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1  | INTRODUC TION

In sperm cells, mitochondria play a key role in generating oxidative 
energy and regulating sperm function. In boar spermatozoa, ATP 
synthesized in the mitochondria participates not only in the mainte-
nance of sperm motility but also in the induction of capacitation and 
acrosome reaction (Rodriguez- Gil & Bonet, 2016). It has been sug-
gested that mitochondrial damage during cryopreservation may be a 
major reason for diminished post- thaw boar sperm quality, supported 
by the fact that the proportion of fully functional spermatozoa that 

retain intact membranes and preserve mitochondrial activity after 
freezing-	thawing	is	low	(Dziekońska	&	Strzeżek,	2011).

Cryopreservation	increases	reactive	oxygen	species	(ROS)	levels,	
generating oxidative stress which results in protein damage (Davies, 
1987), lipid peroxidation (Aitken, 1994) and cytoskeletal modifica-
tions (Hinshaw et al., 1986). Boar spermatozoa are especially sen-
sitive	 to	 ROS	 action	 due	 to	 its	 high	 content	 of	 unsaturated	 fatty	
acids in plasma membrane phospholipids (Parks & Graham, 1992) 
and	its	low	antioxidant	capacity	(Cerolini,	Maldjian,	Surai,	&	Noble,	
2000). Alpha- tocopherol, an antioxidant used in cryopreservation, 
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Our	aim	was	to	evaluate	the	effect	of	Sephadex	filtration	on	respiratory	activity	of	
porcine spermatozoa and its relation with quality and functional sperm parameters. 
Samples	were	evaluated	regarding	oxygen	uptake	and	sperm	parameters:	motility,	
plasma and acrosome membrane integrity, capacitation and acrosome reaction in-
duction in vitro, plasma membrane functionality, determined by the hypo- osmotic 
swelling	 test	 (HOST),	 and	 lipid	 peroxidation	 assessed	by	 thiobarbituric	 acid	 assay.	
Sephadex	 filtration	 improved	 all	 routine	 quality	 parameters	 (motility,	 plasma	 and	
acrosome	membrane	integrity)	and	functional	parameters	(HOST,	in	vitro	capacita-
tion and true acrosome reaction levels) and produced a significant decrease in cryo-
capacitation	and	lipid	peroxidation.	Oxygen	uptake	increased	in	Sephadex	samples	
(41 ± 7%) respect to single washing. Oxygen addition of carbonyl- cyanide- m- 
chlorophenylhydrazone (CCCP) confirmed mitochondrial coupling in washed and 
Sephadex	samples;	showing	an	increase	of	2.6	and	4.2	times	for	oxygen	consumption	
in	single	washing	and	Sephadex	ones,	 respectively.	The	 increase	 in	oxygen	uptake	
with succinate addition with respect to basal oxygen uptake was significantly lower 
in	 Sephadex	 samples	 (63	±	25%)	 than	 in	 the	washed	 ones	 (183	±	35%).	 Sephadex	
samples showed higher mitochondrial activity measured by oxygen consumption and 
improved quality and functional parameters. Our study recommends this protocol 
due to the fact that this filtration method removes dead or damaged spermatozoa 
allowing to obtain cryopreserved boar spermatozoa with optimized fertilizing 
capacity.

www.wileyonlinelibrary.com/journal/rda
http://orcid.org/0000-0001-7185-0190
mailto:ebreininger@fvet.uba.ar


980  |     SATORRE ET Al.

improves sperm quality (Breininger, Beorlegui, O’Flaherty, & Beconi, 
2005;	Satorre,	Breininger,	Beconi,	&	Beorlegui,	2007)	and	produced	
a beneficial effect in the in vitro capacitation and acrosome reac-
tion	 induction	of	boar	 spermatozoa	(Satorre,	Breininger,	Beconi,	&	
Beorlegui, 2009).

Dead	or	abnormal	spermatozoa	exert	a	toxic	(Shannon	&	Curson,	
1972) and/or lytic (Lindemann, Fisher, & Lipton, 1982) effect over 
adjacent	cells,	reducing	the	ejaculate	fertility	(Saacke	&	White,	1972).	
Under	natural	conditions,	potentially	fertile	spermatozoa	are	separated	
from immotile ones, debris and seminal plasma in the female reproduc-
tive tract (Mortimer, 1989). In vitro, a wide range of sperm manipulation 
techniques are used to remove the undesirable spermatozoa, sem-
inal plasma, cryoprotective agents and other factors (Bussalleu et al., 
2008;	Januskauskas,	 Lukoseviciute,	Nagy,	 Johannisson,	&	Rodriguez-	
Martinez,	 2005;	 Trentalance	 &	 Beorlegui,	 2002).	 Sephadex	 filtration	
has been reported to improve sperm quality in bull (Cisale, Fischman, 
Blasi,	Fernandez,	&	Gledhill,	2001),	equine	(Samper	et	al.,	1995),	canine	
(Mogas, Rigau, Piedrafita, Bonet, & Rodriguez- Gil, 1998) and porcine 
(Bussalleu	et	al.,	2009;	Satorre,	Breininger,	&	Beconi,	2012).

The maintenance of the ability to generate oxidative energy in 
boar spermatozoa cryopreserved with alpha- tocopherol and selected 
by	 Sephadex	 generates	 samples	 with	 improved	 sperm	 quality	 and	
functional parameters. Thus, the aim of this study was to evaluate the 
effect	of	Sephadex	filtration	in	boar	spermatozoa	cryopreserved	with	
alpha- tocopherol on mitochondrial respiratory activity evaluated by 
oxygen uptake and its relation with quality (motility, membrane integ-
rity, lipid peroxidation, acrosome integrity and cryocapacitation) and 
functional (membrane functionality, in vitro induction of capacitation 
and acrosome reaction) sperm parameters.

2  | MATERIAL S AND METHODS

2.1 | Materials

Dextrose, sodium citrate, sodium bicarbonate, sodium chloride, 
EDTA, potassium chloride, disodium hydrogen phosphate, potassium 
dihydrogen phosphate and glycerol were from Merck (Darmstadt, 
Germany). Trypan blue, eosin yellow and nigrosin were purchased 
from	Mallinckrodt	 (St.	 Louis,	MO,	USA).	Other	 reagents	were	 ob-
tained	from	Sigma-	Aldrich	(St.	Louis,	MO,	USA).

2.2 | Semen collection

Semen	 samples,	 from	 four	 crossbred	 boars	 (Pietrain	×	Yorkshire)	
of proven fertility, 1–1.5 year of age, were provided by the Porcine 
Productive	Unit	of	the	Facultad de Ciencias Veterinarias (Universidad 
de Buenos Aires).	 This	 Productive	 Unit	 replicates	 a	 small	 porcine	
production system in uniform and controlled feeding and handling 
conditions. All animal experiments were performed in accordance 
with	the	guidelines	of	the	Institutional	Committee	for	Care	and	Use	
of Experimental Animals of the Facultad de Ciencias Veterinarias, 
Universidad de Buenos Aires. Only samples with a minimum of 70% 
motile and 80% viable spermatozoa were included in the study.

2.3 | Sperm cryopreservation

Boar semen was cryopreserved according to Pursel and Johnson’s 
protocol as described by Breininger, Beorlegui, O’Flaherty et al. 
(2005). Briefly, each semen sample was resuspended in Beltsville 
F5 extender (BF5) containing 200 μg/ml alpha- tocopherol acetate 
to	obtain	a	final	concentration	of	1	×	108 spermatozoa/ml. The con-
tents	were	frozen	into	pellets	of	0.1	ml	in	dry	ice	at	−76°C	and	stored	
in	liquid	nitrogen	at	−196°C.

2.4 | Preparation of sperm suspension for 
selection treatment

Pellets	were	thawed	at	38°C	 in	Beltsville	thawing	solution	 (BTS,	2	
pellets: 2 ml) and kept in a water bath for 10 min. Thawed samples 
were divided into two aliquots and treated with either single wash-
ing	or	filtration	through	neuter	Sephadex	column.

2.4.1 | Sperm single washing

Aliquots	 of	 spermatozoa-	BTS	 suspension	 were	 centrifuged	 for	
10 min at 300 g, then the supernatant was removed and the pellet 
was	 resuspended	 in	BTS	or	 in	 capacitation	medium	 (TBMc:	modi-
fied	Tris-	buffered	medium	(mTBM:	NaCl	113.1	mM,	KCl	3	mM,	CaCl2 
10 mM, Tris 20 mM, Glucose 11 mM, and sodium pyruvate mM) sup-
plemented	with	sodium	bicarbonate	40	mM	(Satorre	et	al.,	2009)	for	
sperm capacitation and acrosome reaction in vitro induction (see 
below).

2.4.2 | Sperm filtration through neuter 
Sephadex column

Sephadex	G-	15-	120	was	hydrated	(20%)	for	at	least	12	hours	in	BTS.	
The column was assembled in a 10- ml disposable syringe. A small 
amount of glass wool was carefully placed at the bottom of the sy-
ringe	body	to	avoid	the	loss	of	Sephadex	that	was	deposited	upon	
it. One millilitre of thawed sperm sample was then placed on the 
columns and the strangled needle removed to allow dropwise leak-
age. The first 5–7 drops were discarded, and aliquots of 500 μl were 
collected	directly	in	BTS	or	centrifuged	and	resuspended	in	TBMc.

2.5 | Evaluation of sperm oxygen uptake

Oxygen consumption rate was used to evaluate mitochondrial func-
tion in intact cells. This parameter was measured polarographically 
at	38°C	with	an	oxygen	electrode	type	Clark	modified	1–125/05	
(Instech	Laboratories	Inc.,	Philadelphia,	PA,	USA).	The	reaction	cell	
had 0.6 ml capacity and measured rapid changes in the cell`s oxy-
gen consumption rate. For sperm respiration evaluation, aliquots 
of	single	washing	or	Sephadex-	filtered	samples	were	resuspended	
in	TALP	medium	to	a	final	concentration	of	1	×	108 spermatozoa/
ml in the cuvette. Basal respiration (oxygen consumption with-
out addition of stimulator or inhibitor) was evaluated and oxygen 
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uptake was expressed as μl O2/min/108 spermatozoa. Carbonyl- 
cyanide- m- chlorophenylhydrazone (CCCP; 0.42 μM) was used as 
a specific uncoupler of the respiratory chain. The oxygen uptake 
with the sequential addition of rotenone (5 μM) and sodium suc-
cinate (5 mM) to the samples was used to evaluate sperm mem-
branes permeability to succinate (Cordoba, Mora, & Beconi, 2006).

2.6 | Evaluation of routine parameters of 
sperm quality

Sperm	 motility	 was	 evaluated	 three	 times	 by	 the	 same	 observer	
using	an	optical	microscope	equipped	with	a	thermal	stage	at	38°C	
at	400×	magnification	(Binocular	microscope	XSZ	100	BN,	Arcano,	
China). The percentage of sperm membrane integrity was deter-
mined	 by	 the	 supravital	 eosin–nigrosin	 stain.	 Staining	was	 carried	
out by mixing an aliquot of sperm suspension of each treatment with 
the eosin (1%)–nigrosin (10%) solution (1:3 dilution) for 30 s before 
preparing	a	smear	and	drying	on	a	warm	plate	at	38°C.	At	least	200	
spermatozoa were counted in each sample using an optical micro-
scope	 (Binocular	microscope	XSZ	100	BN,	Arcano,	China)	at	400×	
magnification. The percentage of intact acrosomes in live cells was 
determined by evaluating spermatozoa stained with Trypan blue by 
differential- interferential contrast optical microscopy (DIC). An ali-
quot of the sperm suspension was incubated with an equal volume 
of	Trypan	blue	(0.25%)	for	15	min	at	38°C,	centrifuged	at	600	g for 
10 min to remove excess stain and fixed with 2% [v/v] glutaralde-
hyde	in	saline.	Spermatozoa	(200/sample)	were	assessed	at	1,000×	
in	a	Jenamed-	2-	microscope	(Carl	Zeiss,	Jena,	Germany)	(O’Flaherty,	
Beorlegui, & Beconi, 1999). Recovery rate of motile spermatozoa 
was calculated as: (total number of motile spermatozoa after treat-
ment/total number of motile spermatozoa in non- treated sample) 
×100,	 where	 total	 number	 of	 motile	 spermatozoa	 was	 calculated	
as: (sperm concentration x total volume of sperm sample x motil-
ity)/100.	Sperm	concentration	was	determined	by	haemocytometry	
using	a	Neubauer	chamber.

2.7 | Evaluation of sperm capacitation level by 
epifluorescence chlortetracycline stain

Sperm	 capacitation	 status	 was	 evaluated	 through	 fluorescence	
modifications in chlortetracycline epifluorescence stain (CTC) pat-
terns.	Single	washing	or	Sephadex-	filtered	samples	were	mixed	with	
an equal volume of CTC solution (CTC 500 μM,	NaCl	130	mM,	DL-	
cysteine 5 mM, Tris–HCl 20 mM, pH 7.8). Glutaraldehyde (0.1%) was 
then	 added	 to	 the	mixture.	 Slides	were	examined	at	400×	magni-
fication under epifluorescence at 410 nm excitation filter using a 
Jenamed-	2-	fluorescence	microscope	(Carl	Zeiss,	Jena,	Germany).

2.8 | Evaluation of sperm capacitation level by 
tyrosine phosphorylation

Tyrosine	 phosphorylation	 level	 was	 evaluated	 by	 SDS-	PAGE	 and	
Western	 immunoblotting.	 Single	 washing	 or	 Sephadex-	filtered	

samples were centrifuged for 5 min at 600 g and resuspended in 
BTS	to	a	final	concentration	4	×	108	spermatozoa/ml.	Sodium	ortho-
vanadate (0.2 mM) was added to sperm suspension aliquots (115 μl) 
and then samples were centrifuged (6 min, 11,190 g,	4°C).	The	sperm	
pellet	 was	 resuspended	 in	 sample	 buffer	 (TRIS-	HCl	 62.5	mM,	 pH	
6.8,	SDS	2%,	glycerol	10%)	without	β- mercaptoethanol and heated 
for	5	min	at	100°C.	The	sperm	suspension	was	centrifuged	(30	min,	
11,190 g,	4°C),	and	β- mercaptoethanol (5%) was added to the result-
ing	 supernatant.	 Sperm	protein	 samples	were	 heated	 for	 5	min	 at	
95°C	and	loaded	on	12%	SDS-	polyacrylamide	gels.	Separated	pro-
teins were transferred electrophoretically to nitrocellulose mem-
branes and labelled tyrosine phosphoproteins were visualized using 
a chemiluminescence detection kit (ECL, Amersham Biosciences, 
Piscataway,	NJ,	USA).	Tyrosine	protein	phosphorylation	levels	were	
quantified	 in	 arbitrary	 units	 (AU),	 and	 boar	 spermatozoa,	 TyrP32	
(pY32),	 were	 used	 as	 cryocapacitation	 and	 capacitation	 markers	
(Satorre	et	al.,	2007,	2009).

2.9 | Evaluation of sperm lipid peroxidation

Single	washing	or	Sephadex-	filtered	samples	were	incubated	to	en-
hance	lipid	peroxidation	at	37°C	in	the	presence	of	sodium	ascorbate	
(0.5 mM) and ferrous sulphate (0.11 mM) for 2 hr. The lipid peroxida-
tion was determined by measuring the level of substances reacting 
with	2-	thiobarbituric	acid	(TBARS)	using	a	Shimadzu	F	1501	spectro-
fluorometer	(Shimadzu	Corporation,	Kyoto,	Japan;	Beorlegui,	Cetica,	
Trinchero,	Cordoba,	and	Beconi	(1997).	TBARS	levels	are	expressed	
as	nmol	TBARS/108 spermatozoa.

2.10 | Evaluation of sperm membrane functionality 
(Hypo- osmotic swelling test—HOST)

Single	 washing	 or	 Sephadex-	filtered	 samples	 (50	μl) were mixed 
with 500 μl of hypo- osmotic solution (sodium citrate 0.49%, fruc-
tose	0.9%,	100	mOsm/kg)	 and	 incubated	at	38°C	 for	60	min.	Two	
hundred spermatozoa were counted by differential- interferential 
contrast	 (DIC)	microscopy	 in	a	Jenamed-		2-	microscope	 (Carl	Zeiss,	
Jena,	Germany;	Zhao	et	al.,	2009),	and	spermatozoa	with	functional	
membranes presented a swelling in the tail membrane.

2.11 | In vitro sperm capacitation and acrosome 
reaction induction

Single	 washing	 or	 Sephadex-	filtered	 samples	 were	 incubated	 in	
TBMc	for	30	min	at	38°C	under	5%	CO2 in humidified air. In vitro 
capacitation was evaluated by CTC and tyrosine phosphorylation 
as described above. The percentages of capacitated spermatozoa 
were obtained by subtracting the values obtained at zero time of 
incubation, to rule out cells destabilized during the freezing- thawing 
process. The ability of capacitated spermatozoa to undergo acro-
some reaction was assessed as follows: capacitated samples were 
incubated	with	follicular	fluid	(FF)	(30%	v/v)	at	38°C	under	5%	CO2 
in humidified air for 15 min (Breininger, Beorlegui, & Beconi, 2005). 
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True acrosome reaction (TAR) was evaluated by the combined tech-
nique of DIC and Trypan Blue stain as described previously. TAR 
value at zero time was subtracted to rule out spontaneous acrosome 
reaction.

2.12 | Statistical analysis

Results	 are	 expressed	 as	mean	±	SD.	A	 pool	 of	 cryopreserved	 sper-
matozoa (two ejaculates from four different boars) was used for each 
experiment, and five replicates were performed. Analysis of covari-
ance was previously performed to ensure that the differences in sperm 
quality among samples did not interfere in the results obtained. The 
evaluation of the effect of stimulators or inhibitors of mitochondrial 
activity on oxygen consumption with respect to basal values was per-
formed by a paired t test. The effect of the treatments in the differ-
ent experiences was analysed by a two- sample t test. The association 
between B- CTC pattern and arbitrary units of tyrosine protein phos-
phorylation	was	analysed	using	Pearson′s	correlation	coefficients.	A	
value of p < .05 was considered as statistically significant. All statistical 
tests	were	performed	with	InfoStat	(Universidad de Córdoba, Córdoba, 
Argentina, see http://www.infostat.com.ar/).

3  | RESULTS

Oxygen	 consumption	 rate	 in	 Sephadex-	filtered	 (SF)	 samples	 in-
creased	 41	±	7%	 with	 respect	 to	 single	 washing	 (SW)	 samples	
(p < .05). Oxygen uptake with CCCP confirmed mitochondrial 
coupling	 in	 SW	and	SF	 samples,	 finding	 that	 oxygen	 consumption	
was significantly higher in both samples respect to those without 
the uncoupler (p < .05). An increase of 2.6 and 4.2 times for oxy-
gen	consumption	was	observed	in	SW	and	SF	samples,	respectively	
(Table 1). The increase in oxygen consumption with succinate (in 
the presence of rotenone) in respect to basal oxygen consumption 
was	 significantly	 lower	 in	SF	 samples	 (63	±	25%)	 than	 in	SW	ones	
(183 ± 35%).

Sephadex	 improved	 all	 the	 routine	 parameters	 of	 sperm	 qual-
ity evaluated. (p < .05). The concentration after treatments was 
(4.56	±	0.64)	×	107	spermatozoa	and	(2.81	±	0.69)	×	107 spermatozoa, 

for	SW	and	SF	samples,	 respectively.	The	recovery	rate	was	statisti-
cally	different:	84	±	2	and	61	±	7	for	SW	and	SF	samples,	respectively.	
A significant decrease in cryocapacitation levels, measured by CTC 
(pattern	B),	and	tyrosine	phosphorylation	(pY32)	was	observed	in	SF	
samples (p < .05) being these results highly correlated (r = .86, p < .05). 
A	significant	decrease	in	lipid	peroxidation	levels,	measured	by	TBARS,	
compared	with	SW	ones	(p < .05, Table 2).

All	 functional	parameters	were	 improved	by	Sephadex	 filtra-
tion (p < .05). An increase in the percentage of capacitated sper-
matozoa	 (evaluated	 by	 B-	CTC	 pattern	 and	 pY32)	 was	 observed	
in	SF	samples	with	respect	to	SW	ones	(p < .05), being these pa-
rameters highly correlated (r = .88, p < .05). The percentage of 
capacitated spermatozoa that underwent true acrosome reaction 
after	induction	was	higher	in	SF	samples	than	in	SW	ones	(p < .05, 
Table 3).

4  | DISCUSSION

Increased permeability of plasma and mitochondrial membranes 
constitute a major event in cell damage and dysfunction observed 
during	 sperm	 cryopreservation	 (Zhu	 &	 Liu,	 2000).	 Mitochondria,	

O2 consumption

Treatment

SW SF

Basal (μl O2/min/108 sp) 2.22	×	10−08	±	0.65	×	10−08	a 3.90	×	10−08	±	0.68	×	10−08	b

CCCP (μl O2/min/108 sp) 7.95	×	10−08	±	0.28	×	10−08	a,* 16.2	×	10−08	±	0.32	×	10−08	b,*

Rotenone/Succinate	 
(μl O2/min/108 sp)

4.88	×	10−08	±	0.95	×	10−08	a,** 5.90	×	10−08	±	0.85	×	10−08	a,**

SW,	single	washing,	SF,	Sephadex	filtration.
Data	are	expressed	as	means	±	SD	of	5	replicates.	For	each	parameter	of	O2 consumption: super-
script	letters	(a–b)	indicate	significant	differences	between	treatments	(SW	or	SF)	(p < .05). For the 
same	treatment	(SW	or	SF)	*,	**	indicate	significant	differences	between	oxygen	consumption	with	
CCCP or rotenone/succinate values with respect to basal respiration (p < .05).

TABLE  1 Oxygen consumption of 
cryopreserved boar spermatozoa with 
alpha-	tocopherol	selected	by	Sephadex

TABLE  2 Sperm	quality	parameters	in	cryopreserved	boar	
spermatozoa	with	alpha-	tocopherol	selected	by	Sephadex

Parameter

Treatment

SW SF

Motility (%) 38.5 ± 5.2a 62.6 ± 8.5b

Membrane integrity (%) 39.3 ± 4.9a 60.2 ± 5.9b

Acrosome integrity (%) 39.6 ± 2.7a 50.4 ± 3.7b

Cryocapacitation (B- CTC, %) 18.1 ± 1.4a 10.9 ± 1.7b

Cryocapacitation	pY32	(A.U.) 1.4 ± 0.2a 1.1 ± 0.1b

Lipid peroxidation (nm 
TBARS/108 sp).

21.7 ± 2.0a 12.0 ± 0.6b

SW,	single	washing;	SF,	Sephadex	filtration.
Data	are	expressed	as	means	±	SD	of	5	replicates.	For	each	parameter:	
superscript letters (a–b) indicate significant differences between treat-
ments	(SW	or	SF)	(p < .05).

http://www.infostat.com.ar/
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which contain the enzymatic machinery to generate oxidative en-
ergy, seem to be the most sensitive of sperm structures to freez-
ing	and	thawing	(Cummins,	Jequier,	&	Kan,	1994).	Cryopreservation	
produces changes in mitochondrial function that may be reflected 
in sperm motility (Ericsson, Garner, Thomas, Downing, & Marshall, 
1993). In porcine species, antioxidant supplementation during cryo-
preservation has resulted in positive effects on sperm motility and 
maintenance of mitochondrial membrane potential after thawing 
(Peña,	Johannisson,	Wallgren,	&	Rodriguez	Martinez,	2003).	In	this	
study, boar sperm samples cryopreserved with alpha- tocopherol and 
selected	by	Sephadex	filtration	presented	higher	oxygen	consump-
tion and increased sperm motility, along with the improvement in 
the structural and functional integrity of their membrane, suggest-
ing the possibility of selecting sperm with higher oxidative activity.

Although	Sephadex	filtration	is	a	technique	used	in	many	spe-
cies	for	sperm	selection,	the	mechanism	by	which	Sephadex	retains	
dead or damaged spermatozoa has not been elucidated yet. Only 
functional	spermatozoa	are	able	 to	cross	Sephadex	matrix	 (Brito,	
Barth,	Bilodeau-	Goeseel,	Panich,	&	Kastelic,	2003)	due	to	a	com-
plex aerodynamic phenomenon that involves the countercurrent 
orientation of the sperm with progressive motility (Cisale et al., 
2001). According to that, the changes produced in the plasmatic 
and/or acrosomal membranes during cryopreservation would 
modify the hydrodynamic profile of the spermatozoa or its pro-
gressive	motility	favouring	its	retention	by	Sephadex	(Fernandez,	
Cisale, & Aisen, 1985; Harayama, 2003). In our research, we 
demonstrated	that	Sephadex	selection	of	cryopreserved	samples	
with alpha- tocopherol contributed to obtain samples with pre-
served mitochondrial function that is required for different sperm 
processes.	According	to	this,	samples	selected	by	Sephadex	would	
have a greater fertilizing potential due to its improved motility, 
plasma membrane integrity and function, acrosomal integrity, 
 reduced cryocapacitation and lipid peroxidation levels. These sam-
ples could be used for laboratory purposes (as in vitro fertilization 
protocols) or in porcine production using alternative methods of 
artificial insemination as intrauterine and deep intrauterine tech-
niques, as these techniques utilize a low number of spermatozoa 
per	insemination	doses	(Yeste,	Rodriguez-	Gil,	&	Bonet,	2017).

One method to evaluate mitochondrial function is the oxygen 
uptake polarographic assay which determines active respiring mito-
chondria. This method allows the evaluation of not only the total re-
spiratory capacity but also the proper function of the multienzymatic 
complexes of the mitochondrial chain (Ferramosca, Provenzano, 
Coppola,	&	Zara,	2012).	Uncouplers	are	chemical	compounds	which	
dissociate electron transfer from oxidative phosphorylation. In par-
ticular, CCCP is a weak acid with hydrophobic properties which al-
lows it to diffuse across mitochondrial membranes. As the proton 
gradient dissipates, ATP production is prevented, but respiration 
continues. In compensation, the electron transport speeds up and 
consequently	oxygen	consumption	increases	(Nelson	&	Cox,	2014).	
Although it is known that cryopreservation alters plasma membrane 
(Zhu	 &	 Liu,	 2000)	 and	mitochondrial	 integrity	 (Nishizono,	 Shioda,	
Takeo,	Irie,	&	Nakagata,	2004),	we	demonstrated	that	mitochondria	
are capable of retaining respiratory capacity, as indicated by the in-
crease	in	respiration	induced	by	the	uncoupler.	Similar	results	were	
observed in cryopreserved bull (Cordoba et al., 2006) and horse 
(Schober,	Aurich,	Nohl,	&	Gille,	2007)	spermatozoa.

Rotenone is a strong inhibitor of complex I of the mitochon-
drial electron transport chain, but allows the transport of elec-
trons through the complex II, using succinate as oxidative substrate 
(Nelson	&	Cox,	 2014).	A	 high	oxygen	 consumption	with	 succinate	
has been previously demonstrated in cryopreserved bovine (Beconi, 
Beorlegui, & Diz de Otamendi, 1986) and horse (Agüero et al., 1995) 
spermatozoa. In accordance, an increase in succinate permeability in 
cryopreserved	boar	sperm	samples	was	observed.	Unlike	fresh	boar	
semen, no oxygen consumption was observed in the presence of 
rotenone/succinate	(Satorre,	Beconi,	Breininger,	&	Cordoba,	2014).	
The rotenone/succinate respiration ratio with respect to basal values 
in	single	washing	samples	was	higher	than	Sephadex	treated	ones.	
This lower relation could be due to the increase in mitochondrial and 
plasma	membranes	integrity	in	Sephadex	samples	which	implies	that	
less succinate is incorporated as a mitochondrial oxidative substrate.

The negative association between sperm quality parameters 
and	TBARS	production	has	suggested	that	lipid	peroxidation	alters	
mechanisms or structures that lead to motility decrease, as observed 
in bovine (Beorlegui et al., 1997) and boar (Breininger, Beorlegui, 
O’Flaherty et al., 2005) cryopreserved semen. The ability of alpha- 
tocopherol to inhibit lipid peroxidation in boar semen is well known 
(Cerolini et al., 2000). The level of respiratory activity observed in 
Sephadex	samples	with	respect	to	washed	ones	would	be	related	to	
the decrease in lipid peroxidation and therefore a higher membrane 
integrity.

Thus,	Sephadex-	selected	samples	showed	higher	mitochondrial	
activity measured by oxygen uptake, this is reflected in improved 
quality	 and	 functional	 parameters.	 Several	 studies	 confirm	 that	
sperm motility is associated with mitochondrial functional status 
in human (Ferramosca et al., 2012), horse (Love et al., 2003), rat 
(Gravance,	Garner,	Miller,	&	Berger,	2001),	pig	(Spinaci	et	al.,	2005)	
and ram (Martinez- Pastor et al., 2004). In this way, we infer that mi-
tochondrial function and membrane architecture may be the most 
important indicator to explain the fertility decrease in cryopreserved 

TABLE  3 Sperm	functional	parameters	in	cryopreserved	boar	
spermatozoa	with	alpha-	tocopherol	selected	by	Sephadex

Parameter

Treatment

SW SF

Membrane	functionality,	HOST	(%) 31.5 ± 3.0a 42.5 ± 5.5b

In vitro capacitation, B- CTC (%) 20.7 ± 2.6a 27.9 ± 4.4b

In	vitro	capacitation,	pY32	(A.U) 1.3 ± 0.2a 1.6 ± 0.2b

In vitro acrosomal reaction AT- DIC 
(%).

14.6 ± 2.4a 24.8 ± 3.5b

SW,	single	washing,	SF,	Sephadex	filtration.
Data	are	expressed	as	means	±	SD	of	five	replicates.	For	each	parameter:	
superscript letters (a–b) indicate significant differences between treat-
ments	(SW	or	SF)	(p < .05).
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semen, in accordance with Cummins et al. (1994). Our study recom-
mends this protocol to optimize the fertilizing capacity of cryopre-
served boar spermatozoa as this filtration method removes dead or 
damaged spermatozoa.
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