RESEARCH

Lipid peroxidation, assessed with BODIPY-C,;, increases after
cryopreservation of stallion spermatozoa, is stallion-dependent
and is related to apoptotic-like changes

C Ortega Ferrusola', L Gonzélez Fernandez?®, ] M Morrell?, C Salazar Sandoval', B Macias Garcia',
H Rodrl’guez—Martinez3, J A Tapia2 and F ) Pefia’

'Section of Reproduction and Obstetrics, Laboratory of Spermatology, Department of Herd Health and Medicine,
Faculty of Veterinary Medicine, Veterinary Teaching Hospital and *Department of Physiology, Faculty of Veterinary
Medlicine, University of Extremadura, Avda de la Universidad s/n, 10071 Cdceres, Spain and ?Division of
Reproduction, Faculty of Veterinary Medicine and Animal Sciences, Swedish University of Agricultural Sciences,
SE-750 07 Uppsala, Sweden

Correspondence should be addressed to F | Pefia; Email: fjuanpvega@unex.es

Abstract

Lipid peroxidation (LPO) of stallion spermatozoa was assessed in fresh semen and in samples of the same ejaculates after freezing and
thawing. Particular attention was paid to individual differences in the susceptibility to LPO and its possible relationship with freezability.
Innate levels of LPO were very low in fresh spermatozoa but increased after thawing, a change that was largely stallion-dependent. The
level of LPO in fresh spermatozoa was not correlated with that of the thawed spermatozoa. Negative correlations existed between LPO
and intact membranes post-thaw (r=—0.789, P<0.001), and also between LPO and spermatozoa with high mitochondrial membrane
potential (A¢m) post-thaw (r=—0.689, P<0.001). LPO was also highly and significantly correlated with caspase activity. The
correlation between caspase activity in ethidium positive cells and LPO was r=0.772, P<0.001. This LPO is unlikely to represent, per se,
a sign of cryopreservation-induced injury, but it is apparently capable of triggering ‘apoptotic-like changes’ that could result in the

sub-lethal cryodamage often seen among surviving spermatozoa.
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Introduction

Cryopreservation causes differential damage to the
spermatozoa of all mammalian species, of either lethal
or sub-lethal nature (Watson 2000). Obviously, sperm
death is the major factor explaining the lower longevity
of thawed spermatozoa, but non-lethal modifications of
the surviving cells also account for their reduced life-
span, thus narrowing the window which spermatozoa
have for successful fertilization after artificial insemina-
tion (Al; Alvarez & Storey 1992, Pefa et al. 2005). In
many species including horses, peroxidation of plasma
membrane lipids (lipid peroxidation, LPO) has been
claimed to be a major factor involved in this sub-lethal
cryodamage (Alvarez & Storey 1992, Agarwall & Said
2005, Almeida & Ball 2005, Aitken et al. 2007). The
particular susceptibility of the sperm plasma membrane
to peroxidative damage is due to a high cellular content
of polyunsaturated fatty acids. Attacks by free radicals on
those fatty acids generate peroxyl (ROO") and alkoxyl
(RO") radicals that — in order to become stable as
molecules — subtract a hydrogen atom from an adjacent
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carbon atom in a neighboring lipid, thus generating the
corresponding acid or alcohol. The subtraction of a
hydrogen atom from an adjacent lipid creates a carbon-
centered radical that combines with dioxygen to create
another lipid peroxide, thus perpetuating the propa-
gation of peroxidative damage throughout various cell
membranes (Bileski et al. 1983).

Recently, sperm-freezing technology has become an
area of increasing interest for the equine industry
(Samper et al. 2007). One of the major problems of
equine sperm cryobiology is the large inter-individual
variability in sperm survival during the freezing and
thawing procedures. Such variability is often ascribed to
the fact that most stallions have been selected by
performance and phenotype, and not for sperm quality,
either directly or indirectly. However, the physiological
and biochemical reasons behind this variability remain
unexplained. Sperm-LPO has been studied using many
methods, including the use of fluorescent probes.
Among these, the recently developed probe BODIPY-C;,
is considered most reliable and easy to assess LPO in
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spermatozoa (Pap et al. 1999, Brouwers & Gadella 2003,
Brouwers et al. 2005, Aitken et al. 2007). BODIPY-C;;
has, therefore, been used to assess the susceptibility of
stallion sperm to this insult after different oxidative
challenges (Baumber et al. 2000, Ball & Vo 2002, Neild
et al. 2005). However, these studies did not investigate
individual variation among stallions or their ejaculates in
their susceptibility to cryopreservation-induced LPO.
Therefore, the aim of the present study was to assess the
individual responses of spermatozoa from seven stallions
to freezing and thawing, including their susceptibility to
LPO, as well as to study the relationship between LPO
and cell damage.

Results
Lipid peroxidation

The proportions of ejaculated spermatozoa showing LPO
was low, ranging on average from 0.25 to 1.9%. The
peroxidative damage was conspicuous in the mid-piece
but less evident in the sperm head or the rest of the
sperm tail (Fig. 1).

After thawing, there was an increase in LPO,
compared with the ejaculate, fresh spermatozoa
(P<0.01). The percentage of sperm depicting per-
oxidative damage after thawing ranged, on average,
between 3.1 and 29.7%. These increases post-thaw were
largely stallion-dependent (Table 1) and were not
statistically related to the levels present in fresh
spermatozoa (ns). The localization of peroxidative
damage was the same as that observed in fresh semen,
as depicted by confocal laser microscopy.

Figure 1 Confocal laser microscopy images of stallion spermatozoa
loaded with BODIPY-C;;. (A) Red fluorescence associated with

the widespread incorporation of the non-oxidized probe in the
spermatozoa. (B) Green fluorescence associated with the oxidized
probe. (C) Transmission images. (D) Overlaid images in which areas
of lipid peroxidation appear yellow. All images were obtained with a
Bio-Rad MRC confocal microscope. Magnification, 60X.
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Table 1 Individual variation in the percentage of lipid peroxidation
(BODIPY-C;1 +cells) after freezing and thawing (means+s.p.; n=7
stallions, four ejaculates each).

BODIPY-C;; + cells (%)

Freshly ejaculated Frozen-thawed

Stallion spermatozoa spermatozoa

1 0.9+0.74*" 3.8+0.80%"
2 0.2+0.19%" 2.740.62%8
3 0.4+0.15** 4.3+1.94*8
4 0.6+0.49*" 13.6+5.30*P8
5 0.6+0.29%" 8.6+9.78%8
6 1.9+1.7254 29.7416.25"8
7 0.5+0.05*" 3.1+5.14%B

Values with different superscript between rows within a column ) or
between columns within a row (*~8), differ significantly (P<0.05).

Membrane integrity and mitochondrial membrane
potential

As expected, freezing and thawing caused major
damage to sperm membrane integrity and mitochondrial
membrane potential, compared with the status in the
ejaculated spermatozoa (Tables 2 and 3). Once again
this effect was stallion-dependent.

Expression of active caspases

Active caspases were present in fresh ejaculated
spermatozoa, varying largely among stallions
(P<0.001). Most of these spermatozoa depicting
caspase activity were ethidium negative (live spermato-
zoa). After thawing, caspase activity was present
especially in ethidium positive spermatozoa (dead-
spermatozoa), and the individual variation diminished
(Table 4).

Correlations between proportions of sperm-LPO
and sperm quality variables

Significant correlations were found between LPO and
sperm quality post-thaw, expressed as sperm membrane
integrity and mitochondrial membrane potential
(Table 5, Figs 2 and 3). High negative correlations were
particularly seen between the proportions of spermato-
zoa having LPO and intact membranes post-
thaw (r=—0.789, P<0.001), and with spermatozoa
depicting mitochondria with high A¢m (r=—0.689,
P<0.001). LPO was also highly and significantly
correlated with caspase activity. The correlation between
caspase activity in the ethidium positive cells and LPO
was r=0.772 (P<0.001; Fig. 4).

Superoxide dismutase activity

Superoxide dismutase (SOD) activity ranged from
37 U/mg protein in stallion number 1 to 134.16 U/mg
protein in stallion number 6 (Fig. 5). However, these
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Table 2 Changes in sperm membrane integrity (YO-PRO-1 and ethidium homodimer) before (freshly ejaculated spermatozoa, FE) and after
cryopreservation (frozen-thawed spermatozoa, FT; n=7 stallions, four ejaculates each, means+s.p).

YO-PRO —/Eth— YO-PRO +/Eth— YO-PRO + /Eth + YO-PRO — /Eth +

Stallion FE FT FE FT FE FT FE FT

1 74.0+14.12°" 353414.79*®  1.040.99" 15947.03*® 334+3.12%  26.5+14.28°% 21.6+10.29° 22.34+7.18°
2 77.0+7.76"  31.7+7.21*®  0.6+0.60" 18.1+6.20°® 1.9+2.72"  22.84+8.56° 27.3+5.60° 27.3+5.60°
3 58.5+7.28°"  33.4+531*%  0.4+0.20" 6.3+3.48"%  1.8+0.17  19.3+13.09° 39.4+7.44° 40.94+11.04°
4 53.9+3.45"" 275+487°%  0.74+1.18" 175+4.74® 474713 19.57+4.21%  40.1+11.05° 35.149.75"
5 70.44+4.93*"  285+11.76°% 0.4+028" 14.042.53*® 1.0+054" 31.5+8.745 28.1+4.28" 25.945.19°
6 59.1+9.86""  253+9.59"%  1.040.66" 9.4+3.23>%  43+1.13*  26.1+14.14® 35.5+10.28° 39.247.67°
7 71.7+6.46>"  34.8+9.90*®  024032% 1944595 1.6+1.27% 233+7.06° 26.6+5.36° 22.444.942

Non-stained cells (YO-PRO-1—/Eth—), corresponding to viable spermatozoa, (YO-PRO+/Eth—) spermatozoa (early apoptotic, spermatozoa
depicting an increase in membrane permeability), YO-PRO-1+/Eth+ (late apoptotic) and YO- PRO— Eth+ spermatozoa (necrotic cells). Values

with different superscript between rows within a column (*

differences were not statistically significant. No corre-
lations were detected between the SOD activity
and LPO.

Glutathione peroxidase activity

Glutathione peroxidase (GPx) activity ranged from
1.54 nmol/min per mg protein in stallion number 7 to
3.43 nmol/min per mg protein in stallion number 6
(Fig. 6). The differences were not statistically significant.
Once again, no correlations between LPO and GPx
activity were detected.

Discussion

As previously reported, cryopreservation induces LPO in
stallion spermatozoa, mainly at their mid-piece (Neild
et al. 2005). Although the effect of cryopreservation on
the induction of LPO has been previously described in
many species including horses (Baumber et al. 2000,
Christova et al. 2004, Neild et al. 2005, Ball 2008, Cosci
et al. 2008), this is — to the best of our knowledge — the
first time that a significant stallion-to-stallion variation

5 or between columns within a row (*~

8), differ significantly (P<0.05).

in susceptibility to LPO of their cryopreserved sperma-
tozoa has been shown. The first practical implication of
this finding is that differences in susceptibility to
peroxidation may explain the large individual variation
in the cryoresistance of the stallion ejaculate. The second
fact is that innate LPO, present in the recently ejaculated
spermatozoa, is not related to the peroxidation levels
found after freezing and thawing, implying that the
process of cryopreservation imposes peroxidative
changes unrelated to the intrinsic levels of a particular
stallion. Apparently, this susceptibility is not related to
the antioxidant systems of the semen, since we were
unable to find direct correlations among SOD or
GPx activity and LPO thus, probably this susceptibility
relates to the lipid composition of the sperm plasma
membrane.

In our work, we studied the relationship between LPO,
sperm membrane integrity, mitochondrial membrane
potential (A¢m), and caspase activity. Probably for the
first time, we were able to show a direct mathematical
relationship between LPO, sperm membrane integrity
Ady,, and caspase activity. To explain these relation-
ships, the factors causing cell death and sub-lethal

Table 3 Changes in sperm mitochondrial membrane potential (% of either high, low, or intermediate Aym) using JC-1 before (freshly ejaculated
spermatozoa, FE) and after cryopreservation (frozen—thawed spermatozoa, FT; n=7 stallions, four ejaculates each, means=+s.p).

Percentages of JC-1 differentially stained spermatozoa

Orange Orange+green Green

Stallion FE FT FT FE FT

1 20.5+16.40" 2.642.04" 21.6+14.82 39.8+20.26 57.14£20.38 64.7+12.62
2 15.1+6.22% 2.6+4.328 32.54+6.58 34.941.68 52.24+11.54 62.0+3.08
3 11.843.38" 4.747.428 25.1+22.32 31.0£2.80 63.1+18.75 63.8+10.76
4 19.84+13.58" 1.540.738 19.747.61 27.54+10.56 60.0+18.38 70.7+11.18
5 23.8+11.18" 0.4+0.25% 34.6+7.86 15.647.10 40.6+3.42" 83.7+7.03°
6 27.2+16.23* 0.5+0.93° 39.8+16.567 8.20+10.98° 32.4+18.58" 89.9+11.06°
7 17.84+13.05" 3.745.97" 33.3+12.12 23.74+14.68 48.44+23.92 72.0+£19.69

Orange fluorescence represents spermatozoa depicting high mitochondrial membrane potential. Green fluorescence represents spermatozoa
depicting low mitochondrial membrane potential. Orange and green fluorescence simultaneously represent spermatozoa having heterogeneous
mitochondria, with high and low mitochondrial membrane Eotential within the same spermatozoa. Values with different superscript between rows

within a column (*™®) or between columns within a row (
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Table 4 Changes in the proportions of stallion spermatozoa depicting expression of active caspases before (freshly ejaculated spermatozoa, FE) and
after cryopreservation (frozen-thawed spermatozoa, FT; n=7 stallions, four ejaculates each, means+s.p).

Caspase + Caspase +/Eth+

Stallion Fresh FT Fresh FT

1 70.4417.25%" 25.4+4.41%B 22.3+17.73%A 57.54+6.76°
2 60.2 +38.00" 25.8412.60° 13.7+8.82%" 52.5+5.75°
3 37.9+11.63%4 12.2+42.41>8 43.748.92°4 54.2+12.99°
4 32.5+12.62°4 20.8+11.38° 43.8+4.68°" 59.649.46°
5 68.143.90% 21.7+8.91° 27.9+4.11" 64.9+9.81°
6 51.94+18.47" 18.5+10.91>F 35.2+11.08°" 55.446.37°
7 37.94+18.22" 33.6+4.64%8 33.3+12.07% 53.54+6.57°

Values with different superscript between rows within a column () or between columns within a row (B, differ significantly (P<0.05).

cellular damage during freezing and thawing should
be considered. Previously, the two injury-factors theory
(the presence of intracellular ice crystals, acting as an
agricultural plow, tearing apart membranes on one hand
and dehydration of the cells causing osmotic stress) was
largely accepted. However, recent research indicates
that at the freezing rates currently used in animal sperm
cryobiology, the formation of intracellular ice crystals is
unlikely to occur, with most damage being mainly
osmotic in nature, occurring both during freezing and at
thawing (Morris et al. 2007).

In addition, a large percentage of the surviving
spermatozoa experience changes that reduce their
lifespan within the female reproductive tract. In the
past, these changes were termed as ‘cryocapacitation’
(Watson 2000). Today, these changes, although resem-
bling capacitation as studied using the Chlortetracycline
test, appear in a different light and are called ‘capacita-
tion-like” (Pefia et al. 2004, Bravo et al. 2005, Saravia
et al. 2007). Cryopreserved spermatozoa experience
premature aging, involving mechanisms such as LPO
and an apoptosis-like mechanism, at least in some
species, including the horse (Kemal Duru et al. 2001,
Anzar et al. 2002, Pena et al. 2003, Martin et al. 2004,
2007, Paash et al. 2004, Neild et al. 2005, Brum et al.
2008, Ortega Ferrusola et al. 2008). The sperm
mitochondria are the main source of reactive oxygen
species in the spermatozoon (Koppers et al. 2008),
mainly generated at the complexes | and lll of the
respiratory chain.

Although the sperm mitochondria have been largely
ignored for years, recent research indicates a major role
of these structures in many physiological and patho-
logical processes in the spermatozoa (Gallon et al. 2006,
Gur & Breitbart 2006, Rasola & Bernardi 2007, Pefa
et al. 2009). A possible explanation for the results
presented in the current study may be the following;

freezing and thawing increases ROS production in
the sperm mitochondria while an osmotic mechanism
may increase mitochondrial membrane permeability
allowing ROS to diffuse rapidly, activating cellular
machinery similar to the intrinsic pathway of apoptosis.
In fact, oxidative stress is a well-documented inductor of
apoptosis (Desagher & Martinou 2000, Lachaud et al.
2004, Ott et al. 2007). Data from our laboratory support
this theory, since active caspases 3 and 7 (major proteins
involved in the activation of apoptosis), and caspase 9
(an inductor protein involved in the activation of the
mitochondrial pathway of apoptosis) have been
described in fresh and frozen-thawed equine spermato-
zoa (Ortega Ferrusola et al. 2008). In addition, and
supporting the concept that apoptotic-like phenomena
may occur in ejaculated stallion spermatozoa, there is a
report where ejaculated spermatozoa were capable of
triggering a nuclear matrix associated topoisomerase
IIB that concomitantly with a nuclease can cleave the
entire sperm DNA into small fragments (Shaman et al.
2006). The theory of an apoptotic-like process being
induced by LPO to explain the concept of ‘premature
aging’ of cryopreserved spermatozoa, is also supported
by the mathematical relationship found in our study,
between LPO, membrane integrity, and A¢m. LPO may
activate an ‘apoptotic-like’ phenomenon leading to
premature aging ending in a reduced lifespan of the
processed spermatozoa.

From our study we can infer that susceptibility to
LPO explains differences in cryoresistance among
stallions and ejaculates within the same stallion.
However, LPO appears to be overestimated as a major
factor involved in cryodamage. Innate LPO levels were
low in fresh samples of ejaculated spermatozoa, and for
some stallions cryopreservation only increased LPO by
2-3% after thawing. However, despite LPO not being a
major factor in sperm cryodamage, it may trigger

Table 5 Non parametric correlations (Spearman p) between the percentage of sperm lipid peroxidation, membrane, and mitochondrial status.

YO-PRO —/Eth— YO-PRO +

YO-PRO +/Eth+

Orange Green Caspase + Caspase +/Eth+

BODIPY-C;; —0.789" 0.681* 0.728*

—0.689* 0.537" —0.562* 0.772"

*P<0.01, 'P<0.001.
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Figure 2 Correlation analysis of the relationship between LPO and
intact membranes in equine spermatozoa (r=—0.789, P<0.001).

mechanisms indirectly leading to sperm damage, and as
a more practical and important aspect, LPO is highly
correlated to cryoresistance.

The present study also confirms previous findings from
our laboratory (Ortega Ferrusola et al. 2008) and others
(Brum et al. 2008), indicating that the equine ejaculate is
characterized by a high percentage of spermatozoa
depicting caspase activity, and that the expression of
caspases increases as a result of cryopreservation. It is
unlikely that the presence of active caspases in
ejaculated spermatozoa represents only a pathological
phenomenon. The stallions involved in the present study
were of known fertility and used as donor sires for Al in
our institution. Although apoptosis is a characteristic
form of cell death that usually serves to remove
unwanted cells, there are some examples where
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Figure 3 Correlation analysis of the relationship between LPO
and spermatozoa depicting high mitochondrial membrane potential
(r=—0.689, P<0.01).
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apoptosis-like events do not lead to death but rather
are involved in the terminal differentiation of certain
cell types (Said et al. 2004, Marchiani et al. 2007).
On the other hand, since the overall survival time of the
spermatozoa (both fresh and frozen-thawed) could not
be prolonged by inhibitors of caspases (Weil et al. 1998,
Peter & Linde-Forsberg 2003, Heninger et al. 2004)
the mere presence of active caspases does not seem to
be a crucial lethal factor in ejaculated spermatozoa.
We can, therefore, speculate that active caspases
potentially display additional physiological roles in
mature spermatozoa rather than being involved only
in detrimental changes.

In summary, LPO levels are low in freshly ejaculated
stallion spermatozoa, but increase after cryopreservation
in a stallion-dependent manner. This LPO is unlikely to
represent a sign of cryopreservation-induced injury per
se, but it is apparently capable of triggering apoptotic-
like changes that could result in the sub-lethal cryo-
damage often seen among surviving spermatozoa.

Materials and Methods
Study design

The study design comprised evaluation of sperm quality (sperm
motility, membrane integrity, mitochondrial membrane
potential, and caspase activity) and of LPO in freshly ejaculated
spermatozoa, which were subsequently subjected to cryopre-
servation using a routine procedure. Spermatozoa were also
studied for the same variables when thawed after at least
4 weeks of storage in liquid Ny (LN).

Semen collection and processing

Semen (four ejaculates per stallion) was obtained from seven
Andalusian stallions individually housed at the Veterinary
Teaching Hospital of the University of Extremadura, Caceres,
Spain. The stallions were maintained according to institutional
and European regulations, with semen being collected on a
regular basis (two collections per week) during the 2008
breeding season. Ejaculates were collected using a Missouri-
model artificial vagina, lubricated and pre-warmed to
45-50°C, fitted with an in-line filter to separate the gel
fraction. The collected ejaculate was immediately transported
to the laboratory for evaluation and processing. The filtered
ejaculate was extended 1:1 (v/v) with INRA 96 (IMV, L’Aigle,
France), and centrifuged at 600 g for 10 min. The resulting
sperm pellet was re-extended in the freezing medium
(Ghent, Minittb Ibérica, Spain) to a final concentration of
100X 10° spermatozoa/ml. The spermatozoa were slowly
cooled to 4 °C within 1 h, loaded in 0.5 ml plastic straws and
frozen horizontally in racks placed 4 cm above the surface of
LN, for 10 min, after which they were directly plunged in LN,
for storage. After at least 4 weeks of storage, the straws were
thawed in a water bath at 37 °C for 30 s for analyzes.
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Figure 4 Correlation analysis of the relationship between LPO and
caspase activity in dying (ethidium+) equine spermatozoa. (r=0.772,
P<0.001).

Cytofluorometric assessment of activated caspases

The caspase FITC-VAD-FMK in situ marker (Molecular Probes,
Leiden, The Netherlands) was used to detect active caspases in
the spermatozoa. This cell-permeable caspase inhibitor
peptide is conjugated to FITC and binds covalently to active
caspases serving as an in situ marker for apoptosis (Martin et al.
2004). A sample of 5% 10° freshly ejaculated or post-thawed
spermatozoa was suspended in 1 ml PBS, and — after adding
1 pl FITC-VAD-FMK (5 mM) — the suspension was incubated at
room temperature (22-25 °C) in darkness for 20 min. After
incubation, the spermatozoa were washed with PBS, followed
by the addition of 1 pl ethidium homodimer (1.167 mM;
Molecular Probes Europe) to detect membrane damage. Flow
cytometry and fluorescence microscopy were conducted
within 10 min.

Evaluation of mitochondrial membrane potential
(4% m)

The lipophilic cationic compound 5,5’,6,6'-tetrachloro-
1,1,3,3' tetraethylbenzymidazolyl carbocianyne iodine (JC-1,
Molecular Probes Europe) has the unique ability to label
differentially mitochondria with low and high membrane
potential. In mitochondria with high membrane potential,
JC-1 forms multimeric aggregates emitting in the high
orange wavelength of 590 nm, when excited at 488 nm.
However, at the same excitement wavelength (488 nm) in
mitochondria with low membrane potential, the JC-1 forms
monomers that emit in the green wavelength (525-530 nm).
For staining, a 3 mM stock solution of JC-1 was prepared
in DMSO. From each sperm suspension, 5X10° freshly
ejaculated or post-thawed spermatozoa were placed in 1 ml
PBS and stained with 0.5 pl JC-1 stock solution. The samples
were incubated at 38 °C in darkness for 40 min before flow
cytometric analysis.

Reproduction (2009) 138 55-63

Assessment of subtle sperm membrane changes
and viability

Early sperm membrane changes and viability were determined
as described in Pefa et al. (2005), with modifications for
adaptation to the equine species (Ortega Ferrusola et al. 2008).
In brief, 1 ml sperm suspension (5 X 10° spermatozoa/ml) from
freshly ejaculated or post-thawed spermatozoa was loaded
with 3 ul YO-PRO-1 (25 uM) and 1 pl ethidium homodimer-1
(1.167 mM; Molecular Probes Europe, Leiden, The Netherlands).
After a thorough mixing the suspension was incubated at
37 °C in darkness for 16 min. This staining distinguishes four
sperm subpopulations. The first is the subpopulation of
unstained spermatozoa. These spermatozoa are considered
alive and without any membrane alteration. Another sperm
subpopulation consists of YO-PRO-1 positive cells emitting
green fluorescence. It has been demonstrated that in the early
stages of apoptosis there is a modification of membrane
permeability that selectively allows entry of some non-
permeable DNA-binding molecules (Ormerod et al. 1993,
Wronsky et al. 2002). This subpopulation contains spermato-
zoa which may show early damage or a shift to another
physiological state, since membranes become slightly per-
meable during the first steps of cryoinjury, enabling YO-PRO-1
but not ethidium homodimer to penetrate the plasma
membrane (Idziorek et al. 1995, Wronsky et al. 2002). Neither
of these probes enters intact cells. Finally, two subpopulations
of cryo-induced necrotic spermatozoa were easily detected,
early necrotic, spermatozoa stained both with YO-PRO-1 and
ethidium homodimer (emitting both green and red fluor-
escence), and late necrotic spermatozoa, cells stained only
with ethidium homodimer (emitting red fluorescence; Fig. 7).

Staining for detection of LPO

LPO was measured using the probe BODIPY®®391.C
(Molecular Probes). A suspension of 2 X 10%ml spermatozoa
(freshly ejaculated or post-thawed) was loaded with the probe
at a final concentration of 2 uM. Since egg yolk was found to
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Figure 5 Superoxide dismutase (SOD) activity expressed as arbitrary
units of absorbance normalized to mg of protein in seven stallions.
The differences observed were not statistically significant.
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Figure 6 Gluthatione peroxidase (GPx) activity normalized to mg of
protein nmol/min per mg protein in seven stallions. The differences
observed were not statistically significant.

bind the lipophilic BODIPY*®'>'.C,,, the egg yolk containing
freezing extender (Ghent) was first removed by centrifugation
through a 35% density gradient (Pure Sperm Nidacon,
Gothenburg, Sweden). The spermatozoa were then incubated
at 37 °C for 30 min, washed by centrifugation to remove the
unbound probe, and analyzed using a flow cytometer and a
confocal laser microscope. Positive controls were obtained
after addition of 80 pM ferrous sulfate to additional sperm
suspensions (Aitken et al. 2007).

Confocal microscopy

Sperm samples were loaded with the membrane probe
BODIPY®®">91.C"" and observed under a spectral inverted
confocal microscope (Bio-Rad MRC 1024). The localization of
the peroxidated probe emission was assessed at a wavelength
range of 495-545 nm, whereas intact probe emission was
selected at the wavelength range of 580-620 nm. Samples
were excited with an argon ion laser emitting at 488 nm.

Flow cytometry

Flow cytometric analyses were carried out with a Coulter
EPICS XL (Coulter Corporation Inc., Miami, FL, USA) flow
cytometer equipped with standard optics, an argon-ion laser
(Cyonics, Coherent, Santa Clara, CA, USA) performing 15 mW
at 488 nm, and an EXPO 2000 software. Subpopulations
were divided into quadrants, and the frequency of each
subpopulation was quantified. Non-sperm events (debris)
were gated out based on the forward scatter and side scatter
dot-plots by drawing a region enclosing the cell population of
interest. Events with scatter characteristics similar to sperma-
tozoa but without reasonable DNA content were also gated
out. Forward and sideways light scatter were recorded for a
total of 10 000 events per sample (YO-PRO-1, caspases, and
BODIPY Cyq), or 30000 events for JC-1. Samples were
measured at flow rate of 200-300 cells/s. Green fluorescence
was detected in FL1, red fluorescence was detected in FL3,
and orange fluorescence in FL2.
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SOD determination

SOD activity was estimated by using a SOD determination kit
following the directions provided by the manufacturer (Sigma—
Aldrich). Briefly, SOD activity was indirectly estimated by a
colorimetric method based on the reduction of WST-1, a highly
water-soluble tetrazolium salt which renders a water-soluble
formazan dye upon its reduction with a superoxide anion.
Since the absorbance of WST-1 formazan at 440 nm is
proportional to the amount of superoxide anion, the SOD
activity was indirectly estimated by measuring the decrease in
the color development at 440 nm. Frozen/thawed seminal
plasma was diluted in a ratio of 1:10 in deionized water and
assayed by triplicate. Each assay consisted in 20 pl diluted
sample, 200 pl WST working solution, and 20 ul a solution
containing active xanthine oxidase in the appropriate buffer.
After the incubation for 20 min at 37 °C the color development
was measured at 440 nm. SOD activity was expressed as
arbitrary units of absorbance normalized to mg of protein.

GPx determination

GPx activity was determined by using a GPx assay kit
following the directions provided by the manufacturer
(Calbiochem, La Jolla, CA, USA). Briefly, the GPx activity
was indirectly estimated by the monitorization of the oxidation
of NADPH to NADP ™, which is accompanied by the decrease
of the absorbance at 340 nm. Frozen/thawed seminal plasma
(20 pul) was diluted with assay buffer (100 ul), mixed with 50 pl
of a mixture containing NADPH, glutathione and glutathione
reductase, and assayed in triplicate. In addition to samples,
non-enzymatic samples (background) as well as samples
containing bovine erythrocyte GPx (positive controls) were
also assayed. The decrease in the absorbance at 340 nm was

Figure 7 Confocal laser microscopy images of stallion spermatozoa
loaded with YO-PRO-1/ethidium staining. (A) Green fluorescence,
represents spermatozoa with an initial increase in membrane
permeability (YO-PRO-1 fluorescence). (B) Green and red fluorescence
represents an advanced stage of membrane damage, both YO-PRO-1
and ethidium homodimer stains the sperm nucleus. (C) Red
fluorescence, ethidium homodimer, this is the advanced degree

of membrane damage. All images were obtained with a Bio-Rad
MRC confocal microscope. Magnification, 60X.
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measured each min during 6 min at 25°C. GPx activity
was normalized to mg of protein and expressed as nmol/min
per mg protein.

Statistical analysis

The data were first examined using the Kolmogorov—Smirnov
test to determine their distribution. In view of the non-
Gaussian distribution of some of the data gathered, multi-
variate ANOVA was performed, and when significant
differences were found, the non-parametric Mann-Whitney
U-test was used to compare pairs of values. The Spearman
non-parametric test was used to study the correlation between
sperm analysis pre-freezing and sperm quality post-thaw. All
analyses were performed using SPSS version 15.0 for
Windows (SPSS Inc., Chicago, IL, USA). Statistical significance
was set at P<0.05.
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