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Being a model for endangered wild felids, cryopreservation protocols for domestic cat

oocytes are under continuous development. Immature vitrified oocytes (VOs) are a

valuable resource for fertility preservation programs, but they often degenerate after

warming and their in vitro development is poor. Since the exact mechanisms are not

clear, this study assessed whether vitrification might trigger two apoptotic markers

(DNA fragmentation and caspase activity, Experiment I) and the effects of a chemical

inhibitor (i.e., the pan-caspase inhibitor Z-VAD-FMK) on the same markers (Experiment

II) and on VOs in vitro development (Experiment III). The overarching aim was to check

whether apoptosis inhibition might be a strategy to improve cat oocytes cryotolerance. In

Experiment I, vitrification induced DNA fragmentation and increased caspase activity in

VOs incubated for 24 h after warming (DNA fragmentation: 59.38%; caspase activity:

414.6 ± 326.8) compared to a fresh control (9.68%; 199.6 ± 178.3; p = 0.02). In

Experiment II, the addition of Z-VAD-FMK to vitrification-warming and incubation media

decreased DNA fragmentation and caspase activity (8.82%; 243.7 ± 106.9) compared

to control (untreated) VOs (69.44%; 434.5 ± 248.3; p < 0.001). In Experiment III,

Z-VAD-FMK brought maturation rates of treated VOs close to those of fresh oocytes

(53.13 and 65.38%, respectively, p = 0.057), but there were no differences in VOs

embryo development (cleavage rates; Z-VAD-FMK-treated VOs: 34.38%; control VOs:

31.78%; p= 0.69). In summary, vitrification increased apoptotic markers in cat VOs, and

while Z-VAD-FMK was able to hinder DNA damage and caspase activity, its addition was

not determinant for embryo development. To make the best use of VOs, other oocyte

in vitro maturation and embryo culture strategies, such as the addition of other inhibitors

or their prolonged use, should be investigated.
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INTRODUCTION

Cryotolerance of cat oocytes is suboptimal. Since the domestic
cat is used as a model for the development of cryopreservation
strategies transferable to its wild relatives (1), survival and
development of feline oocytes after vitrification and warming
are critical steps to make gamete biobanks worth the effort.
Immature vitrified oocytes (VOs) experience several cryoinjuries,
which affect their ability to resume meiosis and develop properly
into embryos after warming. Both temperature decrease and
high concentrations of cryoprotectants have a role in inducing
damages. The most commonly reported are oxidative stress,
cumulus cells loss, zona pellucida hardening, and cytoskeleton
damages, which lead to disassembly of the meiotic spindle and
DNA alterations (2, 3), but the exact mechanisms for their poor
in vitro survival and development are still unknown (4).

In several species and cell types, including gametes,
cryopreservation-induced apoptosis has been reported (5–14). In
domestic cat immature oocytes, vitrification affects mitochondria
aggregation (15), and probably also the permeability of gap
junctions hemichannels, causing the loss of small essential
metabolites, ionic imbalance, and the penetration of small,
potentially toxic, molecules (16). However, information is still
limited, and only one study tried to target the apoptosis pathways
through an inhibitor of a signaling molecule known as ROCK
(Rho-associated coiled-coil containing protein kinase), obtaining
an improvement in the developmental competence of VOs in
terms of normal fertilization and cleavage rates (4).

In other species, several strategies have been experimented
on VOs to improve their outcomes, with encouraging results.
Besides the addition of antifreeze proteins (17, 18) or the
inhibition of factors regulating signal transduction (19), the
use of apoptosis inhibitory molecules was demonstrated to be
applicable and effective in pig vitrified oocytes (14). These
molecules (e.g., Z-IETD-FMK, Z-LEHD-FMK, Z-VAD-FMK)
block caspases, which are the effector enzymes involved in
proteolysis and DNA fragmentation during apoptosis, and thus
they hamper cell death. One of these (i.e., the tripeptide Z-VAD-
FMK, Benzyloxycarbonyl-Val-Ala-Asp Fluoromethyl ketone)
is a broad-spectrum, cell-permeable caspase inhibitor, which
was used successfully in reversing cryopreservation-induced
apoptotic degeneration of porcine (20) and bovine embryos (21)
and of different somatic cells (22, 23).

This study aimed to investigate whether cat VOs cryotolerance
can be improved by the inhibition of apoptotic pathways.
For this purpose, we assessed whether vitrification might
trigger two apoptotic markers (DNA fragmentation and caspase
activity, Experiment I) and the effects of a chemical inhibitor
(i.e., the pan-caspase inhibitor Z-VAD-FMK) on the same
markers (Experiment II) and on VOs developmental competence
(Experiment III).

MATERIALS AND METHODS

Chemicals and Reagents
All chemicals and reagents were purchased from Sigma-Aldrich
(St. Louis, MO, USA), unless otherwise stated.

Experimental Design
Three experiments were performed to investigate the effect
of vitrification of immature domestic cat oocytes on some
apoptosis markers and whether cat VOs cryotolerance and
in vitro development can be improved with the use of a
pan-caspase inhibitor. Its influence on the same apoptosis
markers and on the in vitro development of cat VOs
was assessed.

In Experiment I, to check whether Cryotop vitrification
induces the activation of apoptotic pathways in cat VOs, fresh
(FOs, negative control), hydrogen peroxide-exposed (HPOs,
positive control), and vitrified-warmed oocytes were analyzed
by TUNEL assay (to detect DNA fragmentation) and by a
caspase activity assay. Since degeneration might start slowly
after warming, VOs were analyzed after 2 [2hVOs, based on
(24)] or 24 h (24hVOs, standard length of cat oocytes in vitro
maturation—IVM) incubation.

Experiment II was aimed to investigate the influence of
a pan-caspase inhibitor on the same apoptosis markers (i.e.,
DNA fragmentation, caspase activity) analyzed in Experiment
I; Z-VAD-FMK was added to vitrification-warming media only
[VOs(+/−)] or to both vitrification-warming media and post-
warming incubation medium [VOs(+/+)]. The length of the
post-warming incubation (24 h) was chosen based on the results
of Experiment I. Untreated VOs [VOs(−/−)], which were
vitrified/warmed and then incubated without Z-VAD-FMK, were
used as control.

In Experiment III, the aim was to check the influence of the
pan-caspase inhibitor Z-VAD-FMK on the in vitro development
of cat VOs; the treatment that gave the best results in Experiment
II [VOs(+/+)] was used for in vitro embryo production to assess
maturation and embryo development compared to untreated
VOs [VOs(−/−)] and fresh oocytes (FOs). In this Experiment,
post-warming incubation corresponded to IVM.

Groups and treatments are described in detail in sections
“Staining for apoptotic signal detection (Experiments I and II)”
and “In vitromaturation”.

Ovaries and Oocyte Retrieval
Ovaries (n = 244) from healthy queens (Felis catus) were
harvested at random stages of the estrous cycle during routine
ovariectomies or ovariohysterectomies. The study did not require
an ethical approval because cat ovaries were collected as
byproducts from routine surgeries.

After surgery, ovaries were immediately placed in Minimum
Essential Medium Eagle HEPES Modification (HEPES-MEM)
supplemented with 3 mg/mL bovine serum albumin (BSA) and a
mixture of antibiotics and antimycotics (100 IU/mL of penicillin
G sodium, 0.1 mg/mL of streptomycin sulfate, 0.25µg/mL of
amphotericin B), and transported to the laboratory at room
temperature within 4 h.

Ovaries were minced in PBS with 0.1% (w/v) polyvinyl alcohol
to release the oocytes. A surgical scalpel (size 10) was used to cut
the ovarian cortex. Only immature COCs with darkly pigmented
ooplasm completely surrounded by 3–4 layers of cumulus cells
[Grade I (25)] were selected for the experiments.
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Vitrification and Warming of Immature
Cumulus-Oocyte Complexes (COCs)
Oocytes were vitrified by the Cryotop method (26, 27), as
previously described for cat oocytes (28). Briefly, groups of
4–8 oocytes were equilibrated at room temperature in an
equilibration solution containing 7.5% (v/v) ethylene glycol (EG)
and 7.5% dimethylsulfoxide (DMSO) in Medium 199, with 20%
fetal bovine serum (FBS) for 15min. Then, they were transferred
into a vitrification solution (15% [v/v] EG, 15% DMSO and
0.5M sucrose in Medium 199 with 20% FBS), placed on Cryotop
polypropylene strip, removing excess liquid to reduce the volume
as much as possible, and directly immersed into liquid nitrogen
in <90 s. Leaving the Cryotop completely immersed in liquid
nitrogen, it was capped with the help of some clamps. When
vitrification of all the oocytes was completed, Cryotops were
transferred in a goblet and kept in a storage tank until warming.

At warming, the Cryotop strip was immersed for 1min in a
thawing solution at 37◦C containing 1M sucrose inMedium 199,
with 20% FBS. Vitrified oocytes were retrieved and transferred
for 3min in a solution containing 0.5M sucrose in Medium
199, with 20% FBS and then for 5min in a solution without
sucrose. Finally, they were washed again in the same solution
(Medium 199 with 20% FBS) and then moved to the appropriate
medium (Medium 199 for incubation, Experiments I and II; IVM
medium, Experiment III).

In Experiments II and III, for Z-VAD-FMK-treated oocytes,
the final concentration of Z-VAD-FMK (Z-VAD[OMe]-FMK,
MedChemExpress, Monmouth Junction, NJ, USA) in all
vitrification-warming solutions and IVM media was 20µM (14,
20, 21, 29). The stock solution (20mM) was prepared in DMSO.
This concentration was chosen so that DMSO would have been
diluted 1:1,000 in the media, with a concentration (0.1% v/v) that
was advised by the manufacturer to avoid cell toxicity.

Since the addition of Z-VAD-FMK meant an addition of
DMSO, the volume of inhibitor was subtracted from the total
amount of DMSO for the preparation of equilibration and
vitrification solutions for Z-VAD-FMK-treated VOs. Likewise,
an amount of DMSO corresponding to the amount of inhibitor
(1:1,000) was added to the solutions for stepwise warming of
control VOs. For the same reason, in incubation and IVMmedia
of control VOs (i.e., without Z-VAD-FMK), a corresponding
volume of DMSO (1:1,000) was added.

Staining for Apoptotic Signal Detection
(Experiments I and II)
Cell MeterTM TUNEL Apoptosis Assay Kit ∗Red Fluorescence∗

(AAT Bioquest, Sunnyvale, CA, USA) and CellEventTM Caspase-
3/7 Green Detection Reagent (Thermo Fisher Scientific—
Invitrogen, Monza, Italy) were used to stain the oocytes
for DNA fragmentation and caspase activation, respectively,
following the manufacturers’ instructions. Briefly, oocytes were
incubated for 1 h at 38.5◦C in TUNEL and caspase dyes.
Then, they were denuded and counterstained with Hoechst
33342 (0.01 mg/mL) to identify the nucleus. Decumulation was
performed after incubation in the dyes to avoid a possible
influence of pipetting-derived shear stress on cell apoptosis

(30). Finally, the slides were covered with an antifade reagent
(FluoromountTM Aqueous Mounting Medium). Dyes maximum
excitation/emission wavelengths were as follows:

– TUNEL Assay: 556/579 nm;
– Caspase Detection Reagent: 502/530 nm;
– Hoechst: 352/461 nm.

Slides were evaluated under a fluorescence microscope (Axiovert
100, Zeiss) equipped with a digital camera (AxioCam MRc5,
Zeiss) at 400× magnification to count the number of TUNEL-
positive oocytes (showing a bright red fluorescence in nucleus
area) and to esteem caspase activity (i.e., green fluorescence)
with the fluorescence intensity mean value of ooplasm, measured
with the Imaging Software ZEN 2.5 blue edition (Carl Zeiss
Microscopy). Fluorescence values were corrected for background
fluorescence. Oocytes whose nucleus could not be identified by
Hoechst staining were excluded by the analysis (for Experiment
I: one oocyte in 24hVOs and one in FOs were discarded; for
Experiment II: three oocytes in VOs[+/+], one in VOs[+/−],
and one in VOs[−/−] were discarded; no significant differences
among groups in the number of nucleus-missing oocytes; Fisher’s
p = 0.358). Images were captured in black and white and under
the same settings. Figures 1, 2 shown in the present paper were
pseudo-colored after image acquisition.

In Experiment I, four experimental groups were compared.
Fresh oocytes (FOs, negative control) were stained right after
collection. In positive control oocytes (HPOs), apoptosis was
induced with a 3 h incubation in 100µM H2O2 in Medium 199
(31, 32) before staining. Vitrified oocytes were incubated after
warming for 2 h (2hVOs) (24) or 24 h (24hVOs) in Medium
199 to assess whether the activation of apoptotic pathways
might occur soon after warming or slowly during the following
incubation time.

In Experiment II, three experimental groups of VOs were
compared. Based on the results of Experiment I, warmed
oocytes were incubated for 24 h before staining. Control VOs
[VOs(−/−)], which were vitrified-warmed without Z-VAD-
FMK, were incubated in plain Medium 199. Oocytes vitrified-
warmed with the addition of Z-VAD-FMK, instead, were either
incubated in plain Medium 199 [VOs(+/−)] or in Medium 199
with the addition of 20µM Z-VAD-FMK [VOs(+/+)].

In vitro Embryo Production (Experiment III)
In vitro Maturation
Based on the results of Experiment II, three experimental groups
underwent IVM to assess the developmental competence of VOs
treated with a pan-caspase inhibitor:

– Treated VOs [VOs(+/+)], i.e., oocytes vitrified-warmed and
in vitromatured with the addition of Z-VAD-FMK.

– Control VOs [VOs(−/−)], i.e., oocytes vitrified-warmed and
matured in standard conditions.

– Fresh oocytes (FOs), as system control.

Oocytes were singly in vitro matured for 24 h in a controlled
atmosphere (39◦C and 5% CO2 in air) in 20 µL microdrops
of IVM medium (33, 34) [Medium 199 supplemented with
3 mg/mL BSA, 0.1 mg/mL cysteine, 1.4 mg/mL HEPES, 0.25
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FIGURE 1 | Representative fluorescence micrographs of vitrified (A,B), fresh (C, negative control), and hydrogen peroxide-treated (D, positive control) domestic cat

oocytes stained with Hoechst 33342 (1), TUNEL assay (2), and a caspase activity assay (3) to assess the activation of apoptotic pathways. Vitrified oocytes were

stained 2 (A) or 24 (B) h after warming. Bright blue fluorescence (A.1,B.1,C.1,D.1) indicates the nuclear material. Bright red fluorescence (B.2,D.2) in the nuclear area

indicates DNA fragmentation by TUNEL assay. Green fluorescence in the ooplasm (A.3,B.3,C.3,D.3) indicates, according to its intensity, the extent of caspase activity.

Images were captured in black and white and pseudo-colored after acquisition with the Imaging Software ZEN 2.5 blue edition. Black and white balance of Hoechst

(1) and TUNEL (2) images was adjusted after coloring to make nuclear stainings more visible in print. Caspase images, which were used for quantification, were not

modified. Scale bar: 20µm.

mg/mL sodium pyruvate, 0.6 mg/mL sodium lactate, 0.15 mg/mL
L-glutamine, 0.055 mg/mL gentamicin, 0.2 IU/mL human
luteinizing hormone (LH), and 0.5 IU/mL human pituitary
follicle-stimulating hormone (hFSH)] covered by mineral oil in
Petri dishes.

Epididymal Sperm Recovery and in vitro Fertilization

(IVF)
In vitro fertilization was performed with fresh feline epididymal
spermatozoa obtained after routine orchiectomy of adult tomcats
(n= 10). Testes were maintained at 4◦C without any medium for
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FIGURE 2 | Representative fluorescence micrographs of domestic cat vitrified oocytes stained 24 h after warming with Hoechst 33342 (1), TUNEL assay (2), and a

caspase activity assay (3) to assess the activation of apoptotic pathways. (A) Oocytes vitrified-warmed and incubated for 24 h in the presence of the pan-caspase

inhibitor Z-VAD-FMK; (B) Oocytes vitrified-warmed in the presence of Z-VAD-FMK and incubated for 24 h without it; (C) Oocytes vitrified-warmed and incubated for

24 h without Z-VAD-FMK (control). Bright blue fluorescence (A.1,B.1,C.1) indicates the nuclear material. Bright red fluorescence (B.2,C.2) in the nuclear area indicates

DNA fragmentation by TUNEL assay. Green fluorescence in the ooplasm (A.3,B.3,C.3) indicates, according to its intensity, the extent of caspase activity. Images were

captured in black and white and pseudo-colored after acquisition with the Imaging Software ZEN 2.5 blue edition. Black and white balance of Hoechst (1) and TUNEL

(2) images was adjusted after coloring to make nuclear stainings more visible in print. Caspase images, which were used for quantification, were not modified. Scale

bar: 20µm.

up to 24 h before processing. The epididymides were dissected
from isolated testicles and placed in a Petri dish in HEPES-
buffered Medium 199. Spermatozoa were obtained from vas
deferens and cauda epididymis by slicing with scissors at room
temperature, and flushing sperm suspension through a 30µm
filter (Sysmex Partec GmbH, Görlitz, Germany). Subjective
motility and concentration by Bürker chamber were determined.

After 24 h of IVM, oocytes were removed from the IVM
dishes, washed twice, and transferred into 50 µL microdrops
of fresh IVF medium (34) (Medium 199 supplemented with
3 mg/mL BSA, 0.1 mg/mL cysteine, 1.4 mg/mL HEPES, 0.25
mg/mL sodium pyruvate, 0.6 mg/mL sodium lactate, 0.15 mg/mL
L-glutamine, 0.055 mg/mL gentamicin, and 2.2 IU/mL heparin)
covered by mineral oil in Petri dishes. Diluted spermatozoa,
previously centrifuged (500 g, 5min) and resuspended in IVF

medium, were added to the microdrops containing the oocytes to
reach 100µL volume with a final concentration of 1× 106 motile
spermatozoa/mL. Each IVF drop contained 7–11 oocytes from
the same experimental group. Oocytes and spermatozoa were co-
incubated in a controlled atmosphere (39◦C and 5% CO2 in air)
for 18 h.

In vitro Embryo Culture
After IVF, all oocytes were gently washed in in vitro culture
(IVC) medium (Ham’s F-10 supplemented with 5% FBS, 0.11
mg/mL sodium pyruvate, 0.075 mg/mL L-glutamine, 0.6 mg/mL
gentamicin) to remove spermatozoa and residual cumulus cells
with the help of a stripper micropipette (The Stripper, BioTipp,
Waterford, Ireland) equipped with 155 and 125µm tips (RI-
Tip, Gynemed, Lensahn, Germany). Presumptive embryos were
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moved to 20 µL microdrops of IVC medium covered by mineral
oil in Petri dishes, where they were cultured singly for up to 8
days in a controlled atmosphere (39◦C, 5%CO2, and 5%O2). The
medium was not changed during embryo culture. During IVC,
assessment of embryo development was performed every 24 h
under an inverted microscope at 200× magnification (Axiovert
100, Zeiss).

Assessment of Maturation, Fertilization, and

Embryonic Developmental Rates
Two days after IVF, uncleaved oocytes were deprived of
remaining cumulus cells and bound spermatozoa by mechanical
displacement with a stripper micropipette equipped with a
125µm tip, placed on a slide, air-dried, and fixed in 80% ethanol
overnight at 4◦C. Chromatin configuration was then evaluated
by propidium iodide (PI; Thermo Fisher Scientific) staining (1
mg/mL, 1:100 in PBS). Growing embryos were cultured until day
8 or until they showed signs of degeneration and then fixed and
stained with PI to ascertain their developmental stage based on
the number of blastomere nuclei. Maturation stage (metaphase
II, MII) in unfertilized oocytes was identified by the presence of
a tightly packed group of chromosomes in the form of the first
polar body, and another group that were well spread, allowing
for the identification of individual chromosomes (35).

Nuclear evaluation was performed under a fluorescence
microscope (Axiovert 200M, Zeiss) at 200× magnification,
considering that the PI maximum excitation and emission
wavelengths are 535 and 617 nm, respectively.

The total number of in vitro matured oocytes was calculated
as the sum of unfertilized MII oocytes, fertilized oocytes
(i.e., uncleaved but showing pronuclei) and cleaved embryos;
accordingly, the number of fertilized oocytes was calculated as the
sum of fertilized oocytes and cleaved embryos. For the assessment
of embryonic development, cleaved embryos (2–4 cells), 5–8
cells, 9–16 cells, morulae, and blastocysts stages were recorded.

Statistical Analysis
In Experiments I and II, TUNEL data were analyzed by
Fisher’s exact test, whereas caspases activation (i.e., fluorescence
intensity) was analyzed by Kruskal-Wallis non-parametric
one-way ANOVA followed by Dwass-Steel-Critchlow-Fligner
pairwise comparisons (data were not normally distributed by
Shapiro-Wilk test; p < 0.001 for Experiment I, p = 0.005 for
Experiment II). In Experiment III, maturation, fertilization, and
embryo development rates were analyzed by Fisher’s exact test.
Analysis were performed with the software jamovi (Version
1.0.7.0). The level of significance was set at p < 0.05.

RESULTS

Experiment I
The activation of apoptotic pathways in fresh and vitrified
oocytes is reported in Table 1, and representative pictures
are shown in Figure 1. DNA fragmentation (TUNEL-positive
oocytes) was the lowest in FOs (negative control) and 2hVOs (p=
0.106). The number of oocytes with fragmented DNA increased
in 24hVOs compared to 2hVOs (p = 0.023), even if 24hVOs still

had lower DNA fragmentation than HPOs (positive control, p
= 0.004). Caspase activity was higher in VOs and HPOs than
in FOs (p = 0.001), and there were no differences between VOs
incubated for different time after warming (2hVOs vs. 24hVOs, p
= 0.989) or between VOs and HPOs (p= 0.766).

Experiment II
Based on the results of Experiment I, in which 24hVOs had
a higher DNA damage, and since the standard length of post-
warming incubation in VOs is 24 h (i.e., IVM length for cat
oocytes), this time was chosen for incubation to assess the effect
of an apoptosis inhibitor. Results of the use of Z-VAD-FMK
during vitrification-warming or during vitrification-warming
and incubation on DNA fragmentation and caspase activity
are reported in Table 2. Representative pictures are shown in
Figure 2. Compared to the control [VOs(−/−)], Z-VAD-FMK-
treated VOs had lower percentages of TUNEL-positive oocytes (p
= 0.010), especially those both vitrified-warmed and incubated in
the presence of the inhibitor [VOs(+/+)], in which more oocytes
had intact DNA than in the other groups (p = 0.005). Caspase
activity was the lowest in VOs(+/+) (p < 0.001), while it did not
differ between VOs(+/−) and VOs(−/−) (p= 0.588).

Experiment III
Based on the results of Experiment II, VOs vitrified-warmed
and incubated (i.e., in vitromatured) for 24 h with Z-VAD-FMK
[VOs(+/+)] were chosen for the in vitro embryo production
to assess their developmental ability compared to control
VOs(−/−) and FOs. Maturation, fertilization, and embryo
development rates are summarized in Tables 3, 4. As expected,
maturation rates of control VOs(−/−) were lower than those
of FOs (p = 0.004), while VOs(+/+) had similar rates to both
VOs(−/−) (p = 0.384) and FOs (p = 0.057). In addition,
fertilization did not differ among the three groups (p = 0.082),
as well as cleavage/MII ratios (p = 0.294). At later stages,
embryo development rates did not differ between VOs(−/−)
and VOs(+/+) (p = 0.226 for 5–8 cells stage), but they were
always higher in FOs (p= 0.001). This was especially true for late
embryonic developmental stages, which are really challenging to
reach for VOs, as confirmed by the inability of both VOs(−/−)
and VOs(+/+) to form blastocysts.

DISCUSSION

To overcome the poor in vitro maturation and embryonic
developmental rates of cat VOs, several studies focused on the
modification of vitrification procedures (36, 37), most recently
with the addition of follicular fluid extracellular vesicles to
vitrification-warming media (38), or on the modification of
post-warming conditions, such as in vitro culture environments
(39, 40). In addition, targeting apoptosis pathways seemed to be
beneficial for cat VOs developmental competence (4), and the
use of apoptosis inhibitors was successful for vitrified embryos
(20, 21) and oocytes (14) in other species. In the present study,
we assessed DNA fragmentation and caspase activity with the aim
of understanding whether vitrification might activate apoptotic
pathways in cat immature oocytes, and we applied the apoptosis
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TABLE 1 | Activation of apoptotic pathways in vitrified and fresh domestic cat

oocytes, assessed as DNA fragmentation (TUNEL-positive oocytes) and caspase

activity (3 replicates).

Oocytes n. DNA fragmentation

% (n.)

Caspase activity

Fluorescence intensity

mean value ± SD

2hVOs 31 29 (9)a 321.7 ± 212.3a

24hVOs 32 59.4 (19)b 414.6 ± 326.8a

FOs 31 9.7 (3)a 199.6 ± 178.3b

HPOs 33 90.9 (30)c 420.1 ± 346.1a

Different superscripts (a, b, c) within the same column indicate significant differences

among groups (p < 0.05).

2hVOs, vitrified oocytes incubated in Medium 199 for 2 h after warming; 24hVOs,

vitrified oocytes incubated in Medium 199 for 24 h after warming; FOs, fresh oocytes

(negative control); HPOs, oocytes treated with hydrogen peroxide to induce apoptosis

(positive control).

TABLE 2 | Activation of apoptotic pathways in domestic cat vitrified oocytes

(VOs), vitrified-warmed and/or incubated after warming with the addition of the

pan-caspase inhibitor Z-VAD-FMK, assessed as DNA fragmentation

(TUNEL-positive oocytes) and caspase activity (3 replicates).

Oocytes n. DNA fragmentation

% (n.)

Caspase activity

Fluorescence intensity

mean value ± SD

VOs(+/+) 34 8.8 (3)a 243.7 ± 106.9a

VOs(+/−) 37 37.8 (14)b 653.9 ± 591.6b

VOs(−/−) 36 69.4 (25)c 434.5 ± 248.3b

Different superscripts (a, b, c) within the same column indicate significant differences

among groups (p < 0.05).

VOs(+/+), oocytes vitrified-warmed and incubated for 24 h with the addition of Z-VAD-

FMK; VOs(+/−), oocytes vitrified-warmed with the addition of Z-VAD-FMK and incubated

for 24 h in plain Medium 199; VOs(−/−), oocytes vitrified-warmed and incubated for 24 h

in Medium 199-based media without the addition of Z-VAD-FMK (control).

inhibitor Z-VAD-FMK to evaluate its effect on these apoptotic
markers and on the outcomes of in vitro embryo production, with
the overarching aim of improving VOs cryotolerance.

Overall, results showed that vitrification of immature cat
oocytes induced DNA damage and caspase activation. The
addition of the pan-caspase inhibitor Z-VAD-FMK lowered these
markers and brought VOs maturation rates close to those of
fresh oocytes, even though it did not have any influence on
embryo development.

During oocyte apoptosis, some of the main players are
caspases. Caspases are proteases, thus enzymes that can cleave
other polypeptides, which usually need to be cleaved by other
enzymes in order to be activated, often by other caspases in a
cascade (41). Caspase activity leads to the wreckage of several
cellular components, resulting in some well-defined damages
that are typical of apoptosis and not of other types of cell
death (e.g., phosphatidylserine exposure, nuclear condensation,
and genomic DNA fragmentation) (42, 43). According to their
position in the cascade and their function, caspases can be
classified as initiators (e.g., caspases 8 and 9) or effectors
(e.g., caspases 3, 6, and 7) (41). Activated caspases 3 and 7,
which were the ones identified by fluorescent staining in the

TABLE 3 | Maturation, fertilization, and degeneration rates of vitrified and fresh

domestic cat oocytes following in vitro embryo production (6 replicates).

Oocytes n. Maturation†

% (n.)

Fertilization‡

% (n.)

Deg/N.A.

% (n.)

VOs(+/+) 128 53.1 (68)a,b 44.5 (57)a 35.2 (45)a

VOs(−/−) 129 47.3 (61)a 41.1 (53)a 38.8 (50)a

FOs 130 65.4 (85)b 52.3 (68)a 13.9 (18)b

Different superscripts (a, b) within the same column indicate significant differences among

groups (p < 0.05). Percentages calculated on the total number of oocytes in each group.

VOs(+/+), oocytes vitrified-warmed and in vitro matured with the addition of the pan-

caspase inhibitor Z-VAD-FMK; VOs(−/−), oocytes vitrified-warmed and matured without

the inhibitor Z-VAD-FMK (control); FOs, fresh control oocytes; Deg, degenerated; N.A.,

not assessable.
†Sumof cleaved embryos, uncleaved fertilized oocytes (i.e., with pronuclei) and unfertilized

metaphase II oocytes.
‡Sum of cleaved embryos and uncleaved fertilized oocytes.

present study, can cleave several substrates, also resulting in
DNA fragmentation (42), which was hereby assessed by TUNEL
assay. In Experiment I, caspase activity was higher in VOs than
in FOs, regardless of the length of post-warming incubation.
After 24 h, also DNA fragmentation was significantly higher in
VOs than in FOs, while it was similar between 2hVOs and
FOs. Therefore, caspases activity had already started soon after
warming, but more time might be necessary for some enzymes
to reach the nucleus and start DNA fragmentation to the point
it is detectable by TUNEL assay. This might also be related to
our previous observations of VOs post-warming degeneration.
Survival rates after warming of oocytes vitrified with this protocol
are generally higher than 90%, but their viability decreases during
the following incubation (40), as also reported in pig Cryotop-
vitrified oocytes (24). In other species, several studies witnessed
the involvement of apoptotic cell death in VOs post-warming
degeneration (10, 13, 14). In the domestic cat, one study focused
on immature vitrified oocytes revealed that the expression of
apoptosis and DNA repair proteins increased after IVM (44).
This agrees with the findings of Experiment I, in which caspase
activity and DNA damage were detected at the end of 24 h
of incubation.

Therefore, we hypothesized that the partial inhibition of
apoptosis, induced by a molecule acting only on some
components of the apoptotic cascade, might be beneficial for VOs
survival and development. In the present study, Z-VAD-FMK
was used during vitrification-warming or during vitrification-
warming and the following day of culture. This inhibitor acts
by binding to the catalytic sites of caspases and hampering their
activity. Results of Experiment II showed that the addition of Z-
VAD-FMK only during the vitrification-warming procedure was
not enough to avoid DNA damage, while the further addition
of Z-VAD-FMK during the following 24 h of incubation could
significantly reduce caspase activity and DNA damage, achieving
results similar to those of FOs in Experiment I. Similarly, the
exposure to specific caspase inhibitors during incubation was
beneficial for vitrified porcine oocytes in terms of reduced
caspase activity and improved developmental capabilities (14).
The difference between VOs(+/+) and VOs(+/−), instead,
might be due to the short time of exposure when the inhibitor was
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TABLE 4 | Embryonic developmental rates of vitrified and fresh domestic cat oocytes following in vitro embryo production (6 replicates).

Oocytes Matured

n.

2–4 cells

% (n.)

5–8 cells

% (n.)

9–16 cells

% (n.)

Morulae

% (n.)

Blastocysts

% (n.)

VOs(+/+) 68 64.7 (44)a 29.4 (20)a 8.8 (6)a 1.5 (1)a 0 (0)a

VOs(−/−) 61 67.2 (41)a 19.7 (12)a 6.6 (4)a 1.6 (1)a 0 (0)a

FOs 85 72.9 (62)a 62.4 (53)b 49.4 (42)b 35.3 (30)b 15.3 (13)b

Different superscripts (a, b) within the same column indicate significant differences among groups (p < 0.05). Percentages calculated on the total number of matured oocytes in

each group.

VOs(+/+), oocytes vitrified-warmed and in vitro matured with the addition of the pan-caspase inhibitor Z-VAD-FMK; VOs(−/−), oocytes vitrified-warmed and matured without the

inhibitor Z-VAD-FMK (control); FOs, fresh control oocytes.

added only during the vitrification-warming procedure, which
lasted in total slightly more than 25min, considering that the
molecular interactions during the storage in liquid nitrogen are
negligible. Therefore, a longer culture with the addition of Z-
VAD-FMKwas beneficial in hindering the activation of apoptotic
pathways, and this treatment was chosen for in vitro embryo
production in Experiment III.

As previously mentioned, due to several cryoinjuries, cat VOs
developmental competence might be impaired, with cleavage
rates around 15–30% and poor development after the 8–16
cells stage (45). Cleavage rates of VOs obtained in this study
(>30% calculated on the total number of oocytes in each group)
are encouraging and suggest that the Cryotop vitrification for
immature oocytes, together with the IVM-IVF-IVC protocol
used in our laboratory, might be a good combination for the
in vitro embryo production from cryopreserved feline gametes.
However, no difference between VOs(+/+) and VOs(−/−)
(control) was found in embryo development, and the progression
to later stages of development was poor, especially for morula
(about 1.5% in both groups) and blastocyst (0%) stages. On
the other hand, Z-VAD-FMK benefitted IVM outcomes, whose
results were similar to those of FOs. The reason might be
that the diminished apoptotic activity observed during IVM,
linked to the presence of the inhibitor, did not prevent later
degeneration (i.e., after IVF). In other species, the use of
different apoptosis inhibitors in vitrification-warming and/or
incubation media was effective to increase the cryotolerance
of cryopreserved oocytes (14) and embryos (20, 21), leading
to higher survival and embryonic developmental rates. In the
cat, a molecule that targets other components of the apoptotic
pathways was successful in improving embryo development
(4), but in this study the use of Z-VAD-FMK did not give
the same results. Indeed, ROCK, i.e., a kinase, activated by
caspase 3 during apoptosis (46), which is also involved in
cytoskeleton organization and therefore in oocyte viability and
competence (47), was blocked by its inhibitor ROCKi in (4).
In this study, caspases, which are mostly involved in cell
death and inflammation, were broadly inhibited by Z-VAD-
FMK. This difference might explain the divergent results of
ROCKi and Z-VAD-FMK on cat VOs. Other strategies should
be experimented in order to improve VOs developmental
competence. Chemical inhibitors against different targets could
be tested to assess whether their addition during IVM might
exert beneficial and long-lasting effects. Another possibility,
because of the small improvement Z-VAD-FMK gave during

IVM, could be the use of apoptosis inhibitors for the whole in
vitro embryo production, so also during IVC. During culture,
embryos that are not going to develop further tend to arrest
their cellular divisions and start degenerating. Thus, the presence
of apoptotic inhibitors might hinder this process, and there is
evidence that one improved embryo production when added
to culture medium (29). However, other strategies should also
be planned. Apoptosis is a natural process occurring during
development, also in growing embryos, to support the selection
of healthy blastomeres during embryo development (48), and
we do not know what kind of alterations may arise following
apoptosis inhibition, or if it may harm the embryo somehow.
In addition, there is still no knowledge about the survival and
development of gametes and embryos treated with apoptosis
inhibitors once they are transferred to a recipient animal to,
hopefully, generate offspring.

Besides the effects of the inhibitor, in the present study we
observed that fertilization rates, as well as cleavage/MII ratios,
did not differ among VOs and FOs, confirming that cat VOs
do not usually undergo zona pellucida hardening [a well-known
cryodamage in cryopreserved oocytes (3)], and IVF, rather than
intracytoplasmic sperm injection (ICSI), is a suitable technique
for their fertilization. In addition, the ability to be fertilized and
cleave belongs to all matured oocytes in the same way, whether
they were previously vitrified or not.

It was also interesting to notice that a decrease in apoptotic
markers did not mean an increase in developmental competence.
Since we do not have a threshold to discriminate healthy and
dying cells and neither the use of fluorescent staining nor
other methods (e.g., immunohistochemistry, RT-PCR) supply
an absolute quantification of caspase activity, the evaluation
of fragmented DNA might be a better esteem of the number
of oocytes, which will be able to be fertilized and undergo
cellular divisions. Even if VOs(+/+) and VOs(−/−) showed
DNA fragmentation and caspase activity at different extents
(Experiment II), embryo development (Experiment III) was
equally poor. Much more than DNA integrity is needed to
accomplish embryo formation, and probably here lies the
reason for impaired VOs development. Another possibility
might be that VOs undergo necroptosis [i.e., another type
of programmed cell death, independent from caspases and
also known as inflammatory cell death (49)] due to the
exposure to Z-VAD-FMK and its inhibitory effect on caspase
8 (49). If this was the case, the absence of an increase in
apoptotic markers would not be indicative of oocyte health,
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and the poor embryo development might be due to a non-
apoptotic degeneration.

In the field of oocyte cryopreservation, research concerning
the improvement of the efficiency of in vitro embryo production
should give more attention to the progression of embryo
development after oocyte fertilization and the first cellular
divisions. In the growing embryo, cellular divisions are complex
and well-orchestrated processes (50). Among the event allowing
each division, DNA duplication and cytoskeleton dynamic are
fundamental, as well as maternal mRNAs, but unfortunately all of
these might be damaged in cryopreserved cells (3), and we cannot
rule out that VOs cryoinjuries are inherited by blastomeres
after oocyte cleavage. Investigating features of embryos derived
from either fresh or cryopreserved oocytes might help us to
understand why embryo development progression is impaired in
the latter, therefore it could suggest how to improve cat oocytes
cryotolerance and pave the way to a more effective embryo
production from VOs.

CONCLUSIONS

Vitrification of immature cat oocytes induced an increase
in DNA fragmentation and caspase activity, which could
be reverted with the addition of the inhibitor Z-VAD-FMK
during vitrification-warming and the following day of culture.
The in vitro maturation potential and the fertilization rates
of VOs treated with Z-VAD-FMK resulted similar to those
of fresh oocytes, yet the inhibitor was not determinant for
embryo development. The identification of specific alterations
or activation of molecular pathways induced by vitrification
in the intracellular environment of immature oocytes might
suggest other strategies to inhibit cell death, enhance cat VOs
cryotolerance, and improve their developmental abilities.
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15. Sowińska N, Müller K, Nizański W, Jewgenow K. Mitochondrial

characteristics in oocytes of the domestic cat (Felis catus) after in vitro

Frontiers in Veterinary Science | www.frontiersin.org 9 October 2020 | Volume 7 | Article 588334

https://doi.org/10.1016/S0093-691X(99)00249-6
https://doi.org/10.1007/s10815-013-0112-0
https://doi.org/10.1007/s11427-014-4689-z
https://doi.org/10.1262/jrd.2017-004
https://doi.org/10.1016/S0022-1759(00)00285-4
http://www.ncbi.nlm.nih.gov/pubmed/12963414
http://www.ncbi.nlm.nih.gov/pubmed/12963414
https://doi.org/10.1016/S0011-2240(03)00070-1
https://doi.org/10.1095/biolreprod.103.024281
https://doi.org/10.1071/RD10013
https://doi.org/10.1002/btpr.368
https://doi.org/10.1016/j.anireprosci.2012.08.020
http://www.ncbi.nlm.nih.gov/pubmed/23999716
http://www.ncbi.nlm.nih.gov/pubmed/23999716
https://doi.org/10.1016/j.cryobiol.2016.06.007
https://doi.org/10.1111/rda.12772
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Colombo et al. Cat Vitrified Oocytes Apoptosis Inhibition

maturation and vitrification. Reprod Domest Anim. (2017) 52:806–13.

doi: 10.1111/rda.12982

16. Snoeck F, Szymanska KJ, Sarrazin S, Ortiz-Escribano N, Leybaert L, Van

Soom A. Blocking connexin channels during vitrification of immature cat

oocytes improves maturation capacity after warming. Theriogenology. (2018)

122:144–9. doi: 10.1016/j.theriogenology.2018.09.011

17. Lee HH, Lee HJ, Kim HJ, Lee JH, Ko Y, Kim SM, et al. Effects of

antifreeze proteins on the vitrification of mouse oocytes: comparison

of three different antifreeze proteins. Hum Reprod. (2015) 30:2110–9.

doi: 10.1093/humrep/dev170

18. Liang S, Yuan B, Kwon JW, Ahn M, Cui XS, Bang JK, et al. Effect

of antifreeze glycoprotein 8 supplementation during vitrification on the

developmental competence of bovine oocytes. Theriogenology. (2015) 86:485–

94. doi: 10.1016/j.theriogenology.2016.01.032

19. Yoon SY, Eum JH, Cha SK, Yoon TK, Lee DR, Lee WS. Prematuration culture

with phosphodiesterase inhibitors after vitrification may induce recovery

of mitochondrial activity in vitrified mouse immature oocytes. Biopreserv

Biobank. (2018) 16:296–303. doi: 10.1089/bio.2018.0010

20. Men H, Agca Y, Riley LK, Critser JK. Improved survival of vitrified

porcine embryos after partial delipation through chemically stimulated

lipolysis and inhibition of apoptosis. Theriogenology. (2006) 66:2008–16.

doi: 10.1016/j.theriogenology.2006.05.018

21. Pero ME, Zullo G, Esposito L, Iannuzzi A, Lombardi P, De Canditiis C,

et al. Inhibition of apoptosis by caspase inhibitor Z-VAD-FMK improves

cryotolerance of in vitro derived bovine embryos. Theriogenology. (2018)

108:127–35. doi: 10.1016/j.theriogenology.2017.11.031

22. Yagi T, Hardin JA, Valenzuela YM, Miyoshi H, Gores GJ, Nyberg SL. Caspase

inhibition reduces apoptotic death of cryopreserved porcine hepatocytes.

Hepatology. (2001) 33:1432–40. doi: 10.1053/jhep.2001.24560

23. Stroh C, Cassens U, Samraj AK, Sibrowski W, Schulze-Osthoff K, Los M.

The role of caspases in cryoinjury: caspase inhibition strongly improves the

recovery of cryopreserved hematopoietic and other cells. FASEB J Off Publ

Fed Am Soc Exp Biol. (2002) 16:1651–3. doi: 10.1096/fj.02-0034fje

24. Galeati G, Spinaci M, Vallorani C, Bucci D, Porcu E, Tamanini C. Pig oocyte

vitrification by cryotop method: effects on viability, spindle and chromosome

configuration and in vitro fertilization. Anim Reprod Sci. (2011) 127:43–9.

doi: 10.1016/j.anireprosci.2011.07.010

25. Wood TC, Wildt DE. Effect of the quality of the cumulus-oocyte complex

in the domestic cat on the ability of oocytes to mature, fertilize and

develop into blastocysts in vitro. J Reprod Fertil. (1997) 110:355–60.

doi: 10.1530/jrf.0.1100355

26. KuwayamaM, Vajta G, Kato O, Leibo SP. Highly efficient vitrification method

for cryopreservation of human oocytes.Reprod BiomedOnline. (2005) 11:300–

8. doi: 10.1016/S1472-6483(10)60837-1

27. Cobo A, Domingo J, Pérez S, Crespo J, Remohí J, Pellicer A.

Vitrification: an effective new approach to oocyte banking and preserving

fertility in cancer patients. Clin Transl Oncol. (2008) 10:268–73.

doi: 10.1007/s12094-008-0196-7

28. Colombo M, Luvoni GC. Minimum volume vitrification of immature feline

oocytes. J Vis Exp. (2020) 160:e61523. doi: 10.3791/61523

29. Mullani N, Singh MK, Sharma A, Rameshbabu K, Manik RS, Palta P, et al.

Caspase-9 inhibitor Z-LEHD-FMK enhances the yield of in vitro produced

buffalo (Bubalus bubalis) pre-implantation embryos and alters cellular stress

response. Res Vet Sci. (2016) 104:4–9. doi: 10.1016/j.rvsc.2015.11.008

30. Xie Y, Wang F, Puscheck EE, Rappolee DA. Pipetting causes shear

stress and elevation of phosphorylated stress-activated protein kinase/jun

kinase in preimplantation embryos. Mol Reprod Dev. (2007) 74:1287–94.

doi: 10.1002/mrd.20563

31. Chaube SK, Prasad PV, Thakur SC, Shrivastav TG. Hydrogen peroxide

modulates meiotic cell cycle and inducesmorphological features characteristic

of apoptosis in rat oocytes cultured in vitro. Apoptosis. (2005) 10:863–74.

doi: 10.1007/s10495-005-0367-8

32. Zhou Z, Jia R-X, Zhang G,Wan Y, Zhang Y, Fan Y, et al. Using cysteine/cystine

to overcome oxidative stress in goat oocytes and embryos cultured in vitro.

Mol Med Rep. (2016) 14:1219–26. doi: 10.3892/mmr.2016.5395

33. Luvoni GC, Colombo M, Morselli MG. The never-ending search of an ideal

culture system for domestic cat oocytes and embryos. Reprod Domest Anim.

(2018) 53:110–6. doi: 10.1111/rda.13331

34. Jewgenow K, Fernandez-Gonzalez L, Jänsch S, Viertel D, Zahmel J.

Brilliant cresyl blue staining allows the selection for developmentally

competent immature feline oocytes. Theriogenology. (2019) 126:320–5.

doi: 10.1016/j.theriogenology.2018.12.021

35. Hewitt DA, England GCW. Synthetic oviductal fluid and oviductal cell

coculture for canine oocyte maturation in vitro. Anim Reprod Sci. (1999)

55:63–75. doi: 10.1016/S0378-4320(98)00162-6

36. Comizzoli P, Wildt DE, Pukazhenthi BS. In vitro compaction of germinal

vesicle chromatin is beneficial to survival of vitrified cat oocytes. Reprod

Domest Anim. (2009) 44:269–74. doi: 10.1111/j.1439-0531.2009.01372.x

37. Comizzoli P, Pukazhenthi BS, Wildt DE. The competence of germinal vesicle

oocytes is unrelated to nuclear chromatin configuration and strictly depends

on cytoplasmic quantity and quality in the cat model. Hum Reprod. (2011)

26:2165–77. doi: 10.1093/humrep/der176

38. de Almeida Monteiro Melo Ferraz M, Fujihara M, Nagashima JB, NoonanMJ,

Inoue-Murayama M, Songsasen N. Follicular extracellular vesicles enhance

meiotic resumption of domestic cat vitrified oocytes. Sci Rep. (2020) 10:8619.

doi: 10.1038/s41598-020-65497-w

39. Colombo M, Morselli MG, Tavares MR, Apparicio M, Luvoni GC.

Developmental competence of domestic cat vitrified oocytes in 3D enriched

culture conditions. Animals. (2019) 9:329. doi: 10.3390/ani9060329

40. ColomboM,Morselli MG, Apparicio M, Luvoni GC. Granulosa cells in three-

dimensional culture: a follicle-like structure for domestic cat vitrified oocytes.

Reprod Domest Anim. (2020) 55:74–80. doi: 10.1111/rda.13597

41. Lawen A. Apoptosis - an introduction. BioEssays. (2003) 25:888–96.

doi: 10.1002/bies.10329

42. Lamkanfi M, Kanneganti T-D. Caspase-7: a protease involved in

apoptosis and inflammation. Int J Biochem Cell Biol. (2010) 42:21–4.

doi: 10.1016/j.biocel.2009.09.013

43. Tiwari M, Prasad S, Tripathi A, Pandey AN, Ali I, Singh AK, et al.

Apoptosis in mammalian oocytes: a review. Apoptosis. (2015) 20:1019–25.

doi: 10.1007/s10495-015-1136-y

44. Turathum B, Roytrakul S, Changsangfa C, Sroyraya M, Tanasawet S,

Kitiyanant Y, et al. Missing and overexpressing proteins in domestic

cat oocytes following vitrification and in vitro maturation as revealed

by proteomic analysis. Biol Res. (2018) 51:27. doi: 10.1186/s40659-018-

0176-5

45. Luvoni GC, Colombo M. Cold case: small animal gametes cryobanking.

Theriogenology. (2020) 150:445–51. doi: 10.1016/j.theriogenology.2020.

02.047

46. Sebbagh M, Renvoizé C, Hamelin J, Riché N, Bertoglio J, Bréard J.

Caspase-3-mediated cleavage of ROCK I induces MLC phosphorylation and

apoptotic membrane blebbing. Nat Cell Biol. (2001) 3:346–52. doi: 10.1038/

35070019

47. Duan X, Liu J, Dai XX, Liu HL, Cui XS, Kim NH, et al. Rho-GTPase effector

ROCK phosphorylates cofilin in actin-meditated cytokinesis during mouse

oocyte meiosis. Biol Reprod. (2014) 90:37. doi: 10.1095/biolreprod.113.113522

48. Hannoun A, Ghaziri G, Musa AA, Zreik TG, Hajameh F, Awwad J.

Addition of sphingosine-1-phosphate to human oocyte culture medium

decreases embryo fragmentation. Reprod Biomed Online. (2010) 20:328–34.

doi: 10.1016/j.rbmo.2009.11.020

49. Nirmala GJ, Lopus M. Cell death mechanisms in eukaryotes. Cell Biol Toxicol.

(2020) 36:145–64. doi: 10.1007/s10565-019-09496-2

50. Radonova L, Svobodova T, Anger M. Regulation of the cell cycle in early

mammalian embryos and its clinical implications. Int J Dev Biol. (2019)

63:113–22. doi: 10.1387/ijdb.180400ma

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Colombo, Zahmel, Jänsch, Jewgenow and Luvoni. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 10 October 2020 | Volume 7 | Article 588334

https://doi.org/10.1111/rda.12982
https://doi.org/10.1016/j.theriogenology.2018.09.011
https://doi.org/10.1093/humrep/dev170
https://doi.org/10.1016/j.theriogenology.2016.01.032
https://doi.org/10.1089/bio.2018.0010
https://doi.org/10.1016/j.theriogenology.2006.05.018
https://doi.org/10.1016/j.theriogenology.2017.11.031
https://doi.org/10.1053/jhep.2001.24560
https://doi.org/10.1096/fj.02-0034fje
https://doi.org/10.1016/j.anireprosci.2011.07.010
https://doi.org/10.1530/jrf.0.1100355
https://doi.org/10.1016/S1472-6483(10)60837-1
https://doi.org/10.1007/s12094-008-0196-7
https://doi.org/10.3791/61523
https://doi.org/10.1016/j.rvsc.2015.11.008
https://doi.org/10.1002/mrd.20563
https://doi.org/10.1007/s10495-005-0367-8
https://doi.org/10.3892/mmr.2016.5395
https://doi.org/10.1111/rda.13331
https://doi.org/10.1016/j.theriogenology.2018.12.021
https://doi.org/10.1016/S0378-4320(98)00162-6
https://doi.org/10.1111/j.1439-0531.2009.01372.x
https://doi.org/10.1093/humrep/der176
https://doi.org/10.1038/s41598-020-65497-w
https://doi.org/10.3390/ani9060329
https://doi.org/10.1111/rda.13597
https://doi.org/10.1002/bies.10329
https://doi.org/10.1016/j.biocel.2009.09.013
https://doi.org/10.1007/s10495-015-1136-y
https://doi.org/10.1186/s40659-018-0176-5
https://doi.org/10.1016/j.theriogenology.2020.02.047
https://doi.org/10.1038/35070019
https://doi.org/10.1095/biolreprod.113.113522
https://doi.org/10.1016/j.rbmo.2009.11.020
https://doi.org/10.1007/s10565-019-09496-2
https://doi.org/10.1387/ijdb.180400ma
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Inhibition of Apoptotic Pathways Improves DNA Integrity but Not Developmental Competence of Domestic Cat Immature Vitrified Oocytes
	Introduction
	Materials and Methods
	Chemicals and Reagents
	Experimental Design
	Ovaries and Oocyte Retrieval
	Vitrification and Warming of Immature Cumulus-Oocyte Complexes (COCs)
	Staining for Apoptotic Signal Detection (Experiments I and II)
	In vitro Embryo Production (Experiment III)
	In vitro Maturation
	Epididymal Sperm Recovery and in vitro Fertilization (IVF)
	In vitro Embryo Culture
	Assessment of Maturation, Fertilization, and Embryonic Developmental Rates

	Statistical Analysis

	Results
	Experiment I
	Experiment II
	Experiment III

	Discussion
	Conclusions
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


