Flow cytometry data were evaluated by analysis of variance. All three Panx proteins
were found in dog spermatozoa: Panx1 was mostly localised to the acrosomal and equatorial segment, Panx2 was found in
the posterior region of the head and tail and Panx3 was localised to the equatorial and posterior head segment. The
percentage of PI-positive cells determined by flow cytometry was reduced (P < 0.05) in the presence of Panx inhibitors.
These results show that Panx proteins are present in dog spermatozoa and increase PI permeability in frozen—thawed dog
sperm, suggesting that the percentage of PI-positive spermatozoa used as an indicator of non-viable cells may lead to
overestimation of non-viable cells.
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Introduction

Semen cryopreservation is a useful tool for extending the viability
of spermatozoa for long periods. This technique has an important
role in conserving the genetic characteristics of domestic dogs
and endangered canid species (Jewgenow and Songsasen 2014).
However, cryopreserved sperm samples show decreased fertility
compared with fresh spermatozoa because of damage to different
sperm structures, such as the DNA, acrosome and plasma mem-
brane, along with modifications of cellular functions, including a
reduction in sperm motility (Palomino and De los Reyes 2009;
Kim et al. 2010). These damages are related to stress conditions,
such as intense osmotic, ionic and oxidative injures, and changes
in plasma membrane permeability after freeze—thaw treatments
(Mogas et al. 2011).

Several strategies have been studied to determine sperm
quality and viability after freezing. Propidium iodide (PI)
exclusion is the most common probe to determine cell viability
by evaluating an increase in membrane permeability (Graham
et al. 1990). Inside the cell, PI can intercalate with DNA and
once the dye is bound to nucleic acids, its fluorescence is
enhanced 20- to 50-fold. PI is widely used to determine cell
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viability as differences in plasma membrane integrity and per-
meability based on the capacity of living cells to exclude the dye
(Yeh et al. 1981). It has been assumed that the ability of PI to
penetrate a cell is dependent only upon the permeability of the
plasma membrane, because PI does not stain live or early
apoptotic cells due to the presence of an intact plasma membrane
(Yehetal 1981; Lizama et al. 2009; Ortiz et al. 2009). In frozen—
thawed dog sperm samples, PI exclusion shows a low percentage
of viable spermatozoa (Corcini et al. 2016), but this marker does
not correlate with fertilisation rates because samples with a high
percentage of Pl-positive cells still fertilised oocytes (Martins
et al. 2009). It is therefore possible that PI can be incorporated
through methods other than those associated with sperm damage.

In recent years, three pannexin proteins (Panx1, Panx2 and
Panx3) have been described in different cells (Panchina et al.
2000; Bruzzone et al. 2003; Baranova et al. 2004; Vogt et al.
2005; Ray et al. 2006; Turmel et al. 2011). Pannexins form
channels permeable to larger molecules, such as PI, ethidium
bromide, 4',6'-diamidino-2-phenylindole, ATP, small peptides
and ions (Bao et al. 2004; Dourado et al. 2014). Pannexin
channels are involved in ischaemia (Thompson et al. 2006;
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Bargiotas et al. 2012; Xiong et al. 2014), inflammatory process-
es (Pelegrin and Surprenant 2006), neuronal communication (Li
et al. 2012; Kranz et al. 2013), apoptosis (Chekeni et al. 2010;
Xiao et al. 2012) and mechanical (Beckel ef al. 2014) and
osmotic stress (Voigt ef al. 2015). In the reproductive tract of
male rats, pannexins are expressed and regulated by androgens
(Turmel et al. 2011); however, their expression in dog sperma-
tozoa has not been reported. Although Panx1, Panx2 and Panx3
have been described in canine cells (Yen and Saier 2007), to our
knowledge the presence of these proteins and their relationship
with plasma membrane permeability in dog spermatozoa has not
been described. Therefore, the aim of the present study was to
evaluate the presence of pannexins in frozen—thawed dog
spermatozoa using flow cytometry and indirect immunofluores-
cence, as well as their relationship with PI-positive spermatozoa
after the freeze—thaw process.

Materials and methods

All animals used in the present study were treated according to
guidelines of the Chilean Bioethics Committee of the Chilean
Commission for Scientific and Technological Research
(CONICYT) and the Ethics Committee of the Faculty of Vet-
erinary Sciences, University of Chile.

Freeze-thawing of dog spermatozoa

Semen was collected twice using digital stimulation from eight
adult (2-5 years old) pure or mixed-breed dogs. The sperm-rich
fraction of each ejaculate was evaluated subjectively for pro-
gressive motility (using direct observation of a 10-uL aliquot of
the sample at a magnification of x200) and morphology using a
phase contrast microscope; sperm concentration was measured
by a haemocytometer as described previously (De los Reyes
et al. 2009). Only samples with >80% progressive motility and
=15% abnormal spermatozoa were selected for experiments.
Three non-frozen sperm samples from different dogs were used
as fresh controls.

Each sample was diluted 1:2 (v/v) in Tris buffer and
centrifuged at 700g for 5min at 21°C. The supernatant was
discarded and the pellet resuspended in TRIS—citrate fructose
freezing extender (De los Reyes et al. 2006). The sperm samples
were loaded into 0.25-mL straws (IVM Technologies, France)
for freezing at —196°C.

One straw from each dog was thawed in a water bath at 60°C
for 8 s and the contents of each straw were placed in a different
1.5-mL tube. Fresh and thawed samples were washed by
centrifugation at 700g for 5 min at 21°C, and 5 x 10° spermato-
zoa were resuspended in 700 pL non-capacitating SP-TALP
medium (composition (in mM): KC1 3.1; MgCl, 0.4; NaCl 100;
NaH,PO, 0.3; HEPES 10; sodium lactate 21.6; pyruvate 1;
CaCl, 2, pH 7.2) without bovine serum albumin (BSA) or
bicarbonate (Parrish et al. 1988).

Flow cytometry analysis of pannexin presence

Frozen—thawed dog spermatozoa (10"mL ") from each straw
were fixed with 4% paraformaldehyde in phosphate-buffered
saline (PBS; (inmM): NaCl 137; KC12.7; Na,HPO, 4.3; KH,PO,
1.47, pH 7.4) and washed with 1 mL PBS by centrifugation at
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Fig. 1. Dot plot showing the discriminatory gate used forward scatter (FS;
cell size) and side scatter (SS; cell complexity) to gate out debris. INT,
integral signal; LIN, lineal gain.

700g for Smin at 21°C using an Eppendorf 5415D centrifuge.
The samples were then permeabilised with PBS—0.1% Triton
X-100 (Sigma Chemical) for 15 min at 21°C, washed twice with
PBS-0.1% Tween (Sigma Chemical) and non-specific reaction
sites blocked by PBS—3% BSA (Sigma Chemical)—1.5 pgmL ™"
glycine (Winkler) for 1h at room temperature. Then, samples
were incubated with rabbit anti-Panxl (1:200 dilution;
AV42783; Sigma Chemical), rabbit anti-Panx2 (1:200 dilution;
AV42778; Sigma Chemical) or rabbit anti-Panx3 (1:200 dilu-
tion; 433270; Thermo Fisher Scientific) antibodies at 4°C over-
night. After overnight incubation, samples were washed three
times with PBS—0.1% Tween for 5 min by centrifugation at 700g
for 5 min and incubated with fluorescein isothiocyanate (FITC)-
conjugated goat anti-rabbit antibody (Ab 7050; Abcam) for 3 h at
21°C. The samples were then washed three times with PBS—0.1%
Tween and incubated for 15min with 3puM PI (Molecular
Probes)—0.1% Tween—PBS at room temperature protected from
the light, after which they were washed twice with PBS-0.1%
Tween and resuspended in 1 mL PBS. Samples incubated without
the primary antibody were used as negative controls, and sper-
matozoa that had not been incubated with secondary antibodies
were used as autofluorescence controls.

Flow cytometry analysis was performed on a six-colour
Gallius Cytometer (Beckman Coulter) with standard settings,
including a compensation protocol for proper fluorophore
discrimination. The cytometry settings included detection of
forward scatter (FS) and side scatter (SS). FITC was detected at
a wavelength of 500-550 nm in FL1, and PI was detected at a
wavelength of 562-588 nm in FL3. During analysis, 20 000
events were classified into an FL1 and FL3 dot plot. Size gating
was used to eliminate debris excluding low FS and SS events
(Fig. 1). The percentage of Pl-positive cells (events with PI
fluorescence intensity =10°), FITC-positive cells (events with
FITC fluorescence intensity =10°) and FITC and PI double-
positive and -negative cells was calculated.

Indirect immunofluorescence

Aliquots of 2 x 10° frozen—thawed dog spermatozoa were fixed
and washed with 1 mL PBS by centrifugation at 700g for 5 min
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at 21°C, layered onto microscope slides and dried at 21°C.
Spermatozoa were permeabilised with 0.3% Triton X-100-PBS
for 15 min at 21°C. Non-specific reaction sites were blocked
with 1 mL of 3% BSA-PBS for 1h at 21°C and samples were
incubated overnight with rabbit anti-Panx1, rabbit anti-Panx2 or
rabbit anti-Panx3 antibodies (1 : 200 dilution for all) in a humid-
ified chamber at 4°C. Samples were then washed three times
with PBS—0.1% Tween and incubated with the secondary FITC-
conjugated goat anti-rabbit antibody for 3 h at 21°C, washed three
times in PBS-0.1% Tween for 5 min and incubated with 3 uM
DAPI (4,6'-diamidino-2-phenylindole)-0.1% Tween—PBS at
room temperature for 10 min protected from the light. Thereafter,
the samples were washed twice in PBS—0.1% Tween, mounted in
Fluoromount aqueous mounting medium (Sigma) and observed
under a Nikon Confocal Spectral C2 Eclipse Microscope. Spectral
images in the 500-692 nm range captured with 488-nm laser
excitation were used to detect pannexin localisation.

Flow cytometry Pl assay

Sperm samples from each resuspended straw were divided into
four (fresh) and seven (frozen—thawed) separate 2 x 10°mL ™"
aliquots and each was incubated in 1 mL SP-TALP medium at
38°C for 10 min. Of the seven frozen—thawed aliquots, two were
incubated with 15 uM carbenoxolone (CBX; Sigma Chemical),
two were incubated with 1 mM probenecid (PBD; Thermo
Fisher Scientific), two were incubated with 4 pL. double-dis-
tilled water as a control and one aliquot was incubated with 4 pL
SP-TALP as an autofluorescence control. All samples were
incubated at 38°C for 15 min. Then, 3 uM PI alone or with 0.1%
Triton X-100 (permeabilising agent) was added to one of the two
samples in each treatment group and samples were incubated for
a further 5 min under the same conditions. Triton X-100 (Sigma
Chemical) permeabilised conditions were used as pannexin
inhibitors/PI interaction controls. Unfixed and unwashed cell
samples were used in these evaluations. The four fresh sperm
sample aliquots were processed separately but subjected to
the same four treatments, except for Triton X-100 exposure, as
fresh sperm controls of pannexin.

Flow cytometry was performed as described above, with
standard settings and FL3 detector activation. To determine
levels of PI staining, 20 000 events in each tube were analysed.
Histograms were obtained for each group and events were
classified as PI-positive or PI-negative cells.

Statistical analysis

The percentage of Pl-positive cells determined by flow cyto-
metry was evaluated by analysis of variance (ANOVA). Groups
with or without Triton X-100 permeabilisation, including the
control group and the groups treated with the two inhibitors,
were compared. When ANOVA showed statistically significant
differences, results were subjected to Dunnett’s post-hoc test to
discriminate between treatment groups. These analyses were
performed using GraphPad Prism 5.0 for Windows (GraphPad
Software). Statistical significance was defined as P << 0.05.

Results

The presence and localisation of Panx 1, Panx2 and Panx3 in dog
spermatozoa was assessed by flow cytometry and indirect
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immunofluorescence analysis. According to the manufacturer
(Sigma Chemical), the anti-Panx1 and anti-Panx2 antibodies
used in the present study cross-react with dog pannexins.
However, the anti-Panx3 antibody (Thermo Fisher Scientific)
was designed using a synthetic peptide derived from mouse and
rat Panx3 protein; therefore, the cross-reaction probability with
canine Panx3 was estimated using BLASTp analysis comparing
the canine Panx3 amino acid sequence (XP_852341.2) with
mouse (NP_766042.2) and rat (NP_955430.1) sequences. These
amino acid sequences were obtained using the respective Entrez
Gene IDs (mouse: 208098; rat: 315567). The BLASTp analysis
between canine and rat resulted in a query cover of 100%,
generating an E-value <1 x 10 x 107® with 90% identity.
Between canine and mouse, the query cover was 99% with a
similar E-value to that obtained with rat and 88% identity. These
results lead us to believe that there is a high probability of cross-
reaction of this antibody with canine Panx3.

Flow cytometry identification of pannexins

Gating settings for the sperm population (gated events) used to
exclude non-sperm events are shown in Fig. 1.

Autofluorescence control (without secondary antibody or PI
staining) showed that 95.9% of events were located in the lower
left quadrant (no signal for PI or FITC; Fig. 2a). Negative
control samples (without primary antibodies) did not show any
signal (Fig. 2b). In all samples, PI staining was used as a fixed
and permeabilised cell marker.

The cytometric analysis of frozen-thawed dog spermatozoa
revealed the presence of pannexins. Positive signals were
observed in the upper right quadrant, which showed that
78.3%, 85.9% and 81.6% of events were positively labelled
for Panx1l (Fig. 2¢), Panx2 (Fig. 2d) and Panx3 (Fig. 2e)
respectively.

Presence of pannexins in sperm head and tail

Indirect immunofluorescence was used to determinate the sub-
cellular localisation of Panx1, Panx2 and Panx3 in dog sperm
samples. Positive staining for Panx1 was mostly found in the
acrosomal region and equatorial segment (Fig. 3a, ¢), whereas
the immunoreaction for Panx2 was primarily observed in the
posterior region of the head and tail (Fig. 3e, g) and the immu-
nosignal for Panx3 was located in the equatorial and posterior
segment of the head (Fig. 37, k). No signals were observed in any
of the negative controls (Fig. 3d, &, /). In all samples, DAPI was
used to counterstain DNA.

Effects of freeze-thawing on Pl-positive cells

Dog spermatozoa were incubated with 3 uM PI to estimate the
percentage of PI-positive spermatozoa using flow cytometry.
A high percentage (79.7%) of Pl-positive cells was found after
freeze—thawing of control samples, when spermatozoa were
incubated with vehicle (double-distilled water; see Fig. 4a). To
evaluate the participation of pannexin channels in PI uptake in
frozen—thawed spermatozoa, spermatozoa were incubated with
one of two pannexin channel inhibitors, namely 15 uM CBX or
1 mM PBD, before the addition of PI. Then, flow cytometry was
performed as described above. The results revealed that both
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Fig.2. Pannexins are present in dog spermatozoa. Representative plots showing (@) autofluorescence control (without secondary antibodies), (b)
negative control (without primary antibodies), (¢) pannexin (Panx) 1, (d) Panx2 and (e) Panx3. In all conditions, propidium iodide (PI) was used as

the nuclear stain. FITC, fluorescein isothiocyanate.

CBX and PBD significantly prevented PI uptake, as shown in
Fig. 4b and c respectively. The quantification of these results is
shown in Fig. 4d. Fresh samples contained fewer PI-positive
cells than frozen—thawed spermatozoa (Fig. 4e). No differences
were observed when fresh samples were incubated with CBX
(Fig. 4f) or PBD (Fig. 4g), with these results quantified in
Fig. 4h.

To investigate whether the decrease in the percentage of
Pl-positive cells was due to an effective reduction of PI plasma
membrane permeability and not by an interaction between the
inhibitor and PI fluorescence, a permeabilising agent (0.1%
Triton-X 100) was first added under similar experimental
conditions. In these experiments, almost all permeabilised cells
incubated with the vehicle incorporated PI (93.7%) with no
significant effects of 15uM CBX (92.1%) or 1mM PBD
(91.6%; Fig. 5).

Discussion

The present study reports, for the first time, the presence of
Panx1, Panx2 and Panx3 in dog sperm samples. It is well
established that there are several families of proteins capable of
generating pores in the plasma membrane. In many cellular
models, the pannexin family forms pores large enough to be
permeable to large molecules such as PI (Ambrosi et al. 2010;
Seminario-Vidal et al. 2011).

In determining sperm viability, PI exclusion has been the
gold standard to assess damage to spermatozoa using microsco-
py or flow cytometry (Graham et al. 1990; Kim et al. 2013;
Prochowska et al. 2014). It is hypothesised that PI only

penetrates non-viable cells (Graham et al. 1990). Freezing and
thawing result in a high percentage of damaged spermatozoa,
causing a significant decrease in sperm viability and an increase
in PI-positive cells.

Several studies in spermatozoa from dogs and other species
have reported a high percentage of Pl-positive cells in these
assays, suggesting that these cells are dead spermatozoa (Dorado
et al. 2013). In the present study we evaluated PI exclusion in
frozen—thawed canine sperm samples and observed a high
percentage of Pl-positive cells, in accordance with previous
reports (Dorado et al. 2013; Kim et al. 2013). This could be
attributed to an increase in plasma membrane permeability
caused by damage; however, this high rate was significantly
reduced when spermatozoa were incubated with two pannexin
channel inhibitors (CBX and PBD) before PI incubation, indicat-
ing that the pannexin channel mechanism may be involved in PI
uptake. Therefore, not all Pl-positive spermatozoa with high
permeability to PI are dead cells. This result can be explained
by the fact that the PI molecule is 14.5+0.3s.e.m A wide
(Orellana et al. 2011) and is able to pass through open pannexin
channels that have a pore diameter of approximately 17-21 A for
Panx1 or 29.5-30.5 A for Panx2 (Ambrosi et al. 2010).

The opening of pannexin channels could be related to plasma
membrane mechanical stress (Bao et al. 2004; Beckel et al.
2014; Voigt et al. 2015) and changes in cytoskeletal organisa-
tion (Boyce ef al. 2014) caused by cryopreservation (Gutiérrez-
Pérez et al. 2011; Felipe-Pérez et al. 2012). Therefore, we
cannot rule out sperm membrane damage, which could alter
pannexin channels; however, the findings of the present study
could suggest that the PI assay underestimates the percentage
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Subcellular localisation of pannexins in dog spermatozoa. Representative immunofluorescence images of (a—c) pannexin (Panx) 1, (e—g)

Panx2 and (i—k) Panx3 staining. Nuclei were counterstained (blue) with 4',6'-diamidino-2-phenylindole (DAPI). Strong Panx| staining (green) is
observed in the equatorial region of the head, nucleus and brightfield image, whereas Panx2 staining is mostly localised to the posterior region of the
head and tail, and the immunosignal for Panx3 is seen in the equatorial and posterior region of the head. (d, A, /) Brightfield images of dog spermatozoa
incubated without the primary antibody (negative control), with nuclei stained blue. Scale bars =20 pm.

of live cells; that is, the PI assay has a 20% chance of detecting
false-positives on flow cytometry.

The presence of pannexins in dog spermatozoa raises the
question of the physiological function of these protein channels
in dog spermatozoa. Many studies have indicated that pannexins
are important channels in the physiology and pathophysiology
of different tissues. These proteins are involved in the release of
large molecules, such as ATP (Bao et al. 2004; Krick et al. 2016)
and arachidonic acid (Jiang ez al. 2007), as well as in purinergic
signalling (Bond and Naus 2014). Pannexins could act as non-
selective channels for calcium, sodium, potassium or bicarbon-
ate, ions related to mammalian sperm capacitation and the
acrosome reaction (Bond and Naus 2014). Because the localisa-
tion of pannexins showed compartmentalised distribution in dog
spermatozoa, it could be that these proteins participate in
different steps of the capacitation processes. Panx1 and Panx3
were located in the equatorial head segment, which has been
linked to the acrosome reaction and oocyte interaction

(Cuasnicu et al. 2016; Stival et al. 2016). Meanwhile, Panx2
was limited to the midpiece of the tail, suggesting that signalling
events are required for hyperactivated motility (Stival et al.
2016). Hyperactivation is a phenomenon that causes changes in
sperm motility and is characterised by large asymmetrical bends
at the proximal midpiece of the tail (Stival ez al. 2016). This
movement is initiated by increases in calcium levels that lead to
increased cAMP in the cytoplasm of the sperm tail (Ishijima
2015). Because both the acrosome reaction and hyperactivated
motility are ion exchange-dependent processes (Santi et al.
2013), pannexins could be involved in mammalian sperm
capacitation.

In addition, canine spermatozoa show a high percentage of
spontaneous acrosome reactions (Kawakami ef al. 1993), which
is increased in cryopreserved samples (Pefia ef al. 2004).
This condition could be explained by the ability of pannexin
channels to allow the ion influx necessary for acrosomal
exocytosis (Sanchez-Cardenas et al. 2014). Therefore, calcium
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Fig. 4. Effects of freeze—thawing on the number of propidium iodide (PI)-
positive cells and role of pannexin channels. (a—c) Representative histo-
grams show results for frozen—thawed dog spermatozoa preincubated with
(a) vehicle (control; VEH) and PI, (b) the pannexin channel inhibitor
carbenoxolone (CBX) and PI and (c) the pannexin channel inhibitor
probenecid (PBD) and PI. (d) Summary of results, showing the mean £s.
d. percentage of Pl-positive frozen—thawed cells in the three groups (n = 8).
(e—g) Representative histograms showing results for fresh dog sperm
samples preincubated with (e) vehicle (control) and PI, (f) CBX and PI
and (g) PBD and PI. (4) Summary of results, showing the mean =+ s.d.
percentage of Pl-positive fresh spermatozoa in the three groups (n=3).
*P < 0.05 (ANOVA with Dunnett’s post hoc test). White curve, autofluor-
escence control; black curve, Pl-negative frozen—thawed spermatozoa;
hatched curve, Pl-positive frozen-thawed spermatozoa; grey curve, PI-
negative fresh spermatozoa.

levels may be deregulated in spermatozoa with open pannexin
channels, inducing a premature acrosome reaction. Further
studies are required to determine the roles of pannexins in dog
spermatozoa, and this knowledge will be important when using
reproductive freezing technologies in canines.

In conclusion, pannexins are present in dog spermatozoa,
suggesting the participation of pannexin channels in the increase
in PI permeability after cryopreservation in dog spermatozoa.
These findings indicate that the percentage of Pl-positive
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Fig. 5. Effects of the pannexin channel inhibitors on the percentage of
permeabilised propidium iodide (PI)-positive cells. Representative histo-
grams show results for permeabilised dog spermatozoa preincubated with
(a) vehicle control (VEH) and PI, (b) carbenoxolone (CBX) and PI and
(c) probenecid (PBD) and PI. White curve, autofluorescence control; black
curve, experimental condition. (d) Mean + s.e.m. percentage of PI-positive
cells in the different groups (n = 8). No significant differences were found
between the different treatments (ANOVA).

spermatozoa classified as non-viable cells may be an overesti-
mate of the number of non-viable cells. Further studies should
clarify this point.
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