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ABSTRACT: The mammalian target of rapamycin (mTOR) regulates cellular processes such as cell growth, metabolism,
transcription, translation, and autophagy. Rapamycin is a selective inhibitor of mTOR, and induces autophagy in various systems.
Autophagy contributes to clearance and recycling of macromolecules and organelles in response to stress. We previously reported that
vitrified-warmed mouse oocytes show acute increases in autophagy during warming, and suggested that it is a natural response to cold
stress. In this follow-up study, we examined whether the modulation of autophagy influences survival, fertilization, and developmental
rates of vitrified-warmed mouse oocytes. We used rapamycin to enhance autophagy in metaphase II (MII) oocytes before and after
vitrification. The oocytes were then subjected to in vitro fertilization (IVF). The fertilization and developmental rates of vitrified-
warmed oocytes after rapamycin treatment were significantly lower than those for control groups. Modulation of autophagy with
rapamycin treatment shows that rapamycin-induced autophagy exerts a negative influence on fertilization and development of vitrified-
warmed oocytes. (Key Words: Vitrification, Mouse, Oocyte, Rapamycin, Development)

INTRODUCTION

Autophagy, a catabolic cellular process, contributes to
recycling and clearance of macromolecules and organelles
via the lysosomal degradation system (Boya et al., 2013).
Damaged organelles or macromolecules are engulfed by
autophagosomes that are enveloped by two layers of
membranes, and these structures later fuse with lysosomes
to form autolysosomes (Klionsky et al., 2012). Their
contents are then degraded by various lysosomal enzymes,
and the macromolecular building blocks and metabolites are
recycled (Singh and Cuervo, 2011). Autophagy is ongoing
at basal levels within cells, but is induced under unfavorable
circumstances (Mizushima et al., 2008; Singh and Cuervo,
2011; Klionsky et al., 2012; Boya et al., 2013; Lim and
Song, 2014). In mammalian reproduction and development,
autophagy is implicated in the maintenance of primordial
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follicles, blastocyst cavitation, and fetal survival at birth
(Lim and Song, 2014). Moreover, cold stress during
vitrification and maternal diabetes induce autophagy in
mammalian oocytes (Adastra et al., 2011; Bang et al., 2014;
Tsukamoto et al., 2014). The activation of autophagy is
important for turning over maternal proteins to newly
synthesized embryonic ones during preimplantation
embryonic development (Tsukamoto et al., 2008). Further,
dormant blastocysts activate autophagy for their prolonged
survival during delayed implantation (Lee et al., 2011a).
Cryopreservation of oocytes is a crucial tool for the
preservation of fertility. Based on the conditions of freezing,
there are two major methods for oocyte cryopreservation:
slow freezing and vitrification (Saragusty and Arav, 2011).
For vitrification, membrane-permeable cryoprotectants
(CPAs) such as dimethyl sulfoxide (DMSO), ethylene
glycol (EG), and propanediol (PROH) are combined with
non-permeable agents such as sucrose and trehalose (Jo et
al., 2011). Ultrastructures, nuclear changes, and spindle
structures are common parameters used to assess the quality
of cryopreserved oocytes (Gualtieri et al., 2011; Martinez-
Burgos et al., 2011). We recently showed that autophagy is
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induced in vitrified oocytes during warming, and that this
induction is not associated with the presence of CPAs or
sugars in the reagents used (Bang et al., 2014). This result
showed, for the first time, that cold stress during freezing is
a potent inducer of autophagy. However, it remained to be
determined whether modulation of autophagy affects the
subsequent fertilization and development favorably or
adversely.

The mammalian target of rapamycin (mTOR) is a
crucial regulator of cell growth and metabolism. mTOR is
connected with diverse signaling pathways governing cell
survival, growth, metabolism, transcription, translation, and
autophagy. Therefore, mTOR is considered central to
cellular signaling networks (Kapahi et al., 2010). Activated
mTOR is phosphorylated, targeting downstream factors
such as p70 S6 kinase (S6K) and eukaryotic initiation factor
elF4E-binding protein 1 for their  subsequent
phosphorylation and activation (Yu et al., 2010). mTOR is
also a well-known negative regulator of autophagy. In fact,
its inhibition with rapamycin, an immunosuppressive
natural product, induces autophagy in various cell systems
(Castedo et al, 2002; Yang and Klionsky, 2010).
Phosphorylation of mTOR is mediated by S6K, and
rapamycin suppresses mTOR-mediated translation by
inhibiting the S6K activity (Chiang and Abraham, 2005). In
metaphase I (MII) oocytes and preimplantation mouse
embryos, autophagy and mTOR activation are inversely
correlated, i.e., mTOR activity is high in MII oocytes and
suppressed after fertilization, while autophagy displays the
opposite trend (Tsukamoto et al., 2008; Yamamoto et al.,
2014).

We previously showed that vitrified mouse oocytes
show heightened autophagy during warming, and suggested
that it is a natural adaptive response to cold stress (Bang et
al.,, 2014). The use of 3-methyladenine, a widely used
inhibitor of autophagy, during warming did not have a
significant effect on the survival, fertilization, and
development of vitrified-warmed oocytes (Bang et al,
2014). However, it remained to be identified whether
enhanced or defective autophagy in MII oocytes affects the
rates of in vitro fertilization (IVF) and development of
vitrified oocytes. In this follow-up work, we investigate
how the modulation of autophagy with rapamycin during
vitrification affects the rates of vitrification-warming and
IVF and development.

MATERIALS AND METHODS

Mice

All mice were maintained in strict accordance with the
policies of the Konkuk University Institutional Animal Care
and Use Committee (IACUC). This study was approved by
the Konkuk University IACUC (approval number

1103

KU14099). Mice were sacrificed under avertin to minimize
suffering. Four-week-old virgin imprinting control region
(ICR) female mice and ten-week-old ICR male mice were
purchased from Orient-Bio (Seongnam, Korea).

Collection of matured oocytes

Four-to-five-week-old virgin ICR female mice were
intraperitoneally injected with 7.5 TU of pregnant mare’s
serum gonadotropin (Sigma-Aldrich, St. Louis, MO, USA)
to induce folliculogenesis, followed by injection with 7.5
IU of human chorionic gonadotropin 48 h later to induce
superovulation. Next, cumulus-oocyte complexes were
collected from the oviducts 13 to 14 h post injection. The
MII phase oocytes were retrieved in Quinn’s Advantage
Medium with HEPES (Sage, In Vitro Fertilization,
Trumbull, CT, USA) containing 20% fetal bovine serum
(FBS; Gibco, Grand Island, NY, USA) at 37°C. The
cumulus cells were then removed by using 300 pg/mL
hyaluronidase (Sigma-Aldrich, USA).

Vitrification and warming procedure

The vitrification and warming procedure was essentially
followed as described previously (Bang et al., 2014). The
vitrification solution contains a mixture of EG (Sigma-
Aldrich, USA) and DMSO (Sigma-Aldrich, USA). First, the
oocytes were pre-equilibrated with a solution of 7.5% EG,
7.5% DMSO, and 20% FBS for 2.5 min; and then
equilibrated with 15% EG, 15% DMSO, 20% FBS, and 0.5
M sucrose (Fisher Scientific; Fair Lawn, NJ, USA) for 20 s.
Equilibrated oocytes were loaded onto cryotop (Kitazato
Corporation, Shizuoka, Japan) and immersed in liquid
nitrogen (LN;). The vitrified oocytes were stored in LN, for
2 weeks. After 2 weeks, they were warmed serially with
sucrose solutions of decreasing concentrations (0.5, 0.25,
0.125, and 0 M) and 20% FBS for 2.5 min each. The
vitrified-warmed oocytes were then cultured for 1 to 2 h in
medium with HEPES containing 20% FBS for recovery.

Western blot analysis

For each group, 100 MII oocytes were directly collected
in 35 pL 2xsodium dodecyl sulfate (SDS) sampling buffer
(100 mM Tris-Cl [pH 6.8], 4% SDS, 20% glycerol, 2% B-
mercaptoethanol, and 0.2% bromophenol blue). The
samples were boiled and centrifuged briefly, and then
loaded onto 8% SDS-polyacrylamide gels. After
electrophoresis, gels were blotted onto nitrocellulose
membranes (Millipore, Billerica, MA, USA). These
membranes were then blocked with 5% skimmed milk in
Tris-base saline for 1 h at room temperature and incubated
with primary antibodies at 4°C overnight. They were then
incubated with peroxidase-conjugated secondary antibodies
(GenDEPOT, Barker, TX, USA) diluted to 1:10,000 for 1 h.
Chemiluminescence signals were detected using the
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LAS3000 system (Fujifilm, Tokyo, Japan) and quantified by
Multi Gauge software (Fuji Film, Japan). The primary
antibodies used were: rabbit polyclonal anti-total-mTOR
(1:1,000, Cell Signaling Technology, Danvers, MA, USA),
rabbit polyclonal anti-p-mTOR (Ser 2448) (1:1,000, Cell
Signaling Technology, USA), and mouse monoclonal anti-
a-tubulin (1:1,000, Sigma-Aldrich, USA).

Immunofluorescence staining and confocal microscopy
Cultured oocytes were fixed and permeabilized with 4%
paraformaldehyde with 0.1% Triton X-100 in phosphate-
buffered saline (PBS) for 20 min, and washed twice with
0.1% Triton X-100 in PBS for 5 min each. The oocytes
were then blocked in 2% bovine serum albumin (BSA)/PBS
drop for 1 h. Next, they were incubated with the primary
antibody drop containing either anti-p-mTOR (rabbit
polyclonal, 1:200; Cell Signaling Technology, USA), anti-
Light chain 3 beta (LC3b) (rabbit polyclonal, 1:400; Cell
signaling Technology, USA) or anti-Beclinl (rabbit
polyclonal, 1:200; Novus Biologicals, Littleton, CO, USA)
in 2% BSA/PBS overnight at 4°C. The oocytes were
washed thrice in 2% BSA/PBS for 5 min each, and
incubated with Alexa Fluor 488 chicken anti-rabbit
secondary antibody (1:250; Molecular Probes, Trumbull,
CT, USA) in 2% BSA/PBS for 40 min. After three washes,
the oocytes were counterstained with TO-PRO-3-iodide
(1:250; Life Technologies, Invitrogen, Carlsbad, CA, USA).
They were then washed in 2% BSA/PBS, directly placed on
a glass slide, and covered with a glass coverslip that was
sealed with transparent nail polish. Rabbit IgG was used as
mock control. Immunofluorescence images were obtained
using LSM710 confocal microscope (Carl Zeiss,
Oberkochen, Germany), and analyzed using Zen 2009 Light

Edition, a platform associated with the confocal microscope.

For quantification of p-mTOR puncta, each oocyte was
imaged at four planes (3 pum intervals) using LSM710
confocal microscope (Carl Zeiss, Germany).

Rapamycin treatment of oocytes and experimental

Experiment 1
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groups
Rapamycin (Millipore) was dissolved in DMSO
(Sigma-Aldrich, USA). We set up two experimental
schemes as shown in Figure 1. Experiment 1: rapamycin-
pretreated oocytes were vitrified and warmed, and
recovered by culturing for 1 to 2 h at 37°C in 5% CO,. They
were then fertilized in human tubal fluid (HTF) containing
10% substitute protein serum (SPS) for 6 h in vitro, washed,
and cultured in KSOM-AA (Millipore, Danvers, MA, USA)
at 37°C in 5% CO,. Experiment 2: the vitrified oocytes
were warmed in warming solutions containing 100 nM
rapamycin, and recovered by culturing in medium with
HEPES containing 20% FBS and 100 nM rapamycin for 1
to 2 h at 37°C in 5% CO,. Control oocytes underwent the
same procedure with solutions containing the same volume
of DMSO. Vitrified-warmed oocytes were fertilized in vitro,
washed, and cultured in KSOM-AA at 37°C in 5% CO,.

In vitro fertilization and embryo culture

IVF was performed according to the procedure
described by Cha et al. (2011). Epididymal sperms were
obtained from 10 to 11 week-old male ICR mice. For
capacitation, a drop of sperm suspension was added in
Quinn’s Advantage Fertilization Medium (HTF, Sage,
Trumbull, CT, USA) containing 10% SPS (Sage) for 90
min at 37°C in 5% CO,. For IVF, the capacitated sperm
suspension was added to oocytes in HTF containing 10%
SPS. After 6 h, the oocytes were washed four times with
HTF containing 10% SPS and finally, with KSOM-AA
medium. They were then cultured in KSOM-AA drops
overnight. Fertilization was confirmed 24 h later by
observing two-cell embryos. They were cultured for 5 days
to assess embryonic development.

Statistical analyses

All data were graphed using GraphPad Prism (version
5). The statistical analyses were performed using Student’s
t-test (one-tailed). The criteria for statistical significance

ICR amycin "
Gollectionton e-treatment  Vitrification s ? F Warming Recovery IVF
orage jor .
MIl oocytes (2h) (3 min) (10 min) (1-2h) (6h)
2 weeks
Experiment 2
iR N amycin amycin
Collection of Vitrification s ? P Warming ecovery IVF
orage jor
Mil oocytes (3 min) g (10 min) (2-2h) (6 h)
2 weeks

Figure 1. The experimental schemes. Metaphase II (MII) oocytes were collected from ICR mice and used in two independent
experiments (Experiment 1 and 2). Experiment 1: MII oocytes were treated with rapamycin (100 or 250 nM) prior to vitrification. They
were then vitrified for 2 weeks, warmed, and subjected to in vitro fertilization (IVF). Experiment 2: Vitrified MII oocytes were warmed
and recovered in the presence of rapamycin (100 nM) for 80 to 90 min and subjected to IVF.
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were: * p<0.05, ** p<0.01, *** p<0.001.
RESULTS

Timing of rapamycin treatment: experimental groups
Rapamycin indirectly induces autophagy by inhibiting
mTOR, a major suppressor of autophagy (Neufeld, 2010).
To identify whether induction of autophagy by rapamycin
treatment has a positive or negative effect on the survival,
fertilization, and development of vitrified-warmed mouse
oocytes, rapamycin was added at two different points as
follows: Experiment 1, prior to vitrification; and
Experiment 2, during warming (Figure 1). The effects of
rapamycin on mTOR phosphorylation and autophagic
induction were confirmed by western blotting and
immunofluorescence staining (see sections below).

Rapamycin treatment reduces phosphorylation of

A

Experiment 1

#2

Fresh
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B

p-mTOR
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mTOR in fresh and vitrified-warmed metaphase II
oocytes

Prior to assessing the effect of rapamycin on IVF and
development of vitrified oocytes, we first examined whether
our treatment regimen was effective enough to suppress
mTOR phosphorylation in MII oocytes. To address this, we
performed immunofluorescence staining and western
blotting of total and phospho(p)-mTOR in MII oocytes
treated with 100 nM rapamycin. As shown in Figure 2, p-
mTOR signals are observed as puncta in the ooplasm
(Sancak et al., 2008). The overall expression of p-mTOR in
rapamycin-treated oocytes were lower than that in control
(fresh and DMSO-treated). Figure 2B illustrates western
blotting of p-mTOR; p-mTOR levels decreased in both MII
oocytes treated with 100 nM rapamycin for 2 h (Experiment
1), and vitrified-warmed ones treated with the same during
warming (Experiment 2). As shown, rapamycin
significantly reduced the number of p-mTOR puncta

Experiment 2
#1

DMSO

Rapa

Experiment 1 Experiment 2
prior[— — — ] [= -]
mTOR | || - — i —
Tubulin | — — o | - - e o |

Fresh DMSO Rapa Fresh - DMSO Rapa

Vitrified-warmed

Figure 2. Rapamycin treatment suppresses phosphorylation of mammalian target of rapamycin (mTOR) in metaphase 11 (MII) oocytes.
(A) Immunofluorescence staining of p-mTOR in oocytes. Rapamycin was used at 100 nM. Control oocytes were treated with the same
amount of vehicle (dimethyl sulfoxide). Oocytes were stained with rabbit polyclonal anti-p-mTOR antibodies (1:200). Alexa Flour 488
chicken anti-rabbit IgG was used as the secondary antibody. DNA was stained with TO-PRO-3-iodide (1:250). Green, p-mTOR; red,
DNA. Scale bar, 20 um. The experiment was repeated 6 times using at least 20 oocytes in each group. Two representative images from
each group are shown. Rabbit IgG was used as mock control and did not produce any signal (data not shown).While arrows indicate
some examples of p-mTOR puncta. (B) Western blotting of mTOR in oocytes. MII oocytes (100 per group) in Experiments 1 and 2 were
collected in SDS sampling buffer. Total lysates were loaded onto 8% polyacrylamide gels and subjected to western blotting with anti-
mTOR, anti-phospho (p)-mTOR, and anti-o-tubulin antibodies. This experiment was repeated thrice with similar results.
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formed in both groups compared with that in the control
groups. Collectively, these results confirm that the treatment
condition adopted effectively reduces phosphorylation of
mTOR in fresh and vitrified-warmed oocytes.

Rapamycin treatment in metaphase II oocytes prior to
vitrification reduces fertilization rate

We then confirmed if rapamycin treatment induces
autophagic activation in the MII oocytes. In Experiment 1,
MII oocytes were incubated with 100 or 250 nM rapamycin
in DMSO for 2 h prior to vitrification. The oocytes were
then subjected to immunofluorescence staining with anti-
LC3 antibody. LC3 is a marker for autophagic activation
and generally exhibits puncta formation in the cytoplasm
(Mizushima et al., 2004). As shown in Figure 3A, treatment
with rapamycin increased the LC3 immunofluorescence at
both 100 and 250 nM concentrations, the difference being
more evident in case of the former. The oocytes with or
without rapamycin treatment were then subjected to
vitrification (2 weeks), warming, and IVF. While the
survival rates of vitrified-warmed oocytes were similar

A Fresh DMSO

#1

LC3

Rabbit IG

% of survived oocytes

100+
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among the groups (Figure 3B), fertilization rates were
markedly reduced (Figure 4). Developmental rate to the
blastocyst stage was also reduced in the 250 nM rapamycin-
treated group. Thus, exposure to rapamycin prior to
vitrification at MII increases autophagy, and negatively
affects fertilization and developmental rates in vitro.

Rapamycin treatment in vitrified metaphase II oocytes
during warming mildly affects fertilization and
developmental rates

MII oocytes in Experiment 2 received rapamycin
treatment (100 nM) during warming and a recovery time of
80 to 90 min after vitrification (Figure 1). To confirm
enhanced autophagic response in the rapamycin-treated
oocytes, immunofluorescence staining of LC3 and Beclinl
was performed (Figures 5A and B). As shown, expressions
of both the markers increased in presence of rapamycin.
These oocytes were then subjected to IVF and development.
As Figure 6 illustrates, fertilization and developmental rates
significantly decreased in the rapamycin-treated group.
Thus, rapamycin-caused enhanced autophagy beyond

100 nM Rapa

250 nM Rapa

DNA
#2

1 T

T

. DMSO 100nM 250 nM

Figure 3. Experiment 1: Effect of rapamycin treatment prior to vitrification. (A) Immunofluorescence staining of light chain 3 (LC3).
Rapamycin was used at 100 or 250 nM. Control oocytes were treated with the same amount of dimethyl sulfoxide (vehicle). After
rapamycin pretreatment for 2 h, metaphase II (MII) oocytes were washed with medium with HEPES containing 20% fetal bovine serum
and stained with rabbit polyclonal anti-LC3b antibodies (1:400). Alexa Flour 488 chicken anti-rabbit IgG was used as secondary
antibody. DNA was stained with TO-PRO-3-iodide (1:250) and rabbit IgG was used as mock control. Green, LC3; red, DNA. Scale bar,
20 um. The experiment was repeated 5 times using at least 20 oocytes in each group. Two representative images from each group are
shown. (B) Effect of rapamycin pretreatment on survival of vitrified-warmed oocytes. The number of oocytes in each group is shown in

the table of Figure 4.
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Figure 4. Effect of rapamycin pretreatment on fertilization and development of vitrified-warmed oocytes. Graphs show the percentage of
2-cell embryos and blastocysts after in vitro fertilization. The table shows the total number and percentage of oocytes that were used in
the barograms. Data represent the mean of six independent experiments (n = 6), while error bars represent the mean+tstandard deviation
(SD). Statistical significance was analyzed by Student’s 7 test (one-tailed). * p<0.05, ** p<0.01.

physiological levels during warming after vitrification
exerts a negative effect on fertilization and development.

DISCUSSION

In this work, we report that rapamycin treatment causes
enhancement of autophagy beyond the physiological level
in MII oocytes and that this in turn negatively influences
both fertilization and developmental rates of vitrified-
warmed mouse oocytes. Rapamycin is a natural product of
the  bacterium  Streptomyces  hygroscopicus  with
immunosuppressive effects (Heitman et al., 1991). As a
suppressor of mTOR complex 1 (mTORCI), rapamycin is
widely used to induce autophagy (Choi et al., 2014) in
oocytes and embryos (Lee et al., 2011b; Song et al., 2014).
Meanwhile, mTOR also has several indicated roles in
oocyte biology (Lee et al., 2012; Kogasaka et al., 2013;
Mayer et al., 2014). A recent work showed that inhibition of
mTOR activity during meiotic progression of immature
oocytes causes spindle anomaly and chromosome
misalignment (Susor et al., 2015). Rapamycin, used at 100
nM for 12 h, showed an inhibitory effect on the translation
of specific transcripts associated with meiotic progression,
but did not interfere with the overall protein synthesis
(Susor et al., 2015). In our study, we used rapamycin in
mature MII oocytes for 1 to 2 h before and after vitrification,

and observed that fertilization and developmental rates are
affected by this brief exposure (Figures 4 and 6). Such short
exposure was sufficient to reduce mTOR phosphorylation
and increase autophagic activation, and did not cause
distinct morphological or cellular abnormalities (Figures 2
to 5) as in immature mouse oocytes (Susor et al., 2015).
Our observations, however, do not preclude the possibility
that observed effects of rapamycin may have caused
undetected side effects.

MII oocytes have been shown to maintain low levels of
autophagy until fertilization (Tsukamoto et al., 2008).
Within 4 h of fertilization, autophagy is activated to
produce new maternal proteins needed for embryonic
development. Therefore, defective autophagy in oocytes
lacking Atg5 gene negatively affects preimplantation
embryonic development by impeding protein turnover
during oocyte-to-embryo transition (Tsukamoto et al., 2008).
A recent work by Yamamoto et al. (2014) has shown that
the mTOR complex1 (mTORC1) activity is relatively high
in MII oocytes and decreases rapidly after fertilization,
exhibiting an inverse correlation with autophagy
(Yamamoto et al., 2014). The authors used alternative
inhibitors of mTOR such as Torinl and PP242 to increase
autophagy in MII oocytes and embryos, but were
unsuccessful. Thus, they suggested that fertilization-
induced autophagy is independent of mTORCI activity
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Vitrified-warmed oocytes

DMSO

100 nM Rapa

LC3
DNA

Rabbit IgG

Vitrified-warmed oocytes

DMSO

100 nM Rapa

Beclin1
DNA

Rabbit IgG

Figure 5. Experiment 2: Effect of rapamycin treatment during warming and recovery of vitrified oocytes. (A) Immunofluorescence
staining of light chain 3 (LC3) in oocytes treated with rapamycin during warming and recovery after vitrification. Rapamycin was used at
100 nM. Control oocytes were treated with the same amount of dimethyl sulfoxide (vehicle). Oocytes were stained with rabbit polyclonal
anti-LC3b antibodies (1:400). Rabbit IgG was used as mock control. Green, LC3; red, DNA. Scale bar, 20 um. The experiment was
repeated 3 times using at least 20 oocytes in each group. Two representative images from each group are shown. (B)
Immunofluorescence staining of Beclinl in oocytes treated with rapamycin during warming and recovery after vitrification. Oocytes
were stained with rabbit polyclonal anti-Beclinl antibodies (1:200). Alexa Flour 488 chicken anti-rabbit IgG was used as secondary
antibody. DNA was stained with TO-PRO-3-iodide (1:250). The experiment was repeated 3 times using at least 15 oocytes in each group.

Two representative images from each group are shown.

(Yamamoto et al., 2014). In our experiment, rapamycin
treatment increased autophagy in MII oocytes, but this
induction is not essentially associated with fertilization.
Thus, the distinctive results are most likely caused by
differences in timing of treatment regimen as well as the
type and dose of inhibitors used. Rapamycin was also used
in a study on porcine oocytes, which induced slight
increases in LC3-II expression. This treatment was shown
to improve cytoplasmic and nuclear maturation in porcine
oocytes by increasing autophagic activation (Song et al.,
2014). Thus, mTOR is associated with regulation of
autophagy in mammalian oocytes.

In both our experiments (Experiments 1 and 2), we

observed that a short exposure of MII oocytes to rapamycin
prior to fertilization increases autophagy and this, in turn, is
associated with decreased fertilization and developmental
rates (Figures 4 and 6). The fertilization rate was more
affected by this treatment, suggesting that premature
increase in autophagy at fertilization is damaging. As
mentioned before, the warming process after vitrification
promotes autophagic activation (Bang et al., 2014). Thus, as
we assumed in our previous work (Bang et al., 2014),
autophagic induction during warming is likely a natural
response to cold stress.

In conclusion, our data suggest that heightened
autophagy beyond a physiological response during warming
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Figure 6. Effect of autophagy induction on survival, fertilization, and development in oocytes treated with rapamycin during warming
and recovery after vitrification. Graphs show the percentage of 2-cell embryos and blastocysts after in vitro fertilization. The table shows
the total number and percentage of oocytes that were used in the barograms. Data represent the mean of six independent experiments (n =
6), while error bars represent the meantstandard deviation. Statistical significance was analyzed by Student’s ¢ test (one-tailed).

% p<0.01, *** p<0.001.

after vitrification has a negative effect on fertilization and
development. We propose that the extent of autophagic
activation in MII oocytes could further be developed as a
marker to predict developmental competence after
cryopreservation. Cryopreserved MII oocytes with little or
no autophagic activation may thus predict better embryo
quality.
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