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a b s t r a c t

Assisted reproductive techniques (ART) have been widely used in farm animals in the last decades. Sexed
cryopreserved spermatozoa, ovum pick up, in vitro embryo production and transfer constitute the ART
that have revolutionized the dairy industry. However, the efficiency of some of these techniques is still
low due in part to sperm quality, which influences fertilization, embryo development and implantation.
The Sperm Selection Assay (SSA), based on sperm chemotaxis towards progesterone, provides a sperm
subpopulation enriched with spermatozoa that are capacitated, with intact DNA and low level of
oxidative stress. Since the SSA selects a sperm subpopulation at optimum physiological state, the
application of the SSA may improve the efficiency of the current ART. The aim of this study was to adapt
the SSA for unsexed and sexed bovine frozen-thawed semen samples, and then to test whether sperm
selection by the SSA improves the cleavage rate of bovine embryos in vitro. The optimal SSA conditions to
obtain the higher sperm accumulation percentage given by chemotaxis were the same for both unsexed
and sexed semen samples. Thus, sperm accumulation in W2 was significantly higher when: 2 million
sperm per mL were placed in W1 (unsexed samples: 12± 1%, p¼ 0.002; sexed samples: 14± 3%,
p¼ 0.02); 1 pM progesterone was placed in W2 (unsexed sample: 9± 1%, p¼ 0.009; sexed samples:
11± 2%, p¼ 0.02); and to incubate the SSA device for 10min (unsexed samples: 17± 2%, p¼ 0.007; sexed
samples: 10± 1%, p¼ 0.004). We found that the quality of spermatozoa recovered from W2 in unsexed
and sexed semen was enhanced. Thus, the capacitation index was significantly increased (unsexed
samples: 1.75± 0.1, p¼ 0.0001; sexed samples: 1.76± 0.2, p¼ 0.004), while DNA fragmentation index
was significantly decreased (unsexed samples: 0.33± 0.07, p¼ 0.0003; sexed samples: 0.32 ± 0.04,
p¼ 0.002). Moreover, the cleavage index of oocytes fertilized with either unsexed or sexed SSA-selected
sperm was significantly improved (unsexed samples: 3.2 ± 0.4, p¼ 0.0001; sexed samples: 2.3 ± 0.33,
p¼ 0.03). Thus, we show that the SSA can be used to recruit a bovine sperm subpopulation at optimal
functional state regardless of whether the sample is previously sexed, and that this optimal state im-
proves bovine embryo cleavage rate.

© 2018 Elsevier Inc. All rights reserved.
1. Introduction

In the last decades, the application of ART has notably improved
animal production, but these techniques are still far from being
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).
efficient and low cost. The dairy industry is a competitive market
where animals with the highest genetic potential are continuously
selected for ART. Oocyte recovery is optimized either by ovum pick
up [1] from pregnant cows until 3 to 4 gestation months [2], or by
laparoscopic ovum pick up from 2 to 3 months old prepubescent
calves [3]. These enhanced oocyte technologies are used to produce
embryos in vitro, which are later transferred to receptive cows.
These techniques, combined with sexed spermatozoa samples, are
preferred to obtain an offspring of female embryos, which are in
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high demand in the dairy industry.
Despite the potential benefits of the application of sexed semen

technology in bovine, the percentage of embryos obtained with
sexed spermatozoa is lower than the one obtained with unsexed
spermatozoa [4]. Moreover, the pregnancy rate of cows artificially
inseminated with sexed semen is lower than the rate obtained with
unsexed spermatozoa [5e7]. These data suggest that the sperma-
tozoa sexing process may alter sperm quality by inducing DNA
damage due to the use of fluorescent dyes and UV light stimulation
during sperm sorting [8e10]. Recent literature reported that sexed
spermatozoa artificially inseminated lead to a reduction of in vivo
fertility, but the blastocyst rate is similar to that obtained with
unsexed semen under in vitro fertilization [11]. In any event, it
would be advantageous if optimally functioning spermatozoa could
be separated from those with damaged DNA before using them for
ART.

Recently, a sperm selection assay (SSA) has been developed in
our laboratory. This technique enables the separation of a sperm
subpopulation enriched in fertilizing spermatozoa (called ‘capaci-
tated sperm’), which present low DNA fragmentation and oxidative
stress [12]. Thus, the SSA facilitates the recruitment of physiologi-
cally optimal spermatozoa via chemotaxis (a cell chemical guid-
ance) [13,14] towards very low doses of progesterone (P; picomolar
range), a hormone secreted by the cumulus cells by the time of
ovulation [15e19]. Such selected sperm population at optimum
physiological state might support not only fertilization but also
early embryo development and implantation [20,21]. Since the
spermatozoa selected by SSA present intact DNA, the application of
this assay to bovine samples will result in physiologically compe-
tent unsexed and sexed samples. The aim of this study was to adapt
the SSA, originally developed for human spermatozoa, for unsexed
and sexed bovine semen samples, and to test whether by selecting
unsexed or sexed spermatozoa by chemotaxis the cleavage rate is
improved in bovine embryos in vitro.

Here we show that both unsexed and sexed frozen-thawed
sperm subpopulations selected by chemotaxis by the SSA are
enriched in capacitated spermatozoa which present lower DNA
fragmentation, and that the use of these selected spermatozoa in
in vitro fertilization improves bovine embryo cleavage rate.

2. Materials and methods

2.1. Reagents

All chemicals were purchased from Sigma-Aldrich (St. Lois, MO,
USA), unless otherwise indicated.

2.2. Sperm preparation

Experiments were carried outwith cryopreserved bovine semen
samples. The unsexed samples were provided by Instituto de
Reproducci�on Animal de C�ordoba (C�ordoba, Argentina), and the
sexed samples were purchased from GENPRO (Santa Fe, Argentina).
Frozen unsexed samples were obtained from two Holando Argen-
tino and two Braford bulls (20� 106 sperm/mL, 0.5mL per straw).
Frozen sexed samples were obtained from two Holando Argentino
bulls (2� 106 sperm/mL, 0.25mL per straw). Thus, replicates in
each set of experiments were performed with different ejaculates
from different bulls. On the day of the experiment, semen samples
were thawed at 37 �C for 20e30 s. Then, the seminal plasma and
cryoprotectant in unsexed samples were removed by the
migration-sedimentation technique [22], and by simple centrifu-
gation in sexed samples [23]. Spermatozoawere then diluted in Sp-
TALP medium [24], supplemented with 3mM pentoxifylline
[25,26], and further incubated for 1 h at 38.5 �C, in an atmosphere
of 5% CO2 in air. The percentage of motile spermatozoa was deter-
mined at the end of the incubation time by video microscopy and
image analysis [27] with a phase contrast microscope (Nikon In-
struments Inc., NY,USA) and NIS elements software (4.30.01 DU1).
The movement of spermatozoa was digitally recorded for 10 s at
30 Hz at 10�, and videos were analyzed by FIJI software using the
plug-in motility tool. In every experiment, only samples exhibiting
�90% of motile spermatozoa were used.

2.3. Sperm selection assay

The SSA was performed according to Gatica et al. [11]. Briefly,
the device used in the SSA consists of two wells; the sperm sus-
pension is placed in one well (W1), and the attractant solution (or
culture medium as negative control) is placed in the other (W2).
The two wells are connected by a tube, in which a gradient is
formed as the attractant solution diffuses from W2 to W1, thus
inducing sperm chemotaxis. Either bovine follicular fluid (FF) or P
were used as attractant [28,29] as described in the results section.
After loading, the devicewas incubated at 38.5 �C, in an atmosphere
of 5% CO2 for different time periods, as specified in the results
section. At the end of the assay, the net sperm accumulation in W2
was determined. This parameter was calculated as the difference in
the percentage of spermatozoa recovered fromW2with or without
attractant solutions.

2.4. Sperm capacitation

The ability of spermatozoa to undergo the induced acrosome
reaction was determined as an indirect indicator of the level of
capacitated spermatozoa [27]. The acrosome status was detected by
in vivo Pisum sativum agglutinin fluorescein staining (PSA-FITC)
[30,31], whereas a similar procedure was also employed in bull
spermatozoa samples [32]. Briefly, the sperm suspension was
divided into two aliquots, which were incubated with or without
8 mM of the calcium ionophore A23187 and 10 mg/mL PSA-FITC in
culture medium, at 38.5 �C for 30min. Then, the sperm suspensions
were fixed in 2% formaldehyde in PBS for 20min at room temper-
ature, washed by centrifugation in distilled water, and the pellet
was let to air dry on a slide. The status of the acrosome was
observed at 1,000� under a fluorescence microscope (Olympus BX
50, Center Valley, USA). Under the microscope, the acrosome-
reacted spermatozoa present a green fluorescent acrosome, while
the ones with intact acrosome are unlabeled. The percentage of
capacitated spermatozoa was determined as the percentage dif-
ference between induced and spontaneous acrosome-reacted
spermatozoa (n¼ 200 cells). A capacitation index was determined
as the ratio of the percentage of capacitated spermatozoa obtained
before and after the SSA, with or without progesterone, to the
percentage of capacitated spermatozoa before the SSA (control
without sperm selection).

2.5. Sperm DNA fragmentation

The level of DNA fragmentation was evaluated by the Sperm
Chromatin Dispersion assay (SCD), as described by Fernandez et al.
[33], with minor modifications [34]. The sperm suspension was
mixed with 1% low-melting point aqueous agarose at 37 �C, and
then 50 ml aliquots were placed on a slide pre-coated with 0.65%
standard agarose and dried at 80 �C. The samplewas coveredwith a
coverslip and let solidify at 48 �C for 30min. Then, coverslips were
carefully removed, and slides were immediately immersed hori-
zontally in a tray with freshly prepared acid denaturation solution
(0.08 N HCl) at 22 �C for 7min, in the dark. The slides were incu-
bated in a neutralizing and lysis solution 1 (0.4M Tris, 5% 2-
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Mercaptoethanol, 1% SDS, 50mM EDTA, pH 7.5) for 10min at room
temperature, in order to stop DNA denaturation and for protein
removal, followed by incubation in neutralizing and lysis solution 2
(0.4M Tris, 2M NaCl, 1% SDS, pH 7.5) for 5min at room tempera-
ture. Slides were thoroughly washed in Tris borate-EDTA buffer
(0.09M Tris-borate, 0.002M EDTA, pH 7.5) for 2min, and dehy-
drated in sequential ethanol series. Dried sperm samples were
stainedwith Hoechst 33258 (1 mg/mL). Images of sperm heads from
at least 200 cells per treatment were obtained with a fluorescence
microscope (Olympus BX 50, Olympus, Center Valley, USA) coupled
to a Nikon digital camera (Nikon Instruments Inc., NY, USA). The
halo area observed around the head of each spermatozoon was
measured using the FIJI program. Sperm heads were classified ac-
cording to the size of the halo (mm2). Four halo patterns were
identified: large, 60± 10 mm2; medium, 30± 10 mm2; small,
10± 10 mm2, and without halo. The first two patterns include sperm
without DNA fragmentation, while the other two patterns include
fragmented DNA cells. The DNA fragmentation index was deter-
mined as the ratio of the percentage of fragmented DNA sperma-
tozoa obtained before and after the SSA, with or without P, to the
percentage of fragmented DNA spermatozoa before the SSA (con-
trol without sperm selection).

2.6. Oocyte collection and in vitro maturation

Ovaries from mature cows were obtained from an abattoir
(Bustos y Beltran SA, C�ordoba, Argentina), preserved at 22e25 �C in
a 0.9% NaCl solution supplemented with 100 IU/mL penicillin and
100mg/mL streptomycin sulfate, and transported to the laboratory
within 6 h. The ovaries were cleaned from surrounding tissue, and
rinsed in 0.9% NaCl. Follicles under 13mm size were aspirated with
a 19G needle. Grade I, II and III COCs (cumulus-oocyte complexes)
[35] were selected under a stereoscopic magnifying glass for in vitro
maturation, rinsed three times in holding medium consisting of
TCM 199 Hank's Salts (Gibco Life Technologies, USA), supplemented
with 10% fetal calf serum (FCS), 0.3% faf-BSA, and 0.05mg/mL
gentamycin. Then, the COCs were let matured in maturation me-
dium consisting of TCM 199 Earle's Salts (Gibco Life Technologies,
USA), plus 1% FCS, 0.01 UI/mL rhFSH (Gonal F, Merck Laboratory,
USA), 0.1mg/mL glutamine, 2.5mg/mL sodium pyruvate, and
0.05mg/mL mg gentamycin. Twenty COCs per 100 ml maturation
medium droplets were incubated 22e24 h at 38.5 �C in an atmo-
sphere containing 5% CO2 covered with mineral oil, in 60� 15mm
Petri dishes.

2.7. In vitro fertilization and embryo culture

At the end of the maturation period, COCs were rinsed three
times with IVF- SOF medium (315mg NaCl, 26.8mg KCl, 2mg
KH2PO4, 105mg NaHCO3, 3.25mg Penicillin, 2.75mg C3H3O3Na,
400mg faf-BSA, 4.5mg C6H12O6, 12.6mg CaCl2H2O,
23.5 ml C3H5O3Na [60% Syrup], 50 mg/mL heparin, in 50mL of ultra-
pure water). Then, five matured oocytes were placed in a 30 ml IVF-
SOF medium droplet and covered with mineral oil, in 60� 15mm
Petri dishes. Tenmicroliters of the sperm suspensionwere added to
the droplet containing the COCs to get 1000 spermatozoa per
oocyte, according to the rate at which the percentage of cleavage
obtained is approximately 20%, as described for unsexed and sexed
samples by Trigal et al. [36]. This experimental strategy allows to
determine the magnitude of the increment in the embryo cleavage
index upon sperm selection by the SSA. The gamete co-incubation
time point was considered as day zero of fertilization. Gametes
were co-incubated 16e18 h at 39 �C in a high humidity atmosphere
enriched with 5% CO2. Presumptive zygotes were vortexed for
2min to separate cumulus cells, and washed three times in SOF-
Citrate medium (314.5mg NaCl, 26.5mg KCl, 8.1mg KH2PO4,
9.1mg MgSO4$7H2O, 105mg NaHCO3, 2.5mg Gentamicin,
4mg C3H3O3Na, 150mg faf-BSA, 1.5mL BME, 0.5mL MEM,
2.5mg C5H10N2O3, 60mg acid free HEPES, 5mg C6H5Na3O7, 25mg
Myoeinositol, 65mg sodium salt HEPES, 13.1mg CaCl2$H2O,
15 ml C3H5O3Na [60% Syrup] in 50mL of ultra-pure water). Twenty
zygotes per 100 ml SOF-citrate media droplets were incubated
covered with mineral oil at 38.5 �C in an atmosphere containing 5%
CO2 and 5% O2 in air with high humidity.

2.8. Embryo cleavage

At day 2, the occurrence of cleavage, indicated by the presence
of two or more cells, was verified under inverted phase contrast
microscopy (Olympus CK 2, Japan) at 200� magnification. The
percentage of embryo cleavage was calculated as the ratio of the
number of zygotes undergoing mitotic division to the total number
of mature oocytes incubated with spermatozoa. To know how
many times the cleavage rate was modified by fertilization of oo-
cytes with SSA-selected spermatozoa, the cleavage rate index was
calculated as the rate of the percentage of cleaved embryos ob-
tained with spermatozoa selected by the SSA (with or without P) to
the percentage of embryos obtained with spermatozoa not selected
by the SSA. An embryo parthenogenetic control was performed in
every experiment, and parthenogenic division was not observed.

2.9. Statistical analysis

Differences between treatments were determined bymeans of a
two-way ANOVA, and a posteriori Tukey test performed with the
Graph Pad Prism 5.01 (La Jolla, CA, USA). The parameters expressed
as percentages were previously transformed to the arcsine square
root of the proportion. To evaluate the correlation between the
percentage of cleaved embryos and the percentage of sperm
capacitation or DNA fragmentation, Pearson's correlation coeffi-
cient analyses were performed. P values less than 0.05 were
considered statistically significant.

3. Results

The SSA experimental conditions were adapted for frozen-
thawed unsexed and sexed bovine sperm samples. To define the
optimum timing and sperm concentration to run the SSA,10�3 FF (a
known chemoattractant for bovine spermatozoa [29]) was placed
in W2, whereas the chemotactic activity of the batch was previ-
ously determined (Suppl 1). Firstly, 2 million sperm per mL were
placed inW1 and 10�3 FF inW2, incubating the SSA under different
incubation times (5, 10 and 20min; Fig. 1Ai). A 10min incubation
was enough to get a significant sperm accumulation (unsexed:
p¼ 0.007, sexed: p¼ 0.004; Fig. 2A). Then, different sperm con-
centrations were placed in W1 (1, 2 and 3 million sperm per mL)
and 10�3 FF in W2, incubating the SSA device for 10min (Fig. 1Aii).
When 2 million sperm per mL were placed in W1 a significant
sperm accumulation was observed in W2 (unsexed: p¼ 0.002,
sexed: p¼ 0.02; Fig. 2B). Under these experimental conditions, we
next performed a dose response experiment to verify whether
unsexed and sexed bovine spermatozoa also chemotactically orient
their movement towards a concentration gradient of P (Fig. 1Aiii).
When 1 pM Pwas placed inW2, a significant increase in the level of
sperm accumulation in W2 was observed (unsexed: p¼ 0.009,
sexed: p¼ 0.02; Fig. 2C). No statistically significant differences
were observed between unsexed and sexed samples for each set of
experiments (p¼ 0.08, p¼ 0.6, p¼ 0.09, corresponding to Fig. 2A, B
and C, respectively).

Sperm chemotaxis towards 1 pM P was further verified in



Fig. 1. Adaptation of the experimental conditions to apply the SSA to frozen-thawed bovine spermatozoa. Ai, 2 million sperm per mL were loaded in well 1 (W1), and 10�3 FF
were added to well 2 (W2), and the SSA device was incubated for 5, 10, or 20min; Aii, 1, 2, or 3 million spermatozoa per mL were placed in W1, and 10�3 FF in W2, and the SSA was
incubated for 10min; Aiii, 2 million sperm per mL were placed in W1, and 0.1, 1, or 10 pM progesterone (P) was added to W2 for 10min. Bi, 2 million sperm per mL were placed in
W1, and 1 pM P in W2, generating an ascending P gradient fromW1 to W2. Bii, 2 million sperm per mL were loaded to W1, and 1 pM P were added to both wells, and thus it spread
to the connecting tube between them, creating no attractant gradient; Biii, 2 million sperm per mL and 1 pM P were placed in W1, while culture medium without attractant was
placed in W2, generating a descending gradient of P fromW1 to W2. C, The indexes of sperm capacitation and DNA fragmentation were determined in the sperm population before
performing the assay as well as in spermatozoa recovered from W2 after the SSA, with or without P. Embryo cleavage induced in oocytes fertilized with spermatozoa from each of
the three groups was also measured. Sp: spermatozoa, FF: follicular fluid, P: progesterone, CM: culture medium.
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unsexed and sexed semen samples by performing several controls
of the SSA, loading the hormone in different combinations (Fig. 1Bi-
iii). Since chemotaxis is dependent on the gradual distribution of
the attractant molecule, when P was homogeneously distributed
along the SSA device no gradient formed between wells, no sperm
accumulation was observed. Conversely, when the attractant was
placed together with spermatozoa in W1, the cells sensed a
descending gradient of P (from W1 to W2), and consequently, they
came back to W1 and accumulate there, causing a significant
depletion of spermatozoa in W2 (unsexed: p¼ 0.0001, sexed:
p¼ 0.0006; Fig. 2D). A further rationale for these experimental
controls can be seen in Giojalas et al. [13]. No statistically significant



Fig. 2. Experimental conditions to apply the SSA with frozen-thawed unsexed and sexed bovine semen samples. A, Percentage of sperm accumulation in W2 as a function of
SSA incubation time; B, sperm concentration loaded in W1; C, progesterone concentration added to W2; and D, experimental controls to verify sperm selection mediated by
chemotaxis. Follicular fluid was used as the chemoattractant in experiments shown in A and B, while the other experiments were performed with progesterone. White and black
bars represent unsexed and sexed sperm samples, respectively. Data are expressed as the mean þ SEM of independent experiments performed with different ejaculates from
different bulls (three to five experiments were performed with unsexed samples, and four to six with sexed samples). Different letters indicate statistically significant differences
between treatments of the same sperm samples (sexed or unsexed).
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differences were observed between unsexed and sexed samples
(p¼ 0.3). In summary, the optimum conditions to perform the SSA
with frozen-thawed unsexed and sexed sperm samples are to place
2million sperm permL inW1 and 1 pM P inW2, incubating the SSA
device for 10min, conditions that were applied in the following
experiments.

Next, we verified the efficiency of the SSA to recruit the
competent unsexed and sexed bovine spermatozoa. After incu-
bating spermatozoa under capacitating conditions, the samples
were divided in three groups: sperm not selected by SSA (“Before
SSA”), SSA-selected sperm in the presence of P (after SSA þ P), and
SSA-selected sperm in absence of P (after SSA eP), and the indexes
of sperm capacitation and DNA fragmentation were determined
(Fig. 1C). We found that the index of capacitated spermatozoa
recovered from W2 in the presence of P was significantly higher
than the index without P, or before SSA, in both unsexed and sexed
samples (unsexed: p¼ 0.0001, sexed p¼ 0.004; Fig. 3A). Moreover,
the level of spontaneous acrosome reaction was low enough to
visualize the significant increment in induced AR caused by A23187
and did not differ between treatments (Suppl Table 1). In addition,
the DNA fragmentation index was significantly lower after the SSA
in the presence of P (unsexed: p¼ 0.0003, sexed: p ¼ 0.002; Fig. 3
B). No statistically significant differences were observed between
unsexed and sexed samples (p¼ 0.69 and p¼ 0.76, respectively).

Then, unsexed and sexed spermatozoa before SSA or recruited
with or without P in the SSA device, were used to fertilize oocytes
under in vitro conditions, determining the cleavage index (Fig. 1C).
When the oocytes were fertilized in vitro with spermatozoa
chemotactically selected by P in the SSA, the cleavage index was
significantly improved compared to those oocytes fertilized with
spermatozoa before the SSA or those used in the SSA without P
(unsexed: p¼ 0.0001, sexed: p¼ 0.03; Fig. 3C). No statistically sig-
nificant differences were observed between unsexed and sexed
samples (p¼ 0.49). The total number of oocytes and cleaved em-
bryos per treatment are shown in Table 1. The percentage of sperm
capacitation and DNA fragmentation determined in the population
before and after the SSA, with and without P, was correlated with
the percentage of cleaved embryos, for unsexed and sexed sperm
samples. The level of sperm capacitation was positively and
significantly correlated with the embryo cleavage rate, in frozen-
thawed unsexed (Fig. 4 A) and sexed (Fig. 4 B) spermatozoa. In
other words, the higher the level of capacitated sperm, the higher
the embryo cleavage rate. The level of sperm DNA fragmentation
was inversely correlated to the embryo cleavage rate in frozen-
thawed unsexed (Fig. 4C) and sexed (Fig. 4 D) spermatozoa; thus,
the lower the level of fragmented DNA spermatozoa, the higher the
embryo cleavage rate. The respective correlation coefficients were
very similar between unsexed and sexed samples as shown in the
respective figures.
4. Discussion

We have previously described the in vitro conditions in which
the Sperm Selection Assay (SSA) is applied to human sperm sam-
ples in order to enrich the capacitated sperm population in a given
sample [12]. Here, we show that the SSA can be easily adapted to be
used with frozen-thawed, unsexed and sexed bovine spermatozoa,
and that the selected spermatozoa present an optimum physio-
logical state that enhances the embryo cleavage rate.

Defining the SSA experimental conditions is critical, since the



Fig. 3. Application of the SSA to enhance embryo cleavage. A, Sperm capacitation
index; B, DNA fragmentation index; C, embryo cleavage index, before and after the SSA
performed with or without progesterone. White and black bars represent unsexed and
sexed sperm samples, respectively. The corresponding average percentage is shown
above each bar. Data are expressed as the mean þ SEM of independent experiments
performed with different ejaculates from different bulls (seven performed with
unsexed samples, and three with sexed samples). Different letters indicate statistically
significant differences between treatments of the same sperm samples (sexed or
unsexed).

Table 1
Number of total oocytes and cleaved embryos obtained per treatment and type of
sperm sample.

Sperm sample Treatment N� oocytes N� cleaved embryos

Unsexed Before SSA 155 22
After SSA without P 167 40
After SSA with P 176 70

Sexed Before SSA 112 20
After SSA without P 164 43
After SSA with P 167 67

Embryos were evaluated on day 2 (cleavage). For unsexed samples, one to two
ejaculate per bull were used (n¼ 4) for seven IVF replicates. In the case of sexed
samples, one to two ejaculate per bull were used (n¼ 2) in three IVF replicates.
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efficiency of the assay is strictly dependent on assay time and on
the sperm and attractant concentrations [12]. When applied to
fresh human, rabbit and mouse spermatozoa, the SSA device is
incubated for 20min in the presence of the same picomolar pro-
gesterone concentration added to W2, while the sperm concen-
tration loaded in W1 varies according to the species [37]. Here we
used frozen-thawed spermatozoa, which may differently respond
to the SSA, hence we first adjusted the experimental conditions to
this species, which indeed, were slightly different from those
observed in others. For instance, the optimum sperm concentration
and the duration of the SSA are shorter than those set up for other
species spermatozoa. This may be due to the addition of pentox-
ifylline, which stimulates sperm motility, and so more mobile
spermatozoa can rapidly accumulate in the SSA well containing P.
At the beginning of the study, we did not know that bovine sper-
matozoa could also be attracted by progesterone. Therefore, the
first setting of the SSA was done with FF, a known attractant for
spermatozoa of several species including bulls [29]. Once the basic
conditions were set up with FF, we tested the sperm chemotactic
attraction towards P. Although the optimum P concentration to
perform the SSA is one order of magnitude lower than that con-
centration necessary to recruit spermatozoa from other species, the
chemotactic response is still displayed at the picomolar range [28].
Moreover, according to the SSA controls, the sperm recruited inW2
is only mediated by chemotaxis as also observed in other species
[12,38]. This result validates the elemental virtue of chemotaxis, its
ability to select capacitated spermatozoa.

Gamete cryopreservation alters some cellular functions, mainly
its DNA integrity [38]. Even though the in vitro performance of fresh
semen samples is higher than that of cryopreserved samples [39],
ART procedures are also performed with frozen-thawed sperm
samples due to the need for gamete manipulation and trans-
portation [40]. Here we showed that the outcome of the SSA per-
formed with bovine frozen-thawed samples was similar to that
obtained with fresh human semen samples (around 10%, expected
value of capacitated-chemotactic spermatozoa at any given time)
[11]. Therefore, sperm damage caused by cryopreservation pro-
cedures may be minimized by performing the SSA after thawing,
probably due to its ability to recruit those cells that are in good
physiological condition, as observed in frozen-thawed unsexed and
sexed semen samples.

For economic reasons, sex-selected spermatozoa combinedwith
ART are applied to spermatozoa from several species; for instance,
to replace dairy cattle or to generate polo mare offspring. The most
accepted sperm sexing method is cell sorting. Since this technique
involves nuclear staining and laser illumination, several undesired
effects may be observed in sexed sperm samples, such as reduced
sperm viability and DNA damage [41]. In this context, the ability of
the SSA to sort out DNA-damaged spermatozoa and to recruit ca-
pacitated spermatozoa can be appreciated equally in unsexed and
sexed semen samples.



Fig. 4. Correlation between embryo cleavage and sperm parameters. A and B, percentage of sperm capacitation vs. percentage of embryo cleavage, for unsexed and sexed
samples, respectively. C and D, percentage of sperm DNA fragmentation vs. percentage of cleavage, for unsexed and sexed samples, respectively. Spermatozoa before (white dots)
and after the SSA, either with the addition of progesterone (black dots) or without it (gray dots). The Pearson correlation values (r) and p values are shown in each figure.
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Even though differences in number of bulls, straw volume and
thawing timing of sexed samples might differentially affect the SSA
results as compare to unsexed samples, if this were the case, the
expected results would be a poor response in sexed samples due to
the mentioned factors. Nevertheless, this was not the case since no
significant differences were found between unsexed and sexed
samples.

It has been shown that embryos produced by in vitro oocyte
fertilization with bovine sexed spermatozoa, present reduced
expression of genes involved in development [4]. In addition, these
authors observed that the embryo cleavage rate was around 30%
below those obtained with unsexed spermatozoa. Here we showed
that oocytes fertilized in vitro with sexed spermatozoa previously
selected by the SSA, showed similar rates of embryo cleavage to
those fertilized with unsexed spermatozoa. Moreover, the oocytes
fertilized in vitro with unsexed SSA selected spermatozoa also
provided an enhanced cleavage rate. Interestingly, we found that
sperm capacitation and low DNA fragmentation are significantly
correlated with embryo cleavage rate, which emphasizes the
importance of sperm physiological status. Thus, the SSA biotech-
nology could be beneficial not only for dairy cattle production but
also for the reproduction of other species where the female em-
bryos are also preferred.
5. Conclusion

Here we show that the use of the SSA with frozen-thawed
bovine spermatozoa is as efficient as with human sperm samples.
We found that the quality of the sexed sperm population recovered
from SSA in the presence of progesterone is similar to the quality of
the unsexed population. Finally, we determined that fertilization of
oocytes by unsexed or sexed spermatozoa selected by SSA in the
presence of progesterone results in a higher embryo cleavage rate.
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