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This study was conducted to investigate the effects of rapamycin treatment during in vitro maturation (IVM) on oocyte maturation and 
embryonic development after parthenogenetic activation (PA) and somatic cell nuclear transfer (SCNT) in pigs. Morphologically good 
(MGCOCs) and poor oocytes (MPCOCs) were untreated or treated with 1 nM rapamycin during 0–22 h, 22–42 h, or 0–42 h of IVM. Rapamycin 
had no significant effects on nuclear maturation and blastocyst formation after PA of MGCOCs. Blastocyst formation after PA was significantly 
increased by rapamycin treatment during 22–42 h and 0–42 h (46.6% and 46.5%, respectively) relative to the control (33.3%) and 0–22 h groups 
(38.6%) in MPCOCs. In SCNT, blastocyst formation tended to increase in MPCOCs treated with rapamycin during 0–42 h of IVM relative 
to untreated oocytes (20.3% vs. 14.3%, 0.05 ＜ p ＜ 0.1), while no improvement was observed in MGCOCs. Gene expression analysis revealed 
that transcript abundance of Beclin 1 and microtubule-associated protein 1 light chain 3 mRNAs was significantly increased in MPCOCs 
by rapamycin relative to the control. Our results demonstrated that autophagy induction by rapamycin during IVM improved developmental 
competence of oocytes derived from MPCOCs.
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Introduction

Pigs are used in a wide variety of biomedical studies as 
models of human disease, xenotransplantation, and transgenesis 
for medical application. However, the efficiency of in vitro 
production of embryos by reproductive biotechnology including 
in vitro fertilization (IVF), intracytoplasmic sperm injection, 
and somatic cell nuclear transfer (SCNT) procedures has not 
been thoroughly investigated in this species. To increase the 
efficiency of assisted reproductive technology in pigs, it is 
important to prepare mature oocytes with high developmental 
competence [14]. The quality of oocytes derived from in 
vitro maturation (IVM) is a key factor influencing successful 

embryonic development. Despite many studies to improve 
IVM systems for mammalian oocytes, relatively little is known 
about oocyte maturation. Indirect evidence, such as maturation- 
promoting factor activity, intraoocyte glutathione (GSH) 
content, and blastocyst formation after IVF and SCNT, are 
widely used to predict the degree of cytoplasmic maturation of 
IVM oocytes [8,9,15,16]. However, morphological features 
such as thickness of the cumulus cell layer and oocyte diameter 
are still the most common criteria used for classification of the 
quality of immature cumulus-oocyte-complexes (COCs). The 
physiological importance of the role of gap junctions between 
oocytes and cumulus cells is well known [25]. Cumulus cells 
play an important role, particularly in normal cytoplasmic 
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maturation of oocytes, regulation of oocyte metabolism, and 
protection of oocytes from harmful environments such as 
oxidative stress [4,5,29,36]. For these reasons, morphologically 
poor oocytes (MPCOCs) that are smaller in diameter and have 
less cumulus cells than morphologically good oocytes (MGCOCs) 
are discarded.

Autophagy or autophagocytosis is a process that removes 
unnecessary or damaged cellular proteins and components [6]. 
This process also plays an important role in promoting cellular 
survival during starvation [21]. Mammalian target of rapamycin 
(mTOR) is a negative regulator of autophagy [7] that has been 
reported to be involved in the meiotic maturation of mouse 
oocytes by regulating the proliferative activity of cumulus cells 
[13]. As shown in various biological systems, recent evidence 
indicates that autophagy is involved in embryonic development 
in mammalian species. Autophagy-deficient mouse embryos 
die during preimplantation development, [34] and transient 
induction of autophagy augments the preimplantation 
development of bovine embryos [26]. Thus, chemical inhibitors 
of mTOR are frequently used to activate autophagy in 
mammalian cells [30]. Additionally, expression of several 
genes including Beclin 1 and microtubule-associated protein 
1-light chain 3 (LC3) have been assayed to monitor autophagy 
in various types of cells [13,37]. Beclin 1, which is the 
mammalian orthologue of the yeast Apg6/Vps30 gene, can 
complement the defect in autophagy present in apg6 yeast 
strains and stimulate autophagy when overexpressed in 
mammalian cells [18]. Expression of LC3, which is essential to 
the formation of autophagosomes, has also been analyzed to 
monitor autophagic activity [27,37].

Rapamycin is an autophagy inducer that inhibits Ser/Thr 
protein kinase, which regulates cellular metabolism and growth 
in response to environmental stimuli and has shown both pro- 
and anti-apoptotic effects. Pan et al. [22] reported that 
rapamycin protected neuronal cells from apoptosis induced by 
rotenone treatment by inducing autophagy. In contrast, Tirado 
et al. [32] observed that rapamycin stimulated apoptosis of 
human desmoplastic small round cell tumor (JN-DSRCT-1) 
cells by increasing the Bax : Bcl-xl ratio. Although Song et al. 
[27] examined the effects of rapamycin in a maturation medium 
on subsequent development of in vitro-fertilized pig embryos, 
limited information is available regarding whether autophagy 
induction (in both MGCOCs and MPCOCs) by rapamycin 
treatment will show beneficial effects on oocyte maturation and 
preimplantation development in vitro following parthenogenetic 
activation (PA) and SCNT. Therefore, this study was conducted 
to examine the effects of rapamycin, an autophagy inducer, on 
oocyte maturation and embryonic development after PA and 
SCNT in pigs. Our results demonstrate that treatment with the 
autophagy inducing agent, rapamycin, during IVM improves 
developmental competence after PA and SCNT of MPCOCs in 
pigs, probably via stimulation of expression of autophagy-related 

genes.

Materials and Methods

Culture media
All chemicals used in this study were obtained from 

Sigma-Aldrich Chemical Company (USA), unless otherwise 
noted. The base medium for IVM was medium-199 (M-199; 
Invitrogen, USA), which consisted of 0.6 mM cysteine, 0.91 
mM pyruvate, 10 ng/mL epidermal growth factor, 75 g/mL 
kanamycin, 1 g/mL insulin, and 10% (v/v) pig follicular fluid. 
IVM medium was supplemented with 80 g/mL FSH (Antrin 
R-10; Kyoritsu Seiyaku, Japan) and 10 IU/mL hCG (Intervet 
International BV, the Netherland) for the first 22 h of IVM. 
Porcine zygote medium (PZM)-3 containing 0.3% (w/v) bovine 
serum albumin (BSA) was used as the in vitro culture (IVC) 
medium for embryonic development, which was modified by 
adding 2.77 mM myo-inositol, 0.34 mM trisodium citrate, and 
10 M -mercaptoetanol as previously described [39].

Oocyte collection and IVM
Pig ovaries of 6–7-month-old prepubertal gilts weighing 110 

to 120 kg were obtained from a local abattoir and transported to 
the laboratory at 37oC in saline. Follicular contents containing 
oocytes were aspirated from follicles 3 to 8 mm in diameter 
using an 18-gauge needle attached to a plastic syringe. Oocytes 
were classified into two groups of MGCOCs and MPCOCs 
according to the thickness of the cumulus cell layer of the 
oocytes (Fig. 1). Immature COCs were placed into each well of 
a four-well culture dish (Nunc 4-well Dishes for IVF; Thermo 
Scientific, USA) that contained 500 L of maturation medium 
with hormones. The COCs were cultured at 39oC with 5% CO2 
under maximum humidity. After 22 h of maturation, oocytes 
were washed several times in fresh hormone-free IVM medium 
and then further cultured in hormone-free IVM medium for an 
additional 20 h. During IVM, the maturation medium was 
supplemented with 1 nM rapamycin according to the 
experimental design. We used a ready-made rapamycin 
solution (R-8781) in which rapamycin was dissolved in 
dimethyl sulfoxide (DMSO) (2.5 mg/mL). The final 
concentration of DMSO in the maturation medium was less 
than 0.0001% (v/v) when the medium was supplemented with 1 
nM rapamycin. Thus, we disregarded the effects of DMSO 
included in the IVM medium. Following IVM, denuded 
oocytes were examined for nuclear maturation. Oocytes having 
their first polar bodies in the perivitelline space were considered 
meiotically matured.

Experimental design
MGCOCs and MPCOCs in Experiments 1 and 2, respectively, 

were untreated or treated with 1 nM rapamycin during 0–22, 22–
42, and 0–42 h of IVM, and the effects of rapamycin treatment 
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Fig. 1. (A) Morphologically good (MGCOCs) and (B) poor pig 
oocytes (MPCOCs) used in this study. MGCOCs were 
surrounded by a thick cumulus cell layer, whereas MPCOCs 
were partially denuded or had a thin cumulus cell layer compared
to MGCOCs. Scale bars = 100 m.

on nuclear maturation and embryonic development after PA 
were examined to determine the optimal timing of treatment. In 
Experiment 3, the effects of rapamycin treatment on intraoocyte 
content of GSH were examined. Finally, embryonic 
development after SCNT of MGCOCs and MPCOCs was 
compared following treatment of recipient cytoplasts with 
rapamycin during 0–42 h of IVM in Experiment 4. The 
proportions of oocytes that reached metaphase II (MII) stage 
and developed to the blastocyst stage were calculated based on 
the number of COCs cultured for maturation and the number of 
PA or SCNT oocytes cultured, respectively. Finally, the relative 
transcript abundance of Beclin 1 and LC3 mRNA was analyzed 
in Experiment 5 to determine whether rapamycin treatment 
stimulated expression of autophagy related genes.

Preparation of donor cells
Porcine fetal fibroblasts were cultured in four-well culture 

dishes in Dulbecco’s modified Eagle medium using nutrient 
mixture F-12 (Invitrogen) amended with 10% (v/v) fetal 
bovine serum until a complete monolayer of cells formed. 

Synchronization of donor cells at the G0/G1 stage of the cell 
cycle was induced by contact inhibition for 72 to 96 h. 
Cultured cells were trypsinized, washed, and resuspended in 
HEPES-buffered Tyrode’s medium containing 0.4% (w/v) 
BSA (TLH-BSA) [1] to prepare a suspension of single cells for 
nuclear transfer.

SCNT and PA
For SCNT, oocytes at the MII stage were placed in a 

manipulation medium (calcium-free TLH-BSA) containing 5 
g/mL Hoechst 33342 for 15 min. After incubation, oocytes 
were washed in a fresh manipulation medium and transferred 
into a droplet of manipulation medium containing 5 g/mL 
cytochalasin B (CB) that was covered with warm mineral oil. 
The oocytes were enucleated by aspirating the polar body and 
MII chromosomes using a 17-m beveled glass pipette (Humagen 
Micropipets; Origio, USA). Presence or absence of MII 
chromosomes was observed under an epifluorescence 
microscope (TE300; Nikon, Japan). A single cell was injected 
into the perivitelline space of each enucleated oocyte, after 
which cell-oocyte couplets were placed on a fusion chamber 
overlaid with 1 mL of 260 mM mannitol containing 0.001 mM 
CaCl2 and 0.05 mM MgCl2, as previously described [28,35]. 
Membrane fusion of cell-oocyte couplets was induced by 
applying electric stimuli using a cell fusion generator (LF101; 
Nepa Gene, Japan) [17]. Oocytes were then incubated for 1 h in 
TLH-BSA, after which they were examined for fusion under a 
stereomicroscope. The SCNT oocytes were activated with two 
pulses of 120 V/mm direct current for 60 s in a 280 mM 
mannitol solution containing 0.1 mM CaCl2 and 0.05 mM 
MgCl2. To induce parthenogenesis, MII oocytes were activated 
using the same pulse sequence that was used to activate SCNT 
oocytes [17].

Post-activation treatment and embryo culture
After electrical activation, the PA and SCNT embryos were 

treated with 5 g/mL CB and 0.4 g/mL demecolcine, 
respectively, combined with 1.9 mM 6-dimethylaminopurine in 
IVC medium for 4 h [17]. The SCNT and PA embryos were 
washed three times in fresh IVC medium, transferred into 
30-L droplets of IVC medium under mineral oil, and then 
cultured at 39oC in a humidified atmosphere of 5% CO2, 5% O2, 
and 90% N2 for 7 days. Cleavage and blastocyst formation were 
evaluated on days 2 and 7, respectively, with the day of SCNT 
or PA designated as day 0 [17]. The number of cells in 
blastocysts was examined by Hoechst 33342 staining under an 
epifluorescence microscope.

Measurement of intraoocyte GSH contents
The intraoocyte GSH contents of IVM oocytes were 

measured using previously described methods [23]. Briefly, 
CellTracker Blue 4-chloromethyl-6,8-difluoro-7-hydroxycoumarin 
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Table 1. Primers and real-time polymerase chain reaction conditions used for gene expression analysis

mRNA Direction Primer sequences Product size (base pairs)

GAPDH Forward 5'-AGGGCTGCTTTTAACTCTGGCAA-3' 180
Reverse 5'-GATGGTGATGGCCTTTCCATTG-3'

Beclin 1 Forward 5'-CCTCCCCGATCAGAGTGAAGC-3' 177
Reverse 5'-TACTTGCCACAGCCCAGGTGA-3'

LC3 Forward 5'-TCCGAGAGCAGCATCCTACCA-3' 161
Reverse 5'-ATTGAGCTGCAAGCGCCTTCT-3'

(Invitrogen) was used to detect intracellular GSH with blue 
fluorescence, respectively. A group of 10 to 15 denuded oocytes 
at the MII stage from each treatment group was incubated for 30 
min in TLH containing 0.05% (w/v) polyvinyl alcohol (PVA) 
supplemented with 10 M CellTracker in the dark. Oocytes 
were then washed three times, after which they were incubated 
for an additional 30 min in IVC medium in the dark. Following 
incubation, the oocytes were washed with D-PBS (Invitrogen) 
containing 0.1% (w/v) PVA, then placed into 2-L droplets, and 
the fluorescence was observed under an epifluorescence 
microscope (TE300; Nikon) with ultraviolet ray filters (370 
nm). The fluorescence intensities of oocytes were subsequently 
analyzed by the ImageJ software (ver. 1.46r; National Institutes 
of Health, USA) and normalized against untreated MPCOCs 
oocytes.

Gene expression analysis by real-time polymerase chain 
reaction (PCR)

The extraction of total mRNA from denuded MII oocytes 
was conducted using the Dynabeads mRNA DIRECT Kit 
(Ambion, USA) according to the manufacturer’s instructions. 
Reverse transcription of the extracted mRNA was performed 
using ReverTra Ace qPCR RT Master Mix with a gDNA 
Remover kit (Toyobo, Japan). Subsequently, the 7500 Real-Time 
PCR System (Applied Biosystems, USA) was used for PCR 
amplification with Real-time PCR Master Mix (Toyobo) to 
quantify the expression of specific genes. PCR specificity was 
identified by analyzing melting curve data and the specific gene 
expression was normalized by comparison to the GAPDH 
transcriptional level. Relative mRNA level was calculated as 
2−ΔCt, where Ct = the threshold cycle for target amplification 
and ΔCt = Cttarget gene (specific genes for each sample) − Ctinternal 

reference (GAPDH for each sample). General information and 
sequences of primers designed with cDNA sequences derived 
from GenBank for pig and by the Primer3 software (Whitehead 
Institute/MIT Center for Genome Research, USA) are shown in 
Table 1.

Statistical analysis
Data from each experiment were analyzed using the general 

linear model procedure followed by the least square method 

when treatments differed at a p ＜ 0.05 in the Statistical 
Analysis System (ver. 9.3; SAS Institute, USA). The results are 
expressed as the mean ± standard error of the mean (SEM).

Results

Experiment 1. Effect of rapamycin treatment during IVM of 
MGCOCs on nuclear maturation and embryonic development 
after PA 

When MGCOCs were treated with rapamycin during 0–22, 
22–42 or 0–42 h of IVM, no significant difference in nuclear 
maturation was observed among groups examined (92.4, 90.1, 
94.4 and, 89.2% for untreated oocytes and those treated for 0–
22, 22–42, and 0–42 h of IVM, respectively). Rapamycin 
treatment during IVM did not alter PA embryonic development 
to the cleavage (89.4–94.5%) and blastocyst stages (48.5, 54.9, 
51.1, and 48.8% for untreated oocytes and those treated for 0–
22, 22–42, and 0–42 h of IVM, respectively) (Table 2). In 
addition, the number of cells in the blastocyst (37.1–38.7 cells 
per blastocyst) was not influenced by rapamycin treatment 
(Table 2).

Experiment 2. Effects of rapamycin treatment during IVM of 
MPCOCs on nuclear maturation and embryonic development 
after PA 

Regardless of time of treatment, rapamycin did not improve 
nuclear maturation (82.4–86.6%) of MPCOCs, which was 
significantly lower than that (92.8%) of MGCOCs. In contrast 
to nuclear maturation of oocytes, significant effects of rapamycin 
were observed on embryonic development after PA. Blastocyst 
formation of oocytes treated with rapamycin during 22–42 h 
(46.6%) and 0–42 h of IVM (46.5%) was not significantly 
different from that of untreated MGCOCs (50.8%), but was 
higher than that of untreated (33.3%) oocytes and those treated 
for 0–22 h of IVM (38.6%). The number of cells in the 
blastocyst (36.2–38.7 cells per blastocyst) was not influenced 
by rapamycin treatment (Table 3).

Experiment 3. Effect of rapamycin treatment on intraoocyte 
GSH contents 

Treatment of oocytes with rapamycin during IVM did not 
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Table 3. Effects of rapamycin in maturation medium on oocyte maturation and development after PA of morphologically poor oocytes 
(MPCOCs)

Grade of 
oocytes

Rapamycin 
treatment 

during IVM

Number of 
COCs 

cultured*

% of 
oocytes that 
reached MII

Number of PA 
oocytes
cultured

% of oocytes developed to†
Number of cells 

in blastocyst≥ 2-cells blastocysts

MGCOCs – 219 92.8 ± 0.5a 199 93.0 ± 2.1 50.8 ± 3.5a 38.0 ± 1.6
MPCOCs – 220 85.0 ± 2.2b 192 89.6 ± 2.1 33.3 ± 3.6b 38.7 ± 1.9

  0–22 h 223 86.6 ± 0.5b 189 88.4 ± 2.1 38.6 ± 3.6b 36.9 ± 1.4
22–42 h 226 82.4 ± 1.7b 178 88.8 ± 2.2 46.6 ± 3.7a 36.2 ± 1.4
  0–42 h 218 83.1 ± 2.3b 170 93.0 ± 2.2 46.5 ± 3.8a 37.6 ± 1.4

*Five replicates. †Percentage based on the number of PA oocytes cultured. a,bDifferent superscript letters within a column indicate a significant difference 
(p ＜ 0.01). 

Table 2. Effects of rapamycin in maturation medium on oocyte maturation and development after parthenogenetic activation (PA) of 
morphologically good oocytes (MGCOCs)

Grade of 
oocytes

Rapamycin 
treatment 

during IVM

Number of 
COCs 

cultured*

% of 
oocytes that 
reached MII

Number of 
PA oocytes 

cultured

% of oocytes developed to†
Number of cells 

in blastocyst≥ 2-cells blastocysts

MGCOCs – 146 92.4 ± 1.1 131 91.1 ± 2.6 48.5 ± 3.1 38.7 ± 1.3
  0–22 h 140 90.1 ± 1.1 122 89.4 ± 2.5 54.9 ± 3.2 37.1 ± 1.2
22–42 h 144 94.4 ± 1.5 133 91.1 ± 2.6 51.1 ± 3.1 37.5 ± 1.2
  0–42 h 202 89.2 ± 3.9 160 94.5 ± 2.5 48.8 ± 4.0 37.1 ± 1.7

*Five replicates. †Percentage based on the number of PA oocytes cultured. IVM, in vitro maturation; MII, metaphase II.

Table 4. Effects of rapamycin in maturation medium on oocyte maturation and intraoocyte glutathione (GSH) contents of MGCOCs 
and MPCOCs

Grade of oocytes
Rapamycin treatment 

during IVM
% of oocytes that 

reached MII
Number of oocytes 
examined for GSH*

Relative level 
(pixels/oocyte) of GSH

MGCOCs – 93.8 ± 1.2a 60 1.08 ± 0.04
0–42 h 93.7 ± 1.6a 60 0.97 ± 0.05

MPCOCs – 86.0 ± 0.9b 55 1.00 ± 0.07
0–42 h 88.4 ± 2.6b 50 1.03 ± 0.06

*Five replicates. a,bDifferent superscript letters within a column indicate a significant difference (p < 0.01).

influence intraoocyte GSH contents in MII oocytes derived 
from MGCOCs (1.08 ± 0.04 and 0.97 ± 0.05 pixels/oocyte for 
untreated and treated oocytes, respectively) and MPCOCs (1.00 
± 0.07 and 1.03 ± 0.06 pixels/oocyte for untreated and treated 
oocytes, respectively) (Table 4).

Experiment 4. Effect of rapamycin treatment during IVM on 
embryonic development after SCNT 

When MII oocytes that were treated with rapamycin during 
IVM were used as recipient cytoplasts for SCNT, embryonic 
development to the blastocyst stage was not influenced by 

rapamycin treatment in MGCOCs (27.7% and 26.0% for 
untreated and treated oocytes, respectively). However, blastocyst 
formation of SCNT embryos derived from MPCOCs tended to 
increase in response to rapamycin treatment compared to 
non-treatment (20.3% vs. 14.3%, p ＜ 0.1). There were no 
significant effects of rapamycin on embryo cleavage (89.4–
94.5%) or number of cells in the blastocyst (37.7–41.6 cells) 
observed (Table 5).
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Table 5. Effect of rapamycin in a maturation medium on development after somatic cell nuclear transfer (SCNT) of MGCOCs and 
MPCOCs

Grade of 
oocytes

Rapamycin 
treatment 

during IVM

Number of 
oocytes 

reconstructed*

% of 
fused 

oocytes

Number of 
SCNT oocytes 

cultured

% of oocytes developed to†
Number of cells 

in blastocyst≥ 2-cells blastocysts

MGCOCs – 112 72.1 ± 0.5 112 91.1 ± 1.7 27.7 ± 4.7a 37.8 ± 2.8
0–42 h 125 73.7 ± 2.0 123 89.4 ± 3.0 26.0 ± 3.4a 39.5 ± 3.7

MPCOCs – 114 75.3 ± 3.3 112 91.1 ± 2.7 14.3 ± 1.8b 37.7 ± 3.7
0–42 h 130 80.7 ± 5.6 128 94.5 ± 0.9  20.3 ± 2.7ab 41.6 ± 3.6

*Five replicates. †Percentage based on the number of SCNT oocytes cultured. a,bDifferent superscript letters within a column indicate a significant difference 
(p ＜ 0.05).

Fig. 2. Relative transcript abundance (mean ± SEM) of Beclin 1
and LC3 mRNAs in metaphase II oocytes derived from 
morphologically good oocytes (MGCOCs) and morphologically
poor oocytes (MPCOCs) treated with 1 nM rapamycin during in 
vitro maturation. Bars with different letters (a, b) in the same 
mRNA are significantly different (p ＜ 0.05).

Experiment 5. Effect of rapamycin treatment during IVM on 
the transcript abundance of Beclin 1 and LC3 in IVM oocytes

Treatment of MPCOCs with rapamycin during IVM 
stimulated the expression of Beclin 1 and LC3 mRNAs in MII 
oocytes relative to the control (p ＜ 0.05), while no significant 
effect was observed in MGCOCs after treatment with 
rapamycin (Fig. 2).

Discussion

Oocyte quality is an important factor influencing early 
embryonic viability, establishment of pregnancy, fetal 
development, and even diseases in adulthood [14]. Thus, many 
studies have been conducted to ensure matured oocytes have 
good quality [11,17]. Particularly, the normal nuclear and 
cytoplasmic maturation of oocytes is critically dependent on 
interactions with their cumulus cells [12]. Cumulus cells and 
oocytes are associated with the gap junction system. The gap 
junctions between the oocyte and cumulus cells enable 
transport of small molecules such as nutrients and messengers, 
which may be involved in regulating meiotic resumption of 
oocytes enclosed with cumulus cells [19]. In this study, 
MPCOCs showed lower competence of nuclear maturation 
than MGCOCs, which was consistent with the results of 
previous studies that showed maturation of denuded porcine 
oocytes was lower than that seen in intact oocytes [2,20] and 
that co-culture of denuded oocytes improved maturation status 
[10].

All cells have nutrient and energy substrate reserves to 
enable their survival during unfavorable situations such as 
starvation, hypoxia, and nutrient depletion. Autophagy plays an 
essential role in providing access to such nutrient stores and is 
known as a prosurvival pathway activated by certain stressors 
[33]. Upon activation of autophagy under stressful conditions, 
cells reuse organelles and aging proteins to produce energy or 
essential nutrients through sequestration and degradation 
within autophagosomes and autolysosomes [33]. In this study, 
rapamycin treatment significantly increased the relative 
transcript abundance of Beclin 1 and LC3 mRNAs in MPCOCs. 
However, the stimulating effect on gene expression was not 
observed in MGCOCs. These findings coincided well with the 
effects of rapamycin on embryonic development. We used 1 nM 
rapamycin to induce autophagy based on the results reported by 
Song et al. [27], who found that 1 nM rapamycin sufficiently 
induced autophagy in pig COCs. When autophagy was induced 
in MGCOCs by rapamycin treatment during IVM, no 
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improvement in oocyte maturation and embryonic development 
was observed. However, our results were inconsistent with the 
finding that treatment of pig COCs with rapamycin for 0–22 h of 
IVM improved nuclear maturation and embryonic development 
after IVF [27]. Although direct comparison is not possible due 
to use of different IVM systems, including the source of 
immature oocytes and type of maturation medium, nuclear 
maturation of untreated MGCOCs was 92.4% in this study, 
while it was only 75.8% in a previous study by Song et al. [27]. 
Thus, it was likely that the quality of immature oocytes used in 
this study was too high to be improved by autophagy induction. 
Another probable reason for the difference between previous 
and present studies was that the 1 nM rapamycin might not be 
the optimal concentration in our IVM system.

Interestingly, in contrast to the lack of a beneficial effect of 
rapamycin in MGCOCs, beneficial effects of autophagy 
induction by rapamycin treatment were shown in MPCOCs. 
Neither nuclear nor cytoplasmic maturation improved, but 
embryonic development to the blastocyst stage after PA and 
SCNT was increased by rapamycin treatment during IVM. 
Although it was not clear how or why autophagy was stimulated 
only in MPCOCs in this study (based on the expression of 
autophagy-related genes), it is likely that MPCOCs were 
exposed to poorer conditions during oocyte maturation, such as 
insufficient nutrients transportation to oocytes due to less 
cumulus cell attachment. As a result, the effects of autophagy 
induction in oocytes were more prominent than in MGCOCs. In 
pigs and cattle, intraoocyte GSH content increases while 
oocytes mature [3,38]. It is well known that intraoocyte GSH 
improves development of IVF or SCNT embryos by neutralizing 
reactive oxygen species, thereby protecting oocytes or embryos 
from oxidative stress [24,31]. Therefore, intraoocyte GSH 
contents were measured in MII oocytes to determine whether 
the increased developmental competence of MPCOCs was due 
to improved cytoplasmic maturation after rapamycin treatment. 
GSH contents did not differ between untreated and treated 
oocytes. However, the results of this study did not clarify 
whether the improved developmental competence of MPCOCs 
was attributed to the induction of autophagy or other unknown 
effects of rapamycin on cytoplasmic maturation. Further 
studies are needed to determine the effects of autophagy 
induction on the expression of cytoplasmic factor(s) beneficial 
for embryonic development. In summary, our results demonstrate 
that rapamycin-assisted IVM leads to efficient production of 
MII oocytes and increased blastocyst formation. These findings 
will be useful for large-scale production of MII oocytes from 
MPCOCs and embryos having high developmental competence 
in vitro.
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