Androcoll-E large selects a subset of live stallion spermatozoa capable
of producing ROS
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ABSTRACT

The aim of this study was to elucidate if SLC after 24 h storage selects the subpopulation

Keywords: of spermatozoa that better withstands osmotic shock. To test this hypothesis, viability,
Osmotic shock mitochondrial membrane potential (MMP) and superoxide anion (Oz"~) production of
Equine

uncentrifuged (UC) and single layer centrifugation (SLC) - selected spermatozoa were
analyzed following SLC after storage of the semen. An aliquot of the extended ejacu-
late (100 X 10°spermatozoa/mL) was centrifuged through a single layer of a silane-coated
silica based colloid formulation optimized for equine spermatozoa (Androcoll-E large,
SLU, Sweden) and the rest was used as control. UC and SLC-sperm samples were sub-
jected to osmotic challenges (75 and 900 mOsm) with a subsequent return to isosmolarity
(300 mOsm) using Biggers-Whitten-Whittingham (BWW) medium. Viability and MMP
decreased after the different osmotic stress in UC and SLC spermatozoa, and return to
isosmolarity did not reverse these effects. 02"~ production was enhanced after SLC in all
osmolarities tested. Interestingly, the percentage of living spermatozoa showing 02"~ pro-
duction was increased after 900 mOsm stress in UC spermatozoa, this increase being more
evident in SLC spermatozoa. Returning spermatozoa to 300 mOsm enhanced this percent-
age in UC viable cells but not in SLC spermatozoa. The scenario observed for UC spermatozoa
shows that Oz ~ is produced in response to isolated hyperosmolarities and subsequent
osmotic excursions. As the viability, MMP and cell volume remained the same between
SLC and UC spermatozoa, we conclude that Androcoll-E large is likely selecting a higher
percentage of physiologically Oz~ producing spermatozoa.
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Abbreviations: SLC, single layer centrifugation; SL, single layer; UC, uncentrifuged; BWW, Biggers-Whitten-Whittingham; ROS, reactive oxygen species;
mOsm, milliosmolar; MMP, mitochondrial membrane potential; JC-1, 5,5',6,6'-tetrachloro-1,1,3,3' tetraethylbenzymidazolyl carbocyanine iodine; PI,
propidium iodide; Al, artificial insemination; H33258, Hoechst 33258; HE, hydroethidine; DCFDA, dichlorodihydrofluorescein diacetate; O, *~ +, viable
spermatozoa producing superoxide anion; O °~ —, viable non superoxide anion producing spermatozoa.



1. Introduction

Artificial insemination (Al) is a widely used technique in
equine reproduction that has the advantage, among others,
of allowing a better distribution of ejaculates. The doses are
usually supplied cooled or frozen, and are used successfully
in field conditions by many veterinarians. However, one of
the problems associated with cryopreservation of equine
spermatozoa is that the technique is not available on all
breeding farms. Furthermore, not all breeding farms sat-
isfy European regulations and are therefore not allowed
to distribute frozen semen (92/65/EWG). For these rea-
sons, stallions must be sent to specified facilities where
this freezing service is offered, which is inconvenient for
both the owner and the stallion. A good solution would be
to send the cooled ejaculates overnight to a more special-
ized facility and freeze them there, this choice being less
expensive for the owner and less stressful for the stallions.

This approach was attempted before by Backman et al,,
who stored spermatozoa at 5 °C for 18 h before freezing;
after such storage, spermatozoa showed a decrease in the
percentage of total and progressive motility after thaw-
ing, although fertility remained the same (Backman et al,,
2004). The decrease in motility parameters is not surpris-
ing due to the damage that the cooling process exerts on
spermatozoa (Aurich, 2005). There are many different pro-
cedures aimed at increasing equine spermatozoa quality
after cooling that could be attempted before freezing sper-
matozoa. These maneuvers include different centrifugation

protocols (Hoogewijs et al., 2010), glass-wool filtration
(Sieme etal., 2003) or multiple gradient centrifugation such
as Percoll (Trein etal., 2005).

In the present work, single layer large centrifuga-
tion (SLC) of extended stallion spermatozoa through
Androcoll-E (SLU, Sweden) was used. Androcoll-E large
is a silane-coated silica colloid formulation optimized for
stallion spermatozoa, allowing the centrifugation of up to
18 mL of extended ejaculates on 15 mL of a single layer of
colloid in a 50 mL tube (Morrell et al,, 2009). Androcoll-E
has previously been shown to select high quality sper-
matozoa in frozen (Macias-Garcia et al.,, 2009) and fresh
equine spermatozoa (Johannisson etal., 2009; Morrell etal.,
2008, 2010), increasing the pregnancy rate in subfertile
stallions (Morrell et al., 2011b). Single layer centrifuga-
tion (SLC) with Androcoll-E, performed after storage of the
cooled semen for 24 h, has also been shown to select motile
spermatozoa with good chromatin integrity (Morrell et al.,
2011a). Furthermore, a recent study has proven that cen-
trifugation of equine ejaculates using Androcoll-E prior
to freezing, improves the post-thaw quality of extended
equine spermatozoa (Hoogewijs et al., 2011). These results
open the possibility of shipping cooled sperm, processing
it using SLC through Androcoll-E on arrival at the freezing
facility, and subsequently freezing the SLC-samples.

During the freezing process, spermatozoa are subjected
to different conditions that lead to damage such as cold
shock, increase in ROS production, and osmotic shock
(Burnaugh et al., 2010; Cole and Meyers, 2011; Macias
et al, 2011). Among these sources of damage, osmotic
shock is claimed to be the most damaging one by far,
inducing oxidative damage and apoptosis in spermatozoa

(Ball, 2008; Burnaugh et al., 2010; McCarthy et al., 2010).
Therefore, in the present study, the aim was to elucidate if
SLC with Androcoll-E of cooled stallion spermatozoa after
24 h storage at 5 °C, selects the subpopulation of sper-
matozoa that better withstands osmotic shock. For this
purpose, spermatozoa were subjected to different anisos-
molar shocks and then returned to isosmolarity in SL and
non-SL centrifuged samples; viability, mitochondrial mem-
brane potential, spermatozoa volume and ROS production
were then evaluated.

2. Materials and methods

2.1. Animals and husbandry

2.1.1. Osmotic shock

Semen (4 ejaculates per stallion) was collected from 3
fertile warmblood stallions 4-15 years old at two commer-
cial studs in Sweden (Vasterbo Stuteri, Heby; and Gurresta
Stuteri, Vassunda). Semen was collected regularly from
the stallions (up to three times per week) throughout the
breeding season according to standard practice on the
commercial stud. The stallions mounted a phantom and
ejaculated into a Colorado model artificial vagina. Gel was
removed with an in-line filter. Sperm concentration was
measured immediately after ejaculation using a Spermacue
photometer (Minitiib, Tiefenbach, Germany), and warm
semen extender (INRA96®; IMV, I'Aigle, France) was added
to provide a 20 mL final volume reaching a final concentra-
tion of 100 X 10° spermatozoa/mL.

2.1.2. Cellular volume measurement

9 ejaculates (three ejaculates per stallion) were
obtained from 3 fertile Andalusian stallions individually
housed at the Veterinary Teaching Hospital of the Uni-
versity of Extremadura, Caceres, Spain. The stallions were
maintained according to institutional and European reg-
ulations. Ejaculates were collected using a Missouri model
artificial vagina with an inline filter to separate the gel frac-
tion, lubricated and pre-warmed to 45-50 °C. The collected
ejaculate was immediately transported to the laboratory
for evaluation and processing. All the collected ejaculates
used in this work were evaluated using a CASA system
(ISAS® Proiser, Valencia, Spain) and showed at least 85%
of total motile sperm.

2.2. Experimental treatments

2.2.1. Androcoll-E large centrifugation

Each ejaculate was split into 2 aliquots. The first aliquot
was used as control (2 mL of 100 x 10° spermatozoa/mL)
and was not centrifuged. The remaining 18 mL of extended
spermatozoa (100 x 10° spermatozoa/mL) were layered on
top of Androcoll-E-large (15 mL) in 50 mL Falcon tubes
and were centrifuged at 300 xg for 20 min. After aspira-
tion of the supernatant (semen extender, seminal plasma
and colloid), the spermatozoa pellet was recovered and
transferred to a clean tube containing INRA96® at room
temperature. Spermatozoa concentration was measured
using a Nucleocounter (Chemometic, Allergd, Denmark),
and was then adjusted to 100 X 10%/mL.



2.2.2. Osmotic shock

Once processed, the SLC and uncentrifuged (UC)
samples were subjected to different anisosmotic shocks.
Anisosmolar solutions of 75 mOsm and 900 mOsm
and the isosmolar 300 mOsm solutions (control) Biggers—
Whitten-Whittingham (BWW) were prepared (91.06 mM
NaCl, 4.78 mM KCL, 2.44 mM MgSO,4, 1.17 mM
KPOs, 21.0mm HEPES, 5.5mM glucose (anhydrous),
0.25 mM sodium pyruvate, 1.71 mM lactic acid hemi-
calcium salt, and 21.55 mM sodium lactate) at pH 7.4
as previously described (Macias et al, 2011, 2012).
For each ejaculate, 500 pL of SLC (Androcoll-E large
centrifuged samples) and UC (control) spermatozoa at
100 X 10° spermatozoa/mL were placed in 6 tubes (3 tubes
per treatment), the tubes were centrifuged at 800 X g for
5 min at room temperature (23 °C). The supernatant was
discarded and the pellets were resuspended in 500 pL
of 75 mOsm, 300 mOsm and 900 mOsm of pre-warmed
(37 °C) BWW medium for the SLC and UC samples. The
tubes were placed in an air incubator for 10 min, after
which, 100 pL aliquots were used for the different assays.
The remainder of each sample was returned to isosmotic
conditions as follows: after centrifugation at 800xg for
5 min at room temperature, the supernatant was discarded,
the sperm pellet was resuspended in 400 pL of 300 mOsm
BWW and the resulting suspension was incubated at 37 °C
for 10 min. The same assays were repeated. All osmolarities
were checked using a freeze point digital micro-osmometer
Type 5 R (Hermann Roebling Messtechnik, Berlin,
Germany).

2.2.3. Cellular volume measurement

Cellular volume was measured using a Multisizer
Coulter Counter (Coulter Corporation Inc., Miami, FL,
USA). Spermatozoa were suspended in the corresponding
BWW medium and drawn through a cylindrical open-
ing (2-60 pm) separating two electrodes between which
a small electrical current flows. As each particle passes
through the aperture, it displaces its own volume of con-
ducting liquid, momentarily increasing the impedance of
the aperture. This change produces a pulse that is dig-
itally processed in real time and is proportional to the tri-
dimensional volume of the particle that produced it. The
analysis of the pulses was digitally converted to volume
(um3). For each sample, 30,000 events were ana- lyzed
and particles below 6 and above 60 um3 were discarded.
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2.2.4. Spermatozoa viability

A combination of the fluorochromes SYBR-14 and
propidium iodide (PI) (Live-Dead® Sperm Viability Kit;
Invitrogen, Eugene, OR, USA) was used. After processing,
3 % 109 spermatozoa were placed in 270 pL Cellwash (Bec-
ton Dickinson). To this suspension, 1.5 pL of SYBR-14 stock
solution (1:50 in Cellwash) and 1.5 pL of PI were added
before incubating the mixture for 10 min at 37 °C. Flow
cytometry analysis was performed using an argon-ion
laser FACStar Plus flow cytometer (Becton Dickinson, San
José, CA, USA), equipped with standard optics. From each
sample a total of 10,000 events were collected and quanti-
fied as percentages. Three categories of spermatozoa could

be described: live spermatozoa with an intact membrane
emitting green fluorescence (SYBR-14+/PI.), moribund
showing green and red fluorescence (SYBR-14+/PI+) and
dead emitting red fluorescence (SYBR-14-/PI+), according
to the degree of intactness of the plasma membrane. When
excited using an Argon Laser (488 nm), SYBR-14 emitted
at 519 nm (detected through FL1 fotodetector) and PI at
617 nm (detected through FL3 fotodetector).

2.2.5. Evaluation of mitochondrial membrane potential
(MMP)

MMP was evaluated using the lipophilic cationic com-
pound 5,5%6,6'-tetrachloro-1,1',3,3" tetraethylbenzymida-
zolyl carbocyanine iodine (JC-1) (Molecular Probes Europe
BV, Leiden, The Netherlands). This dye has the abil-
ity to differentially label mitochondria with low and
high membrane potential. If MMP is high, JC-1 forms
multimeric aggregates emitting in the high orange wave-
length of 590 nm (being the emission detected through
FL3 fotodetector), when excited at 488 nm. At the same
excitement wavelength (488 nm), JC-1 forms monomers
emitting in the green wavelength (525-530 nm; FL1 detec-
tor) when labeling mitochondria with low membrane
potential. For staining, a 3 mM stock solution of JC-1
was prepared in DMSO. From each spermatozoa suspen-
sion, 5 510° spermatozoa were placed in 1 mL of Cellwash
(Becton Dickinson) and stained with 0.5 pL of JC-1 stock
solution. The samples were incubated at 38 °C in the dark
for 40 min before flow cytometric analysis. For each sample,
a total of 30,000 events were evaluated.

2.2.6. ROS staining

From each sperm suspension, 3y 10° spermatozoa
were placed in 240 pL Cellwash (Becton Dickinson) and
stained with 9 pL of Hoechst 33258 (H33258) (stock solu-
tion concentration 40 pM), 9 pL of Hydroethidine (HE)
(stock solution concentration 40 pM) for detection of
superoxide anion (02" ") and 9 pL of dichlorodihydroflu-
orescein diacetate (DCFDA) (stock solution concentration
2 mM) for detection of H202. The H33258 was purchased
from Sigma-Aldrich Inc. (St. Louis, MO, USA), and HE and
DCFDA from Molecular Probes (Eugene, OR, USA). DCFDA
and HE when excited at 488 nm emit fluorescence at
530 nm (detected through FL1 fotodetector) and 610 nm
respectively (detected through FL3 fotodetector). H33258
was excited using an UV laser (350 nm) and emitted at
461 nm (detected through FL4 fotodetector). All stock stain
solutions were diluted in DMSO.

The samples were incubated at 38 °C for 30 min before
analyzing and a total of 100,000 events were assessed.
The method is a modification of one previously described
(Guthrie and Welch, 2006), the modification being the use
of Hoechst 33258 as an independent analysis of dead sper-
matozoa based on previous reports (de Leeuw et al,, 1991;
Fraser et al,, 2001).

2.2.7. Confocal microscopy

Spermatozoa were subjected to the different osmotic
shocks and loaded with DCFDA, H33258 and HE using
the same protocol previously described for ROS detec-
tion. A small volume of the cell suspension (10 pL at



100 ><106 spermatozoa/mL) was placed on microscope
slides, gently mixed with 10 pL of anti-fade solution and
a slide cover was gently placed on the drop. Confocal laser
scanning microscopy was performed on a Zeiss LSM 510
system (Carl Zeiss, Jena, Germany) mounted on an Axiovert
200M inverted microscope (Carl Zeiss, Jena, Germany). A
Zeiss Plan-pochromat 63,(NA1.4) oil immersion objective
was used for focusing the excitation beam and collect-
ing signal. Cells were sequentially excited with a 488 nm
argon laser. Emission from DCFDA and HE was collected
with confocal acquisition via a 505-550 nm band-pass fil-
ter and a 560-615 nm band-pass filter, respectively. The
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emission was collected with half confocal acquisition (pin-
hole size of 1.5 airy unit). All acquisitions were performed
sequentially in order to prevent potential bleed-through.

All images were processed using ZEN 2008 Light Edition
(Carl Zeiss, Jena, Germany) software.

2.3. Statistical analysis

For the flow cytometry experiments, 4 different ejacu-
lates from 3 different stallions were used (n = 12); in the
cellular volume experiments 3 ejaculates from 3 differ-
ent stallions were tested (n = 9). All the ejaculates were
subjected to 2 treatments (control vs. SLC) and 3 dif-
ferent osmolarities (75, 300 and 900 mOsm), and were
returned afterwards to a 300 mOsm solution. The data
were firstly examined using the Kolmogorov-Smirnov
test to determine their distribution. In view of the non-
Gaussian distribution of most of the data gathered,
multivariate analysis of variance was performed, and when
significant differences were found, the non-parametric
Mann-Whitney U-test was used to directly compare pairs
of values. Analyses were performed using SPSS ver. 15.0
for Windows (SPSS Inc., Chicago, IL). Statistical significance
was set at p<0.05.

3. Results
3.1. Viability assay

UC and SLC spermatozoa did not show significant dif-
ferences between homologous treatments for viability
(p > 0.05) i.e. the centrifugation was neither beneficial nor
detrimental to sperm membrane integrity (Table 1). Sper-
matozoa subjected to all anisosmolar conditions showed
decreased viability for UC and SLC treatments. For uncen-
trifuged spermatozoa viability was decreased by 47.05% for
the 75 mOsm of BWW medium and 71.6% for the 900 mOsm
of BWW medium, compared to UC 300 mOsm. Sperm sam-
ples processed by SLC using Androcoll-E showed a decrease
in viability of 25.3% for the 75 mOsm and 63.99% for the
900 mOsm solutions when compared to 300 mOsm SLC
spermatozoa control. After returning spermatozoa to isos-
molar conditions (300 mOsm), the observed decrease in
viability was shown to be irreversible (Table 1).

Table 1
Equine sperm plasma membrane integrity assessed by SYBR-14 and pro-
pidium iodide (PI).

SYBR living SYBR dying SYBR dead
75 UC 287 +3.5" 1.3+0.3 66.9 + 3.9
300 UC 542 +2.8 1.9+0.3 42+29
900 UC 15.4 +3.97 1.4+03 80 + 4.1
75-300 UC 31+4.1" 0.7 + 0.7% 67 + 4"
300-300 UC 50+3 1.5+0.2 472+3
900-300 UC 18.6 + 2.5 1.5+0.3 78.2 + 2.3
75 SLC 36.3 = 4* 1.7+0.6 60.6 + 4.4*
300 SLC 48.6 + 4.6 2.7+0.7 473 + 4.7
900 SLC 17.5+2.7" 1.7+ 0.6 80 + 2.8
75-300 SLC 38+ 4.4" 1.8+ 0.5 59+ 4.5
300-300 SLC 50 +4.7 2405 47 47 .
900-300 SLC 252 +3.5 1.6+ 0.5 721 + 3.7

Uncentrifuged (UC) and single layer centrifuged (SLC) spermatozoa (4
different ejaculates from 3 stallions) using Androcoll-E, were exposed
to different anisosmolar solutions and returned to isosmolar conditions
(mean = standard error of the mean; n=12).
Values bearing * or ** within a column differ statistically from the
300 mOsm uncentrifuged control (300 UC). No statistically significant
differences were found between SLC and UC paired treatments or after
returning sperm to isosmolar conditions.

" p<0.05.

" p<0.001.

3.2. Mitochondrial membrane potential (MMP)

Androcoll-E large centrifugation did not affect mito-
chondrial function, since UC and SLC samples homologous
treatments did not show statistically significant differences
(p > 0.05). On the other hand, MMP dramatically decreased
for both hyperosmolar and hyposmolar osmotic shocks,
(Table 2). The percentage of spermatozoa showing high
MMP was decreased after hypo- and hyperosmotic shock
for UC and SLC spermatozoa. Returning spermatozoa to
isosmolar conditions increased the percentage of the sper-
matozoa subpopulation depicting high and low MMP in
UC spermatozoa for 75 mOsm and 900 mOsm of BWW
medium. For SLC spermatozoa this percentage increased
in the 900 mOsm solution (13.7% +3.7 UC vs. 33.7% 5.5
SLC) but not for the 75 mOsm (34.4% +5.5 UCvs.45% 5.5
SLC) (Table 2).

3.3. Reactive oxygen species (ROS) production

In the flow cytometry assays, only the fluorescence
from HE and H33258 probes were taken into account,
since DCFDA fluorescence did not show appreciable
changes. Therefore, the combination of the 3 probes was
also examined in a different experiment using confocal
laser microscopy (Section 3.4). The percentage of viable
(H33258-excluding) 02"~ producing spermatozoa (02 ™+
was calculated, and for this purpose, the percentage of live
02"~ + spermatozoa was divided by the sum of percentages
of live 02"+ and live O2"~ - (non Oz"~ producing) sperma-
tozoa (Fig. 1). This proportion clearly showed that a higher
percentage of cells produced superoxide anion radical in
the SLC spermatozoa sample compared to the UC control
(42.5 +4 vs. 21.9 45 respectively; Mean SEM). Moreover,
in all the different osmolarities tested, a higher percent-
age of live spermatozoa producing O:°~ was detected
for the SLC vs. UC treatments (Fig. 1). When returning



Table 2

Horse spermatozoa mitochondrial membrane potential (MMP) assessed

using JC-1.

High MMP High/low MMP Low MMP

75 UC 532+ 15 26.22 +3.6° 65 +3.6""°
300 UC 13.73 %2 39.6+3 42.7 +2.7
900 UC 0.7 +0.2" 10.2 = 2.2 85.7 + 2,57
75-300 UC 75+4.1" 41.6+5.5 475+ 6.3
300-300 UC 14+35 4445+ 35 37.8 + 3.6
900-300 UC 55+2" 23.9+55" 67.9+58"
75 SLC 2.7+0.7" 34.4+55" 59.8+6
300 SLC 15.8 + 2.4 35+3 46+ 4
900 SLC 1.6 +0.4" 13.7 3.7 83 = 4.2™°
75-300 SLC 2.8+0.6" 45+55 503+ 6
300-300 SLC 9+22 403+25 48+ 2.8
900-300 SLC 32+1.9" 33.7+ 5.5 63+ 5.8

Uncentrifuged (UC) and single layer centrifuged (SLC) spermatozoa using
Androcol-El (4 ejaculates from 3 different stallions), were exposed to
different anisosmolar solutions and returned to isosmolar conditions
(mean = standard error of the mean; n=12).

High MMP: % of spermatozoa with all their mitochondria showing high
membrane potential.

High/low MMP: percentage of spermatozoa depicting simultaneously
mitochondria with low and high potential. Low MMP: percentage of sper-
matozoa depicting low potential.

Values bearing * or ** within a column differ statistically from the
300 mOsm uncentrifuged control (300 UC). No statistically significant
differences were found between SLC and UC homologous treatments.
Statistically significant differences were found when returning sperm to
isosmolar conditions, being the control 300 UC.

° p<0.05 when returning to isosmolarity.

" p<0.05.
“ p<0.001.
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Fig. 1. Percentage of viable O, *~ spermatozoa in UC and SLC sperm (mean;
error bar represents standard error of the mean; n=12). Values bear-
ing * differ statistically from the SLC homologous treatment. *p < 0.05.

*¥*p < 0.001. °p <0.05 when compared to 300 SLC.

spermatozoa to 300 mOsm, the differences between
homologous UC and SLC osmotic treatments were not sta-
tistically different. The percentage of live Oz~ producing
spermatozoa was enhanced in both UC and SLC sper-
matozoa in the 900 to 300 mOsm treatment compared
to 300 UC and 300 SLC controls respectively. Regarding
the 75 to 300 mOsm treatment, only the UC spermato-
zoa showed significantly less Oz"~ production than the
300 mOsm SLC treated spermatozoa. In the hypotonic con-
dition (75 mOsm), a lower percentage of spermatozoa
showed O2"~ production, and returning them to 300 mOsm
did not exert an increase in 02"~ production (Fig. 1).

3.4. Confocal laser microscopy

Sperm cells analyzed by flow cytometry were stud-
ied by confocal microscopy (Fig. 2). The results showed
that hydrogen peroxide was localized in the midpiece in
most spermatozoa (Fig. 2, panels Bi-3), although some
spermatozoa showed green fluorescence in the acrosome
region too (Fig. 2, panels B2 and Bs3). A different inten-
sity of fluorescence was found in the acrosomal region:
some spermatozoa showed intense fluorescence (Fig. 2,
panel Bs) whereas in some others the acrosome showed
little fluorescence (Fig. 2, panel Bz2). The superoxide radical
was distributed in the head with different red fluorescence
intensity (Fig. 2, panels Ci-3). The non-viable spermatozoa
showed blue fluorescence in the nucleus (Fig. 2, panel A:
and As) whereas the viable spermatozoa showed no blue
fluorescence (Fig. 2, panel Az). In some spermatozoa the
pattern was different, with a narrow band of fluorescence
appearing in the region between the head and tail (Fig. 2,
panel Az). This weak fluorescence pattern was not consid-
ered a sign of non-viability (de Leeuw et al,, 1991).

3.5. Cell volume measurement

Although all the anisosmolarities studied yielded statis-
tically different changes in cellular volume when compared
to their controls (p < 0.05), no differences were found
between the UC and SLC homologous treatments (p > 0.05)
(Fig. 3). When returned to 300 mOsm, all spermatozoa
recovered their original volume.

4. Discussion

The aim of the study was to elucidate if SLC with
Androcoll-E of cooled stallion spermatozoa after 24 h stor-
age at 5 °C selects the subpopulation of spermatozoa that
better withstands osmotic shock, by evaluating viability,
mitochondrial membrane potential, spermatozoa volume
and ROS production in the treated sperm samples. No
statistically significant differences were found in sperm
viability between treatments comparing the paired SLC and
UC samples at all the osmolarities and osmolarity chal-
lenges tested. Although previous studies have reported an
increase in the percentage of viable spermatozoa using
Androcoll-E of fresh semen (Morrell et al., 2010), this was
not found in the current study where stored semen was
used for SLC.



Fig. 2. Confocal laser microscopy images of stallion sperm loaded with Hoechst 33258, DCFDA and HE. (A) Blue fluorescence associated with dead sperm,
(B) green fluorescence associated with spermatozoa producing significant amounts of H,0;, (C) red fluorescence associated with O, "~ production (D)

overlaid images showing the subcelullar distribution of all probes. Top: dead spermatozoa showing O, *~ production in the head and H, 0, production in

the midpiece. Bottom left: live spermatozoa showing red fluorescence in the head and green fluorescence in the midpiece and acrosome. Bottom right: dead

spermatozoa showing red fluorescence in the head and green fluorescence in the midpiece and acrosome. Original magnification, 63 X. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of the article.)

Concerning the effects of anisosmolarity on sperm
membrane status, previous results have shown that the
sperm plasmalemma is very susceptible to osmotic shock
damage (Ball and Vo, 2001; Gonzalez-Fernandez et al.,, in
press), and that stallion spermatozoa plasma membrane
is more sensitive to osmotic excursions than to a given
osmolarity (Macias et al., 2011). However, in our results we
found that the change in osmolarity itself is enough to exert
irreversible damage on spermatozoa plasma membrane
since the return to isosmolarity did not have a benefi-
cial effect. These differences may be explained because in
the present work SYBR-14/PI was used to evaluate mem-
brane integrity, while in the previously mentioned works,
viability was measured using different staining protocols
(Yo-Pro/ethidium homodimer) (Macias et al., 2012) and
analytical methods (flow cytometry vs. epifluorescence
microscopy) (Macias et al.,, 2011; Yeste et al,, 2010). This

result suggest that possibly the permeability of the probes
differs depending on the osmolarity of the media used,
producing apparent differing results as shown for isolated
membranes (Madhavarao et al., 2001).

Mitochondrial membrane potential was also clearly
affected by osmolarity changes, with no differences being
found between SLC and UC spermatozoa. These organelles
seem to be more sensitive to osmotic shock than plasma
membrane as previously shown for Rhesus monkey and
horse spermatozoa (Correa et al.,, 2007; Macias et al.,, 2011;
Pommer et al., 2002; Rutllant et al., 2003). When spermato-
zoa were returned to the isosmolar conditions, a decrease
in the percentage of low MMP and an increase of the sub-
population of spermatozoa showing high and low MMP
were observed. Once again, this change could indicate that
the permeability of the probe is affected by the osmotic
strength of the solution, rather than a real improvement of
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Fig. 3. Cellular volume (pm3 ) of spermatozoa subjected to different
osmolarities and returned to 300 mOsm (mean; error bar represents stan-
dard error of the mean; n = 9). Cellular volume (Pm®) of spermatozoa
did not show any statistically significant difference between UC and SLC
homologous treatments. Values bearing * differ statistically from the
300 mOsm control UC or SLC. Each sample was compared to its own con-
trol. **p <0.001.

the mitochondrial membrane condition, as permeability of
JC-1 is affected by mitochondrial volume and morphology
(Perry etal., 2011).

The most interesting finding in this study is that SLC of
equine spermatozoa using Androcoll-E large selects a sper-
matozoa subpopulation that clearly responds differently to
osmotic shock, in terms of superoxide anion production,
than UC spermatozoa. Other preparation methods, such as
Percoll gradients, have been shown to select boar sperma-
tozoa with higher basal ROS production (Matas etal., 2010).
A similar result has been reported in equine spermatozoa
(Baumber and Ball, 2005) and has been attributed to the
fact that Percoll centrifugation removes the seminal plasma
contained in the ejaculate. Seminal plasma is the major
source of antioxidant enzymes for mammalian spermato-
z0a, keeping ROS production under a controlled threshold
(Ws et al,, 2006). A controlled ROS production is required
in the fertilization process, being necessary for sperma-
tozoa to acquire hyperactivated motility and to undergo
capacitation and the acrosome reaction (Baumber et al.,
2003a,b; Griveau and Le, 1997). Specifically, a positive cor-
relation between protein oxidation, motility and viability
has been found in spermatozoa from fertile stallions dur-
ing the breeding season (Morte et al., 2008). On the other
hand, increased ROS production, or excessive ROS amounts
in the external milieu, have been shown to be detrimental
to spermatozoa, increasing DNA fragmentation (Baumber
et al, 2002, 2003a,b), impairing motility (Baumber et al.,
2000) and decreasing fertility (Ball et al., 2001). Therefore
spermatozoa must maintain a balance between the oxida-
tive and anti-oxidative processes: the threshold between

pathologic and physiologic ROS production has not been
clearly established yet.

In our study the percentage of living spermato-
zoa producing O2°~ measured by flow cytometry was
increased after Androcoll-E large centrifugation as previ-
ously described for Percoll gradients (Baumber and Ball,
2005). This finding could be, in part, related to the ability
of Androcoll-E to remove the seminal plasma as previously
described for Percoll gradient (Baumber and Ball, 2005).
Another plausible explanation is that Androcoll-E is also
selecting a subset of live sperm that are more metabolically
active and thus more capable of producing physiological
ROS levels. This assumption is based on previous reports
showing that Androcoll-E selected spermatozoa exhibit
better motility parameters and less DNA fragmentation
(Morrell et al, 2011a), and increased spermatozoa fer-
tilizing ability (Morrell et al, 2011b) than uncentrifuged
sperm samples. Furthermore, our study shows an increase
in the percentage of live sperm producing Oz~ in cen-
trifuged spermatozoa using Androcoll-E large after the
osmotic challenges compared to the uncentrifuged controls
(Fig. 1). The Oz2" ~ production was significantly enhanced by
hyperosmolar conditions as previously reported for Rhesus
Macaque and horse spermatozoa (Burnaugh et al,, 2010;
McCarthy et al., 2010). Our results confirm a link between
osmotic shock and ROS production, previously reported in
other cellular types (Lambert, 2003; Lambert et al., 2006)
and in spermatozoa (Burnaugh et al., 2010; McCarthy et al,,
2010).

When spermatozoa were returned to 300 mOsm BWW
after incubation in the 900 mOsm solution, an increase in
the HE fluorescence was observed for the UC spermato-
zoa but not for SLC ones. This result indicates that 02"~
is produced during osmotic stress and volume excursions
responses in equine spermatozoa. The fact that the SLC
spermatozoa subjected to 900 mOsm do not experience a
similar increase, suggests that Androcoll-E selects a subset
of live spermatozoa that cope with osmotic excursions dif-
ferently. Interestingly, Hoogewijs et al. (2011) found that
centrifugation of equine ejaculates using Androcoll-E large
prior cryopreservation allows the recovery of spermato-
zoa with superior motility and viability parameters, and
less DNA fragmentation compared to cushion centrifuga-
tion. The fact that frozen-thawed spermatozoa quality is
improved after Androcoll-E large centrifugation indicates
that the observed increase in Oz~ after osmotic challenges
is not adversely affecting spermatozoa quality over that
of regularly processed semen. Moreover, this increase in
endogenous 02"~ after SLC appeared not to be deleterious
for the spermatozoa as there were no statistically signifi-
cant differences between the SLC and control spermatozoa
in terms of membrane integrity or mitochondrial status
(p > 0.05). Interestingly, spermatozoa volume remained the
same for UC and SLC spermatozoa in homologous treat-
ments. This result shows that the difference in the osmotic
shock response for Androcoll-E selected spermatozoa is not
related to cellular volume changes, but rather to biochem-
ical differences.

In an attempt to localize where H202 and Oz~ were
produced, confocal microscopy was used. In these exper-
iments we observed that, as expected, the superoxide



anion radical was localized in the head of the spermato-
zoa. Hydroethidine, when oxidized by superoxide radical,
is transformed to ethidium, which has a high binding affin-
ity to DNA (Gomes et al,, 2005). Due the similarity existing
between the different ROS and the rapid degradation of
these molecules, we cannot rule out the possibility that
the probes used in this study can be oxidized by other
ROS such as HO" and ROO", and also by reactive nitrogen
species (RNS) such as "NO and ONOO™ (Gomes et al., 2005).
Hydrogen peroxide associated fluorescence was seen in the
midpiece, suggesting that hydrogen peroxide is produced
in the mitochondria as previously reported in human sper-
matozoa (Koppers et al.,, 2010) and, in some spermatozoa,
DCFDA fluorescence was also detected in the acrosomal
region, possibly due to the ability of the acrosome to store
ROS (Fatimah et al., 2010), or due to their involvement in
the acrosome reaction.

5. Conclusions

Although strong conclusions cannot be extracted about
the possible physiological or pathological role of ROS pro-
duction in equine spermatozoa during osmotic shock, the
present study highlights the fact that ROS are produced
in response to osmotic shock and to changes in osmolar-
ity in live sperm. Androcoll-E large selects a subset of live
sperm capable of producing Oz~ in isosmolar conditions
and after a hyperosmotic shock. Further studies need to be
performed to establish the limit between physiology and
pathology in regard to ROS production.
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