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Simple Summary: For more productive and sustainable livestock activity, various reproductive
biotechnologies are being incorporated into breeding programs to accelerate genetic improvement.
Among these strategies, embryo cryopreservation is a key technique for the conservation and
dissemination of genetic resources while also optimizing animal production and biosafety. Though
vitrification techniques are rapidly gaining acceptance due to their speed, simplicity, and feasibility,
their practical applications in veterinary reproduction are limited because there is no standard
protocol that facilitates warming in field conditions. Moreover, working time increases when a large
number of embryos has to be cryopreserved. In-straw warming/dilution methods allow for the
vitrification of embryos and their direct transfer to the uterus of recipients. In order to increase
vitrification efficiency by reducing the working time and simplifying warming in field conditions,
in vitro-derived cattle embryos at the expanded blastocyst stage were vitrified by using two
different protocols (short equilibration vitrification and long equilibration vitrification) and in straw
diluted/warmed. The short equilibration protocol improved vitrification outcomes in terms of
embryo survival and hatching ability, and it improved embryo quality in terms of higher total cell
number and lower apoptosis rate. A gene expression analysis of surviving embryos also indicated
that the short equilibration treatment could lead to the production of more high-quality blastocysts.

Abstract: This study was designed to the optimize vitrification and in-straw warming protocol of in
vitro-produced bovine embryos by comparing two different equilibration periods, short
equilibrium (SE: 3 min) and long equilibrium (LE: 12 min). Outcomes recorded in vitrified day seven
(D7) and day eight (D8) expanded blastocysts were survival and hatching rates, cell counts,
apoptosis rate, and gene expression. While survival rates at 3 and 24 h post-warming were reduced
(p < 0.05) after vitrification, the hatching rates of D7 embryos vitrified after SE were similar to the
rates recorded in fresh non-vitrified blastocysts. The hatching rates of vitrified D8 blastocysts were
lower (p < 0.05) than of fresh controls regardless of treatment. Total cell count, and inner cell mass
and trophectoderm cell counts were similar in hatched D7 blastocysts vitrified after SE and fresh
blastocysts, while vitrified D8 blastocysts yielded lower values regardless of treatment. The
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apoptosis rate was significantly higher in both treatment groups compared to fresh controls,
although rates were lower for SE than LE. No differences emerged in BAX, AQP3, CX43, and IFNt
gene expression between the treatments, whereas a significantly greater abundance of BCL2L1 and
SOD1 transcripts was observed in blastocysts vitrified after SE. A shorter equilibration vitrification
protocol was found to improve post-warming outcomes and time efficiency after in-straw
warming/dilution.

Keywords: cow; cryopreservation; expanded blastocyst; total cell number; inner cell mass;
trophectoderm; SOX2; TUNEL; apoptosis; gene expression

1. Introduction

In beef and dairy cattle, in vitro embryo production (IVP) through assisted
reproductive technologies is gaining popularity as an alternative to artificial insemination
and in vivo embryo transfer to improve genetic gains. This approach also helps
circumvent breeding problems such as cows that may not ovulate or show compromised
fertility during periods of heat stress (reviewed by [1]). Because of the large numbers of
embryos generated through in vitro technologies, the cryopreservation of these embryos
has become an important topic of research. Studies have shown that the in vivo-derived
transferable-stage embryos of many mammalian species can be successfully preserved
through conventional slow freezing. In contrast, vitrification seems the most effective
method for embryos produced in vitro, as they are highly susceptible to cryoinjury [2].
While vitrification is simpler, faster, and cheaper than slow cryopreservation methods, it
requires higher concentrations of cryoprotectant agents (CPAs), which could have
deleterious effects on embryo development after their warming. To minimize this effect,
warming is achieved via a complex dilution procedure along with the use of a
stereomicroscope to completely remove the vitrification solution. When working under
farm conditions, this procedure is especially technically demanding.

When using vitrification technology in veterinary practice, a practical approach is
needed for the warming of vitrified embryos so that embryos can be directly and easily
transferred to the uterus. Thus far, there have been several attempts to replace successive
dilution steps with one-step in-straw cryoprotectant dilution [3-15] However, in some of
these procedures, in-straw embryo warming requires more than one dilution step and the
proper handling of the carrier system, thus demanding more accuracy when these
techniques are to be used in the field by embryo-transfer practitioners [7,9,10,12]. Using
the VitTrans device designed by our group, IVP embryos are easily warmed/diluted in-
straw for their transfer to recipient females in field conditions [16]. The performance of
the VitTrans device assessed in terms of post-warming survival rates after 24 h of the
culture of IVP bovine embryos is comparable to that observed with our control
vitrification-warming method [16].

For the vitrification of a solution, a radical increase in both the cooling rate and
cryoprotectant concentration is required. Unfortunately, most cryoprotectants have some
negative effects, including toxicity and osmotic injury. Though there is no consensus
regarding the toxicity of penetrating CPAs, it is widely accepted that the higher their
concentration and exposure temperature, the greater their toxicity. Hence, any variation
in exposure time prior to cooling can cause dramatic differences in cellular hydration
[17,18]. In any vitrification protocol it is accordingly important to achieve an adequate
balance between obtaining a high level of dehydration and high viscosity while also
avoiding toxicity. The first step is usually an equilibration stage in a solution containing a
relatively low CPA concentration, followed by ultra-short (30-90 s) exposure to a
vitrification medium with a higher concentration of cryoprotectant (usually double the
initial concentration) and dehydrating agent (usually a disaccharide, such as sucrose).
Exposure to the equilibration medium may be short (e.g., 1 min followed by 25 s during
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vitrification) [12,19], last for 3 min followed by vitrification for 25-30 s [9,15,20,21], or be
even longer (e.g., 10-15 min followed by vitrification for 60 s) [22]. These durations have
provided adequate blastocyst survival, blastocyst hatching, and pregnancy rates.

Given this background, we hypothesized that a shorter exposure time in just the first
step of the in-straw method protocol could be a safe approach to allow for the delivery of
the cryoprotectants to the blastocyst, thereby minimizing the likelihood of toxicity or
osmotic damage. The objective of the present study was to determine whether a first
equilibration step of the vitrification protocol shortened from 12 to 3 min would serve to
improve the quality of vitrified/in straw-warmed day seven- and day eight-expanded
blastocysts. Outcomes were assessed in the warmed embryos in terms of survival rates,
differential cell counts, cell apoptosis, and relative abundances of mRNAs of genes with a
role in apoptosis, oxidative-stress, water channels, gap junctions, and implantation.

2. Materials and Methods
2.1. Chemicals and Suppliers

Unless stated differently, chemicals and reagents were purchased from Sigma-
Aldrich (Sant Louis, MO, USA).

2.2. In Vitro Production of Bovine Blastocysts

Embryos were produced according to our previously established procedures [23],
with minor modifications. In brief, cumulus oocyte complexes (COCs) were harvested by
aspiration from 3- to 8-mm follicles from cow ovaries previously obtained from a
slaughterhouse and transferred to the laboratory in a saline solution (0.9% NaCl) at 36.5
°C. COCs were washed three times in modified Dulbecco’s phosphate-buffered saline
(PBS) containing 0.5 mg/mL of bovine serum albumin (BSA), 36 mg/mL of pyruvate, and
50 mg/mL of gentamicin. For in vitro maturation IVM), 40-50 COCs with three or more
cumulus cells layers showing a homogeneous cytoplasm were placed in 500 uL of a
maturation medium in four-well plates and cultured for 24 h at 38.5 °C in 5% CO:
humidified air. The IVM medium was a tissue culture medium (TCM-199) supplemented
with 10% (v/v) fetal calf serum (FCS), 10 ng/mL of epidermal growth factor, and 50 mg/mL
of gentamicin.

For in vitro fertilization (IVF), the thawed sperm of a fertile bull was used to obtain
motile spermatozoa. After its centrifugation for 10 min at 300x g on a gradient consisting
of 1 mL 40% BoviPure on 1 mL of 80% BoviPure (Nidacon International AB, MdIndal,
Gothenburg, Sweden), the resulting sperm fraction was resuspended in 3 mL of BoviWash
(Nidacon International AB, Mdlndal, Gothenburg, Sweden) and was again pelleted by
centrifugation for 5 min at 300x g. Spermatozoa were then counted and diluted in a proper
volume of a fertilization medium (Tyrode’s medium supplemented with 6 mg/mL fatty
acid-free BSA, 22 mM Na-lactate, 25 mM bicarbonate, 1 mM Na-pyruvate, and 10 mg/mL
of heparin—sodium salt) to give a final spermatozoa concentration of 2 x 10¢/mL. In vitro
matured oocytes (40-50) in 250 pL of the fertilization medium were co-incubated at 38.5
°C in a 5% CO: humidified air with 250 pL of sperm suspension to give a final
concentration of 1 x 106/mL of spermatozoa.

After 18 h post-insemination (hpi), presumptive zygotes were gently pipetted in PBS
to denude them and transferred to 25-uL drops of the culture medium (1 embryo/uL)
covered by 3.5 mL of mineral oil. The culture medium was synthetic oviductal fluid
(Caisson Labs, Smithfield, UT, USA) containing 0.96 ug/mL of BSA, 2% (v/v) FCS, 88.6
ug/mL of Na-pyruvate, 2% (v/v) non-essential amino acids, 1% (v/v) essential amino acids,
and 0.5% (v/v) gentamicin. Plates with the zygotes were incubated either for 7 or 8 days at
38 °Cin a 5% CO2/5% 02/90% N2 humidified air. The recorded outcomes were the cleavage
rate at 48 hpi and the number of blastocysts on days 7 and 8 after insemination.
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2.3. Embryo Vitrification and Warming

Blastocysts were vitrified using the VitTrans device and vitrification-warming
solutions, as previously described by Moraté and Mogas [16]. The VitTrans device is
composed of a plastic carrier where the embryo is loaded, a hard plastic handle to hold
the device, and a covering straw that protects the device from mechanical damage during
storage and serves as a 0.5 mL straw for embryo dilution during warming and direct
transfer. The handle has a Luer syringe connector and an inner channel through which
the warming solution is introduced to dilute the cryoprotectants, detach the embryo from
the carrier, and displace the embryo to the straw for transfer (Figure 1). The holding
medium (HM) used to formulate the vitrification-warming solutions was TCM-199
HEPES supplemented with 20% (v/v) FCS. These procedures were performed under a
laminar flow hood using a heated surface at 38.5 °C and a stereomicroscope to visualize
each step.

Figure 1. (A) The VitTrans device comprises a carrier where the embryo is loaded (1), a hard plastic handle with an inner
channel (2) into which warming solutions are introduced to dilute the cryoprotectant and transport the embryo to the
straw (3) for transfer, and a Luer syringe connector (4) to connect the device to the warming solution source. The straw (3)
acts as a cover to protect the device from mechanical damage during storage. During warming, it serves as a 0.5 mL straw
for sample dilution and direct embryo transfer. Scale bar: 2 cm. (B) Closer view of the end of the device (1) showing the
outflow of the inner channel (5) and embryo attachment piece (6). Scale bar: 1 cm.

2.3.1. Vitrification Protocol

Day 7 (D7) and day 8 (D8) blastocysts were randomly transferred to an equilibration
solution (ES) containing 7.5% (v/v) ethylene glycol (EG) and 7.5% (v/v) dimethyl sulfoxide
(DMSO) in the HM for 3 min (short equilibration: SE) or 12 min (long equilibration: LE).
The blastocysts were then transferred to a vitrification solution consisting of 15% (v/v) EG,
15% (v/v) DMSO, and 0.5 M sucrose dissolved in the HM. After incubating for 30—40 s,
embryos (up to 2) were loaded onto the embryo attachment piece of the VitTrans device.
Then, most of the solution was removed, leaving only a thin layer on the blastocysts, and
the sample was quickly plunged in liquid nitrogen. Subsequently, the VitTrans device was
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covered with the 0.5 mL plastic straw. The entire process from immersion in the
vitrification solution to plunging in liquid nitrogen took less than 1 min. The devices were
stored in liquid nitrogen until further use.

2.3.2. Warming Protocol

For warming, the cover of the VitTrans device was twisted for 10 s inside liquid
nitrogen to release pressure. Then, the whole VitTrans device (with its cover) was
removed from the liquid nitrogen, held for 1 s in the air, and submerged in a water bath
at 45 °C for 3 s, leaving the hard handle above the water surface. While in the water bath,
a syringe containing the diluting solution (0.5 M sucrose in the HM) at 45 °C was
connected to the hard handle using the Luer connector. Next, the whole VitTrans device
(with its cover) was removed from the water bath as the diluting solution was injected
through the lumen of the device. Once the diluting solution entered the straw, the outside
was dried to remove any remaining water, and the VitTrans device was removed from
the straw. At this point, the straw containing the warmed embryo was ready for transfer.

To determine embryo survival in subsequent experiments, the cotton plug end of the
straw was pushed, and the contents of the straw was expelled into a Petri dish. Blastocysts
were then transferred to the culture medium and incubated for 24 h at 38 °C in a 5%
CO2/5% 02/90% N2 humidified air. Survival rates were expressed as proportions of
blastocysts showing signs of re-expansion at 3 and 24 h post-warming. Hatching rates
were defined as the proportions of hatching/hatched blastocysts at 24 h post-warming
(experiment 1; 9 replicates). Fresh non-vitrified D7 or D8 blastocysts served as non-
vitrified controls. The expanded and hatching/hatched blastocysts from groups D7-
Control, D7-SE, D7-LE, D8-Control, D8-SE, and D8-LE were fixed and immunostained to
determine the variables: total cell number (TCN), inner cell mass (ICM) cell number,
trophectoderm (TE) cell number, and apoptosis rate (AR) (experiment 2; 4 replicates).
Surviving expanded and hatching/hatched blastocysts from D7-Control, D7-SE, and D7-
LE were collected in pools of 5 blastocysts, snap frozen in liquid nitrogen, and stored at
-80 °C until RNA isolation and RT-qPCR analysis were conducted (experiment 3; 5
replicates).

2.4. Differential Staining and TUNEL

At 24 h post-warming, expanded and hatched blastocysts surviving vitrification in
each group underwent immunostaining plus the TUNEL (terminal deoxynucleotidyl
transferase dUTP nick end labelling) assay to quantify TCN, ICM cell number, TE cell
number, and AR. Fresh non-vitrified D8 blastocysts served as controls. The protocol for
embryo staining was based on the work of Vendrell-Flotats et al. [24] with some
modifications. Unless stated otherwise, all steps were performed at 38.5 °C. Briefly, the
fixation of blastocysts was done in 2% (v/v) paraformaldehyde diluted in PBS for 15 min
at room temperature. Fixed embryos were washed three times in PBS for 5 min and then
permeabilized in 0.01% (v/v) Triton X-100 diluted in PBS containing 5% (v/v) normal
donkey serum (PBS-NDS) for 1 h at room temperature. After permeabilization, the
embryos were washed in PBS (3x) for 5 min and incubated overnight with a mouse anti-
SOX2 primary antibody (1:100; Invitrogen, Carlsbad, CA, USA) at 4 °C in a humidified
chamber. Next, the embryos were washed with 0.005% (v/v) Triton X-100 diluted in PBS-
NDS for 20 min and incubated with a goat anti-mouse IgG Alexa Fluor 568 secondary
antibody (1:500; Thermo Fisher, Waltham, MA, USA) for 1 h in a humidified chamber.
Next, they were placed in 0.005% (v/v) Triton X-100 diluted in PBS-NDS for 20 min,
washed in PBS (3x) for 5 min, and incubated for 1h in the dark in the TUNEL reaction
mixture dilution according to manufacturer’s instructions (1:10; In Situ Cell Death
Detection Kit, Fluorescein). In each assay, blastocysts for positive and negative controls
were included. Positive controls consisted of blastocysts exposed to DNase I for 15 min,
and negative controls consisted of blastocysts not exposed to the terminal TdT enzyme.
After TUNEL incubation, embryos were washed in 0.005% (v/v) Triton X-100 diluted in
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PBS-NDS for 5 min, mounted on coverslips that had been pretreated with poly-l-lysine
within a drop (3-pL) of Vectashield, which contained 125 ng/mL of 4’,6-diamidino-2-
phenylindole (DAPI) (Vectorlabs, Burlingame, CA, USA). A slide was used to flatten the
preparation, which was sealed with nail varnish and kept at 4 °C in the dark until
examination within the next 3 days. Confocal images of 0.5-pum serial sections were taken
with a confocal laser scanning microscope (Leica TCS SP5, Leica Microsystems, Wetzlar,
Hesse, Germany) to examine the ICM cell nuclei (S5OX2-Alexa Fluor 568; excitation 561
nm), cell nucleus (DAPIL; excitation 405 nm), and DNA fragmentation (fluorescein
isothiocyanate-conjugated TUNEL label; excitation 488 nm). Images captured with
confocal microscope were analyzed using the Imaris 9.2 software (Oxford Instruments,
Abingdon-on-Thames, Oxfordshire, UK) to determine TCN, ICM cell number, and
apoptotic cells. Individual nuclei were counted as TE cells (SOX2(-); blue stain) or ICM
cells (SOX2(+); red stain) and intact (TUNEL(-); blue/red stain) or fragmented (TUNEL(+),
green stain) DNA (Figure 2). The total number of cells was calculated as the sum of the TE
and ICM cells. The AR was calculated as the ratio of TUNEL(+) cells/total number of cells.

Figure 2. Representative pictures of post-warmed expanded and hatched blastocysts vitrified after short or long
equilibration in the VitTrans procedure. After 24 h of culture post-warming, blastocysts were subjected to the TUNEL
(terminal deoxynucleotidyl transferase dUTP nick end labelling) technique combined with differential staining. DAPI
(4',6-diamidino-2-phenylindole) (blue), SOX2 (red), and TUNEL (green) staining were examined using DAPI, SOX2-Alexa
Fluor 568, and FITC filters, respectively, for total (A1,A2), inner cell mass (ICM) (B1,B2), and apoptotic (C1,C2) cell counts.
An overlay is provided in (D1,D2). (A1,B1,C1,D1) Expanded blastocysts; (A2,B2,C2,D2) hatched blastocysts. Scale bar: 30

pm.

2.5. RNA Extraction and Relative Quantification of mRNA by Real-Time Reverse Transcription
PCR

Twenty four hours after warming, the gene expression in the blastocysts was
analyzed through RNA extraction and RT-qPCR as described elsewhere [25]. Warmed
blastocysts were prepared for this analysis by washing three times in Dulbecco’s PBS
containing 0.3% (w/v) polyvinyl alcohol (PVA) at 38.5 °C, pipetting pools of 5 embryos
from 4 independent replicates into 0.5 mL microtubes and plunging the microtubes in
liquid nitrogen for storage at —=80 °C until analysis.

For poly-(A)-RNA extraction, the Dynabeads mRNA Direct Extraction Kit (Thermo
Fisher, Waltham, MA, USA) was used according to the manufacturer’s instructions but
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with slight modifications. Blastocyst pools were lysed in 50 uL of a lysis buffer for 5 min
at room temperature while gently pipetting. Next, the lysate was hybridized with 10 pL
of prewashed beads for 5 min at room temperature by gentle shaking. The poly-(A)-RNA-
bead complexes were then washed at room temperature twice in 50 pL of washing buffer
A and twice again in 50 uL of washing buffer B. Complexes were eluted in 16 pL of Tris
HCI and then heated to 70 °C for 5 min to open the helix. For subsequent reverse
transcription (RT), the extracted poly-(A)-RNA was mixed with 4 pL of qScript
cDNAsupermix (Quanta Biosciences, Gaithersburg, MD, USA) containing random
primers, dNTPs, oligo-dT primers, and qScript reverse transcriptase. The RT reaction
consisted of a first step of 5 min at 25 °C for DNA, followed by 1 h at 42 °C for the RT of
mRNA, and 10 min at 70 °C for reverse transcriptase enzyme denaturing. The resultant
c¢DNA was diluted in 25 pL of Tris HCI.

To quantify the relative abundance of mRNA transcripts, the qPCR method was
conducted in a 7500 Real Time PCR System (Applied Biosystems, Foster City, CA, USA).
The reaction mixture consisted of 10 pL of Fast SYBR Green Master Mix (Thermo Fisher,
Waltham, MA, USA), 1.2 uL of each primer (300 nM; Thermo Fisher, Waltham, MA, USA),
and 2 pL of the cDNA template. For a final volume of 20 pL, nuclease-free water was
added. The PCR amplification procedure was as follows: one denaturation cycle at 95 °C
for 10 min, 45 amplification cycles and a denaturation step at 95 °C for 15 s, an annealing
step at 60 °C for 1 min, and a final extension at 72 °C for 40 s. Fluorescence data were
obtained during this final extension step. The nature of the amplified PCR product was
checked through melting curve analysis and gel electrophoresis (2% agarose gel which
contained 0.1 ug/mL SafeView; Applied Biological Materials, Vancouver, British
Columbia, Canada). To prepare this curve, samples were heated from 50 to 95 °C, and
each temperature was held for 5 s while monitoring fluorescence. Three technical
replicates of each of the four biological replicates were run per individual gene. To check
for possible cross-contamination, negative controls for the template and reverse
transcription were run in each assay.

To measure the relative expression of six candidate genes (BAX, BCL2L1, AQP3,
SOD1, CX43, and IFNT) in vitrified/warmed viable blastocysts 24 h after warming, the
comparative threshold cycle (Ct) method was employed, using the housekeeping (HK)
genes PPIA and H3F3A as normalizers. To determine the threshold cycle for each sample,
after each elongation step, fluorescence data were obtained. The threshold cycle set in the
log-linear phase indicates the PCR cycle number for which the fluorescence generated was
just above background fluorescence. Within this amplification curve region, a difference
of one cycle equated to PCR product doubling. To calculate ACt values, the mean PPIA
and H3F3A Ct values for each sample were subtracted from the Ct value of each target
gene separately for each replicate. To calculate AACt, the ACt value was subtracted from
the average ACt for all embryos per target. Using the formula 2—(AACt), fold differences
in relative transcript abundances were estimated for target genes, assuming an
amplification efficiency of 100%. Table 1 provides the primer sequences used to amplify
each gene, along with their corresponding amplicon sizes and GenBank accession
numbers. As expected, controls lacking templates were not amplified or returned a Ct that
was 10 points higher than the average Ct for the genes. This analysis was conducted
independently as four replicate experiments.
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Table 1. Primers used for reverse transcription-quantitative polymerase chain reaction.

GenBank

Pri ‘o Ampli .
rimer Sequences (5’-3") mplicon Size (bp) Accession No.

F: ACCAAGAAGCTGAGCGAGTG

BCL2 associated X apoptosis regulator (BAX) 116 NM_173894.1

R: CGGAAAAAGACCTCTCGGGG
F: GAGTTCGGAGGGGTCATGTG

BCL2-like 1 (BCL2L1) 211 NM_001166486.1

R: TGAGCAGTGCCTTCAGAGAC
F: ACACAAGGCTGTACCAGTGC

Superoxide dismutase 1 (SOD1) 102 NM_174615.2

R: CACATTGCCCAGGTCTCCAA
F: GTGGACCCCTACAACAACCC

Aquaporin 3 (AQP3) 222 NM_001079794.1

R: CAGGAGCGGAGAGACAATGG
F: TGGAATGCAAGAGAGGTTGAAAGAGG

Connexin 43 (CX43) R: AACACTCTCCAGAACACATGATCG 294 NM_174068.2
F: CTGAAGGTTCACCCAGACCC
Interferon tau (IFNT) R: GAGTCTGTTCATTCGGGCCA 197 AF238612
. . F: CATACAGGTCCTGGCATCTTGTCC
Peptidylprolyl isomerase A (PPIA) R: CACGTGCTTGCCATCCAACC 108 NM_178320.2
H3.3 histone A (H3F3A) F: CATGGCTCCTACAAAGCAGA 136 NM_001014389.2

R: ACCAGGCCTGTAACGATGAG

2.6. Statistical Analysis

The statistical package IBM SPSS Version 25.0 (IBM Corp., Chicago, IL, USA) was
used to perform all statistical tests. First, the normality of the data was checked using the
Shapiro-Wilk test, and homogeneity of variances using the Levene test.

Survival rates were compared by a two-way ANOVA followed by Bonferroni test for
pair-wise comparisons. Total cell counts, number of ICM cells, and apoptosis rate were
analyzed by a three-factor general linear model. Relative transcript abundances were
assessed by the two-factor ANOVA followed by the post-hoc Bonferroni test. Data were
linearly transformed into arcsine square roots, square roots, or logarithms when data were
not normally distributed or variances were not homogenous. When transformed data did
not fulfil parametric assumptions, Kruskal-Wallis and Mann-Whitney tests were used as
non-parametric alternatives. Data are expressed as means + standard error of the mean
(SEM). Significance was set at p < 0.05.

3. Results

3.1. A Shorter Time of Exposure of Embryos to the Equilibrium Solution Leads to Improved
Embryo Development (Experiment 1)

The post-warming survival and hatching rates of D7 and D8 expanded blastocysts
vitrified after a short (3 min) or long (12 min) period of exposure to the equilibration
solution are shown in Table 2. Vitrification led to significant reductions in D7 and D8
embryo survival rates recorded at 3 or 24 h post-warming when compared to fresh control
blastocysts. While no effects of equilibration time were observed on embryo survival
assessed at 3 h post-warming, both D7 and D8 vitrified blastocysts subjected to SE showed
significantly higher survival and hatching rates (p < 0.05) than the blastocysts that were
vitrified after a longer equilibration period. The hatching rates of D7 blastocysts in the SE
group did not differ from those observed for the fresh non-vitrified blastocysts (31.4 + 3.7
vs. 35.9 + 4.0, respectively). However, vitrified D8 blastocysts showed significantly lower
hatching rates than those derived from fresh non-vitrified embryos, regardless of SE or
LE.



Biology 2021, 10, 142 9 of 16

Table 2. Post-warming survival and hatching rates of day seven (D7) and day eight (D8) expanded blastocysts vitrified
after shorter or longer exposure to the equilibration solution. Data are shown as mean * standard error of the mean (SEM).

Day 7 Blastocysts Day 8 Blastocysts
Survival (%) Survival (%) Atching Survival (%) Survival (%) iacching
G h) (an) ~ Rae () " (3h) any ~ Rate o)
(24 h) (24 h)
Control 86 10024 10024 359+402A 40 100 2 10024 50.0+7.08
SE 86  60.6+15bA 784:20bA 314+37A 33 486+53b8 (30£55b8 1992705
LE 83  575+40bA 631+26°A 101£245 36 394478 553150k 81+27cA

abc Values within columns with different superscripts differ significantly (p < 0.05); #8 Same values within rows with
different superscripts differ significantly (p < 0.05). Control: fresh non-vitrified expanded blastocysts; SE: expanded
blastocysts vitrified after a short equilibration time (3 min); LE: expanded blastocysts vitrified after a long equilibration
time (12 min).

In addition, survival at 24 h post-warming was significantly higher for the vitrified
D7 blastocysts than D8 blastocysts, regardless of the equilibration period. The SE
treatment significantly increased the hatching capacity of vitrified D7 blastocysts when
compared to vitrified D8 blastocysts. However, no differences in hatching rates were
observed between D7 and D8 blastocysts vitrified after the LE treatment.

3.2. Different Exposure Times to the Equilibration Solution Modify TCN, ICM Cell Numbers,
TE Cell Numbers and Apoptosis Rates at 24 h Post-Warming (Experiment 2)

The outcomes TCN, ICM, and TE cell numbers, as well as AR determined 24 h post-
warming of D7 and D8 expanded bovine blastocysts vitrified after the short and long
equilibration times are shown in Table 3. TCN and TE cell numbers were significantly
lower in expanded blastocysts derived from vitrified/warmed D7 blastocysts compared
to those derived from fresh control blastocysts, regardless of the length of exposure to the
equilibration solution. However, both outcome measures were similar in non-vitrified
fresh and SE-vitrified D7 blastocysts reaching the hatching stage at 24 h post-warming,
while they were significantly lower in LE-vitrified D7 blastocysts. The rate of apoptotic
cells was significantly higher in both vitrification groups when compared to fresh
controls, although vitrification using the SE protocol produced less apoptosis than when
the LE protocol was used.

No differences were observed when TCN and TE cell number were assessed at 24 h
post-warming in expanded blastocysts derived from fresh D8 blastocysts or D8
blastocysts vitrified using the SE protocol. However, both counts were significantly lower
in expanded blastocysts derived from D8 blastocysts vitrified using the LE protocol. ICM
cell numbers in expanded blastocysts derived from vitrified/warmed D8 blastocysts were
significantly lower compared to control fresh blastocysts, regardless of the vitrification
protocol. A similar trend was observed for TCN, ICM, and TE cell numbers assessed in
hatched blastocysts derived from vitrified/warmed D8 blastocysts. Apoptosis rates were
significantly higher for vitrified/warmed D8 blastocysts when compared to non-vitrified
embryos, although the SE protocol yielded a significantly lower apoptosis rate than the
LE protocol.
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Table 3. TCN, ICM, and TE cell numbers and rate of apoptotic cells in warmed D7 and D8 expanded bovine blastocysts
vitrified after a short or long exposure time to the equilibration solution. Data are shown as mean + SEM.

Day 7 Blastocysts
TCN ICM Cell Number TE Cell Number AR
n Expanded Hatched Expanded Hatched Expanded Hatched Expanded Hatched
Control 30 0086 ASB=L 4 1eensseatgen 1007 B3 50 040 472070
SE 2 1100:278 02 E3 010104351215 87122554 0L EH 150110 914098
LE g1 M132EA5 A062 1A oy 1504332233899 4308 00T E28 q55.05¢ 136212+
Day 8 Blastocysts
TCN ICM Cell Number TE Cell Number AR
n Expanded Hatched Expanded Hatched Expanded Hatched Expanded Hatched
163.6 5.6
Control 40  1253+542A206.8+122829.2+1.924 431+ 123896024554 0" >0 564042 46+07
SE 21 1281528 07 %0 5.1 0magp 02120 1P9E2E AITEERD 45y 60 1p7 1080
LE g0 1OBAELI 1SN0 4o 0804200420888 7 £ 1554 0V E2T 9514150 230221

abcValues within columns with different superscripts differ significantly (p < 0.05); 48 Values within rows with different
superscripts differ significantly (p <0.05). TCN: total cell number; ICM: inner cell mass; TE: trophectoderm; AR: apoptosis
rate. Expanded: expanded blastocyst; Hatched: hatching/hatched blastocyst. Control: fresh non-vitrified expanded
blastocysts; SE: expanded blastocysts vitrified after a short equilibration period (3 min); LE: expanded blastocysts vitrified
after a long equilibration period (12 min).

3.3. Different Times of Exposure to the Equilibration Solution Modify Gene Expression Patterns
in Warmed Expanded Blastocysts Vitrified Using the VitTrans as the Cryodevice (Experiment 3)

Given the effects on embryo development and embryo quality observed in our initial
experiments, the effects of the shorter and longer equilibration times on the relative
abundance of genes were only assessed in post-warmed expanded and hatched
blastocysts derived from vitrified/warmed D7 expanded embryos (Figure 3). While no
significant differences in BAX expression was observed between the two treatments, the
BCL2L1 gene was overexpressed in both expanded and hatched blastocysts derived from
SE-vitrified blastocysts compared to blastocysts derived from fresh or LE-vitrified
blastocysts. The mRNA transcript abundances of the SOD1 gene were significantly higher
in blastocysts derived from SE- than LE-vitrification, although SODI mRNA abundances
in both vitrification groups did not differ from those detected in blastocysts derived from
fresh non-vitrified blastocysts. No differences in AQP3, CX43, and IFN7 transcript
abundances were observed between treatments. However, expanded and hatched
blastocysts derived from blastocyst vitrified using the SE protocol showed a clear trend (p
=0.07) towards higher CX43 and AQP3 gene expression levels compared to expanded and
hatched blastocysts vitrified using the LE protocol. When gene expression was compared
between blastocyst stages, hatched blastocysts derived from vitrified blastocysts had a
higher CX43 expression and a lower IFNT expression than their expanded counterparts,
while no differences between the two stages were observed for the other genes.
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Figure 3. Violin plots (solid line indicates the 50% quantile) showing the expression levels of selected genes in post-
warmed, expanded, and hatched blastocysts derived from D7 expanded bovine blastocysts vitrified after a short or long
time of exposure to the equilibration solution. Different letters indicate significant differences between treatments (p <
0.05), and different symbols indicate differences between developmental stages for each specific treatment. BAX, BCL2
associated X apoptosis regulator; BCL2L1, BCL2 like 1; SOD1, superoxide dismutase 1; AQP3, aquaporin 3; CX43, connexin
43; IFNT, interferon tau; ExBl, expanded blastocysts; HdBI, hatching/hatched blastocysts; Control: fresh non-vitrified
expanded blastocysts; SE: D7 expanded blastocysts vitrified after a short equilibration time (3 min); LE: D7 expanded
blastocysts vitrified after a long equilibration time (12 min).

4. Discussion

To effectively transfer vitrification technology to the field, the procedures used for
the warming and transfer of cryopreserved bovine embryos should be kept as simple as
possible. The VitTrans device was designed to facilitate the vitrification/warming
technique by including an easy one-step in-straw dilution method followed by direct
embryo transfer to the uterus [16]. The objective of this study was to investigate the effects
of different equilibration times on several post-warming outcome measures in bovine D7
and D8 expanded blastocysts vitrified using the vitrification/in straw-warming VitTrans
procedure. Our results indicated that a short equilibration time (3 min) during vitrification
improves post-warming survival and the hatching ability of both D7 and D8 expanded
blastocysts, whereas lengthening the equilibration time to 12 min does not seem to offer
any further benefits. In addition, the hatching rates of D7-blastocysts vitrified by the SE
protocol were similar to those recorded for fresh non-vitrified embryos. Several studies
have compared equilibration times used in the vitrification of in vitro produced
blastocysts of different species [26-30]. In cattle, Do et al. [28] found similar re-expansion
(24 h post-warming) and hatching rates (48 h post-warming) when bovine expanded
blastocysts were vitrified after a short (3 min) or long equilibration (8 min) time, possibly
explained by differences in temperature, equilibration time, and cryodevice used with a
three-step warming procedure. Thus, while the short equilibration time tested by Do et al.
[28] was similar to ours (3 min at 37 °C), their long equilibration protocol consisted of 8
min at room temperature, which may have resulted in reduced cytotoxicity and osmotic
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stress [17] and thus minimized differences between the use of their short and long
protocol. Consistently, in a study carried out in the dromedary camel, the loading of CPAs
at 37 °C for a short exposure time (3 min) led to an outcome comparable to that of original
processing at room temperature with a longer exposure time (15 min) [27]. When working
at room temperature in humans and mice, different equilibration times were not found to
affect post-warming embryo survival [26,29]. However, lengthening the exposure time to
the equilibration solution from 4 to 8 min was found to improve the DNA integrity index
after the vitrification of murine blastocysts [26,29]. Prior to the vitrification of human
blastocysts, 9-10 min of exposure to an equilibration solution improved the outcomes
clinical pregnancy, embryo implantation, and live birth rates compared to shorter
exposure times [26]. It is noteworthy that in all the previous studies comparing
equilibration times in vitrification [26-29], the warming procedure consisted of successive
dilution steps, while here, we report results from an in-straw one-step warming method.

Different vitrification outcomes have been recently reported after the vitrification of
expanded blastocysts using various one-step warming devices and short equilibration
times. As we also observed, the one-step in-straw warming/dilution of expanded
blastocysts vitrified in fiber plugs returned similar [9] or higher survival rates [21] for D7
blastocysts than D8 blastocysts. However, either lower [9] or higher [15,21] hatching rates
were observed at 24 h post-warming when D7 or D8 expanded blastocysts were vitrified
compared to our results. Further, the one-step warming of vitrified bovine D7 expanded
blastocysts led to higher hatching rates assessed at 48 [15] or 72 h post-warming rather
than 24 h post-warming [12,20].

When 24 h post-warming outcomes were compared after the vitrification of
blastocysts produced after different times of in vitro culture, our results were consistent
with those of others. Thus, significantly higher survival, re-expansion, and hatching rates
have been described after the vitrification of D7 compared to D8 IVP bovine blastocysts
[21,22,31,32], such that cryotolerance diminishes as the length of the embryo culture
increases. In the present study, although the hatching ability of D7 blastocysts
vitrified/warmed within the SE protocol was comparable that of fresh non-vitrified D7
blastocysts, D8 vitrified/warmed blastocyst gave rise to under half of the hatching yield
observed in the fresh control group. Early developing embryos are better at surviving than
later embryos. This has been highlighted in prior work in which vitrified/warmed earlier
cryopreserved IVP bovine blastocysts returned higher survival, hatching, and pregnancy
rates [21,22].

The correct distribution of cells in the ICM and outer TE layer of the blastocyst is
crucial for embryo development. However, while it is accepted that a minimal number of
embryonic cells is needed to establish pregnancy [33], optimal ICM and TE cell numbers
and distributions in the blastocyst remain unclear. Thus, higher ICM cell counts may lead
to increased pregnancy rates [34], and an excessive number of cells allocated to the TE
may lead to pregnancy abnormalities [35,36]. Here, the TUNEL assay combined with
differential staining for ICM and TE cells revealed significantly lower TCN and TE cell
numbers and a higher apoptosis rate in vitrified/warmed D7 re-expanded blastocysts
compared to fresh ones, while no differences emerged in ICM cell numbers, suggesting
that the main site of cryopreservation-related membrane damage was the trophectoderm.
Similar [37] or reduced total cell counts have been reported after bovine embryo
vitrification [38,39], mainly due to a low cell count in the TE. This effect is consistent with
a greater accumulation of lipids in the TE than ICM [40], as cytoplasmic lipid contents
appear to be strongly related to the survival of cryopreservation [2]. In contrast, Gomez et
al. [41] found that vitrification seemed to exert a detrimental effect on the ICM, while TE
cells survived cryopreservation in numbers comparable to those counted in embryos
before vitrification. However, we detected no differences in TCN, ICM, and TE cell
numbers between D7 blastocysts vitrified after SE and fresh blastocysts, while D7
blastocysts vitrified after LE showed significantly lower TCN and TE cell numbers. This
suggests that D7 expanded blastocysts vitrified using our SE protocol suffered less
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cryodamage or were able to recover from any damage at 24 h post-warming, showing
similar hatching rates and embryo quality as those of fresh ones. However, among the D8
embryos subjected to vitrification/warming, TCN, ICM, and TE cell numbers were
significantly lower in hatching blastocysts when compared to fresh blastocysts, regardless
of the equilibration time. The timing of blastocyst formation is a good marker of embryo
quality, with early-cavitating embryos being of better quality than later cavitating
embryos in terms of total cell numbers, inner cell mass and trophectoderm cell
distributions, and cryosurvival [35,39]. While we still lack reliable blastocyst stage
morphological predictors of competence after embryo transfer, it is accepted by many
research groups and commercial companies that best pregnancy rates are achieved after
the transfer of D7 expanded bovine blastocysts, whether fresh or cryopreserved (reviewed
by [42,43]).

Apoptosis has been frequently used as a marker for embryo quality because high
rates of apoptotic cells have been linked to the reduced developmental competence of both
in vivo or in vitro produced embryos [44-46]. Vitrification requires adequate dehydration
and a high viscosity across all blastomeres and blastocele, which is difficult given the
characteristics of the blastocyst (multicellularity and the presence of a blastocele with a
high water content). This means that vitrification leads to a post-warming increase in
apoptosis [47]. Our results revealed that both equilibration solution exposure times
induced apoptosis in surviving blastocysts by the time of their re-expansion and hatching.
However, while the apoptosis rate for D7 expanded blastocysts vitrified via the VitTrans
LE protocol was similar to that reported previously by Moraté and Mogas [16], the
apoptotic cell rate was significantly higher for the LE than SE protocol or control embryos.
This finding suggested that the high toxicity effect of CPAs produced at high temperature
can be avoided to some extent by reducing the time of exposure to the cryoprotectant [17].
Moreover, D8 embryos induced higher percentages of apoptotic cells that D7 embryos,
which was in agreement with results observed when expanded blastocysts were
vitrified/warned using a one-step direct transfer procedure [21].

When genes related to apoptosis were analyzed, a significantly higher abundance of
BCL2L1 transcripts was observed in both expanded and hatched blastocysts derived from
the SE protocol when compared to fresh embryos or those vitrified after the long
equilibration period, while there were no differences in BAX gene expression among
treatments. Yang and Rajamahendran [48] related a higher expression level of Bcl-2 to
better quality embryos less prone to apoptosis. However, the levels of BCL2L1 gene
expression observed in our study were inconsistent with apoptosis levels assessed by
TUNEL in fresh or vitrified D7 blastocysts, suggesting that apoptosis detected by TUNEL
is independent of the expression of BCL2L1 or BAX genes, as observed previously [49].
Similarly, the mRNA levels of SOD1 were upregulated after SE treatment, indicating that
a shorter exposure time may reduce oxidative stress by improving the activity of
antioxidant enzymes and improving the quality of vitrified/warmed embryos [50]. In
addition, a trend —though not significant (p = 0.07) —was observed towards greater CX43
and AQP3 gene expression in blastocysts subjected to SE compared to LE. In effect, a high
expression of CX43, a gene related to cell compaction and adhesion [51], has been linked
to better quality and more cryotolerant embryos [52]. AQP3 plays an important role in the
transport of cryoprotectants and fluids during the cryopreservation of bovine embryos
[53]. The presence of mRNA encoding this protein has been also related to better embryo
cryotolerance [54]. While not always significant, the differences in gene expression
observed in surviving blastocysts derived from D7 blastocysts vitrified after the SE
treatment could be indicative of better embryo quality. In effect, these blastocysts showed
an improved hatching ability, together with higher TCN and TE cell numbers, as well as
a lower apoptosis rate.

Further experiments on embryo transfer are required to determine if improvements
observed in post-warming outcomes of vitrified IVP embryos after a short exposure to the
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equilibration solution are related to a higher pregnancy rate after in-straw-
warming/dilution in field conditions.

5. Conclusions

In conclusion, the vitrification of IVP D7 bovine embryos using the in-straw
vitrification/warming device with a brief 3 min exposure to the equilibration solution gave
rise to post-warming outcomes comparable to those of fresh non-vitrified blastocysts. In
addition, our gene expression analysis indicated that the SE treatment could lead to the
production of more high-quality blastocysts, promoting the efficiency of embryo transfer.
This strategy of shortening the exposure time to the equilibration medium within the in-
straw vitrification/warming procedure could have important implications for commercial
in vitro embryo transfer programs because it shortens the time needed to vitrify each
embryo and simplifies the use of this technique in field conditions. Future experiments
are underway to establish the full survival potential of these cryopreserved embryos after
their transfer to recipient cows.

Author Contributions: Conceptualization, LM.-R., M.Y., and T.M.; formal analysis, LM.-R. and
M.Y.; funding acquisition, M.L.-B. and T.M.; investigation, LM.-R., T.G.-M., E.A.O.-L., and M.V.-F.;
methodology, IM.-R.,, T.G.-M., E.A.O.-L., C.O.H., and X.M.; project administration, M.L.-B. and
T.M.; resources, ].E., S.A., M.L.-B., and T.M.; supervision, M.Y. and T.M.; validation, M.Y. and
T.M.; writing —original draft, LM.-R.; writing—review and editing, T.M. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by the Spanish Ministry of Science and Innovation (Project
AGL2016-79802-P) and the Generalitat de Catalunya (Project No. 2017 SGR 1229). Iris Martinez-
Rodero was awarded a scholarship from the Spanish Ministry of Science, Innovation and
Universities (BES-2017-081962).

Institutional Review Board Statement: Not applicable
Informed Consent Statement: Not applicable
Data Availability Statement: Data is contained within the article or supplementary material.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ealy, A.D.; Wooldridge, L.K.; McCoski, S.R. Post-transfer consequences of in vitro-produced embryos in cattle. J. Anim. Sci.
2019, 97, 2555-2568, d0i:10.1093/jas/skz116.

2. Rizos, D.; Ward, F.; Duffy, P.A.T.; Boland, M.P.; Lonergan, P. Consequences of bovine oocyte maturation, fertilization or early
embryo development in vitro versus in vivo: Implications for blastocyst yield and blastocyst quality. Mol. Reprod. Dev. 2002, 61,
234-248, d0i:10.1002/mrd.1153.

3.  Heo, Y.T,; Lim, ].K.; Xu, Y.N,; Jang, W.L; Jeon, S.H.; Kim, N.H. Development of a method of vitrification, thawing, and transfer
of mammalian blastocysts using a single closed cryo-straw. Cryo Lett. 2014, 35, 108-113, d0i:10.1002/mrd.1153.

4.  Taniguchi, M.; Ikeda, A.; Arikawa, E.; Wongsrikeao, P.; Agung, B.; Naoi, H.; Nagai, T.; Otoi, T. Effect of cryoprotectant
composition on in vitro viability of in vitro fertilized and cloned bovine embryos following vitrification and in-straw dilution.
J. Reprod. Dev. 2007, 53, 963-969, doi:10.1262/jrd.18175.

5. Zhang, Y,; Fu, X;; Chen, L,; Feng, C.; Bi, J.; Mo, X,; Cheng, K.; Zhang, R.; Li, S.; Zhu, S. A simple and efficient vitrification method
for in-straw dilution and direct transfer of bovine embryos. Cryo Lett. 2015, 36, 392-398.

6. Ha, AN, Lee, S.R; Jeon, ].S,; Park, H.S.; Lee, S.H.; Jin, ].I; Sessions, B.R.; Wang, Z.; White, K.L.; Kong, .K. Development of a
modified straw method for vitrification of in vitro-produced bovine blastocysts and various genes expression in between the
methods. Cryobiology 2014, 68, 57-64, d0i:10.1016/j.cryobiol.2013.11.007.

7. Tajimi, H.; Yamazaki, T.; Oike, S.; Yoshida, T.; Okada, K.; Kuwayama, M.; Ushijima, H. Vitrification for bovine embryos with
low-quality grade. Anim. Sci. ]. 2018, 89, 1194-1200, doi:10.1111/asj.13024.

8.  Rodriguez-Villamil, P.; Ongaratto, F.L.; Fernandez Taranco, M.; Bo, G.A. Solid-surface vitrification and in-straw dilution after
warming of in vitro-produced bovine embryos. Reprod. Domest. Anim. 2014, 49, 79-84, d0i:10.1111/rda.12229.

9. Caamano, ].N.; Gémez, E.; Trigal, B.; Munoz, M.; Carrocera, S.; Martin, D.; Diez, C. Survival of vitrified invitro-produced bovine

embryos after a one-step warming in-straw cryoprotectant dilution procedure. Theriogenology 2015, 83, 881-890,
doi:10.1016/j.theriogenology.2014.11.021.



Biology 2021, 10, 142 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Inaba, Y.; Aikawa, Y.; Hirai, T.; Hashiyada, Y.; Yamanouchi, T.; Misumi, K.; Ohtake, M.; Somfai, T.; Kobayashi, S.; Saito, N. In-
straw cryoprotectant dilution for bovine embryos vitrified using Cryotop. J. Reprod. Dev. 2011, 57, 437-443, doi:10.1262/jrd.10-
154m.

Pugh, P.A,; Tervit, HR.; Niemann, H. Effects of vitrification medium composition on the survival of bovine in vitro produced
embryos, following in straw-dilution, in vitro and in vivo following transfer. Anim. Reprod. Sci. 2000, 58, 9-22, doi:10.1016/s0378-
4320(99)00087-1.

Vieira, A.D.; Forell, F.; Feltrin, C.; Rodrigues, J.L. In-straw cryoprotectant dilution of IVP bovine blastocysts vitrified in hand-
pulled glass micropipettes. Anim. Reprod. Sci. 2007, 99, 377-383, doi:10.1016/j.anireprosci.2006.06.010.

Saha, S.; Rajamahendran, R.; Boediono, A.; Sumantri, C.; Suzuki, T. Viability of bovine blastocysts obtained after 7, 8 or 9 days
of culture in vitro following vitrification and one-step rehydration. Theriogenology 1996, 46, 331-343, doi:10.1016/0093-
691x(96)00189-6.

Vajta, G.; Murphy, C.N.; Machaty, Z.; Prather, R.S.; Greve, T.; Callesen, H. In-straw dilution of bovine blastocysts after
vitrification with the open-pulled straw method. Vet. Rec. 1999, 7, 180-181, d0i:10.1136/vr.144.7.180.

Oliveira, C.S.; Feuchard, V.L. da S.; de Freitas, C.; Rosa, P.M. da S.; Camargo, A.]. dos R.; Saraiva, N.Z. In-straw warming
protocol improves survival of vitrified embryos and allows direct transfer in cattle. Cryobiology 2020, 97, 222-225,
doi:/10.1016/j.cryobiol.2020.02.007.

Morato, R.; Mogas, T. New device for the vitrification and in-straw warming of in vitro produced bovine embryos. Cryobiology
2014, 68, 288-293, doi:10.1016/j.cryobiol.2014.02.010.

Szurek, E.A.; Eroglu, A. Comparison and avoidance of toxicity of penetrating cryoprotectants. PLoS ONE 2011, 6, e27604,
doi:10.1371/journal.pone.0027604.

Paynter, S.J.; Cooper, A.; Gregory, L.; Fuller, B.].; Shaw, R.W. Permeability characteristics of human oocytes in the presence of
the cryoprotectant dimethylsulphoxide. Hum. Reprod. 1999, 14, 2338-2342, d0i:10.1093/humrep/14.9.2338.

Sanches, B.V.; Lunardelli, P.A.; Tannura, J.H.; Cardoso, B.L.; Colombo Pereira, M.H.; Gaitkoski, D.; Basso, A.C.; Arnold, D.R,;
Seneda, M.M. A new direct transfer protocol for cryopreserved IVF embryos. Theriogenology 2016, 85, 1147-1151,
doi:10.1016/j.theriogenology.2015.11.029.

Rios, G.L.; Mucci, N.C.; Kaiser, G.G.; Alberio, R.H. Effect of container, vitrification volume and warming solution on
cryosurvival of in vitro-produced bovine embryos. Anim. Reprod. Sci. 2010, 118, 19-24, d0i:10.1016/j.anireprosci.2009.06.015.
Goémez, E.; Carrocera, S.; Martin, D.; Pérez-Janez, ].J.; Prendes, J.; Prendes, ] M.; Vazquez, A.; Murillo, A.; Gimeno, I.; Mufioz,
M. Efficient one-step direct transfer to recipients of thawed bovine embryos cultured in vitro and frozen in chemically defined
medium. Theriogenology 2020, 146, 39-47, doi:10.1016/j.theriogenology.2020.01.056.

Morato, R.; Izquierdo, D.; Paramio, M.T.; Mogas, T. Survival and apoptosis rates after vitrification in cryotop devices of in vitro-
produced calf and cow blastocysts at different developmental stages. Reprod. Fertil. Dev. 2010, 22, 1141-1147,
doi:10.1071/RD10013.

Arcarons, N.; Moratd, R.; Spricigo, ]. F.W.; Ferraz, M.A.; Mogas, T. Spindle configuration and developmental competence of in
vitro-matured bovine oocytes exposed to NaCl or sucrose prior to Cryotop vitrification. Reprod. Fertil. Dev. 2016, 28, 1560-1569,
doi:10.1071/RD14516.

Vendrell-Flotats, M.; Garcia-Martinez, T.; Martinez-Rodero, 1.; Lopez-Bejar, M.; LaMarre, J.; Yeste, M.; Mogas, T. In Vitro
Maturation with Leukemia Inhibitory Factor Prior to the Vitrification of Bovine Oocytes Improves Their Embryo Developmental
Potential and Gene Expression in Oocytes and Embryos. Int. |. Mol. Sci. 2020, 21, 7067, d0i:10.3390/ijms21197067.

Arcarons, N.; Vendrell-Flotats, M.; Yeste, M.; Mercade, E.; Lopez-Béjar, M.; Mogas, T. Cryoprotectant role of exopolysaccharide
of Pseudomonas sp. ID1 in the vitrification of IVM cow oocytes. Reprod. Fertil. Dev. 2019, 31, 1507-1519, d0i:10.1071/RD18447.
Xiong, S.; Liu, J.X,; Gao, Y.; Liu, WW.; Wu, L.H.; Han, W.; Zhang, X.D.; Han, S.B; Liu, D.Y.; Huang, G.N. Shortened equilibration
time can compromise clinical outcomes in human embryo vitrification. Hum. Fertil. 2016, 19, 114-119,
doi:10.1080/14647273.2016.1186848 .

Herrid, M.; Billah, M.; Malo, C.; Skidmore, J.A. Optimization of a vitrification protocol for hatched blastocysts from the
dromedary camel (Camelus dromedarius). Theriogenology 2016, 85, 585-590, doi:10.1016/j.theriogenology.2015.09.048.

Do, V.H.; Walton, S.; Catt, S.; Taylor-Robinson, A.W. A comparative analysis of the efficacy of three cryopreservation protocols
on the survival of in vitro-derived cattle embryos at pronuclear and blastocyst stages. Cryobiology 2017, 77, 58-63,
doi:10.1016/j.cryobiol.2017.05.007.

Kader, A.; Choi, A.; Sharma, R.K.; Falcone, T.; Agarwal, A. Effect of varying equilibration time in a two-step vitrification method
on the post-warming DNA integrity of mouse blastocysts. Fertil. Steril. 2010, 93, 2640-2645, d0i:10.1016/j.fertnstert.2009.07.991.
Bagis, H.; Mercan, H.O.; Cetin, S.; Sekmen, S. The effect of equilibration time on survival and development rates of mouse
pronuclear-stage embryos vitrified in solid surface (SSV) and convential straws: In vitro and In vivo evaluations. Mol. Reprod.
Dev. Inc. Gamete Res. 2005, 72, 494-501, d0i:10.1002/mrd.20263.

Mahmoudzadeh, A.R.; Van Soom, A.; Bols, P.; Ysebaert, M.T.; De Knuif, A. Optimization of a simple vitrification procedure for
bovine embryos produced in vitro: Effect of developmental stage, two-step addition of cryoprotectant and sucrose dilution on
embryonic survival. . Reprod. Fertil. 1995, 103, 33-39, doi:10.1530/jrf.0.1030033.

Dinnyés, A.; Lonergan, P.; Fair, T.; Boland, M.P.; Yang, X. Timing of the first cleavage post-insemination affects cryosurvival of
in vitro-produced bovine blastocysts. Mol. Reprod. Dev.1999, 53, 318-324, doi:10.1002/(SICI)1098-2795(199907)53:3<318::AID-
MRD7>3.0.CO;2-0O.



Biology 2021, 10, 142 16 of 16

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Iwasaki, S.; Yoshiba, N.; Ushijima, H.; Watanabe, S.; Nakahara, T. Morphology and proportion of inner cell mass of bovine
blastocysts fertilized in vitro and in vivo. Reproduction 1990, 90, 279-284, d0i:10.1530/jrf.0.0900279.

Loureiro, B.; Bonilla, L.; Block, J.; Fear, ].M.; Bonilla, A.Q.S.; Hansen, P.J. Colony-stimulating factor 2 (CSF-2) improves
development and posttransfer survival of bovine embryos produced in vitro. Endocrinology 2009, 150, 5046-5054,
doi:10.1210/en.2009-0481.

Soom, A. Van; Boerjan, M.; Ysebaert, M.; de Kruif, A. Cell allocation to the inner cell mass and the trophectoderm in bovine
embryos cultured in two different media. Mol. Reprod. 1996, 45, 171-182, doi:10.1002/(SICI)1098-2795(199610)45:2<171::AID-
MRD10>3.0.CO;2-4.

Leese, H.].; Donnay, I.; Thompson, J.G. Human assisted conception: A cautionary tale. Lessons from domestic animals. Hum.
Reprod. 1998, 13, 184-202, doi:0.1093/humrep/13.suppl_4.184.

Inaba, Y.; Miyashita, S.; Somfai, T.; Geshi, M.; Matoba, S.; Dochi, O.; Nagai, T. Cryopreservation method affects DNA
fragmentation in trophectoderm and the speed of re-expansion in bovine blastocysts. Cryobiology 2016, 72, 86-92,
doi:10.1016/j.cryobiol.2016.03.006.

Kaidi, S.; Bernard, S.; Lambert, P.; Massip, A.; Dessy, F.; Donnay, 1. Effect of conventional controlled-rate freezing and
vitrification on morphology and metabolism of bovine blastocysts produced in vitro. Biol. Reprod. 2001, 65, 1127-1134,
doi:0.1095/biolreprod65.4.1127.

Mucci, N.; Aller, J.; Kaiser, G.G.; Hozbor, F.; Cabodevila, J.; Alberio, R.H. Effect of estrous cow serum during bovine embryo
culture on blastocyst development and cryotolerance after slow freezing or vitrification. Theriogenology 2006, 65, 1551-1562,
doi:10.1016/j.theriogenology.2005.08.020.

Abe, H.; Yamashita, S.; Satoh, T.; Hoshi, H. Accumulation of cytoplasmic lipid droplets in bovine embryos and cryotolerance
of embryos developed in different culture systems using serum-free or serum-containing media. Mol. Reprod. Dev. 2002, 61, 57—
66, doi:10.1002/mrd.1131 .

Goémez, E.; Mufioz, M.; Rodriguez, A.; Caamario, ].N.; Facal, N.; Diez, C. Vitrification of Bovine blastocysts produced in Vitro
inflicts selective damage to the inner cell mass. Reprod. Domest. Anim. 2009, 44, 194-199, doi:10.1111/j.1439-0531.2007.01026.x.
Mogas, T. Update on the vitrification of bovine oocytes and in vitro-produced embryos. Reprod. Fertil. Dev. 2019, 31, 105-117,
doi:10.1071/RD18345.

Marsico, T.V.; Camargo, J. de; Valente, R.S.; Sudano, M.]. Embryo competence and cryosurvival: Molecular and cellular features.
Anim. Reprod. 2019, 16, 423-439, doi:10.21451/1984-3143-AR2019-0072.

Rizos, D.; Clemente, M.; Bermejo-Alvarez, P.; De La Fuente, ]J.; Lonergan, P.; Gutiérrez-Adan, A. Consequences of in vitro
culture conditions on embryo development and quality. Reprod. Domest. Anim. 2008, 43, 44-50, doi:10.1111/j.1439-
0531.2008.01230.x.

Neuber, E.; Luetjens, C.M.; Chan, A.W.S,; Schatten, G.P. Analysis of DNA fragmentation of in vitro cultured bovine blastocysts
using TUNEL. Theriogenology 2002, 57, 2193-2202, doi:10.1016/s0093-691x(02)00901-9.

Paula-Lopes, F.F.; Hansen, P.]. Apoptosis is an adaptive response in bovine preimplantation embryos that facilitates survival
after heat shock. Biochem. Biophys. Res. Commun. 2002, 295, 37-42, d0i:10.1016/s0006-291x(02)00619-8.

Kader, A.; Agarwal, A.; Abdelrazik, H.; Sharma, RK.; Ahmady, A.; Falcone, T. Evaluation of post-thaw DNA integrity of mouse
blastocysts after ultrarapid and slow freezing. Fertil. Steril. 2009, 91, 2087-2094, doi:10.1016/j.fertnstert.2008.04.049.

Yang, M.Y.; Rajamahendran, R. Expression of Bcl-2 and Bax proteins in relation to quality of bovine oocytes and embryos
produced in vitro. Anim. Reprod. Sci. 2002, 70, 159-169, doi:10.1016/s0378-4320(01)00186-5.

Vandaele, L.; Goossens, K.; Peelman, L.; Van Soom, A. mRNA expression of Bcl-2, Bax, caspase-3 and-7 cannot be used as a
marker for apoptosis in bovine blastocysts. Anim. Reprod. Sci. 2008, 106, 168-173, d0i:10.1016/j.anireprosci.2007.12.016.

Jiang, W.; Li, Y.; Zhao, Y.; Gao, Q.; Jin, Q.; Yan, C.; Xu, Y. l-carnitine supplementation during in vitro culture regulates oxidative
stress in embryos from bovine aged oocytes. Theriogenology 2020, 143, 64-73, doi:10.1016/j.theriogenology.2019.11.036.

Rizos, D.; Gutierrez-Adan, A.; Perez-Garnelo, S.; De La Fuente, J.; Boland, M.P.; Lonergan, P. Bovine embryo culture in the
presence or absence of serum: Implications for blastocyst development, cryotolerance, and messenger RNA expression. Biol.
Reprod. 2003, 68, 236-243, d0i:10.1095/biolreprod.102.007799.

Gutiérrez-Adan, A.; Rizos, D.; Fair, T.; Moreira, P.N.; Pintado, B.; De La Fuente, J.; Boland, M.P.; Lonergan, P. Effect of speed of
development on mRNA expression pattern in early bovine embryos cultured in vivo or in vitro. Mol. Reprod. Dev. 2004, 68, 441—
448, d0i:10.1002/mrd.20113.

Jin, B.; Kawai, Y; Hara, T.; Takeda, S.; Seki, S.; Nakata, Y.; Matsukawa, K.; Koshimoto, C.; Kasai, M.; Edashige, K. Pathway for
the movement of water and cryoprotectants in bovine oocytes and embryos. Biol. Reprod. 2011, 85, 834-847,
doi:10.1095/biolreprod.110.088641.

Lopera-Vasquez, R.; Hamdi, M.; Maillo, V.; Lloreda, V.; Coy, P.; Gutierrez-Adan, A.; Bermejo-Alvarez, P.; Rizos, D. Effect of
bovine oviductal fluid on development and quality of bovine embryos produced in vitro. Reprod. Fertil. Dev. 2017, 29, 621-629,
doi:10.1071/RD15238.



