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Received in revised form 3 October 2016 breeding. However, when the ejaculate is obtained by electroejaculation, wide variation
Accepted 9 October 2016 is observed in the sperm/seminal plasma (SP) ratio that can affect the freezability of
semen in this species. The removal of SP may improve the quality of frozen bull semen.
The objective of this study was to evaluate the effect of SP removal from the ejaculate on

I;Zﬁlvzc:lrds‘ the cryopreservation of semen from 38 Nellore bulls collected by electroejaculation.
Bull After collection, the ejaculate was divided into three aliquots: (1) control (N) diluted to a
Cryopreservation concentration of 60 x 108 spermatozoa/mL and frozen with SP; (2) centrifugation (C) at
Seminal plasma x600g for 10 minutes and the pellet resuspended and frozen at the same concentration
Centrifugation as N; and (3) filtration (F) through SpermFilter and sperm recovered and frozen at the
Filtration same concentration as N. After thawing, sperm kinetics, plasma and acrosome mem-

brane integrity, mitochondrial membrane potential, oxidative stress, and in vitro fertility
were evaluated. Statistical analysis was performed using the SAS 9.2 package, and dif-
ferences were considered significant when P < 0.05. Higher average path velocity and
straight-line velocity were observed in the groups submitted to SP removal compared to
the control group (P < 0.01). In contrast, filtered samples exhibited higher beat cross
frequency, straightness, and linearity compared to the other groups. Plasma membrane
integrity was reduced when SP was removed, but lower oxidative stress was observed in
groups C and F (34.91 + 2.95% and 31.63 + 2.95%, respectively) compared to group
N (57.39 + 2.95%). However, the percentage of hatched blastocysts was similar in the N
and F groups (21.22 + 1.05% and 24.00 + 1.05%, respectively) and higher compared to
group C (18.83 & 1.05%). In conclusion, removal of SP by centrifugation for bull semen
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freezing reduced the rate of in vitro-produced embryos, whereas filtration of prefrozen
semen was found to be an efficient alternative in terms of semen freezability and in vitro
production of bovine embryos.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Artificial insemination (Al) is the first generation of
animal reproduction biotechnology that had a major
impact on animal breeding. By means of Al, a single ejac-
ulate of a bull is used for the insemination of various
females, which could not have been possible without
sperm cryopreservation [1]. Although bull semen has been
cryopreserved for Al for over half a century [2], many of the
protocols used are still empirical, with the number of
spermatozoa that do not survive the freezing process being
considerable and those that do survive being affected
structurally or functionally after thawing [3]. In general,
many of the strategies tested to achieve successful cryo-
preservation do not involve the spermatozoon itself but the
medium in which it is stored [4].

The fluid that is added to spermatozoa during epidid-
ymal transport and ejaculation is called seminal plasma
(SP) and is produced by the epididymis and accessory sex
glands [5]. Despite several reports of its beneficial effect on
spermatozoa, SP has also been described to cause sperm
damage [6], an effect that is intimately related to the
duration of contact between sperm and SP [7]. During
natural mating, spermatozoa remain in contact with SP for
a relatively short time, whereas they can stay in contact for
hours, or even a day, with diluted SP during semen pro-
cessing for cryopreservation [5]. Furthermore, in bulls
reared in the field, semen is collected by electroejaculation.
The ejaculates obtained by this method differ in terms of
the quantity and quality of SP from those obtained using
artificial vagina, a fact that considerably alters the SP/sperm
ratio in semen [8,9].

The composition of SP shows high individual variability
in Nellore bulls [10], a fact that results in different responses
of the animals to sperm cryopreservation [11,12]. However,
the main components of SP (on a weight basis) are proteins,
which are considered the predominant modulator of sperm
function [13]. Some proteins participate in the regulation of
cholesterol and phospholipid efflux from the sperm mem-
brane. This process is concentration and time dependent,
and continuous exposure of spermatozoa to SP may
therefore damage their membrane [6,14]. This fact can
render the spermatozoon more vulnerable to cryopreser-
vation [7] or cause premature post-thaw capacitation,
affecting the process of fertilization [15]. In bulls, relative
abundance of SP proteins that are positively associated with
low fertility has been reported [16-18].

The technique generally used for the removal of SP is
centrifugation; however, its intensity and duration can
negatively interfere with sperm motility and plasma
membrane integrity [19]. Another easily applied separation
method is the SpermFilter (Ceafepe Tecnologia Veterinaria
Ind., Sorocaba, S3ao Paulo, Brazil) proposed by Alvarenga
et al. [20]. This method consists of a synthetic hydrophilic
membrane filter with a pore size that permits the passage

of SP, while retaining only spermatozoa. In stallions, this
filter has been shown to be as efficient as centrifugation
in the removal of SP and has the advantage of greater
practicality and a lower rate of sperm loss [19].

In view of the aforementioned considerations, it is
believed that the cryopreservation of bull ejaculates ob-
tained by electroejaculation may be compromised by the
deleterious action of SP and that techniques of SP removal
improve the quality of cryopreserved sperm in cattle.
Centrifugation is commonly used for this purpose but can
cause substantial cell injury, and filtration emerges as an
alternative to obtain better results. Because no study has so
far applied filtration to SP removal in bulls, the objective of
the present study was to evaluate the effect of the removal
of SP from the ejaculate by centrifugation and filtration on
the cryopreservation of bull semen.

2. Material and methods
2.1. Ethics committee

The study was approved by the Ethics Committee on
Animal Use of FCAV/UNESP, Jaboticabal, on June 6, 2014
(Protocol No. 009713/14).

2.2. Semen collection

Thirty-eight Nellore (Bos taurus indicus) bulls aged 2 to 6
years belonging to Centro APTA Bovinos de Corte, a
research unit of the Instituto de Zootecnia, Sertdozinho, Sdo
Paulo, Brazil, were used. The bulls were maintained on
pasture, with water and mineral salt available ad libitum,
and evaluated regarding the normality of andrologic par-
ameters before the study according to the recommenda-
tions of the Brazilian College of Animal Reproduction (mass
motility: >3; sperm motility: >60%; concentration: 350
million spermatozoa/mL; total number of spermatozoa in
the ejaculate: 3 to 5 billion; morphologically normal sper-
matozoa: >70%; major sperm defects: <10%; minor sperm
defects: <20%; major individual defects: <5%; minor indi-
vidual defects: <10%) [21]. Only one ejaculate was collected
per bull with an Autojac electroejaculator (Neovet, Uber-
aba, Brazil) in the manual mode, totaling 38 ejaculates.

2.3. Experimental groups

After collection, each ejaculate was divided equally into
three aliquots to compare three techniques performed
before sperm cryopreservation. The control group (group
N) was submitted to conventional cryopreservation
without the separation of SP. The semen sample was
diluted conventionally to a final concentration of 60 x 108
spermatozoa/mL in BotuBov diluent (BotuPharma, Botu-
catu, Brazil) containing 7% glycerol as cryoprotectant. In
the centrifugation group (group C), SP was separated by
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centrifugation. The semen sample was diluted 1:4 in
BotuBov without cryoprotectant and centrifuged in a Baby
II centrifuge (Fanem, S3o Paulo, Brazil) at x600g for
10 minutes at room temperature according to Dell’aqua Jr.
et al. [22]. After centrifugation, the supernatant was dis-
carded, and the sediment was resuspended in BotuBov at
the same concentration as used for group N. In the filtration
group (group F), SP was separated by filtration. For this
purpose, the third aliquot of the ejaculate was diluted 1:4 in
BotuBov without cryoprotectant, and the SP was filtered
through the SpermFilter device (BotuPharma/Pat req.
US2010/0099075) at room temperature. The spermatozoa
retained on the filter were resuspended in BotuBov at the
same concentration as used for group N. In groups Cand F, a
Neubauer chamber was used to verify the sperm concen-
tration after centrifugation and filtration and to adjust the
final dilution of the semen samples to the same concen-
tration as used for group N. The three groups were
concomitantly submitted to the respective technique, and
each treatment in the respective group was always per-
formed by the same technician.

2.4. Cryopreservation

Immediately after collection and processing, the semen
samples of the three groups were loaded into 0.5-mL
straws at room temperature to a final concentration of 60
x 10% spermatozoa/mL. For refrigeration and freezing, a
programmable semen cryopreservation system was used
(TK 4000, Uberaba, Brazil). The device was set to a cooling
rate of —0.25 °C/min from room temperature (25 °C) until a
temperature of 5 °C was reached. After stabilization at 5 °C
for 4 hours, freezing was performed at —20 °C/min until a
temperature of —120 °C was reached, when the straws
were directly placed in liquid nitrogen (—196 °C) and stored
until the time of post-thaw analysis. All straws of the
experimental groups were concomitantly submitted to the
cryopreservation steps described.

2.5. Post-thaw evaluations

Two straws from the same bull of each group were used
for each post-thaw analysis to rule out straw effects. In all
groups, the straws were thawed in a water bath at 37 °C for
30 seconds. The following post-thaw evaluations were
performed: computer-assisted sperm analysis (CASA) for
the evaluation of sperm kinetics, evaluation of plasma and
acrosome membrane integrity, mitochondrial membrane
potential and oxidative stress by flow cytometry, and
evaluation of fertilizing capacity of sperm based on the
result of in vitro embryo production (IVEP).

2.5.1. Computer-assisted sperm analysis

For the evaluation of sperm kinetics by CASA, 10 pL of
the semen sample was placed in a Makler Counting
Chamber (Sefi-Medical Instruments Ltd., Haifa, Israel)
previously heated to 38 °C, which was inserted into an
Ivos-Ultimate apparatus (version 14.0; Hamilton Thorne
Biosciences, Beverly, USA). Using the Animal Motility pro-
gram, the automatic and standardized choice of five fields
for analysis was carried out. The CASA setup was

preadjusted for the analysis of bovine semen (number of
frames: 30; minimum contrast: 60 pixels; minimum cell
size: 6 pixels; straightness: 70%; average path velocity
cutoff: 30 pm/s; minimum average path velocity: 40 um/s;
straight-line velocity cutoff: 20 pm/s; nonmotile head
intensity: 90; nonmotile head size: 5 pixels; magnification:
x 1.95; temperature: 38 °C). The following sperm motility
parameters were analyzed: total motility (MT, %), progres-
sive motility (MP, %), average path velocity (VAP, um/s),
straight-line velocity (VSL, um/s), curvilinear velocity (VCL,
um/s), amplitude of lateral head displacement (um), beat
cross frequency (BCF, Hz), straightness (STR, %), linearity
(LIN, %), and rapid cells (RAP, %).

2.5.2. Flow cytometry

The BD LSR II flow cytometer (Becton Dickinson,
Mountain View, CA, USA) equipped with blue (488 nm,
100 mW) and red lasers (640 nm, 40 mW) was used for
flow cytometry. The data were analyzed using the program
of the same manufacturer (BD FACSDiva Software v6.1).

The following probes were used for the evaluation of
plasma and acrosome membrane integrity: propidium
iodide (PI, P4170; Sigma Chemical Company, St. Louis, MO,
USA), fluorescein isothiocyanate-conjugated Pisum sat-
ivum agglutinin (L0770, Sigma) and Hoechst 33342 (H342;
14533, Sigma). A 200-pL semen sample diluted in tyrode
albumin lactate pyruvate (TALP) medium to a concentra-
tion of 10 x 10% spermatozoa/mL was mixed with 50-pL
H342 (100 pg/mL), 50-pL PI (50 pg/mL), and 0.5-uL fluo-
rescein isothiocyanate-conjugated Pisum sativum agglu-
tinin (2 mg/mL). The samples were homogenized and
incubated for 15 minutes at 37 °C protected from light for
subsequent analysis according to Freitas Dell’Aqua et al.
[23]. Four subpopulations were identified in this analysis:
damaged plasma membrane and intact acrosome
(DPMIA), damaged plasma and acrosome membranes
(DPAM), intact plasma and acrosomes membrane (IPAM),
and intact plasma membrane and damaged acrosome
(IPMDA).

The mitochondrial membrane potential was evaluated
using lipophilic cationic carbocyanine dye (JC-1, T3168;
Molecular Probes, Eugene, OR, USA) and H342. For this
purpose, a 200-uL semen sample diluted in TALP to a
concentration of 10 x 108 spermatozoa/mL was mixed with
50-uL H342 (100 pg/mL) and 10-pL JC-1 (10 pg/mL). The
samples were homogenized and incubated for 15 minutes
at 37 °C protected from light for subsequent analysis. Three
subpopulations were identified: high, medium, and low
mitochondrial membrane potential.

For the evaluation of oxidative stress by the production
of reactive oxygen species (ROS), 2',7'-dichlorodihydro-
fluorescein diacetate (DCFDA; D6883, Sigma), PI, and H342
were used. A 500-uL semen sample diluted in TALP to a
concentration of 1 x 10® spermatozoa/mL was mixed with
0.5-uL. DCFDA (final concentration of 20 uM), 50 pL PI
(50 pg/mL), and 50 uL H342 (100 pg/mL). The samples were
homogenized and incubated for 60 minutes at room tem-
perature protected from light for subsequent analysis ac-
cording to Guthrie and Welch [24]. Two subpopulations
were identified in this analysis: ROS-positive total cells and
ROS-positive intact cells.
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2.5.3. In vitro embryo production

In view of the high cost of IVEP, this assessment was
performed with 31 randomly selected bulls. Only one IVPE
of each bull was performed. For each bull, an average of
405 + 45 oocytes was divided among the three groups (N, C,
and F). Six fertilization droplets per bull were used per
group (N, C, and F), resulting in 18 fertilization droplets per
bull. Each fertilization droplet contained 20 to 25 oocytes.

Bovine cumulus-oocyte complexes (COCs) were
collected by follicular aspiration of ovaries obtained from a
local slaughterhouse. COCs with homogenous cytoplasm
and at least three layers of compact cumulus cells were
selected. The selected COCs were washed twice in TCM-199
medium (Gibco BRL, Grand Island, NY, USA) supplemented
with 5 mM sodium bicarbonate, 10 mM HEPES sodium salt
(Sigma), 10 mM HEPES free acid (Sigma), 10% fetal bovine
serum (FBS; Cripion, Andradina, SP, Brazil), 0.20 mM
sodium pyruvate, and 83.4-pg/mL amikacin (Instituto Bio-
chimico, Rio de Janeiro, Brazil), and once in TCM-199
maturation medium (Gibco BRL) buffered with 25 mM
sodium bicarbonate and supplemented with 10% FBS
(Cripion), 1.0 pg/mL FSH (Folltropin; Bioniche Animal
Health, Belleville, Canada), 50 pg/mL hCG (Vetercor; Inter-
vet, Sdo Paulo, Brazil), 1.0 ug/mL estradiol, 0.20 mM sodium
pyruvate, and 83.4 pg/mL amikacin (Instituto Biochimico),
according to Gaspar et al. [25]. Groups of 20 to 25 COCs
were cultured in 100-uL microdroplets of maturation
medium under sterile mineral oil for 24 hours at38.5°Cina
humidified atmosphere of 5% CO, in air.

After maturation, the groups of COCs were washed and
transferred to 100-pL droplets (six fertilization droplets per
group, resulting in 18 fertilization droplets per bull, con-
taining 20 to 25 oocytes per droplet) of TALP-IVF medium
supplemented with 6-mg/mL BSA—fatty acid free and low
endotoxin, 10-pg/mL heparin, 18 uM penicillamine, 10 uM
hypotaurine, and 1.8 uM epinephrine, under sterile mineral
oil. The semen was thawed, transferred to a tube containing
a discontinuous gradient of 45% and 90% Percoll, and
centrifuged at x3240g for 5 minutes in a Universal 32R
centrifuge (Hettich, Tuttlingen, Germany) at room tem-
perature. The supernatant was discarded, and the sediment
was resuspended in 500-pL supplemented TALP-IVF
medium. Sperm cells were again sedimented by centrifu-
gation at x900g for 5 minutes at room temperature. The
volume of the sediment was adjusted to a final concen-
tration of approximately 5 x 103 spermatozoa per oocyte.
Semen and COCs were cocultured for 18 to 22 hours at
38.5 °C in a humidified atmosphere of 5% CO; in air.

After fertilization, the presumed zygotes were denuded
of cumulus cells by successive pipetting, transferred to
four-well cell culture plates containing synthetic oviduct
fluid (SOF) supplemented with 2.5% FBS and 5-mg/mL
BSA—fatty acid free and low endotoxin, and cultured at
38.5 °C in a humidified atmosphere of 5% CO, in air.
Because a four-well culture plate was used, 500-puL sup-
plemented SOF medium was added to each well, and
exchange of the medium during culture was not necessary.
The cleavage rate was evaluated on Day 2 (D2) after
fertilization. The fertilization rate in each group was
calculated based on the total number of oocytes. The rate of
blastocyst formation was evaluated on Day 7 (D7) after

fertilization and only hatched blastocysts were evaluated
on Day 9 (D9).

2.6. Statistical analysis

After testing and adjustment for normality of distribu-
tion and homoscedasticity of variance, the data were
analyzed using the generalized linear model procedure of
the Statistical Analysis Software (SAS Institute, Inc., Cary,
NC, USA). Treatment least-square means were compared by
the Tukey test. The bull effect was included in the model as
arandom effect and the effect of treatment as a fixed effect.
A level of significance of 5% was adopted. Correlation ana-
lyses were performed using the SAS CORR procedure (SAS
Institute, Inc., Cary, NC, USA).

3. Results

Table 1 provides the results of evaluation of sperm
kinetics by CASA and of sperm plasma membrane and
acrosome integrity, mitochondrial potential, and oxidative
stress by flow cytometry.

Post-thaw evaluation of sperm Kkinetics revealed no
difference in MT, MP, VCL, amplitude of lateral head
displacement, or RAP between groups. However, VAP and
VSL were higher (P < 0.05) in the absence of SP, irrespective

Table 1

Mean and SEM of post-thaw kinetic parameters of bovine (n = 38) sperm
cells evaluated by CASA and flow cytometry in the control (semen frozen
with SP), centrifugation (semen centrifuged at x600g for 10 minutes and
frozen without SP), and filtration (semen filtered through SpermFilter and
frozen without SP) groups.

Parameter Control (N) Centrifugation (C) Filtration (F) SEM
MT (%) 54.02 53.51 50.72 1.77
MP (%) 41.29 4218 4156 1.40
VAP (um/s)  79.65" 84.35% 86.00? 1.13
VSL (um/s) 66.97° 71.06° 74.15% 0.92
VCL (um/s)  133.61 139.59 138.46 2.12
ALH (um) 5.70 5.79 5.56 0.08
BCF (Hz) 32.20° 31.96° 33.80° 035
STR (%) 84.32P 84.48P 86.16° 0.47
LIN (%) 52.70° 53.40° 55.542 0.50
RAP (%) 4932 51.32 48.70 1.80
IPAM (%) 23.887 22.45% 18.04° 0.70
DPAM (%) 30.61° 38.46° 39.34? 0.98
DPMIA (%) 45.19? 38.49° 42.20° 0.99
IPMDA (%) 0.31° 0.59° 0.40*° 0.06
HMP (%) 24.28 28.22 27.38 1.68
MMP (%) 42.39 37.73 38.91 1.85
LMP (%) 33.32 34.03 33.70 2.06
ROS+ TC (%)  57.39% 34.91° 31.63° 2.95
ROS+IC (%)  81.62% 72.54° 70.64° 2.00

2PMeans in the same row followed by different superscripts letter differ
significantly (P < 0.05) from each other.

Abbreviations: ALH, amplitude of lateral head displacement; BCF, beat
cross frequency; DPAM, damaged plasma and acrosome membranes;
DPMIA, damaged plasma membrane and intact acrosome; HMP, high
mitochondrial membrane potential; IPAM, intact plasma and acrosome
membranes; IPMDA, intact plasma membrane and damaged acrosome;
LIN, linearity; LMP, low mitochondrial membrane potential; MMP, med-
ium mitochondrial membrane potential; MP, progressive motility; MT,
total motility; RAP, rapid cells; ROS, reactive oxygen species; ROS+ IC,
ROS-positive intact cells; ROS+ TC, ROS-positive total cells; SEM, standard
error of the mean; SP, seminal plasma; STR, straightness; VAP, average
path velocity; VCL, curvilinear velocity; VSL, straight-line velocity.
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of the method used for its removal, and BCF, STR, and LIN
were higher when SP was removed by filtration. A high
correlation was observed between VAP and VSL (r = 0.90),
and LIN was positively correlated with BCF (r = 0.78) and
with STR (r = 0.84).

The percentage of sperm with intact plasma and acro-
some membranes was lower in group F compared to groups
N and C, which did not differ from one another. Regarding
the percentage of sperm in which both membranes were
damaged, this percentage was lower in group N than in
groups C and F, which did not differ from one another.
Furthermore, a lower percentage of sperm in which only
the plasma membrane was damaged was observed in
group C, whereas group N did not differ from group F. With
respect to the sperm subpopulation in which only the
acrosome membrane was damaged, group C exhibited a
significantly higher percentage than group N, whereas
group F did not differ from groups C or N. The DPAM was
negatively correlated with DPMIA (r = —0.69) and with
IPAM (r = —0.49).

There was no difference in post-thaw mitochondrial
membrane potential between groups. However, the eval-
uation of oxidative stress showed a larger number of ROS-
positive total and intact cells in group N compared to the
groups without SP. This characteristic was not altered by
the method used for the removal of SP. The ROS-positive
total cells showed only a low correlation with DPMIA
(r=0.24).

Table 2 provides the rates of development of in vitro—
produced embryos using semen from groups N, C, and F.
The cleavage rate of embryos did not differ between
groups. With respect to development until the blastocyst
stage and blastocyst hatching, higher rates were observed
for groups F and N, which did not differ from one another.
However, group C, which exhibited a lower rate until the
blastocyst stage than groups N and F, did not differ from
group N on D9 (rate of hatching). The rate of blastocyst
formation on D7 showed a low correlation (r = 0.22)
with IPMDA, and D9 was positively correlated with D7
(r=0.75).

4. Discussion

The removal of SP for semen cryopreservation is used in
different species, including horses [26], pigs [27], and dogs
[28]. Because the ejaculate of cattle shows a low sperm/SP
ratio, the removal of SP is not an elective technique for
sperm processing in this species. However, this ratio
changes when the semen is collected by electroejaculation

because a higher volume of semen containing a lower
sperm concentration is obtained when this method is
applied [29].

In cattle, bull semen collected by electroejaculation
varies widely in terms of freezability outcome. This div-
ersity may be due to differences in the composition of SP as
a result of the semen collection method. In Brahman bulls,
SP recovered by artificial vagina has been shown to contain
21 proteins, most of them of epididymal origin, whereas
that collected by electroejaculation contained 26 proteins,
most of them derived from the accessory sex glands [30].
Other authors reported the presence of 46 proteins in SP
of Bos indicus bulls collected by electroejaculation [31].
Furthermore, SP behaves differently between individuals of
the same species because of individual variations in its
composition [10].

Sperm motility is routinely evaluated in the analysis of
fertility potential because it is an index of the viability and
structural integrity of spermatozoa [32]. A deleterious
effect of SP on bovine sperm resulting from the increased
release of L-amino acid oxidase and reduced sperm motility
has been reported when cryopreservation was performed
in the presence of SP [11]. In the present study, analysis of
post-thaw sperm kinetics showed higher VAP and VSL in
the groups without SP (groups C and F) and higher BCF, STR,
and LIN after removal of SP by filtration (group F). The
viscosity of SP itself may have contributed to reduce VAP
and VSL in the control group. VAP represents the average
velocity of the sperm path and depends on the lateral
movement of the sperm head, and VSL represents the
average velocity as a function of a straight line established
between the first and last points of the sperm path [33]. In
bulls, a high correlation (r = 0.97) is observed between
these parameters (VAP, VSL, BCF, STR, and LIN) and in vivo
fertility [34]. In the present study, better rates of embryonic
development were found in the group that exhibited high
values of these parameters (group F).

In a similar study, Ramires Neto et al. [19] evaluated the
effect of removal of SP by filtration and centrifugation on
frozen stallion semen. These authors also found no differ-
ence in sperm kinetics (MT, MP, VCL, and RAP) when SP was
removed, and they reported semen filtration was as effi-
cient as centrifugation at x600g for 10 minutes in the
maintenance of sperm viability. A study using equine
epididymal semen previously incubated with BotuSémen
(BotuPharma, Botucatu, Brazil) or SP and centrifuged at
x600g for 10 minutes before cryopreservation reported no
difference in MT, MP, or RAP between the two groups
during post-thaw evaluation [35].

Table 2
Rate of development (mean and standard error of the mean) of in vitro-produced bovine embryos using semen of the control, centrifugation, and filtration
groups.
Group Total oocytes Rate of development (%)
Cleavage (D2)" Blastocyst (D7)" Hatched blastocyst (D9)¢
Control (N) 4570 82.11 + 0.83 31.30 + 1.07° 21.22 + 1.05*°
Centrifugation (C) 4535 82.05 + 0.83 26.55 + 1.07° 18.83 + 1.05°
Filtration (F) 4507 84.01 = 0.83 32.30 + 1.07° 24.00 + 1.05°

3PMeans in the same column followed by different superscript letters differ significantly (P < 0.05) from each other.

¢ Percentage based on the total number of oocytes.
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Several studies have demonstrated the importance of
the plasma and acrosome membranes for sperm capacita-
tion and acrosomal reaction, processes that are essential for
fertilization [36-38], and different SP proteins exert an
effect on these processes [39-42]. When semen is collected
by electroejaculation, higher amounts of binder of sperm
(BSP) proteins, which stimulate cholesterol and phospho-
lipid efflux from the sperm membrane, are found in SP [43].
However, the dilution of semen in extender containing egg
yolk offers protection to sperm through the interaction of
the low-density lipoprotein fraction of the diluent with the
BSPs present in SP. This interaction prevents the binding of
these proteins to sperm that can cause damage to the
sperm membrane by the continuous stimulation of
cholesterol and phospholipid efflux [6]. In addition to these
mechanisms, the fact that group N had not undergone any
type of processing before cryopreservation may have
contributed to the lower percentage of cells in which the
two membranes were damaged (DPAM) and the higher
percentage of cells in which the two membranes were
intact (IPAM). Analysis revealed a moderate negative cor-
relation between these two parameters (r = —0.49).

The groups submitted to removal of SP (groups C and F)
exhibited a higher percentage of the DPAM subpopulation
(damaged plasma and acrosome membranes), probably due
to the processing of the samples. The percentage of the
DPMIA subpopulation, in which only the plasma membrane
was damaged, was higher in group F compared to group C.
The handling of the filter for SP removal or resuspension of
the spermatozoa during this process may have caused
damage to the plasma membrane. The fact that the plasma
membrane is the outermost surface of spermatozoa could
explain the higher percentage of the DPMIA subpopulation
and consequently of the DPAM subpopulation in group F. A
high percentage of the DPAM subpopulation and a low
percentage of the DPMIA subpopulation were observed in
group C, a fact also demonstrated by the negative correlation
between these two subpopulations (r = —0.69). The damage
caused by the process of centrifugation possibly more
severely affected the integrity of the acrosome membrane
[44], although no difference in the IPMDA subpopulation
was observed between groups C and F. Centrifugation
should be carried out gently and carefully because this
technique has been shown to cause sperm damage, reducing
sperm motility and fertility [45-48]. Furthermore, sperm not
submitted to centrifugation contains a larger number of
mobile and viable spermatozoa without acrosome reaction
than sperm submitted to centrifugation [49].

Mitochondria are important components of sperm cells
because of their physiological function of oxidative phos-
phorylation for ATP production, which is an essential source
of metabolic energy for flagellar beating and, consequently,
sperm motility [38]. Regarding mitochondrial membrane
potential, no difference was observed between groups as
expected, showing that the presence or absence of SP does
not alter this parameter. Pasquini et al. [35] also found no
difference in this parameter when epididymal semen of
stallions was incubated only with SP or BotuSémen diluent
for 15 minutes, followed by centrifugation and cryopreser-
vation. Tanghe et al. [50] reported that the percentage of
spermatozoa with high mitochondrial activity evaluated by

fluorescence microscopy was moderately correlated with
IVF outcome (0.30 < r < 0.50).

According to Hu et al. [51], the process of semen freezing
and thawing alone results in the generation of ROS, which
compromises sperm motility, membrane integrity, and
fertilizing potential. Spermatozoa and SP possess an anti-
oxidant system that comprises different substances such as
taurine, reduced glutathione, glutathione peroxidase,
catalase, and superoxide dismutase to prevent oxidative
damage. This antioxidant capacity is limited in sperm cells
because of the reduced size of the cytoplasmic component
that contains the antioxidants [52]. However, it is the
relationship between the production and elimination of
ROS that determines the effect of oxidative stress on sperm
cell metabolism and fertility and not only the presence or
absence of antioxidants in semen [53,54]. Some studies on
cattle have demonstrated the importance of ROS for sperm
capacitation and acrosomal reaction [55,56].

Interestingly, in the present study, higher ROS production
was observed in group N whose semen was cryopreserved in
the presence of SP compared to the groups in which cryo-
preservation was performed without SP. Detailed analysis of
ROS-positive cells showed a reduction in the difference be-
tween ROS-positive total cells of group N and groups C and F
(22.48 and 25.76 percent points, respectively) to 9.08 and
10.98 percent points, respectively, when only intact cells
were analyzed, although the difference continued to be
significant at the 5% level. This finding suggests the differ-
ence between group N and the remaining groups to be more
expressive because of the larger number of abnormal sperm
cells that produce higher quantities of ROS [54]. Removal of
SP in groups C and F has probably eliminated part of the
abnormal cells, reducing the percentage of cells producing
ROS in these groups. Sieme et al. [48] suggested that part of
the spermatozoa that are lost during the filtration process
because of their binding to the membrane of the filter are of
lower quality, and doubts remain whether these spermato-
zoa are able to fertilize eggs if recovered. According to these
authors, sperm loss due to filtration may therefore be less
important than the high rate of sperm loss resulting from
centrifugation in which even mobile and viable cells remain
in the supernatant. In addition, spermatozoa that pass the
filter have a head <2 mm and are therefore morphologically
underdeveloped cells [57]. In cattle, a recent study has
shown that the bull factor is responsible for >86% of the
variation in the total antioxidant capacity of SP, whereas the
ejaculate factor contributes only 2% of this variation [2]. A
different result may be obtained when the same analysis is
performed in other animals.

With respect to IVEP, the method chosen to evaluate the
fertilizing capacity of semen, the conception rates estimated
based on the combined data of blastocyst cleavage and for-
mation have been shown to be very similar to the true
conception rates observed for the same bulls after a fixed-
time Al program, thus permitting the estimation of bull
fertility based on the data obtained during IVEP [58]. A study
evaluating the effect of SP on the in vitro fertility of cattle
showed that sperm frozen in the absence of SP produced
more fertilized oocytes, a higher cleavage rate, and a larger
number of embryos in the blastocyst stage than semen
frozen in the presence of SP [59]. Similarly, in the present
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study, the removal of SP by filtration resulted in high per-
centages of blastocysts and hatched blastocysts; however,
good embryo development rates were also observed in
group N whose semen was cryopreserved with SP. Recent
studies have demonstrated that many proteins present in
bovine SP play an important role in the processes of sperm
maturation, protection, capacitation, acrosomal reaction,
and fertilization [31,60-62]. However, it appears that the
beneficial effects of these substances are not transferred to
in vitro embryo development [63].

One hypothesis to explain the higher rates of embryonic
development obtained for semen submitted to filtration,
despite the higher percentage of sperm with a damaged
membrane, is that the discontinuous Percoll gradient per-
formed before in vitro fertilization has selected a popula-
tion of cells with greater motility and intact plasma and
acrosome membranes [64-68], minimizing the difference
between groups in the post-thaw evaluation of this
parameter. If a larger number of abnormal cells generated a
higher quantity of ROS in the control group, it is also
possible that the number of these cells has been reduced
after passage through the discontinuous Percoll gradients,
minimizing the harmful effects of oxidative stress on the
embryonic development of group N.

Regarding the group submitted to centrifugation (group
C), a possible explanation for the lower rates of embryonic
development despite the good results in terms of post-
thaw sperm Kkinetics, percentage of sperm with intact
plasma and acrosome membranes, and ROS production is
the deterioration of sperm at the DNA level during pro-
cessing for SP removal. Sperm DNA does not exert any
function during fertilization as long as the sperm mem-
branes and its organelles remain functionally intact but is
very important for early embryonic development when the
first divisions and initiation of embryo DNA expression
occur [69,70]. Damaged sperm DNA shows normal zona
pellucida binding characteristics and even normal fertil-
ization and cleavage rates, but apoptosis is induced when
the eight-cell embryo stage is reached [71]. The results
indicate the occurrence of this event in group C because the
cleavage rate was similar to that of the other groups, while
embryonic development was compromised. However, we
did not perform any analysis of DNA damage.

4.1. Conclusion

The removal of SP by centrifugation reduces the rate of
in vitro-produced embryos. In contrast, filtration of pre-
frozen semen was found to be an efficient alternative in
terms of freezability and in vitro production of bovine
embryos. Further studies on SP removal by filtration using
the SpermFilter are needed, especially to evaluate its effect
on the in vivo fertility of animals.
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