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a b s t r a c t

In bovine, intracytoplasmic sperm injection (ICSI) remains inefficient partially due to low levels of sperm
decondensation. The aim of this study was to determine whether the injection of normal size sperm
pretreated with heparin (Hep) and L-glutathione (GSH), the use of sex-sorted sperm, the double round of
sperm freezing/thawing (re frozen), or the combination of these approaches can improve sperm
decondensation and embryo development after ICSI in cattle. Cleavage and blastocyst rates were eval-
uated on days 2 and 7 post ICSI. Quality of ICSI blastocysts was analyzed by the relative expression of four
genes by qPCR and the DNA fragmentation index by TUNEL assay. For all assays, semen samples were co-
incubated with pCX-EGFP 50 ng/ml before ICSI. GFP expression, which can be detected by fluorescence
microscopy, was used as a tool to estimate the success of sperm decondensation after ICSI. The use of
normal size sperm pretreated with 80 mM Hep-15 mM GSH for 20 h (Hep-GSH) increased cleavage,
blastocyst and EGFP þ blastocysts rates (60.8, 19.4 and 61.9%) compared to control ICSI (35, 4.9 and 20%)
(p < 0.05). Moreover, HMGN1, GLUT5, AQP3 and POU5F1 transcription levels did not differ between ICSI
Hep-GSH and IVF embryos. The use of sex-sorted sperm (X, Y) improved cleavage rates and EGFP
expression at day 4 (83 and 30.2% for ICSI Y and 83.2 and 31.7% for ICSI X) compared to non-sorted group
(50.9 and 15.1%), not showing differences at the blastocyst stage. Finally, sex sorting (X) was combined
with Hep-GSH and/or re frozen treatments. The use of Hep-GSH diminished cleavage rates from ICSI X re
frozen group (80.4% vs. 94.2%) and blastocyst development from ICSI X group (3.3% vs. 10%), compared
with their controls (p < 0.05). While Hep-GSH pretreatment induced lower transgene expression at day
4, no differences were found at the blastocyst stage between ICSI groups (from 58.3 to 80%). TUNEL assay
showed higher DNA fragmentation indexes for all ICSI treatments (p < 0.05), except for ICSI X Hep-GSH,
which did not differ from IVF X control. In conclusion, the use of normal size sperm pretreated with Hep-
GSH, combined or not with sex-sorting by flow cytometry could improve ICSI outcomes in cattle.
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1. Introduction

Intracytoplasmic sperm injection (ICSI) is the technique most
widely used to solve male factor infertility in humans [1]. However,
ICSI efficiency has remained low in domestic species, especially in
bovine [2e4]. The failure of sperm decondensation, the capacita-
tion status of injected spermatozoa, and the integrity of the sperm
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membrane have been identified as the sperm factors that can in-
fluence ICSI outcome [5e7].

ICSI in cattle is characterized by a low frequency of sperm
decondensation [7e9]. This could be partially due to inconsistent
levels of protamine disulfide bond reduction in the sperm nucleus
[10], which normally occurs after fertilization, and allows male
pronucleus formation [11,12]. Reduced glutathione (GSH) acts as an
endogenous disulfide bond reducer and plays a critical role in
sperm decondensation and male pronucleus formation during
fertilization [13,14]. Heparin, among other functions, acts as a
protamine acceptor, inducing the release of protamines from DNA
and subsequent chromatin decondensation [15,16]. The combined
treatment of sperm with heparin and glutathione (Hep-GSH) was
first reported by Delgado et al. [17] to induce bovine sperm
decondensation in vitro; and Sekhavati et al. [7] applied this pre-
treatment for 7 h to inject fully decondensed spermatozoa by ICSI.
Even though Sekhavati et al. [7] observed increased blastocyst
production in the cow, the injection of completely decondensed
sperm renders ICSI very complex and time-consuming, and en-
hances the risk of losing nuclear material. In this context, we
determined the maximum incubation time in Hep-GSH to induce
in vitro decondensation of sperm from six different bulls. On the
basis of this analysis we used Hep-GSH treatment for a longer
period of time (20 h) than Sekhavati et al. [7] and performed ICSI
with treated spermatozoa showing heads of normal size (non-
decondensed). Since the proposed treatment would extremely
simplify ICSI procedure, we evaluated its effects over cattle embryo
development.

Currently, sperm cryopreservation and sex-sorting by flow
cytometry arewell-established techniques in the livestock industry.
Both technologies induce changes on the sperm membrane
[18e20] and increase the percentage of acrosome reacted sperm,
indicating that these methodologies could induce premature
capacitation [21e23]. Nevertheless, further evidences have
demonstrated that sperm chromatin integrity is conserved after
freezing or sorting [24e26]. Therefore, even though sperm motility
could be diminished by both cryopreservation and sex-sorting
technologies in a bull dependent fashion [27], they have not
impacted negatively on the overall ICSI efficiency [28]. All these
observations, combined with the necessity to break the sperm
membrane before injection to produce blastocysts by ICSI, led to
hypothesize that the changes to the sperm membrane induced by
cryopreservation and flow cytometry could result in improvement
of sperm decondensation and embryo development in cattle.

In contrast to rodent or human embryos, it is not possible to
visualize the pronuclei in bovine zygotes after fertilization, unless
centrifugation or DNA staining are performed. As well, ICSI in cattle
must be followed by chemical activation to assure subsequent
embryo development, which makes difficult to discern between
parthenogenetic embryos (produced merely by artificial activation)
and ICSI embryos (which are products of proper sperm decon-
densation). For this reason, we performed the joint injection of
plasmid pCX-EGFP with the spermatozoon, and the subsequent
evaluation of GFP expression was used as an indicator of efficient
sperm decondensation, and its contribution to the resulting em-
bryo genome. Previous reports from our group [29e31] showed a
strong association between the expression of pCX-EGFP plasmid
and sperm head decondensation after ICSI. Bevacqua et al. [29]
evaluated the presence of a condensed sperm head in ICSI em-
bryos at day 4 of in vitro culture, which were injected with sperm
previously incubated with pCX-EGFP. The authors did not observe
condensed sperm heads inside any of the embryos showing
expression of the transgene, indicating that all GFP expressing
embryos had successfully undergone pronuclei formation. By
contrast, more than 50% of embryos without GFP expression
showed a condensed sperm head inside them. On the basis of these
results, all the experiments assessed in this paper included the co-
incubation of sperm with pCX-EGFP before ICSI. GFP expression,
which can be detected by fluorescence microscopy, was used as a
tool to identify ICSI embryos.

In the present study we assayed the use of normal size sperm
pretreated with Hep-GSH, the use of sex-sorted sperm, the double
round of sperm freezing/thawing (re frozen), or the combination of
these approaches to improve sperm decondensation and embryo
development after ICSI. EGFP expressionwas used as an indicator of
successful fertilization, and developmental rates and blastocyst
quality were analyzed to determine the most adequate sperm
pretreatment to assist ICSI in bovine.
2. Materials and methods

Unless otherwise indicated, all chemicals were purchased from
Sigma Chemical Company (St. Louis, MO, USA).
2.1. Experimental design

The co-incubation of spermwith pCX-EGFP before injection was
employed to indirectly asses sperm decondensation. Experiment 1:
normal size sperm pretreated with Hep-GSH for 20 h were used for
ICSI, and blastocysts quality was determined by measurement of
relative expression of HMGN1, GLUT5, AQP3 and POU5F1 genes.
Experiment 2: the effect of sex-sorting of sperm by flow cytometry
on ICSI performance was evaluated and compared to IVF, using
semen from the same bull. Experiment 3: the effect of Hep-GSH
treatment of sex-sorted sperm from different bulls, in combina-
tion or not with a second event of cryopreservation (re frozen) on
ICSI efficiency and DNA fragmentation index of blastocysts was
tested.
2.2. Cumuluseoocyte complexes (COCs) collection and in vitro
maturation (IVM)

Both procedures were performed as previously described by
Canel et al. [32]. After 20 h of IVM, oocytes with an extruded first
polar body were selected for ICSI or chemical activation. In the case
of IVF groups, COCs were matured in vitro for 21 h, washed in
Hepes-TALP, and immediately co-incubated with sperm.
2.3. Sperm pretreatment with Hep-GSH and typing

Sperm pretreatment was performed as previously described by
Romanato et al. [16] with the following modifications. Cry-
opreserved semen straws (CIALE, Buenos Aires, Argentina) from six
different bulls were thawed individually, and washed twice by
centrifugation at 490 � g for 5 minwith Brackett's defined medium
(see section 2.9, IVF procedure). The remaining pellet was diluted in
100 mL of Brackett's fertilization medium and introduced into a
1.5 mL tube with the same medium containing 80 mM Hep and
15 mM GSH, under mineral oil. Incubation was performed at 39 �C
in a humidified atmosphere of 6% CO2 in air for 1, 3, 7 or 20 h. For all
cases, a control group incubated in Brackett's fertilization medium
alone was also included. After incubation, treated spermwere fixed
in 2.5% glutaraldehyde, and the percentage of decondensed sper-
matozoa was determined by phase contrast in a Zeiss 47-30-11-
9901 microscope at X 400 magnification. Spermatozoa were clas-
sified as normal size (non-decondensed, with defined membranes)
or decondensed (enlarged heads with non-defined membranes). A
minimum of 200 sperm cells from each sample were evaluated.
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2.4. Sex-sorting of sperm by flow cytometry/cell sorting

Sperm samples were sex-sorted by Semex (Guelph, Ontario,
Canada), according to company's routine procedures.

2.5. Sperm re-freezing

After sperm pellet resuspension in NaCl solution for ICSI, the
gametes that are usually discarded were reconstituted in 200 mL of
the same medium per straw, and re frozen using Andromed®

cryoprotectant (13503/0200; Minitub, Germany), according to the
manufacturer's instructions. The straws were preserved in storage
tanks until their use.

2.6. DNA construction

The plasmid used was pCX-EGFP (kindly provided by Dr. Masaru
Okabe, Osaka University, Osaka, Japan). This plasmid contains the
enhanced green fluorescent protein gene (EGFP) under the chimeric
cytomegalovirus-IE-chicken b-actin enhancer-promoter control
[33]. The plasmid was linearized by Hind III digestion.

2.7. Intracytoplasmic sperm injection

After 21 h of IVM, ICSI was performed as previously described by
Bevacqua et al. [29]. For each assay, a quarter of a strawwas thawed
at 37 �C for 30 s and spermwere washed twice by centrifugation at
490�g for 5 min in Hepes-TALP. For Hep-GSH experimental groups,
sperm samples were subjected to a 20 h incubation with Hep-GSH
and washed twice by centrifugation at 310�g for 5 min, first in
Hepes-TALP and then in NaCl solution (NaCl 2.8% w/v and EDTA
100 mM). For all cases, the resulting pellet was finally diluted in NaCl
solution. Before ICSI, sperm were co-incubated with 50 ng/mL of
pCX-EGFP for 5 min on ice, as previously described by Perry et al.
[34]. Sham controls were injected with the medium used for
spermatozoa, but with no sperm, using a volume equivalent to that
used for ICSI. Diploid (Diplo PA) and haploid (Haplo PA) parthe-
nogenetic groups were also included as controls of in vitro devel-
opment. After injection, all groups were subjected to chemical
activation as described below.

2.8. Chemical activation

Metaphase II oocytes (Haplo PA and Sham controls) and sperm
injected oocytes (ICSI groups) were treated with 5 mM ionomycin
(I24222; Invitrogen, Carlsbad, CA, USA) in Hepes-TALP for 4 min,
followed by incubation for 3 h in TCM-199 medium (to allow sec-
ond polar body extrusion), and finally treated with 1.9 mM 6-DMAP
(D2629) diluted in TCM-199medium for 3 h. In the case of the Diplo
PA control group, oocytes were treated with 6-DMAP immediately
after ionomycin incubation to inhibit second polar body extrusion.
Afterwards, oocytes were thoroughly washed in Hepes-TALP and
cultured as described below.

2.9. In vitro fertilization (IVF) with sex-sorted and non-sorted
sperm

The IVF procedure was previously described by Brackett and
Oliphant [35]. Briefly, frozen semen was thawed in a 37 �C water
bath for 30 s. Spermwere washed twice by centrifugation at 490�g
for 5 min with Brackett's defined medium. Sperm concentration
was adjusted to 15 � 106/mL in Brackett's fertilization medium and
co-incubated for 5 h with groups of 20e25 COCs. Afterwards, pre-
sumptive zygotes were vortexed for 30e60 s and washed several
times in Hepes-TALP and cultured in vitro as described below.
2.10. In vitro culture (IVC), evaluation of pCX-EGFP expression and
assessment of pronuclear formation

IVC and evaluation of pCX-EGFP expression were performed as
previously described by Bevacqua et al. [36]. For pronuclear for-
mation assessment, some ICSI embryos were permeabilized for
15 min in 0.2% (v/v) Triton X-100 (T-9284) in PBS, 16 h post ion-
omycin. Immediately, oocytes were stained with 5 mg/ml propi-
dium iodide (P4170) for 15 min in the dark. Presumptive zygotes
were observed under an epifluorescence microscope using an
excitation wavelength of 544 nm to evaluate the presence of pro-
nuclei or of non-decondensed spermatozoa.

2.11. RNA extraction and Real-Time PCR

Three pools of ten blastocysts from each groupwere kept in RNA
later® (AM 7020, Ambion, CA, USA) at �20 �C until RNA extraction.
Total mRNA was extracted using the RNeasy® Micro Kit (Qiagen
GmbH, Hilden, Germany), according to the manufacturer's in-
structions. Reverse transcription and cDNA synthesis were per-
formedwith the SuperScript III® First-Stand Synthesis Supermix Kit
(Invitrogen, Carlsbad, CA, USA), using primer oligo dT20, following
the manufacturer's recommendations. The quantification of com-
plementary DNA was performed by NanoDrop 1000 Spectropho-
tometer (Thermo Scientific). Real-Time PCR reactions were
performed with Quanti Tect SYBR® Green PCR kit (QIAGEN®) with
200 ng of cDNA for all genes, with the exception of HMGN1, for
which 400 ng were used. Amplification reactions were made in
triplicate for each sample, with ABI PRISM® 7300 Sequence
Detection Systems (Applied Biosystems). A negative template
control was prepared by replacing cDNA with water and run in
parallel. The gene expression pattern of the ICSI group was
compared with the IVF control. Template cDNA was denatured at
94 �C (3 min), followed by 35 cycles at 94 �C (45 s), 50 �Ce59 �C
(30 s), 72 �C (1:30 min), and a final extension at 72 �C (10 min).
After normalization of real time PCR, the dissociation temperature
and the reaction efficiency were determined for each analyzed
gene. The efficiency of the primers was calculated by LinReg PCR
program [37]. For the analysis of relative quantification of HMGN1,
GLUT5, AQP3 and POU5F1 messengers, b-ACTIN and YWHAZ genes
were used as the endogenous references, using the comparative CT
method (cycle threshold). The primers used to assess the relative
abundance of transcripts were designed from sequences available
in the GenBank database using the program Prime3 [38]. For details
regarding primer design see Supplementary data, Table 1. All
primers were synthesized by Integrated DNA Technologies (Coral-
ville, IA, USA), except for YWHAZ, which was synthesized by Invi-
trogen (Life Technologies Sao Paulo, Brazil).

2.12. TUNEL assay and confocal microscopy

DNA fragmentation was detected by TUNEL assay as was pre-
viously described by Moro et al. [39]. Complete Z series of 10e12
optical sections at 4e5 mm intervals were acquired from each em-
bryo and three-dimensional images were constructed using the
software EZ-C1 2.20. Total cell numbers and TUNEL positive cells
(TUNELþ) were counted. To determine the DNA fragmentation in-
dex, the mean TUNEL þ cell number of each group was divided by
the mean blastocyst cell number.

2.13. Statistical analysis

Each experiment was repeated at least three times. Differences
between treatments of pronuclei formation, developmental and
EGFP expression rates were determined by Fisher's exact test using



Table 1
ICSI using bull sperm pretreated with Hep-GSH.

Treatment N Cleavage (%) ӟ embryos at Day 4 (%) Blastocysts (%) ӟ blastocysts (%)

ICSI Hep-GSH 217 132 (60.8)a 64 (29.5)a 42 (19.4)a 26 (61.9)a

ICSI 206 72 (35)b 52 (25.2)a 10 (4.9)b 2 (20)b

Sham 105 84 (80)c 1 (1)b 6 (5.7)b 0b

Haplo PA 108 82 (75.9)c e 20 (18.5)a e

Diplo PA 140 104 (74.3)c e 59 (42.1)c e

a,b,c: Values with different superscripts within columns differ (Fisher's test, p < 0.05).
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Graph Pad PRISM software 5.01 version. Differences between total
cell numbers were analyzed by the Kruskal-Wallis non-parametric
test, with Dunn's multiple comparisons correction. Percentages of
decondensed spermatozoa were analyzed for significance using
Two-way Repeated Measures ANOVA and Tukey's Multiple Com-
parisons Test. To compare differences between each bull and their
own controls, Fisher's exact test was employed. The proportion of
fragmented nuclei over total cell number was analyzed with the
proportion difference test, using the Statistics 8.0 software. Calcu-
lations of relative mRNA quantification were performed with the
Relative Expression Software Tool (REST®) [40] by the Pairwise
Fixed Reallocation Randomization TEST® (version 384-Beta, 2005).
This model was developed on the basis of the permutation tests,
which are nonparametric. For all analyses a difference of p < 0.05
was considered to be significant.
3. Results

3.1. Experiment 1: ICSI with Hep-GSH pretreated sperm

3.1.1. Sperm decondensation kinetics
Prior to performing ICSI assays, the timing of Hep-GSH pre-

treatment (1, 3, 7 and 20 h of incubation) and its effect on sperm
morphology from 6 bulls was analyzed. Results of sperm decon-
densation kinetics are detailed in Supplementary data, Figs. 1e3.
Briefly, sperm decondensation population values (average for the 6
bulls used in this study) were almost null for untreated sperma-
tozoa at each time point tested, but gradually increased following
incubation in Hep-GSH (p < 0.0001). Increases were significant
Fig. 1. Relative quantification of mRNA by qPCR from bovine blastocysts produced by ICSI us
Values from IVF group were converted to 0. No significant difference was observed for HM
between 1 h and all other periods of incubation assayed (p¼ 0.004,
p < 0.0001 and p < 0.0001 for 3, 7 and 20 h, respectively), and
between 3 and 20 h of incubation (p ¼ 0.0017). On the other hand,
decondensation did not increase significantly either from 3 to 7 h of
incubation, or from 7 to 20 h. Sperm decondensation increased
significantly after 3 or more hours of incubation with heparin
compared to control (p¼ 0.0003, p < 0.0001 and p < 0.0001 for 3, 7
and 20 h, respectively).
3.1.2. ICSI using normal size sperm pretreated with Hep-GSH
On the basis of decondensation kinetics results, sperm were

pretreated with Hep-GSH for 20 h and those showing normal size
heads were used for ICSI. Results from ICSI assay are shown in
Table 1. The Hep-GSH ICSI group showed higher cleavage, blasto-
cyst and EGFP expressing blastocysts rates than the ICSI control
group (p < 0.05). Additionally, some ICSI embryos were fixed at the
pronuclear stage and sperm decondensation was evaluated by
propidium iodide staining. Hep-GSH pretreatment induced higher
rates of zygotes with 2 pronuclei (77.4%, n ¼ 31) than the control
group (41.4%, n ¼ 29) (p < 0.05).

ICSI Hep-GSH: ICSI using sperm pretreated with 80 mM heparin
and 15 mM glutathione for 20 h. ICSI: ICSI using sperm with no
pretreatment. Sham: parthenogenetic embryos injected with
sperm incubation medium alone and activated with
Ionomycinþ3 h in TCM199þ6-DMAP. Haplo PA: parthenogenetic
embryos activated with Ionomycinþ3 h in TCM199þ6-DMAP. Diplo
PA: parthenogenetic embryos activated with Ionomycinþ6-DMAP.
ӟ embryos: EGFP expressing embryos. ӟ blastocysts were calculated
as a percentage of total blastocysts.
ing normal size sperm pretreated with 80 mM heparin and 15 mM glutathione for 20 h.
GN1, GLUT5, AQP3 and POU5F1 expression between groups (REST test, p > 0.05).



Table 2
In vitro development and EGFP expression of ICSI and IVF bovine embryos fertilized with sex-sorted (X and Y) and non-sorted (NS) sperm.

Treatment N Cleavage (%) ӟ embryos at Day 4 (%) Blastocysts (%) ӟ blastocysts (%)

ICSI Y 106 88 (83)a 32 (30.2)a 14 (13.2)ac 4 (28.6)a

ICSI X 101 84 (83.2)a 32 (31.7)a 11 (10.9)ac 4 (36.4)a

ICSI NS 106 54 (50.9)b 16 (15.1)b 5 (4.7)ab 2 (40)a

IVF Y 139 19 (13.7)c e 0b e

IVF X 114 18 (15.7)c e 0b e

IVF NS 135 91 (67.4)d e 23 (17)c e

Sham 116 99 (85.3)a 1 (0.9)c 9 (7.8)a 0b

Haplo PA 88 67 (76.1)b e 0b e

Diplo PA 165 157 (95.2)e e 72 (43.6)d e

a,b,c,d: Values with different superscripts within columns differ (Fisher's test, p < 0.05).

Fig. 2. Embryos produced by ICSI with sex-sorted semen. A) Blastocysts under bright
field. B) Embryos at Day 4 of in vitro development observed under bright field and
fluorescent light. A0 , B0) The same embryos observed by fluorescence microscopy. 40�
magnification.
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3.1.3. Relative quantification of mRNA by qPCR from ICSI Hep-GSH
vs. IVF blastocysts

In order to analyze the quality of ICSI embryos, we compared the
differential quantitative expression of HMGN1, GLUT5, AQP3 and
POU5F1 genes between ICSI Hep-GSH blastocysts and IVF controls,
fertilized with sperm from the same bull with no pretreatment
(Fig. 1). No differences were found between groups for the relative
expression of the analyzed genes.

3.2. Experiment 2: ICSI with sex-sorted and non-sorted sperm

To assess the effect of sex-sorting of sperm by flow cytometry on
ICSI efficiency, we performed ICSI and IVF with sex-sorted (X and Y)
and non-sorted (NS) semen from the same bull. Embryo develop-
ment and EGFP expression are shown in Table 2. Although cleavage
and transgene expression rates at day 4 of ICSI Y and ICSI X groups
were higher than those of ICSI NS group (p < 0.05), no differences
were found among ICSI Y, ICSI X and ICSI NS groups in terms of
blastocyst and transgene expression rates. All ICSI groups showed
higher rates of transgene expression than the Sham controls, both
at day 4 and 7 of in vitro development (p < 0.05). IVF sex-sorted
groups produced the lowest cleavage rates and did not produce
blastocysts (p < 0.05). ICSI embryos expressing EGFP are shown in
Fig. 2.

Sham: parthenogenetic embryos injected with sperm incuba-
tion medium alone and activated with Ionomycinþ3 h in
TCM199þ6-DMAP. Haplo PA: parthenogenetic embryos activated
with Ionomycinþ3 h in TCM199þ6-DMAP. Diplo PA: parthenoge-
netic embryos activatedwith Ionomycinþ6-DMAP. ӟ embryos: EGFP
expressing embryos. ӟ blastocysts were calculated as a percentage
of total blastocysts.

3.3. Experiment 3: ICSI with sex-sorted sperm pretreated with
Hep-GSH and/or re frozen

On the basis of results obtained, we employed Hep-GSH pre-
treatment to improve ICSI embryo development using sex-sorted
sperm. Additionally, we compared in vitro development of ICSI
embryos fertilized with sex-sorted sperm frozen/thawed once (ICSI
X) or twice (ICSI X re frozen), and previously treated (þ) or not (�)
with Hep-GSH. Results are shown in Table 3. Cleavage rates did not
differ between ICSI groups, except for ICSI X re frozen Hep-GSH,
which was lower than those of ICSI controls with or without re-
frozen sperm (p < 0.05). Hep-GSH diminished blastocyst develop-
ment compared with the control (p < 0.05). No effect on blastocyst
production was observed when re frozen sperm were used
(p > 0.05). While Hep-GSH pretreatment induced lower transgene
expression levels at day 4, no differences were found at the blas-
tocyst stage between ICSI groups.

Hep-GSH þ: sperm pretreated with 80 mM heparin and 15 mM
glutathione for 20 h. ICSI X: ICSI performed with frozen/thawed sex
sorted sperm. ICSI X re frozen: ICSI performed with frozen/thawed/
frozen/thawed sex sorted sperm. Sham: parthenogenetic embryos
injected with sperm incubation medium alone and activated with
Ionomycinþ3 h in TCM199þ6-DMAP. Haplo PA: parthenogenetic
embryos activated with Ionomycinþ3 h in TCM199þ6-DMAP. Diplo
PA: parthenogenetic embryos activated with Ionomycinþ6-DMAP.
ӟ embryos: EGFP expressing embryos. ӟ blastocysts were calcu-
lated as a percentage of total blastocysts.
3.4. DNA fragmentation in ICSI blastocysts obtained using
sex-sorted sperm pretreated with Hep-GSH and frozen/thawed once
(ICSI X) or twice (ICSI X re frozen)

Blastocysts produced by ICSI using sex-sorted sperm pretreated
with Hep-GSH and/or re frozen were evaluated to determine the
presence of fragmented DNA by TUNEL assay (Table 4, Fig. 3). IVF X
blastocysts were used as a control. The mean of total cell number
and TUNEL þ cells from blastocysts did not differ between ICSI and
IVF groups. However, the rate of DNA fragmentation was only
comparable to those of IVF-X for ICSI-X Hep-GSH þ group
(p < 0.05).



Table 3
ICSI with sex-sorted sperm (ICSI X) pretreated with Hep-GSH and/or re frozen.

Treatment Hep-GSH N Cleavage (%) ӟ embryos at Day 4 (%) Blastocysts (%) ӟ blastocysts (%)

ICSI X þ 121 111 (91.7)ac 46 (38)a 4 (3.3)a 3 (75)
� 200 187 (93.5)a 120 (60)b 20 (10)bc 16 (80)

ICSI X re frozen þ 92 74 (80.4)bc 42 (45.7)ac 8 (8.7)ac 6 (75)
� 120 113 (94.2)a 72 (60)bc 12 (10)bc 7 (58.3)

Haplo PA NA 159 138 (86.8)c e 17 (10.7)bc e

Diplo PA NA 167 158 (94.6)a e 88 (52.7)d e

a,b,c,d: Values with different superscripts within columns differ (Fisher's test, p < 0.05).
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4. Discussion

In the present study, we evaluated single or combined treat-
ments to promote sperm decondensation following ICSI in cattle.
Our results indicate that the use of normal size sperm after single
treatment with Hep-GSH or sex-sorting improves the rates of
sperm decondensation. In addition, Hep-GSH pretreatment
induced higher blastocyst rates than the other single and combined
pretreatments tested.

In Experiment 1, we evaluated Hep-GSH pretreatment to assist
ICSI in cattle. Sekhavati et al. [7] observed that the injection of
completely decondensed bull sperm after 7 h of treatment led to
higher fertilization and blastocyst rates. However, the injection of
fully decondensed sperm is more technically complex, since it re-
quires the use of larger diameter pipettes, which inevitably increase
the lysis rates of injected oocytes. Additionally, decondensed sperm
become sticky, thus raising the risk of sperm remaining in the
pipette after injection. This in turn, reduces the percentage of oo-
cytes that are effectively injected with sperm, and thereby the
overall efficiency. Finally, fully decondensed sperm lose their
structural integrity, at least in the head region, where the genetic
material resides, which led us to hypothesize that the use of these
sperm could raise the risk of losing DNA during ICSI. In this work,
we exposed sperm to a 20 h incubationwith Hep-GSH and selected
normal sized sperm for ICSI, which simplifies the procedure and
also avoids injection of spermatozoa with morphological abnor-
malities. Following ICSI, the spermatozoon proceeds an initial
decondensation step which is believed to be induced by the oocyte,
and to be independent of oocyte activation [41]. As the sperm nu-
clear decondensing activity of the oocyte lasts for a short time after
the onset of activation [42], the increased cleavage, blastocysts and
EGFP þ blastocyst rates obtained after Hep-GSH incubation of
sperm prior to ICSI indicates that this treatment facilitates the first
steps of sperm decondensation. Indeed, the evaluation of pronuclei
formation supported these results, showing increased numbers of
zygotes with 2 pronuclei for the group injected with sperm pre-
treated with Hep-GSH.
Table 4
DNA fragmentation index of ICSI blastocysts using sex sorted sperm frozen/thawed once

Treatment Hep
GSH

N Total cell n� of blastocysts (Mean ± SD)

ICSI-X þ 2 101 ± 52.3
� 9 60.11 ± 38.4

ICSI-X þ 4 85.25 ± 12.5
Re Frozen � 6 67.33 ± 28

IVF-X � 10 104.8 ± 59

a,b,c: Values with different superscripts within columns differ (difference of proportions
ICSI X: ICSI performed with frozen/thawed sex sorted sperm. ICSI X re frozen: ICSI per
pretreated with 80 mMheparin and 15mM glutathione for 20 h. TUNELþ cells: cells that r
the Mean of total cell n� of blastocysts (±SD) and theMean of TUNELþ cell n� of blastocys
for multiple comparisons, p < 0.05). *: (Mean of total cell n� of blastocysts/Mean of TUN
In order to evaluate embryo quality, we analyzed the transcript
levels of HMGN 1, GLUT 5, AQP 3 and POU5F1 genes, which have
been demonstrated to be indicators of blastocyst quality [43e47].
We observed no differences in relative expression of those genes
between ICSI embryos generated with sperm treated with Hep-
GSH, and IVF embryos produced with sperm from the same bull,
without pretreatment. These results suggest that the injection of
normal sized sperm pretreated with Hep-GSH does not affect em-
bryo quality, at least in regard to the expression of the analyzed
genes at the blastocyst stage.

In Experiment 2, we assessed whether sex-sorting of sperm by
flow cytometry affects ICSI efficiency in cattle. Results showed that
the use of sex-sorted semen significantly increases cleavage rates
and EGFP expression at day 4 after ICSI, compared to non-sorted
semen from the same bull. These results suggest that flow cytom-
etry improves male pronucleus formation of ICSI cattle embryos. In
contrast, we were unable to produce IVF blastocysts with sex-
sorted semen from the same bull. The results obtained could be
attributed to the reversible alteration of spermmembranes induced
by the sorting process, which reduce the lifetime and fertilizing
capacity of sperm in vitro, favouring sperm membrane capacitation
patterns and the occurrence of acrosome reaction [48]. This could
well decrease the production of IVF blastocysts with sex-sorted
sperm, but would not affect, or could even improve the produc-
tion of ICSI embryos. However, in terms of blastocyst production,
we did not find differences neither between sex-sorted and non-
sorted ICSI groups, nor with Sham controls. Nonetheless, EGFP
expression rates indicate that at least 28.6% of ICSI Y; 36.4% of ICSI X
and 40% of ICSI NS blastocysts are not the result of parthenogenetic
activation, but have an input from both the maternal and the
paternal genome. Given that the flow cytometry equipment
currently used has significantly improved the quality of sex-sorted
samples [25,26,49], our results suggest the use of sex-sorted sperm
could be an alternative to improve ICSI outcomes in dairy cattle
production.

In an attempt to modify the sperm membrane and facilitate
male nucleus decondensation, in Experiment 3 we subjected the
(ICSI X) or twice (ICSI X re frozen), and pretreated (þ) or not (�) with Hep-GSH.

TUNEL þ cell n� of blastocysts (Mean ± SD) DNA fragmentation index*

14 ± 2.8 13.9a

14.56 ± 5.9 24.2b

31.5 ± 16 37c

15.5 ± 8.4 23b

18.5 ± 9.6 17.7a

test, p < 0.05).
formed with frozen/thawed/frozen/thawed sex sorted sperm. Hep-GSH þ: sperm
esulted positive for the analysis of DNA fragmentation. No differences were found for
ts (±SD), between the 5 groups analyzed (Kruskal-Wallis test, with Dunn's correction
EL þ cell n� of blastocysts) � 100.
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sex-sorted sperm that are usually discarded after ICSI, to a second
event of cryopreservation, and used them for a later ICSI procedure.
Some samples were additionally treatedwith Hep-GSH. For most of
the ICSI groups, cleavage rates did not differ from those of
parthenogenetic embryos activated with Io-DMAP, which are usu-
ally high [50,51]. Since sperm from different bulls were used for
Experiment 3, taken results from Experiments 2 and 3 together
Fig. 3. DNA fragmentation analysis by TUNEL assay. Blastocysts produced using sex-sorted sp
Hep-GSH) or not (ICSI X) with Hep-GSH pretreatment for 20 h, and/or with a second event o
sorted sperm with no pretreatment. TUNEL positive cells (TUNELþ) are labeled with fluoresc
magnification. (For interpretation of the references to colour in this figure legend, the read
suggest that the sex-sorting process facilitates bull sperm decon-
densation after ICSI. According to Hep-GSH treatment, it showed a
positive effect on cleavage, blastocyst and EGFP expression rates
when using non-sorted sperm (Experiment 1), while no effect or
even a negative effect was observed for those parameters when
sex-sorted sperm was employed (Experiment 3). Interestingly
though, embryos produced with sex-sorted sperm pretreated with
erm subjected to different pretreatments: frozen/thawed sperm in combination (ICSI X
f cryopreservation (ICSI X Hep-GSH re frozen and ICSI X re frozen). IVF X: IVF using sex-
ein-12-dUTP (green), and nuclei are counterstained with propidium iodide (red). 400�
er is referred to the web version of this article.)
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Hep-GSH showed higher DNA integrity, except when re frozen
sperm were used, suggesting that treatment of sex-sorted semen
with Hep-GSH could reduce DNA damage in ICSI embryos. One
possible explanation is that, by improving sperm decondensation,
treatment with Hep-GSH could facilitate the access of the oocyte
DNA repair machinery to the sperm nucleus prior to the first phase
of DNA synthesis, thus repairing any damage caused by the sorting
process. However, this would not be enough to restore the damage
caused by double cryopreservation and thawing after sorting.
Therefore, these results contraindicate the use of an additional
event of sperm cryopreservation in ICSI programs.

4.1. Conclusions

The use of normal size sperm treated with Hep-GSH and sex-
sorted sperm by flow cytometry is a methodology equally com-
plex as conventional ICSI, that facilitates sperm decondensation
and improves embryo development after ICSI in bovine. The results
presented on this paper provide new insights into the potential use
of combined treatments to induce the disruption of sperm mem-
branes and the alteration of chromatin structure, in order to
improve ICSI efficiency in cattle.

Authorship

N.C. performed oocyte collection and in vitro maturation, ICSI,
TUNEL and sperm decondensation kinetics assays, the experi-
mental design, data analysis, and manuscript writing. R.B. took part
in ICSI protocols, study design, manuscript drafting, critical dis-
cussion and data analysis. M.I.H. was involved in oocyte collection
and in vitro maturation, IVF and real time PCR. N.C.R. performed
RNA extraction and real time PCR, and L.S.A.C. analyzed the data.
M.R. and L.P.C. were involved in the design and performance of
sperm decondensation kinetics assay. D.S. was in charge of research
coordination, contributed to the experimental design, critical dis-
cussion and manuscript editing and submission. All the authors
revised and accepted the draft version of the manuscript.

Funding

This work was supported by the Agencia Nacional de Promoci�on
Científica y Tecnol�ogica from the Ministry of Science and Technol-
ogy of Argentina (PICT-2010-2716 grant).

Conflict of interest

None.

Acknowledgments

We sincerely thank to Maim�onides University for providing
confocal microscopy equipment, and to Frigorífico I.F.S.S.A (Loma
Hermosa) and Semex Argentina for the biological material.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.theriogenology.2016.12.018.

References

[1] Palermo G, Cohen J, Alikani M, Adler A, Rosenwaks Z. Intracytoplasmic sperm
injection: a novel treatment for all forms of male factor infertility. Fertil Steril
1995;63:1231e40.

[2] Horiuch T, Emuta C, Yamauchi Y, Oikawa T, Numabe T, Yanagimachi R. Birth of
normal calves after intracytoplasmic sperm injection of bovine oocytes: a
methodological approach. Theriogenology 2002;57:1013e24.
[3] Galli C, Vassiliev I, Lagutina I, Galli A, Lazzari G. Bovine embryo development

following ICSI: effect of activation, sperm capacitation and pre-treatment with
dithiothreitol. Theriogenology 2003;60:1467e80.

[4] Devito LG, Fernandes CB, Blanco IDP, Tsuribe PM, Landim-Alvarenga FC. Use of
a Piezo drill for intracytoplasmic sperm injection into cattle oocytes activated
with ionomycin associated with roscovitine. Reprod Dom Anim 2010;45:
654e8. http://dx.doi.org/10.1111/j.1439-0531.2008.01323.x.

[5] Rho GJ, Kawarsky S, Johnson WH, Kochhar K, Betteridge KJ. Sperm and oocyte
treatments to improve the formation of male and female pronuclei and sub-
sequent development following intracytoplasmic sperm injection into bovine
oocytes. Biol Reprod 1998;59:918e24.

[6] Morozumi K, Yanagimachi R. Incorporation of the acrosome into the oocyte
during intracytoplasmic sperm injection could be potentially hazardous to
embryo development. Proc Natl Acad Sci U. S. A 2005;102:14209e14.

[7] Sekhavati MH, Shadanloo F, Hosseini MS, Tahmoorespur M, Nasiri MR,
Hajian M, et al. Improved bovine ICSI outcomes by sperm selected after
combined heparin-glutathione treatment. Cell Reprogr 2012;14:295e304.
http://dx.doi.org/10.1089/cell.2012.0014.

[8] Wei H, Fukui Y. Effects of bull, sperm type and sperm pretreatment on male
pronuclear formation after intracytoplasmic sperm injection in cattle. Reprod
Fertil Dev 1999;11:59e65.

[9] Suttner R, Zakhartchenko V, Stojkovic P, Muller S, Alberio R, Medjugorac I,
et al. Intracytoplasmic sperm injection in bovine: effects of oocyte activation,
sperm pretreatment and injection technique. Theriogenology 2000;54:
935e48.

[10] Malcuit C, Maserati M, Takahashi Y, Page R, Fissore RA. Intracytoplasmic
sperm injection in the bovine induces abnormal [Ca2þ] I responses and
oocyte activation. Reprod Fert Dev 2006;18:39e51.

[11] Calvin HI, Bedford JM. Formation of disulfide bonds in the nucleus and
accessory structures of mammalian spermatozoa during maturation in the
epididymis. J Reprod Fertil 1971;13:65e75.

[12] Perreault SD. Chromatin remodeling in mammalian zygotes. Mutat Res
1992;296:43e55.

[13] Sutovsky P, Schatten G. Depletion of glutathione during bovine oocyte
maturation reversibly blocks the decondensation of the male pronucleus and
pronuclear apposition during fertilization. Biol Reprod 1997;56:1503e12.

[14] De Matos DG, Furnus CC. The importance of having high glutathione (GSH)
level after bovine in vitro maturation on embryo development: effect of b-
mercaptoethanol, cysteine and cystine. Theriogenology 2000;53:761e71.

[15] Delgado NM, S�anchez-V�azquez ML, Reyes R, Merchant-Larios H, Nucleons I.
A model for studying the mechanism of sperm nucleus swelling in vitro. Arch
Androl J 1999;43:85e95.

[16] Romanato M, Cameo MS, Bertolesi G, Baldini C, Calvo JC, Calvo L. Heparan
sulphate: a putative decondensing agent for human spermatozoa in vivo.
Hum Reprod 2003;18:1868e73.

[17] Delgado NM, Flores-Alonso JC, Rodriguez-Hernandez HM, Merchant-Larios H,
Reyes R. Heparin and glutathione II: correlation between decondensation of
bull sperm cells and its nucleons. Arch Androl J 2001;47:47e58.

[18] Underwood SL, Bathgate R, Maxwell WMC, Evans G. In vitro characteristics of
frozen-thawed sex-sorted bull spermatozoa after re-freezing or incubation at
15 or 37ºC. Theriogenology 2009;72:1001e8.

[19] Underwood SL, Bathgate R, Maxwell WMC, Evans G. Birth of offspring after
artificial insemination of heifers with frozen thawed, sex-sorted, re frozen-
thawed bull sperm. Anim Reprod Sci 2010;118:171e5.

[20] Underwood SL, Bathgate R, Ebsworth M, Maxwell WMC, Evans G. Pregnancy
loss in heifers after artificial insemination with frozen-thawed, sex-sorted, re-
frozen-thawed dairy bull spermatozoa. Anim Reprod Sci 2010;118:7e12.
http://dx.doi.org/10.1016/j.anireprosci.2009.06.004.

[21] Boe-Hansen GB, Morris ID, Ersbøll AK, Greve T, Christensen P. DNA integrity in
sexed bull sperm assessed by neutral Comet assay and sperm chromatin
structure assay. Theriogenology 2005;63:1789e802.

[22] Wheeler MB, Rutledge JJ, Fischer-Brown A, VanEtten T, Malusky S, Beebe DJ.
Application of sexed semen technology to in vitro embryo production in
cattle. Theriogenology 2006;65:219e27.

[23] Pons-Rejraji H, Bailey JL, Leclerc P. Cryopreservation affects bovine sperm
intracellular parameters associated with capacitation and acrosome exocy-
tosis. Reprod Fertil Dev 2009;21:525e37. http://dx.doi.org/10.1071/RD07170.

[24] Bucher A, Kasimanickam R, Hall JB, Dejarnette JM, Whittier WD, K€ahn W, et al.
Fixed-time AI pregnancy rate following insemination with frozen-thawed or
fresh-extended semen in progesterone supplemented CO-Synch protocol in
beef cows. Theriogenology 2009;71:1180e5. http://dx.doi.org/10.1016/
j.theriogenology.2008.12.009.

[25] Blondin P, Beaulieu M, Fournier V, Morin N, Crawford L, Madan P, et al.
Analysis of bovine sexed sperm for IVF from sorting to the embryo. Ther-
iogenology 2009;71:30e8. http://dx.doi.org/10.1016/
j.theriogenology.2008.09.017.

[26] Carvalho JO, Sartori R, Machado GM, Mour~ao GB, Dode MA. Quality assess-
ment of bovine cryopreserved sperm after sexing by flow cytometry and their
use in in vitro embryo production. Theriogenology 2010;74:1521e30. http://
dx.doi.org/10.1016/j.theriogenology.2010.06.030.

[27] Carvalho JO, Silva LP, Sartori R, Dode MA. Nanoscale differences in the shape
and size of X and Y chromosome-bearing bovine sperm heads assessed by
atomic force microscopy. PLoS One 2013;8:e59387. http://dx.doi.org/10.1371/
journal.pone.0059387.

http://dx.doi.org/10.1016/j.theriogenology.2016.12.018
http://dx.doi.org/10.1016/j.theriogenology.2016.12.018
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref1
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref1
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref1
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref1
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref2
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref2
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref2
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref2
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref3
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref3
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref3
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref3
http://dx.doi.org/10.1111/j.1439-0531.2008.01323.x
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref5
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref5
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref5
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref5
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref5
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref6
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref6
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref6
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref6
http://dx.doi.org/10.1089/cell.2012.0014
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref8
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref8
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref8
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref8
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref9
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref9
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref9
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref9
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref9
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref10
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref10
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref10
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref10
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref10
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref11
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref11
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref11
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref11
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref12
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref12
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref12
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref13
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref13
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref13
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref13
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref14
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref14
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref14
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref14
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref15
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref15
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref15
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref15
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref15
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref15
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref16
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref16
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref16
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref16
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref17
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref17
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref17
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref17
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref18
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref18
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref18
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref18
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref19
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref19
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref19
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref19
http://dx.doi.org/10.1016/j.anireprosci.2009.06.004
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref21
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref21
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref21
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref21
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref21
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref22
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref22
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref22
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref22
http://dx.doi.org/10.1071/RD07170
http://dx.doi.org/10.1016/j.theriogenology.2008.12.009
http://dx.doi.org/10.1016/j.theriogenology.2008.12.009
http://dx.doi.org/10.1016/j.theriogenology.2008.09.017
http://dx.doi.org/10.1016/j.theriogenology.2008.09.017
http://dx.doi.org/10.1016/j.theriogenology.2010.06.030
http://dx.doi.org/10.1016/j.theriogenology.2010.06.030
http://dx.doi.org/10.1371/journal.pone.0059387
http://dx.doi.org/10.1371/journal.pone.0059387


N.G. Canel et al. / Theriogenology 93 (2017) 62e7070
[28] Jo HT, Bang JI, Kim SS, Choi BH, Jin JI, Kim HL, et al. Production of female
bovine embryos with sex-sorted sperm using intracytoplasmic sperm injec-
tion: efficiency and in vitro developmental competence. Theriogenology
2014;81:675e82. http://dx.doi.org/10.1016/j.theriogenology.2013.11.010.

[29] Bevacqua RJ, Pereyra-Bonnet F, Fernandez-Martin R, Salamone DF. High rates
of bovine blastocyst development after ICSI-mediated gene transfer assisted
by chemical activation. Theriogenology 2010;74:922e31. http://dx.doi.org/
10.1016/j.theriogenology.2010.04.017.

[30] Pereyra-Bonnet F, Fern�andez-Martín R, Olivera R, Jarazo J, Vichera G,
Gibbons A, et al. A unique method to produce transgenic embryos in ovine,
porcine, feline, bovine and equine species. Reprod Fertil Dev 2008;20:741e9.

[31] Pereyra-Bonnet F, Gibbons A, Cueto M, Sipowicz P, Fern�andez-Martín R,
Salamone D. Efficiency of sperm-mediated gene transfer in the ovine by
laparoscopic insemination, in vitro fertilization and ICSI. J Reprod Dev
2011;57(2):188e96.

[32] Canel N, Bevacqua R, Hiriart MI, Salamone D. Replication of somatic micro-
nuclei in bovine enucleated oocytes. Cell Div 2012;7:23e43. http://dx.doi.org/
10.1186/1747-1028-7-23.

[33] Ikawa M, Kominami K, Yoshimura Y, Tanaka K, Nishimune Y, Okabe M. A rapid
and non-invasive selection of transgenic embryos before implantation using
green fluorescent protein (GFP). FEBS Lett 1995;375:125e8.

[34] Perry AC, Wakayama T, Kishikawa H, Kasai T, Okabe M, Toyoda Y, et al.
Mammalian transgenesis by intracytoplasmic sperm injection. Science
1999;284:1180e3.

[35] Brackett B, Oliphant G. Capacitation of rabbit spermatozoa in vitro. Biol
Reprod 1975;12:260e74.

[36] Bevacqua RJ, Canel NG, Hiriart MI, Sipowicz P, Rozenblum GT, Vitullo A, et al.
Simple gene transfer technique based on I-SceI meganuclease and cyto-
plasmic injection in IVF bovine embryos. Theriogenology 2013;80:104e13.
http://dx.doi.org/10.1016/j.theriogenology.2013.03.017.

[37] Ramakers C, Ruijter JM, Deprez RH, Moorman AF. Assumption-free analysis of
quantitative real-time polymerase chain reaction (PCR) data. Neurosci Lett
2003;339:62e6.

[38] Rozen S, Skaletsky H. Primer3 on the WWW for general users and for biologist
programmers. Methods Mol Biol 2000;132:365e86.

[39] Moro LN, Sestelo AJ, Salamone DF. Evaluation of cheetah and leopard sper-
matozoa developmental capability after interspecific ICSI with domestic cat
oocytes. Reprod Domest Anim 2014;49:693e700. http://dx.doi.org/10.1111/
rda.12355.
[40] Pfaffl MW, Horgan GW, Dempfle L. Relative expression software tool (REST)
for group-wise comparison and statistical analysis of relative expression re-
sults in real-time PCR. Nucleic Acids Res 2002;30:e36.

[41] Dozortsev D, De Sutter P, Rybouchkin A, Dhont M. Timing of sperm and oocyte
nuclear progression after intracytoplasmic sperm injection. Hum Reprod
1995;10:3012e7.

[42] Komar A. Fertilization of parthogenetically activated mouse eggs. Exp Cell Res
1982;139:361e7.

[43] Rizos D, Gutierrez-Adan A, Moreira P, O'Meara C, Fair T, Evans AC, et al.
Species-related differences in blastocyst quality are associated with differ-
ences in relative mRNA transcription. Mol Reprod Dev 2004;69:381e6.

[44] Augustin R, Pocar P, Navarrete-Santos A, Wrenzycki C, Gandolfi F, Niemann H,
et al. Glucose transporter expression is developmentally regulated in in vitro
derived bovine preimplantation embryos. Mol Reprod Dev 2001;60:370e6.

[45] Barcroft LC, Offenberg H, Thomsen P, Watson AJ. Aquaporin proteins in mu-
rine trophectoderm mediate transepithelial water movements during cavi-
tation. Dev Biol 2003;256:342e54.

[46] Birger Y, West KL, Postnikov YV, Lim JH, Furusawa T, Wagner JP, et al. Chro-
mosomal protein HMGN1 enhances the rate of DNA repair in chromatin.
EMBO J 2003;22:1665e75.

[47] Pretheeban T, Gordon M, Singh R, Perera R, Rajamahendran R. Differential
mRNA expression in in vivo produced pre-implantation embryos of dairy
heifers and mature cows. Mol Rep Dev 2009;76:1165e72. http://dx.doi.org/
10.1002/mrd.21084.

[48] Rath D, Barcikowski S, de Graaf S, Garrels W, Grossfeld R, Klein S, et al. Sex
selection of sperm in farm animals: status report and developmental pros-
pects. Reproduction 2013;145:15e30. http://dx.doi.org/10.1530/REP-12-
0151.

[49] Sharpe JC, Evans KM. Advances in flow cytometry for sperm sexing. Ther-
iogenology 2009;71:4e10. http://dx.doi.org/10.1016/
j.theriogenology.2008.09.021.

[50] Liu L, Yang X. Interplay of maturation-promoting factor and mitogen activated
protein kinase inactivation during metaphase-to-interphase transition of
activated bovine oocytes. Biol Reprod 1999;61:1e7.

[51] Canel N, Bevacqua R, Fern�andez-Martín R, Salamone DF. Activation with
ionomycin followed by dehydroleucodine and cytochalasin B for the pro-
duction of parthenogenetic and cloned bovine embryos. Cell Reprogr
2010;12:491e9. http://dx.doi.org/10.1089/cell.2009.0109.

http://dx.doi.org/10.1016/j.theriogenology.2013.11.010
http://dx.doi.org/10.1016/j.theriogenology.2010.04.017
http://dx.doi.org/10.1016/j.theriogenology.2010.04.017
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref30
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref30
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref30
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref30
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref30
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref31
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref31
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref31
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref31
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref31
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref31
http://dx.doi.org/10.1186/1747-1028-7-23
http://dx.doi.org/10.1186/1747-1028-7-23
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref33
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref33
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref33
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref33
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref34
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref34
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref34
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref34
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref35
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref35
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref35
http://dx.doi.org/10.1016/j.theriogenology.2013.03.017
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref37
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref37
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref37
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref37
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref38
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref38
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref38
http://dx.doi.org/10.1111/rda.12355
http://dx.doi.org/10.1111/rda.12355
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref40
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref40
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref40
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref41
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref41
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref41
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref41
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref42
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref42
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref42
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref43
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref43
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref43
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref43
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref44
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref44
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref44
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref44
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref45
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref45
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref45
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref45
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref46
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref46
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref46
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref46
http://dx.doi.org/10.1002/mrd.21084
http://dx.doi.org/10.1002/mrd.21084
http://dx.doi.org/10.1530/REP-12-0151
http://dx.doi.org/10.1530/REP-12-0151
http://dx.doi.org/10.1016/j.theriogenology.2008.09.021
http://dx.doi.org/10.1016/j.theriogenology.2008.09.021
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref50
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref50
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref50
http://refhub.elsevier.com/S0093-691X(16)30608-2/sref50
http://dx.doi.org/10.1089/cell.2009.0109

	Sperm pretreatment with heparin and l-glutathione, sex-sorting, and double cryopreservation to improve intracytoplasmic spe ...
	1. Introduction
	2. Materials and methods
	2.1. Experimental design
	2.2. Cumulus–oocyte complexes (COCs) collection and in vitro maturation (IVM)
	2.3. Sperm pretreatment with Hep-GSH and typing
	2.4. Sex-sorting of sperm by flow cytometry/cell sorting
	2.5. Sperm re-freezing
	2.6. DNA construction
	2.7. Intracytoplasmic sperm injection
	2.8. Chemical activation
	2.9. In vitro fertilization (IVF) with sex-sorted and non-sorted sperm
	2.10. In vitro culture (IVC), evaluation of pCX-EGFP expression and assessment of pronuclear formation
	2.11. RNA extraction and Real-Time PCR
	2.12. TUNEL assay and confocal microscopy
	2.13. Statistical analysis

	3. Results
	3.1. Experiment 1: ICSI with Hep-GSH pretreated sperm
	3.1.1. Sperm decondensation kinetics
	3.1.2. ICSI using normal size sperm pretreated with Hep-GSH
	3.1.3. Relative quantification of mRNA by qPCR from ICSI Hep-GSH vs. IVF blastocysts

	3.2. Experiment 2: ICSI with sex-sorted and non-sorted sperm
	3.3. Experiment 3: ICSI with sex-sorted sperm pretreated with Hep-GSH and/or re frozen
	3.4. DNA fragmentation in ICSI blastocysts obtained using sex-sorted sperm pretreated with Hep-GSH and frozen/thawed once (ICSI  ...

	4. Discussion
	4.1. Conclusions

	Authorship
	Funding
	Conflict of interest
	Acknowledgments
	Appendix A. Supplementary data
	References


