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The main scope of this manuscript is to analyse the dynamics of
mitochondrial activity in boar sperm subjected to ‘in vitro’
capacitation (IVC) and subsequent progesterone-induced ‘in vi-
tro’ acrosome reaction (IVAR). This was determined after
analysis of the rhythm of O, consumption and concomitant
changes in the mitochondria activity-specific JC-1 staining.
Results showed that IVC, and especially IVAR, was concom-
itant with a peak in O, consumption (from 1.61 + 0.08 nmol
0,/min/107 viable sperm at 0 h of incubation to 2.62 +
0.12 nmol O,/min/107 viable sperm after 5 min of IVAR
induction). These results were accompanied by parallel changes
in the mean intensity of JC-1 staining. Based on JC-1,
mitochondrial activation followed a nucleated pattern, with
specific, activation starting points at the midpiece from which
mitochondrial activation was spread. Moreover, four separate
sperm subpopulations were detected following the JC-1 orange-
red/green ratio, and the observed changes in the mean JC-1
staining during IVC and IVAR were related to concomitant
changes in both the orange-red/green JC-1 ratio and the
percentage of sperm included in each subpopulation. All of
these results indicate that IVC and the first minutes of IVAR are
accompanied by a progressive increase in mitochondrial activ-
ity, which reached a peak coincidental with the achievement of
IVAR. Moreover, results suggest the presence of separate sperm
subpopulations, which show a different mitochondrial sensitiv-
ity to IVC and IVAR. Finally, mitochondrial activation, at least
under JC-1 staining, seems to originate in concrete nucleation
points at the midpiece, thus suggesting thus a well-coordinated
pattern in boar-sperm mitochondrial activity modulation.

Introduction

Capacitation has been defined as the overall changes
that the sperm undergoes after being ecjaculated that
allow it to fertilize the oocyte (Austin 1951; Chang 1951;
Yanagimachi 1994). Capacitation results in altered
plasma membrane architecture and permeability, which
ultimately modulates flagellar activity and renders the
sperm apical-head plasma membrane fusogenic (Rodri-
guez-Martinez 2007). Physiologically, spermatozoa
acquire fertilization-competence in the female reproduc-
tive tract, but ‘in vitro’ capacitation (IVC) should also be
achieved in defined media, the composition of which
approximates the environment of the female reproductive
tract (Visconti and Kopf 1998).

‘In vitro® capacitation induced several sperm intracel-
lular changes, such as increases in membrane fluidity,

cholesterol efflux, intracellular Ca>" and cAMP con-
centrations, protein tyrosine phosphorylation and vari-
ations in swimming patterns and chemotactic motility
which are known as hyperactivated motility (Breitbart
and Naor 1999). Despite this, little is known regarding
the energy sources from which sperm carries out these
transformations. Regarding motility, the source of ATP
that supports this function has long been debated in the
field of gamete research. In mammalian sperm, there are
two pathways for ATP production: glycolysis, which
occurs along the entire length of the principal piece of
the flagellum, and mitochondrial respiration, centred on
mitochondria of the midpiece. Mitochondrial respira-
tion is the most efficient source of ATP and, in this way,
it has been inferred that, under normal conditions, the
ATP required for sperm motility is mainly obtained
through mitochondrial respiration (Mukai and Okuno
2004). Hence, mitochondrial status has been related not
only to sperm motility in bull (Garner and Thomas
1999), horse (Gravance et al. 2000), ram (Martinez-
Pastor et al. 2004) and mouse (Mukai and Okuno, 2004)
but also to fertilization ability in human (Kasai et al.
2002). However, several works strongly indicate that
mitochondria are not the only energy source for sperm
motility. In this way, the gene knock-out of the
glycolytic enzyme glyceraldehyde 3-phosphate dehydro-
genase (GAPDH), which catalyses the conversion of
glyceraldehyde 3-phosphate to glycerate 1,3-bisphos-
phate in the glycolytic pathway, caused the appearance
of non-motile sperm and a significant reduction in the
ATP content (10% of the total) despite having no
deficiency in oxygen consumption (Miki et al. 2004).
Accordingly, Marin et al. (2003) reported that glycolysis
plays a significant role as an energy source in boar
sperm. This is in accordance with the presence of an
active and specific glycolytic activity in mammalian
sperm (Mukai and Okuno 2004). This will be linked to
the presence of a sperm-specific form of GAPDH, which
is tightly bound to the fibrous sheath (Kamp et al.
2003). In addition, several studies have documented the
relationship between glycolysis and capacitation-depen-
dent cell signalling (Urner and Sakkas 2003). Following
all of these results, Guthrie et al. (2008) propose
glycolysis as a specialized and sperm-specific source of
ATP to maintain motility in mammalian sperm. All of
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these data suggest that the maintenance of sperm
function would be the result of the equilibrium between
the energy obtained from glycolysis and the Krebs cycle.

The main aim of this work is to describe the changes
in mitochondrial activity which are concomitant to IVC
and subsequent ‘in vitro’, progesterone-induced acro-
some reaction (IVAR) in boar spermatozoa. For this
purpose, IVC- and IVAR-linked changes in mitochon-
drial activity through two separate techniques were
analysed. The first one was the quantification of changes
in the rhythm of oxygen consumption. The second one
was the study of mitochondrial activity through the JC-1
staining procedure, analysing this through quantifica-
tion of JC-1 intensity in digitalized, confocal laser
microscope images.

Materials and Methods
Boar semen collection

All procedures described within were approved by the
Autonomous University of Barcelona Animal Care and
Use Committee and were performed in accordance with
the Animal Welfare Law issued by the Catalan Gov-
ernment (Generalitat de Catalunya, Spain).

Commercial artificial insemination (AI) doses from
boars of proven fertility were obtained from a commer-
cial farm (Servicios Genéticos Porcinos, S.L.; Roda de
Ter, Spain) The rich sperm fraction of the ejaculate was
manually collected, maintained at 37°C in a water bath
for a maximum of 2-3 min and diluted at 2 x 10’
sperm/ml in a commercial dose extender for refrigerated
semen (MR-A Extender; Kubus, S.A.; Majadahonda,
Spain) and distributed in 100-ml commercial doses. Six
of the 100-ml doses obtained, chosen at random, coming
from different boars, were placed in a portable refrig-
erator at 16°C for approximately 45 min, which was the
time required to arrive at the laboratory as previously
reported (Ramio-Lluch et al. 2009).

‘In vitro’ capacitation and acrosome reaction procedures

Fifty microlitres of each Al dose was washed three times
by centrifugation at 600 g for 5 min at 16°C and rediluted
in a 20 mMm 4-(2-hydroxyethyl)-1-piperazinecthanesulf-
onic acid (Hepes) buffer (pH 7.4), containing 112 mm
NaCl, 3.1 mm KCI, 5 mm glucose, 21.7 mm L-lactate,
1 mMm sodium pyruvate, 0.3 mm Na,HPO,, 0.4 mm
MgSO, and 4.5 mm CaCl, [non-capacitating medium
(NCM)]. The osmolarity was 304 + 5 mOsm, and pH
was adjusted to 7.4. After the last wash, the sperm was
resuspended in capacitating medium [Capacitation med-
ium (CM) which is composed of NCM medium with
5 mg/ml bovine serum albumin (BSA) added] to a final
concentration of 50-70 x 10° sperm/ml. Incubation in
CM was maintained for 4 h at 38.5°C in a 5% CO,
atmosphere as described by Ramio et al. (2008).

The induction of IVAR was carried out through
incubation in the presence of progesterone, as described
before (Jiménez et al. 2003; Wu et al. 2006; Ramio et al.
2008). For this purpose, progesterone (Catalog Number
P0130; stock concentration of 40 mg/ml in ethanol;
Sigma, St. Louis, MO, USA) was added to a final
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concentration of 10 pg/ml with boar sperm previously
incubated in CM for 4 h at 38.5°C in a 5% CO,
atmosphere. After mixing thoroughly , the sperm was
further incubated for an additional 1 h at 38.5°C in a
5% CO, atmosphere.

Sperm aliquots of 1.5 ml were taken at 0, 1, 2, 3 and
4 h of capacitation and 5, 15, 30 and 60 min after the
induction of IVAR. For SDS-PAGE and subsequent
western blot analysis of tyrosine phosphorylation, sperm
pellets were obtained by centrifugation (30s at
10 000 g) and immediately frozen at —196°C in liquid
N, and stored at —80°C before use.

Evaluation of the achievement of capacitation status

The evaluation of both IVC and IVAR was performed
as described in Ramid et al. (2008). In this way, the
parameters utilized to test the achievement of both IVC
and IVAR were the percentage of viable sperm subjected
to acrosome reaction (true acrosome reaction), the mean
values of motility parameters after a computer-assisted
analysis system (CASA) and the appearance of a specific
tyrosine-phosphorylated protein with an estimated
molecular weight of approximately 32 kDa.

The percentage of true acrosome reaction was anal-
ysed through the simultaneous estimation of both the
percentages of viability and altered acrosomes by
applying the following stains according to Bussalleu
et al. (2005). In this technique, an aliquot of sperm
suspension is first incubated with a stock solution of
15 mwm bis-benzamidine to a final proportion of 1 : 1000
(v/v; bis-benzamidine/sperm suspension) for 10 min at
37°C. Afterwards, a 2 mm propidium iodide stock
solution is added to a final proportion of 6 : 1000
(v/v; propidium iodide/sperm suspension), and the
sperm is subjected to further incubation for 10 min at
37°C. After this incubation, the sperm suspension is
centrifuged at 1500 g for 10 min, and the supernatant is
discarded. The sperm pellet obtained is resuspended in
1 ml of a solution of a final concentration of 100 nm
Mitotracker® Green FM SBTI (Molecular Probes,
Eugene, OR, USA, concentration of the stock solution:
1 mm) and 100 nm FM-Alexa Fluor® 488-conjugated
SBTI (Molecular probes, concentration of the stock
solution: 1 mm) in CM without BSA. The sperm
suspension was incubated in this solution for 20 min
at 37°C and was then immediately centrifuged at 1500 g
for 12 min. The resultant supernatant was discarded,
whereas the sperm pellet was again resuspended in
100 ml of CM without BSA at 37°C. The sperm
suspension was spread onto slides, and fluorescence
was immediately determined in a Zeiss Axioskop-40
fluorescence microscope (Carl Zeiss GmbH, Jena, Ger-
many) with the appropriate filters. Viability and altered
acrosome percentages were determined after counting
200-300 spermatozoa per slide at a magnification of
1000 x. Unaltered acrosomes were considered to be
those which showed a faint-to-moderate and uniform
STBI lectin stain, whereas altered acrosomes showed a
very faint and non-uniform stain. Sperm subjected to a
true acrosome reaction were considered to be those
which showed, after the stimulation of IVAR, positive
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viability (blue stain of the sperm head) and an intense
and non-uniform STBI lectin stain. Finally, non-viable
sperm showed an intense red stain of the head.

The CASA analysis was performed using a commer-
cial system (Integrated Sperm Analysis System V1.0;
Proiser, Valencia, Spain). In this procedure, samples
were previously warmed at 37°C for 5 min in a water
bath, and 5-ml aliquots of these samples were then
placed onto a warmed (37°C) slide and covered with a
22 x 22 mm coverslip. Our CASA system was based
upon the analysis of 25 consecutive, digitalized photo-
graphic images obtained from a single field at a
magnification of 100x in a positive phase-contrast
microscope at a capture velocity of 25 pictures/s. The
sperm motility descriptors obtained were described
following Ramio et al. (2008). Motility descriptors
obtained after CASA analysis were:

Curvilinear velocity (VCL): the mean path velocity of
the sperm head along its actual trajectory (um/s).

Linear velocity (VSL): the mean path velocity of the
sperm head along a straight line from its first to its
last position (um/s).

Mean velocity (VAP): the mean velocity of the sperm
head along its average trajectory (um/s).

Linearity coefficient (LIN): (VSL/VCL) x100 (%).

Straightness coefficient (STR): (VSL/VAP) x100 (%).

Wobble coefficient (WOB): (VAP/VCL) x100 (%).

Mean amplitude of lateral head displacement (ALH):
the mean value of the extreme side-to-side movement
of the sperm head in each beat cycle (um).

Frequency of head displacement (BCF): the frequency
with which the actual sperm trajectory crosses the
average path trajectory (Hz).

Finally, total motility was defined as the percentage of
spermatozoa which showed a VAP above 10 pm/s.

The determination of the tyrosine phosphorylation
(Tyr-Phos) patterns was performed through a western
blot analysis (Ramié et al. 2008). For this purpose,
sperm samples were homogenized by sonication in ice-
cold 10 mm Tris—HCI buffer (pH 7.4) containing 1%
(w/v) sodium dodecyl sulphate (SDS) and 1 mwm
Na,VO4 (proportion 1:5, v/v) to avoid changes in
the overall phosphorylation of the homogenates. Sam-
ples were briefly boiled and were then centrifuged at
10 000 g for 15 min at 4°C. Western blot analyses were
performed on the supernatants obtained after this
centrifugation. The analysis was based on SDS gel
electrophoresis (Laemmli 1970) followed by transfer to
nitrocellulose (Burnette 1981). The transferred samples
were tested with an antiphosphotyrosine antibody
(PY-20; Chemicon International; Temecula, CA, USA)
at a dilution of 1 : 1000 (v/v). Immunoreactive proteins
were tested using peroxidase-conjugated anti-rabbit
secondary antibody (Amersham, Buckinghamshire,
UK), and the reaction was developed with an ECL-Plus
detection system (Amersham). As previously described
(Tardif et al. 2001; Dubé et al. 2005), IVC in boar sperm
is associated with a specific increase in pTyr of a 32-kDa
protein, which was identified as proacrosin-binding
protein 5. In this way, the appearance of this band
was taken as a specific signal of the achievement of IVC.
Thus, only those experiments in which a Tyr-Phos band

of approximately 32 kDa was detected were utilized for
this work (See Fig. 1 as an example).

Oxygen consumption measurement

Sperm oxygen consumption was estimated with a Clark
oxygen electrode linked to recorder system software
(Oxygraph; Hansatech Instruments Ltd., Norfolk, UK),
as in McLean et al. (1993). Water maintained at 38.5°C
was circulated throughout the DWI1 oxygen electrode
chamber and constant stirring by a magnetic flea
ensured homogeneous distribution of O,. The zero
point was set by adding a few grains of sodium
dithionite (Na»,S,04) to the chamber, which contained
700 pl of distilled water. Measurements were taken by
adding 900 pul CM heated to 38.5°C followed by 100 ul
of the sperm solution. The plunger was inserted to expel
air, and O, consumption was monitored for 3 min. The
mean sperm concentration at the DW1 chamber was
8 x 10° sperm/ml. Data are presented as nmol O,
consumed/min/10” viable sperm.

Evaluation of mitochondrial membrane through JC-1
staining

The lipophilic cationic compound, 5,5",6,6"-tetrachloro-
1,17,3,3’-tetracthylbenzimidazolyl carbocyanine iodide
(JC-1), has the distinct advantage of differentiating cells
of high and low mitochondrial membrane potential. The
maximal excitation for JC-1 is 488 nm, with an emission
spectrum of the monomer in the green range (530 nm)
when mitochondria are inactive, and the emission of JC-1
aggregates in the high-orange wavelength (590 nm) when
mitochondrial transmembrane potential (MMP) is high.
Huo et al. (2002) have described the validity of this probe
for boar sperm. A 1.5-ml aliquot of sperm was incubated
with 15 pl of JC-1 staining (153 pm; T-3168; Molecular
Probes, Eugene, OR, USA) for 10 min in the dark at
37°C. The sperm was placed on clean microscope slides
with a coverslip on the top. Images of the live stained
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Fig. 1. Protein tyrosine phosphorylation pattern of boar sperm after
‘in vitro’ capacitation and subsequent ‘in vitro’ acrosome reaction
revealed through western blot. The figure shows a representative image
for all of the analysed experiments. Arrow indicate the position of the
phosphorylated, capacitation-specific, p32 protein
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sperm were obtained with a Leica TCS 4D confocal
scanning microscope (Leica Lasertechnik GmbH; Hei-
delberg, Germany) adapted to an inverted Leitz
DMIRBE microscope and a 63x (NA 1.4 oil) Leitz
Plan-Apo lens (Leitz; Stuttgart, Germany) in a 5% CO,
atmosphere and with a thermoplate at 38.5°C. The light
source was an argon/krypton laser. Images and videos
were subsequently stored as TIFF-format images and
AVI format videos, respectively. Images were analysed by
computerized analysis in the Adobe Photoshop 6.0 image
processor program (Adobe Systems; Mountain View,
CA, USA). A minimum of 30 spermatozoa per sample
was scored. A total of six experiments were performed.
Each spermatozoon was analysed individually; for this
purpose, the analysed midpieces were individually delim-
ited. After this, both green- and red/orange-colour
intensities of these delimited midpieces were calculated
using the ‘Histogram’ included in the program. The
values obtained after the application of this procedure
were further processed to obtain two separate intensity
scales following mean intensity values per pixel, one for
each colour, with arbitrary values ranging from 1
(minimal intensity) to 256 (maximal intensity). After-
wards, the proportion of colour intensities between
orange and green was individually calculated for each
midpiece, and a further statistical analysis was performed
to yield the results described as follows (See the Statistics).

Statistics

Statistical analysis of the data obtained with the JC-1
staining procedure was performed by applying the SAS
statistical package (SAS Statistical Analysis System
1982). As described earlier, the analysed variable was
the proportion between orange colour intensity and
green colour intensity. A previous PROC NORM PLOT
procedure was performed to determine that the obtained
data distribution did not follow a normal distribution.
Afterwards, data were normalized by applying a loga-
rithmic data transformation. A FASTCLUS procedure

was then applied to allocate every individual spermato-
zoon into a specific sperm subpopulation. The FAST-
CLUS procedure performs a disjointed cluster analysis
based on Euclidean distances computed from one or
more quantitative parameter variables. Spermatozoa
were divided into clusters, such that every observation
belonged to a single cluster. Sperm cells that shared
similar fluorescence were assigned to the same cluster,
whereas spermatozoa that differed were assigned to
different clusters. A PROC GLM procedure was applied
to evaluate significant differences (p < 0.05), and the
LSMEANS procedure was applied to list these differ-
ences. Finally, a Chi-square procedure was applied to
determine the subpopulation distribution percentage of
every single experiment. Once the percentage distribu-
tion per experiment was determined, new PROC GLM
and LSMEANS procedures were applied to determine
and list, respectively, the differences among the different
time points of IVC and IVAR procedures. The total
number of spermatozoa analysed following this protocol
was 800. These cells were from a total of six separate
experiments, thus indicating that the analysis was
performed on 100-150 sperm per sample. Finally,
PROC GLM and LSMEANS procedures were also
applied to test significant differences in the results
concerning the rhythm of O, consumption.

Suppliers

All of the supplies were of analytical grade and came
from Sigma, Boehringer-Mannheim (Mannheim, Ger-
many) and Merck (Darmstadt, Germany).

Results
Evaluation of capacitation status during IVC and IVAR

The induction of IVC induced a progressive decline in the
percentage of viability, which was concomitant to an
increase in the percentage of altered acrosomes (Table 1).

Table 1. Percentages of viability, altered acrosomes, true acrosome reaction and mean motility parameters of boar sperm subjected to ‘in vitro’
capacitation and subsequent ‘in vitro’ progesterone-induced acrosome reaction

Incubation in capacitating medium

Time after progesterone addition

Incubation time 0h 1h 2h 3h 4h 5 min 15 min 30 min 60 min
Viability (%) 78.0 + 4.2° 709 £ 45°  69.0 + 32% 702 + 4.5  69.5 + 2.2° 67.0 + 2.6"° 664 + 2.6%° 647 £ 2.6°° 620 + 2.7°
Total altered 123 + 59° 260 + 3.1° 31.7 +32° 309 + 3.1° 294 + 40° 38.8 4+ 4.8° 527 + 4.0° 640 + 349 642 + 409
acrosomes (%)

True acrosome 22 4+ 1.8 61+ 21% 115+ 3.0% 109 +28%° 94 +22%® 290 + 38 335+ 43° 405 + 29 440 + 4.7°
reaction (%)

Total motility (%) 79.8 £ 1.1°  77.9 + 1.4*  73.6 + 2.1°®  71.0 + 1.1°  69.0 + 2.0° 702 + 1.5 678 + 1.5 624 + 1.3 552 + 1.1¢
VCL (um/s) 87.8 + 1.0° 877 + 1.0° 875+ 1.1 914 + 1.3*  99.7 + 1.2° 1028 + 1.4° 107.4 + 1.6° 1063 + 1.0° 107.3 + 1.4°
VSL (um/s) 354 + 2.6° 402 £ 2.9° 441 + 14> 472 £ 3.0 513 £ 1.8° 53.0 £ 2.6° 563 +£ 1.9° 532+ 1.9° 540 £ .1°
VAP (um/s) 48.5 £ 23%  52.0 £ 2.6 583 £ 25 602 £26° 63.0 27 64.1 £29° 673 +32° 662 +20° 663+ 2.1°
LIN (%) 242 £ 25 399 £ 27%® 471 £ 29" 473 £ 3.0° 479 + 28° 478 +2.7° 499 + 28° 513 +29° 500 + 3.2°
STR (%) 62.8 £ 23% 9.9 + 2.8° 743 +£25° 731 +£20° 753 +2.7° 76.5 + 2.4° 812 +28° 804 +2.9° 813 + 2.9°
WOB (%) 52,5 £ 2.8 593 £ 2.7°° 649 £29° 640 + 30> 637 = 2.8° 63.0 £ 2.7° 625 £ 2.6° 621 +29° 622+ 2.7°
Mean ALH (um)  4.27 + 0.18" 4.01 + 0.13* 3.89 = 0.16°> 3.80 + 0.19"® 3.96 + 0.11°® 435 + 0.17° 447 + 0.18® 443 = 0.15" 4.40 + 0.13°
BCF (Hz) 6.4 £ 0.4° 63 £ 03" 6.6 + 0.4° 6.6 £ 0.5 6.8 + 0.4° 6.7 + 0.5 6.9 + 0.5 7.0 £ 0.6* 6.9 + 0.4°

ALH, amplitude of lateral head displacement; BCF, frequency of head displacement; LIN, linearity coefficient; STR, straightness coefficient; WOB, Wobble

coefficient; VAP, mean velocity; VCL, curvilinear velocity; VSL, linear velocity.

Semen quality parameters have been defined in the Materials and Methods. Results are expressed as mean + SEM for 16 separate experiments. Different superscripts
in a row indicate significant (p < 0.05) differences among groups after a PROC GLM of the SAS statistical package.
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The analysis of the true acrosome reaction indicated that
this percentage was very low at 0 h of incubation in the
capacitation medium (2.2 = 1.8%, mean = SEM), and
there was only a slight increase after 4 h of incubation
(Table 1). Moreover, a progressive decrease in total
motility, which was parallel to that observed in viability,
was detected. Notwithstanding, the mean motility char-
acteristics of motile sperm indicated a progressive and
significant (p < 0.05) increase in VCL, VSL, VAP, LIN,
STR and WOB after 4 h of incubation (Table 1). The
subsequent induction of IVAR caused a further and great
increase in the percentage of true acrosome reaction,
which reached values from 29.0 + 3.8% after 5 min of
IVAR induction to 44.0 + 3.7% after 60 min of pro-
gesterone addition (Table 1). This was not accompanied
by any significant change in the mean motility patterns,
which maintained the values observed after the attain-
ment of IVC (Table 1). As indicated previously, in all of
the analysed experiments, the appearance of a specific,
32-kDa tyrosine-phosphorylated protein was mandatory
and concomitant with the changes described (Fig. 1 as an
example, and data not shown).

Effects of IVC and IVAR on the rhythm of oxygen
consumption

Incubation of boar sperm in the CM induced a slight
and progressive, time-dependent increase in the rhythm
of oxygen consumption. This increase reached a max-
imum after 34 h of incubation (from 1.61 + 0.08 nmol
0,/min/10” viable sperm at 0 h to 1.97 + 0.08 nmol
0,/min/10” viable sperm after 4 h of incubation. See
Fig. 2). The induction of IVAR caused a rapid and
significant (p < 0.05) increase in oxygen consumption,
which reached values of 2.62 + 0.12 nmol O,/min/10’
viable sperm after 5 min of progesterone addition.
Afterwards, a time-dependent decrease in oxygen con-
sumption was observed, attaining values of 1.06 £ 0.05
nmol O,/min/10” viable sperm after 60 min of the
IVAR induction (Fig. 2).

Progesterone

addition \

2.5 A

| | |
05 | I |

O, consumption (nmol O,/107 viable sperm)

5 30 60

Incubation time after
progesterone addition (min)

Incubation time in capacitating
medium (h)

Fig. 2. Oxygen consumption during ‘in vitro’ capacitation (IVC) and
subsequent, progesterone-induced ‘in vitro’ acrosome reaction (IVAR).
Boar sperm was subjected to IVC through incubation for 4 h in the
CM and was then further subjected to progesterone-stimulated IVAR
(starting point marked with an arrow) as described in the Materials
and Methods. Asterisks indicate the presence of significant (p < 0.05)
differences, when comparing the result to the 0-h incubation point.
Results are expressed as mean + SEM for six separate experiments

Effects of IVC and IVAR on the mitochondrial membrane
potential measured through JC-1 staining

The microscopic study of the images obtained after JC-1
staining showed the existence of a specific pattern of
sperm-midpiece mitochondrial activation. Thus, as
shown in Fig. 3, if considering that green mitochondria
have low MMP and red mitochondria have the most
intense MMP, the appearance of the red stain started at
small points, mainly located at the extremes of the
midpiece, from which the red JC-1 staining extended
until occupying the whole midpiece in the most activated
sperm. This indicates an activation pattern based on
punctual activation nuclei, from which the activating
signal was dispersed to the other mitochondria of the
midpiece.

Boar sperm showed a mean orange/green ratio of
JC-1 staining of 8.2 £ 0.1 at 0 h of incubation in CM
(mean £ SEM). This mean ratio did not significantly
increase after incubation in the CM medium, reaching
values of 8.6 = 0.2 after 4 h of incubation (Table 2).
The induction of IVAR did not induce any significant
increase in the mean values of the orange/green ratio of
JC-1 staining after 5 min of the progesterone addition
either (Table 2). Finally, a decrease in the mean values
of the JC-1 orange/green proportion was observed after
60 min of the progesterone addition (4.9 + 0.1; see
Table 2). On the other hand, JC-1 analysis rendered the
presence of 4 separate sperm subpopulations in fresh
semen, in accordance with their midpiece orange/green
stain proportion. These subpopulations were the fol-
lowing:

Subpopulation 1: Included spermatozoa with the
highest MMP activity. At 0 h, 27.7% of the total
spermatozoa showed a mean 14.7-fold red/orange
intensity when compared with the green colour.

Subpopulation 2: Spermatozoa with high MMP
activity but lower than Subpopulation 1 (mean
orange/red-green  intensity  proportion:  6.7).
Approximately 37.3% of the sperm were classified
in this subpopulation at 0 h of incubation and
showed a clearly predominant orange fluorescence.

Subpopulation 3: Spermatozoa of this subpopula-
tion showed a lower MMP when compared with
Subpopulations 1 and 2 (mean orange/red-green
proportion of approximately 3.0). At 0 h of incuba-
tion, 31.6% of the total sperm were included in this
subpopulation.

Subpopulation 4: Spermatozoa included in this sub-
population showed the lowest MMP activity (mean
orange/red-green proportion of approximately 0.8).
At 0 h of incubation, Subpopulation 4 represented
3.7% of the overall sperm.

In contrast to mean values, the incubation of boar
sperm in CM induced clear changes in both the orange/
green ratio and the proportion of cells included in each
subpopulation. In this way, incubation for 4 h in the
capacitating medium induced a significant (p < 0.05)
increase in the orange/green ratio in Subpopulations 1, 2
and 3, which reached values, in Subpopulation 1, from
14.7 + 1.3 at 0 h of incubation to 47.5 + 1.5 after 4 h
(Table 2). The induction of acrosome reaction induced
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1 2

3 4
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Orange/green ratio

Fig. 3. Location changes in mitochondria with activity changes through JC-1 mitochondrial staining in boar spermatozoa. The figure shows the
appearance of local focuses of active mitochondria (yellow-red areas) among non-active mitochondria (green areas) in boar sperm from low (a) to
maximal mitochondrial activity (I). Arrows indicate the location of initial points of mitochondrial activation in sperm with low overall
mitochondrial activity. Bars indicate a real size of 2 pm. (a) Typical sperm from Subpopulation 1. (b—f) Sperm included in Subpopulation 2. (g-1)
Sperm included in Subpopulation 3. (j-1) Sperm included in Subpopulation 4. The orange/green ratio scale indicates the precise orange/green

ratio of each of the sperm shown

Table 2. Values of the orange/green JC-1 fluorescence ratio of the
whole ejaculate and of the obtained subpopulations in boar sperm
subjected to ‘in vitro’ capacitation and subsequent, progesterone-
induced ‘in vitro’ acrosome reaction

Incubation time in the
capacitating medium (h)

Time after progesterone
addition (min)

0 4 5 60

Whole ejaculate 8.2 + 0.1* 8.6 +£ 0.2% 83 + 0.1* 49 £ 0.1°
(mean JC-1 ratio

values)

Subpopulation 1 147 £ 13" 475+ 1.5 158 + 1.4* 119 + 1.5°
Subpopulation 2 6.7 £ 1.2°% 11.5 + 1.3° 69 £ 1.3* 39 +£ 1.3¢
Subpopulation 3 3.0 £ 1.3% 5.0 + 1.3° 3.0 £ 1.3% 1.6 + 1.4°
Subpopulation 4 0.8 + 1.5% 1.1 £ 1.3* 1.6 + 1.4° 02 + 1.6°

Results are mean £ SEM for five separate experiments. Different superscripts in
a row indicate significant (p < 0.05) differences among groups. The obtainment
of subpopulations and the orange/green JC-1 ratio is described in the
corresponding Materials and Methods. Furthermore, values are expressed as
arbitrary units, as also described in the Materials and Methods.

a decrease in the orange/green ratio in all subpopulations
also, attaining values, in Subpopulation 1, of 11.9 + 1.5
after 60 min of progesterone addition (Table 2).
Regarding sperm distribution among subpopulations,
the percentage of sperm included in Subpopulation 1
progressively decreased, going from 27.7% at 0 h of
incubation to 7.2% after 4 h of incubation (Fig. 4). This
decrease was concomitant with a moderate increase in
Subpopulations 2 (from 37.3% at 0 h of incubation to
45.2% after 4 h of incubation) and 3 (from 31.7% at 0 h
of incubation to 41.6% after 4 h of incubation; see
Fig. 4). The induction of IVAR caused, on the contrary,
a very rapid increase in the proportion of sperm
included in Subpopulation 1, which reached values of
39.0% S min after of the addition of progesterone.
Likewise, sperm in Subpopulation 4 also increased,
going from 5.9% at the moment of the progesterone
addition to 19.4% after 5 min of incubation (Fig. 4).
These increases were linked to concomitant decreases in
sperm from Subpopulations 2 and 3. Afterwards, there
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Time after progesterone
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Incubation in the capacitating
medium (h)

Fig. 4. Dynamics of the boar JC-1 sperm subpopulations structure
during ‘in vitro’ capacitation (IVC) and further progesterone-induced
‘in vitro’ acrosome reaction (IVAR). JC-1 sperm subpopulations have
been defined in the Materials and Methods. l: Subpopulation 1. 4:
Subpopulation 2. A: Subpopulation 3. @: Subpopulation 4. Results
shown are mean = SEM for five separate experiments. Asterisks
indicate the presence of significant (p < 0.05) differences, when
comparing the result to the 0-h incubation point. Subpopulation
frequency must be interpreted as the percentage of spermatozoa that
was included in the respective subpopulation. The horizontal scale is
different for IVC and IVAR (starting point marked with an arrow) to
better show the results after progesterone addition

were slight changes in the percentage of sperm included
in each subpopulation, with moderate-to-slight de-
creases in Subpopulations 1 (24.7% after 60 min of
IVAR induction) and 4 (13.6% after 60 min of proges-
terone addition) that were concomitant with moderate-
to-slight increases in Subpopulations 2 (32.5% after
60 min of IVAR incubation) and 3 (29.3% after 60 min
of progesterone addition; see Fig. 4).
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Discussion

The results shown here highlighted a new perspective in
the dynamics of mitochondrial function during the
attainment of IVC and subsequent IVAR of boar sperm.
This is sustained if it is considered that the results
indicate three different aspects of the mitochondrial
function. First, the interpretation of mean results
indicates that IVC, and especially IVAR, activates
separate mitochondrial functions, such as the complex
Krebs cycle/electronic chain and the MMP-linked
chemiosmosis with different intensities. Second,
although mean values of JC-1 did not show changes in
the overall MMP during IVC and AR, the analysis of
the same results under a subpopulational point of view
highlighted the achievement of important and specific
changes linked to the sperm subpopulations after IVC
and AR attainment. Third, our results also suggest that
the increase in MMP is achieved through a nucleated,
non-homogeneous, activation pattern in the whole-
sperm midpiece. These points are subsequently discussed
in a more in-depth manner.

Regarding the appearance of a fast and intense peak
of O, consumption, but not of the MMP immediately
after the progesterone-induced AR achievement, we
must make several considerations. First, our results
indicate that boar-sperm mitochondria have the ability
to modulate two of the most important functions of
these organelles in separate ways, namely the oxidative
metabolism generated by the Krebs cycle and the linked
electronic chain and the generation of high MMP (Rich
2003; McBride et al. 2006). The ability of boar sperm to
separate the oxidative metabolism and MMP is in
accordance with other previously published regarding
mitochondrial function of boar sperm in conditions
different to those described here, such as the incubation
with fructose and storage (Aalbers et al. 1961) and
incubation with a specific inhibitor of the glycerol
3-phosphate dehydrogenase (Jones and Gillan 1996).
Furthermore, this ability is compatible with the inter-
pretation of the results obtained in boar ejaculates when
other sperm function characteristics are analysed. Thus,
the observed changes in parameters like motility pat-
terns (Rami6 et al. 2008), plasma membrane fluidity
(Harrison et al. 1996) and protein phosphorylation
(Urner and Sakkas 2003) after IVC and IVAR are well
explained through the observed different sensitivity of
mitochondrial oxidative metabolism and MMP. In fact,
our results suggest that the ultimate purpose of the
oxidative metabolism and the MMP in boar sperm is
different. In this way, it must be remembered that the
achievement of IVC has been associated with the
prevention of the activation of apoptotic transduction
signals, at least in species like human (Mann et al. 2002;
Grunewald et al. 2009) and ram (Marti et al. 2008). In a
similar way, the production of reactive oxygen products
(ROS) is related to the induction of the protein tyrosine
phosphorylation that is concomitant with the achieve-
ment of capacitation (Travert et al. 2009). Remarkably,
both the regulation of apoptotic transduction signals
such as caspase 3 and caspase 9 activities and ROS
generation are mainly regulated by mitochondrial
activity. Specifically, the dissipation of MMP is associ-

ated with the activation of the initial steps of apoptosis
related to the activation of caspase 3 and caspase 9
(Krysko et al. 2001). Furthermore, the rhythm of ROS
generation by mitochondria is inversely correlated with
MMP, thus indicating a role of MMP in the control of
mitochondrial ROS generation (Wang et al. 2003). All
of these findings strongly suggest that the main role
of MMP in boar sperm would not be the generation of
ATP through chemiosmosis, but rather the control of
other mitochondria-controlled processes that are impor-
tant in the attainment of capacitation, like the activity of
apoptotic-related pathways of the generation of ROS.
This would be different for the oxidative metabolism
represented in the Krebs cycle, which would be focused
on the obtainment of energy needed for the achievement
of IVC and IVAR. Thus, because the final objectives of
the mitochondrial function analysed by O, consumption
and by JC-1 staining are different, it is logical that their
activation dynamics during IVC and IVAR would also
be different. On the other hand, it is noteworthy that
freshly obtained boar sperm only obtained approxi-
mately 5% of their energy through the Krebs cycle,
whereas the main ATP source was glycolysis (Marin
et al. 2003). If we compare the O, consumption levels
obtained in our experimental design with the same levels
of cells with an active Krebs cycle, such as pig
hepatocytes, we can observe that the total energy that
boar sperm obtains from oxidative pathways is very low.
Thus, whereas the maximal O, rate observed in our
study was 2.62 nmol/min/10 viable cells, the minimal
rate described in pig hepatocytes was 18 nmol/min/10°
viable cells (Balis et al. 1999). Taking into account that,
in fact, the increase in O, consumption generated by
IVC and IVAR was, in fact, not very high, it can be
assumed that glycolysis would continue to be the main
ATP source during IVC and IVAR despite the O,
consumption burst observed after progesterone addi-
tion. In this way, the separate roles of the Krebs
cycle/electronic chain as ATP generators and MMP as
the regulatory mechanism of apoptotic transduction
signals and ROS generation can be better understood.
Nonetheless, the analysis of the mean results does not
reveal the whole picture. Analysis of JC-1 staining
results under a subpopulational point of view reveals
that IVC and subsequent IVAR induce significant
changes in mitochondrial activity, at least in MMP. It
is worth noting that, whereas the mean values of the
orange/green JC-1 ratio did not significantly change
after 4 h of incubation in CM nor after 5 min of the
progesterone addition, the specific subpopulational
structure was totally different in each point. Thus, the
attainment of IVC induces a great increase in the
orange/green ratio of the most activated sperm, together
with an increase in spermatozoa that showed medium-
to-high orange/green JC-1 ratios. Furthermore, IVAR
was concomitant with a quick increase in sperm with the
highest orange/green JC-1 ratio. These results have
several important features. The first would be the
highlight of separate sperm populations with different
sensitivities to IVC and IVAR, regarding their ability to
increase MMP. These different sensitivities would be
related to the presence of separate subpopulations in
boar cjaculates that not only showed different motility
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characteristics but also changed their motility patterns
in a different way when ejaculates were subjected to IVC
and IVAR (Rami6 et al. 2008). This leads one to
suppose that sperm of freshly obtained boar ejaculates
that showed specific features in functional aspects linked
to their motion parameters and their MMP levels would
have different sensitivities to achieve IVC and IVAR. A
similar conclusion after observing other sperm function
markers was achieved by Satake et al. (2006), who
indicate that the interaction of boar sperm with
oviductal proteins is related to the sensitivity of each
spermatozoon to respond to bicarbonate stimulation,
thus linking the specific sensitivity of each sperm when
undergoing capacitation to its ability to reach oocytes.
Unfortunately, at this moment we are not able to
perform a simultaneous analysis of motility and MMP.
This kind of analysis would test the feasibility of this
hypothesis, but the possibility of the existence of sperm
subpopulations with different abilities to achieve IVC
and IVAR in boar ejaculates cannot be by any means
dismissed.

Another important point regarding the subpopula-
tional analysis of MMP is the ability to show changes in
functions like MMP that were hidden when a mean
analysis of data is performed. This conclusively indicates
that the subpopulational analytical approach is much
more sensitive to detect small and subtle changes in
parameters like MMP than a mere analysis of mean
data. In fact, the superiority of the subpopulational
analysis as opposed to a mean analysis of data,
especially when changes are small and subtle, has
already been highlighted in other studies not directly
linked to mitochondrial function. Thus, freezability of
boar sperm has been related to subtle changes in both
the specific values and the specific frequency of sperm
included in the different subpopulations obtained in
fresh boar ejaculates taking into account their motility
parameters (Flores et al. 2009). All of this leads us to
propose the subpopulational analysis approach as being
the most feasible to yield the maximal information of
any type of data regarding changes in sperm function-
ality.

Regarding results of JC-1 staining, the putative
existence of a specific pattern of mitochondrial activa-
tion along the midpiece is also important. Thus, our
observations strongly suggest that mitochondrial acti-
vation does not start in a homogeneous pattern through
the entire midpiece, but rather from concrete points,
generally located at the extremes of the midpiece, from
which mitochondrial activation is radiated out to the
entire piece. This suggestion is based on a chronological
analysis of the results obtained. Thus, the existence of
sperm that shows the presence of nucleation activating
points is observable in all of the incubation times, as
there is sperm with different mitochondrial activation
status in all of the studied points. Strikingly, all of the
sperm that presents the nucleated pattern is all included
in Subpopulation 2, whereas those included in Subpop-
ulation 3 showed more widespread activation zones in
the midpiece, and those of Subpopulation 4 showed a
regular orange staining in all of the midpiece. In this
way, the assumption of a nucleated activation pattern
for MMP is based on the fact that all sperm with a low
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orange/green ratio and included in Subpopulation 2
present a nucleated pattern, and no sperm included in
this subpopulation showed uniform staining. Further-
more, sperm with a greater orange/green ratio and
included in Subpopulation 3 does not present a nucle-
ated pattern, but rather a more spread-out orange
staining although the orange-red staining of these sperm
was not uniform, but rather more intense in some
localized areas of midpiece, especially at the poles. Sperm
with the greatest red/orange ratio showed a more or less
uniform red/orange staining in all of the midpiece. If we
assume that the increase in the mitochondrial activity of
a sperm cell is initiated in a low red/green JC-1 staining
ratio and this ratio is progressively increased concom-
itantly with the increase in mitochondrial activity, we
must also assume that the mitochondrial activation
starts in sperm with a pattern similar to that shown in
Subpopulation 2. This activation progresses to sperm
with greater red/orange ratios, which implies patterns
similar to that observed first as that of Subpopulation 3
and finally to that of Subpopulation 4. On the other
hand, the suggestion of the existence of nucleation
activating points in the midpiece would be related to the
presence of mitochondria which showed a greater
sensitivity to the different activation stimulus. This
hypothesis would be in accordance with the results of
Gaczarzewicz et al. (2003), who showed that in fresh
sperm there was only a part of mitochondria within the
midpiece that was fully active, while remaining mito-
chondria showed a reduced ability to oxidize NADH.
Similarly, the activation of the apoptotic transduction
signals that were concomitant with a dissipation of
MMP in sperm is not carried out uniformly in all
mitochondria, but there is a clear heterogeneity in the
whole midpiece, thus indicating the existence of initial
activation mitochondrial points from which the activa-
tion of the apoptotic transduction pathways is initiated
(Krysko et al. 2001). Hence, sensitivity to external
stimuli would be different in separate mitochondria
from the same midpiece, reinforcing the existence of
points in the midpiece with a faster and more intense
response to activating factors. Of course, we are unable
to follow the progressive activation of a single, specific
sperm and, in this way, we are not able to confirm this
hypothesis. However, the observation of the mean
appearance of the sperm included in each subpopulation
allows for the assumption of the nucleated mitochon-
drial activation hypothesis.

In conclusion, the analysis of the results obtained by
both a mean-data-analysis approach and a subpopula-
tional analysis showed the existence of significant
changes in the mitochondrial activity of boar sperm
subjected to IVC and subsequent IVAR. These changes
were manifested by a mean increase in the oxidative
metabolism after IVAR, without a concomitant mean
increase in MMP. However, both IVC and IVAR
activate MMP in specific sperm subpopulations with
separate sensitivities, thus confirming the existence of
highly heterogeneous sperm in a whole ejaculate. All of
these results suggest the existence of a well-coordinated
pattern in boar-sperm mitochondrial activity modu-
lation keeping in mind the possibility of the existence
of separate, specialized sperm subpopulations in
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accordance with their ability to modulate mitochondrial

activation.
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