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Abstract

Guinea pigs are a valuable animal model for studying various diseases, including reproduc-
tive diseases. However, techniques for generating embryos via embryo engineering in
guinea pigs are limited; for instance, in vitro maturation (IVM) technique is preliminary for
guinea pig oocytes. In this study, we aimed to establish and optimize an IVM method for
guinea pig oocytes by investigating various factors, such as superovulation induced by dif-
ferent hormones, culture supplementation (e.g., amino acids, hormone, and inhibitors), cul-
ture conditions (e.g., oocyte type, culture medium type, and treatment time), and in vivo
hCG stimulation. We found that oocytes collected from guinea pigs with superovulation
induced by hMG have a higher IVM rate compared to those collected from natural cycling
individuals. Moreover, we found that addition of L-cysteine, cystine, and ROS in the culture
medium can increase the IVM rate. In addition, we demonstrated that in vivo stimulation
with hCG for 3-8 h can further increase the IVM rate. As a result, the overall IVM rate of
guinea pig oocytes under our optimized conditions can reach ~69%, and the mature oocytes
have high GSH levels and normal morphology. In summary, we established an effective
IVM method for guinea pig oocytes by optimizing various factors and conditions, which pro-
vides a basis for embryo engineering using guinea pigs as a model.

Introduction

Guinea pigs are an ideal animal model for studying a variety of diseases related to immunol-
ogy, pharmacology, nutritional science, toxicology, and the respiratory system [1]. They also
show promise as a model for reproductive diseases, despite being less popular than other
rodents like mice and rats. This is because guinea pigs have a longer estrus cycle of 16-18 days
and a longer gestation duration of approximately 65 days [2, 3]. Notably, however, guinea pigs
exhibit follicular and luteal phases that are similar to those of humans and other large mam-
mals, such as pigs, cattle, and sheep, throughout the complete estrous cycle [4]. For example,
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in the guinea pig estrous cycle, ovarian follicles will experience two stages of follicular wave
peaks at 10-11 days and 16 days, respectively [5, 6]. Moreover, guinea pig blastocysts undergo
interstitial implantation similar to human blastocysts, forming syncytiotrophoblasts [7, 8].
These characteristics make guinea pigs suitable for modeling and studying diseases in large
mammals.

The requirement for inducing in vitro maturation (IVM) of oocytes is not very demanding;
it does not require the oocytes to be at a specific sexual maturity state. Moreover, oocytes can
be readily obtained from the antral follicles of the ovary [9]. Therefore, IVM of oocytes has
advantages over in vivo maturation stimulated using hormones. High quality and high effi-
ciency of IVM from guinea pig oocytes are essential for in vitro fertilization (IVF), embryonic
development, and nuclear transfer cloning in guinea pigs. However, compared with other
mammals like mice [10], cattle [11], and sheep [12], the success rate of IVF in guinea pigs is
relatively low [4]. Furthermore, few studies have explored IVM of guinea pig oocytes, possibly
because of the poor productive capacity of guinea pigs that can hinder the maturity of oocyte
nuclei and cytoplasm [8]. Although some studies have managed to carry out IVM and IVF in
guinea pigs, the quality of the developed embryos was lower than the quality of those devel-
oped from natural maturation due to some unknown reasons [13, 14].

Previous research has shown that many factors, such as superovulation induced by certain
hormones, culture supplementation (e.g., amino acids, hormones, and inhibitors) and condi-
tions (e.g., oocyte type, medium type, and culture duration), and in vivo stimulation with hor-
mones can affect IVM rate. For example, Martin-Coello et al. showed that superovulated
oocytes have an overall higher IVM rate compared to oocytes collected from natural cycling
animals [15]. Hormones are critical for the maturation of oocytes and thus are usually added
to the culture medium for IVM [16]. Previous studies have also shown that culture conditions,
such as supplementation of certain amino acids (e.g., L-cysteine, cystine), as well as different
culture durations, can affect the IVM rate in cows [17] and mice [18]. Certain inhibitors, such
as roscovitine (ROS) and 3-isobutyl-1-methylxanthine (IBMX), can also affect the IVM rate of
oocytes in cattle [19]. ROS is a cyclin-dependent kinase inhibitor, while IBMX is a nonspecific
inhibitor of cAAMP and cGMP phosphodiesterases; both inhibitors can be used to maintain
meiotic arrest of oocytes and thus mimic the environment that inhibits the follicles and keep
the oocyte in the germinal vesicle (GV) stage, improving their embryonic developmental
potential and finally increasing the IVM rate [20]. Moreover, some studies also showed that
oocytes that are induced in vivo for certain durations (e.g., hCG) have an overall higher IVM
rate [21]. Thus, in this study, we aimed to explore how these factors can enhance the IVM rate
of guinea pig oocytes, thus providing a basis for further research on diseases such as reproduc-
tive diseases using guinea pig embryos.

Materials and methods
Culture medium, reagents, chemicals, and equipment

The media, chemicals, inhibitors and reagents used were as follows: M199 medium (#¥M0393,
Sigma, USA), M2 medium, HEPES-buffered CZB medium (HCZB) (#H4034, Sigma, USA),
FBS (#10099141C, Gibco, USA), PBS, ROS (#557354, Sigma, USA), IBMX (#15879, Sigma,
USA), and pregnant mare’s serum gonadotropin (PSMG) (#110254564, ShuSheng Inc, China),
follicle-stimulating hormone (FSH) (#H10940097, Livzon Pharmaceutical Group Inc, China),
luteinizing hormone (LH) (#(2016)110254634, ShuSheng Inc, China), penicillin (#H37020079,
Shandong Lukang Pharmaceutical Co., Ltd., China), human chorionic gonadotrophin (hCG)
(#110251282, NSHF Inc, China), human menopausal gonadotrophin (hMG) (#H44020668,
Livzon Pharmaceutical Group Inc, China), chloral hydrate (Q/12HB 4218-2017, Kermel,
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China), streptomycin (#H37020187, Shandong Lukang Pharmaceutical Co., Ltd., China),
pyruvic acid (#W297003, Sigma, USA), L-cysteine (dissolved in HCL) (#G7602, Sigma, USA),
cystine (dissolved in HCL) (#C7602, Sigma, USA), polyvinyl alcohol (PVA) (#P8136, Sigma,
USA), paraformaldehyde (PFA) (#A8020, Solarbio, USA), Triton X-100 (#T8200, Solarbio,
USA), BSA (#A1933, Sigma, USA), Hoechst 33342 (Y35467, Shanghai yuanye Bio-Technology
Co., Ltd, China), Cell Truck Blue (CMF2HC; 4-chloromethyl-6,8-difluoro-7-hydroxycou-
marin) (#C12881, Life Technology, USA). FITC-labeled anti-o-tubulin antibody (#L7381,
Sigma, USA). The equipment used was as follows: cell culture incubator (NU-4750, NUAIRE,
USA), inverted fluorescence microscope (TS2, Nikon, Japan), and laser confocal microscope
(A1R MP, Nikon, Japan).

Guinea pigs

The study was approved by the Animal Care and Use Committee of Shandong First Medical
University (Approval No. W202111220327). Female guinea pigs aged around 20 days, which
weighed around 80 g and were not sexually matured yet, were purchased from Jinan Pengyue
Experimental Animal Breeding Co., Ltd. (Jinan, China). The guinea pigs were housed in a tem-
perature-regulated (22-23°C) animal facility that followed a 12:12 h dark:light cycle, with a rel-
ative humidity of 65%. The guinea pigs were given free access to commercial food (pellet

form) enriched with vitamin C and tap water containing 0.2 mg/ml of vitamin C.

Superovulation in guinea pigs

Superovulation in 20-day-old female guinea pigs was induced by subcutaneous injection of
different hormones. For different experimental conditions, either 500 pL of FSH (5 IU per kg
weight in PBS) (hereafter as 5 IU/kg), 500 pL of PMSG (5 IU/kg in PBS), or 500 pL of hMG (5
IU/kg in PBS) was subcutaneously injected into the back of the guinea pigs’ neck for 1 day, or
500 pL of hMG (5 IU/kg in PBS) was subcutaneously injected in the same area for 2 or 3 conse-
cutive days. Cumulus oocyte complexes (COCs) containing oocytes were dissected at specific
time points and used for subsequent IVM experiments.

Collection of COCs from natural cycling and superovulated guinea pigs

PBS and M2 medium were pre-warmed to 30°C. Natural cycling or superovulated guinea pigs
were anesthetized with 5% chloral hydrate at a dose of 0.2 ml per 10 g body weight, and their
ovaries were dissected, collected, and briefly washed in pre-warmed PBS. After trimming, the
ovaries were placed in pre-warmed M2 media. Then, follicles within the ovaries were punc-
tured using a glass needle under a stereomicroscope, allowing the COCs containing oocytes to
flow into the M2 media. Representative COCs are shown in Fig 1.

COC:s culturing and in vitro maturation

The collected COCs were first washed in the pre-warmed M2 medium and then cultured in
either basic medium (i.e., M199 medium supplemented with 10% fetal bovine serum (FBS),
100 unit/ml penicillin, 50 ug/ml streptomycin, and 5.2 ng/mL of pyruvic acid) or basic
medium supplemented with different components according to different experimental condi-
tions. L-cysteine and cystine were prepared in concentrated stock solutions (200 uM and

100 puM, respectively) and diluted in the culture medium when used. To compare how differ-
ent COC types affect the IVM rate, the basic medium was used (Table 1). To determine how
different hormones in the culture medium affect the IVM rate, the basic medium supple-
mented with either PMSG (5 IU/mL), PMSG (5 IU/mL) + hCG (1 IU/mL), PMSG (5 IU/mL)
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Fig 1. Types of guinea pig oocytes and their meiotic progression during IVM. (A,B,C) Compact COCs collected
from the ovaries of guinea pigs. Type A oocytes have three or more layers of cumulus cells (A). Type B oocytes have
1-3 layers of cumulus cells (B). Type C oocytes have few or no cumulus cells (i.e., naked oocytes) (C). (D) Oocytes at
the MII stage (matured oocytes) induced from Type A oocytes showing the first polar body (arrow). Scale

bar = 200 pum in (A); 100 pm in (B, C); 50 pm in (D).

https://doi.org/10.1371/journal.pone.0285016.9001

+hCG (1 1U/mL) + FSH (1 IU/mL), or hCG (1 IU/mL) + FSH (1 IU/mL) + LH (5 IU/mL)
were used (Table 2). To determine how different hormone-induced superovulation affect the
IVM rate, the basic medium + hCG (1 IU/mL) + FSH (1 IU/mL) + LH (5 IU/mL) were used.
To determine how different culture durations affect the IVM rate, the basic medium supple-
mented with hCG (1 IU/mL) + FSH (1 IU/mL) + LH (5 IU/mL) was used to culture the oocytes
for 24 h, 36 h, and 48 h (Table 4). To determine how different amino acids and inhibitors affect
the IVM rate, the basic medium without any supplementation or supplemented with either
hCG (1 IU/mL) + FSH (1 IU/mL) + LH (5 IU/mL), hCG (1 IU/mL) + FSH (1 IU/mL) + LH
(51U/mL) + L-cysteine (L-Cys hereafter) ((200 uM), hCG (1 IU/mL) + FSH (1 IU/mL) + LH
(5IU/mL) + L-Cys ((200 uM) + cystine (Cys hereafter) (100 M), hCG (1 IU/mL) + FSH (1 IU/
mL) + LH (5 IU/mL) + L-Cys ((200 uM) + Cys (100 uM) + IBMX (50 pM), or hCG (1 ITU/mL)

Table 1. Effects of different cumulus cell types (layers) on in vitro maturation of oocytes collected from natural cycling guinea pigs.

Cumulus type Number of animals Number of ocytes GV (%) pMI (%) MI (%) AI/TI (%) MII (%) Lysed (%)
A 10 152 7.95+1.68% 40.89+2.84% 10.81+2.49% 1.96+1.01°® 11.57+2.48% 26.82+2.97%
B 10 132 7.7242.71% 40.58+4.71% 19.38+2.68% 0.00+0.00" 8.33+2.26% 23.99+2.56"
C 10 225 7.33+2.89% 30.99+5.34% 14.14+3.75% 4.61£1.55° 1.69+0.89° 42.49+5.42°

* Different superscript letters (a, b or ab) in the same column indicate statistical significance between different variables (P < 0.05). Type A oocytes have more than
three layers of cumulus cells; type B oocytes have 1-3 layers of cumulus cells; type C oocytes have few or almost no cumulus cells. GV: germinal vesicle; pMI: pro-
metaphase I; MI: metaphase I; Al: anaphase I; TI: telophase I; MII: metaphase II.

https://doi.org/10.1371/journal.pone.0285016.t001
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Table 2. Effects of PMSG, hCG, FSH, and LH in the culture medium on the IVM rate of oocytes from natural cycling guinea pigs.

Culture medium Number of animals | Number of oocytes GV (%) pMI (%) MI (%) A/T (%) MII (%) Lysed (%)
Basic medium 10 112 7.95+1.68° | 40.89+2.84° | 10.81+2.49" | 1.96+1.00°° | 11.57+2.85 | 26.48+3.4%
Basic medium+PMSG 6 59 6.70+1.26% | 40.99+2.32% | 20.68+3.25" | 1.51+1.51°" | 13.48+0.52* | 16.64+3.59°
Basic medium+PMSG+HCG 6 69 10.55+1.46* | 16.67+1.92° | 38.33+2.54° | 0.00+0.00* | 17.78+1.11*" | 16.67+1.92%"
Basic medium+PMSG+hCG+FSH 6 70 5.86+1.64° | 14.32+2.88° | 44.26+0.75° | 5.57+0.92*® | 22.91+0.46™ | 7.08+1.25"
Basic medium+hCG+FSH+LH 6 60 3.82+1.90° | 16.78+0.47° | 39.39+2.52° | 4.62+2.39® | 25.10+1.34° | 10.29+1.16"

* Different superscript letters (a, b or ab) in the same column indicate statistical significance between different variables (P < 0.05). IVM rates of type A oocytes cultured
under different conditions were shown. FBS, fetal bovine serum; PMSG, pregnant horse serum gonadotropin; hCG, human chorionic gonadotropin; FSH, follicle-
stimulating hormone; LH, luteinizing hormone; GV: germinal vesicle; pMI: pro-metaphase I; MI: metaphase I; AI: anaphase I; TI: telophase I; MII: metaphase II.

https://doi.org/10.1371/journal.pone.0285016.t1002

+ FSH (11U/mL) + LH (5 IU/mL) + L-Cys ((200 uM) + Cys (100 uM) + ROS (20 uM) was used
(Table 5). ROS and IBMX were removed by replacing the old medium with fresh medium at
different time points (i.e., 12 h and 24 h for ROS, and 6 h and 8 h for IBMX); after replacement
of medium, the oocytes were further cultured for 6 h or 8 h after ROS removal and 12h or 24 h
after IBMX removal. To determine how in vivo injection of hCG (i.e., treatment duration and
dose) affect the IVM rate, one day after induction of superovulation (i.e., injection of hMG for 3
consecutive days), either 5 IU/kg hCG (Table 6), or 0, 5 IU/kg or 10 IU/kg hCG (Table 7) was
subcutaneously injected at the back of the neck; the COCs were then collected at the indicated
timepoints (Table 6) or 8 h later (Table 7), and then cultured in basic medium hCG (1 IU/mL)
+ FSH (1 IU/mL) + LH (5 IU/mL) + L-Cys ((200 uM) + Cys (100 uM) + ROS (20 pM). To
determine how different culture media affect the GSH levels in mature oocytes, the basic
medium without any supplementation, or supplemented with hCG (1 IU/mL) + FSH (1 IU/
mL) + LH (5 IU/mL), hCG (1 TU/mL) + FSH (1 TU/mL) + LH (5 TU/mL) + L-Cys ((200 uM)

+ Cys (100 pM), or hCG (1 IU/mL) + FSH (1 IU/mL) + LH (5 IU/mL) + L-Cys ((200 pM)

+ Cys (100 pM) + ROS (20 uM) were used. During culturing of oocytes, the medium was cov-
ered with paraffin oil, and incubated at 38.5°C, 5% CO2, and 100% humidity. After a certain
period of culturing, the matured oocytes were retrieved for further functional tests.

In vivo stimulation with hCG

For in vivo stimulation of oocytes, 500 uL of hCG (5 IU/kg) diluted in PBS was subcutaneously
injected into the back of the guinea pigs’ neck one day following the superovulation procedure.
Cumulus oocyte complexes (COCs) containing oocytes were then dissected at specific time
points and used for subsequent IVM experiments.

Examination of oocyte maturation status during IVM

Twenty-four hours after the IVM process was completed, the COCs were exposed to 0.1%
hyaluronidase in D-PBS for 5 min. Then, the camulus cells in the COCS were removed by
washing with M199 medium supplemented with 10% FBS. The oocytes were stained with
Hochest 33342, sealed with coverslips, and observed under a fluorescence microscope to deter-
mine their stages, i.e., GV, pMI, ML, A/T, or MII. Of note, MII, which is the indicator of IVM,
was defined by the extrusion of the first polar bodies.

Detection of glutathione (GSH) content in the oocyte cytoplasm

GSH is an important biomarker of oocyte quality and viability. To assess the impact of differ-
ent culture media on GSH levels, oocytes cultured with different media were stained with Cell
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Truck Blue (CMF2HC; 4-chloromethyl-6,8-difluoro-7-hydroxycoumarin; Life Technology) to
determine cytoplasmic GSH levels. Briefly, in each treatment group, 10 oocytes were washed
with PBS containing 0.1% PV A and then incubated with 100 pl of 10 uM Cell Truck Blue in
the incubator at 37°C, 5% CO2, and 100% humidity for 30 min. The oocytes were then washed
with PBS containing 0.1% PVA three times for 5 min each, and observed under an inverted
fluorescence microscope. The images were recorded and later analyzed using the Image J soft-
ware (Version 1.45s; National Institutes of Health). The fluorescence intensities of the 10
embryos were used to evaluat GSH levels.

Detection of microtubule morphology of mature oocytes

The oocytes were fixed in 4% paraformaldehyde solution, which was diluted in PBS, for 40
minutes at room temperature. Following this, the fixed oocytes were washed with PBS three
times, each time for 5 min each time, and then treated with 0.2% Triton X-100/PBS for 20 min-
utes. After washing with PBS three times for 5 min each time, the oocytes were blocked in 2%
BSA/PBS for 2 h, and then incubated with FITC-labeled anti-o-tubulin antibody (1:50) diluted
in 2% BSA/PBS in a dark environment for 3 hours at room temperature or overnight at 4°C.
Next, the oocytes were washed with PBS three times for 5 minutes each time, and then stained
with 10 pug/ml Hoechst 33342, which was diluted in PBS, for 5 minutes. After being washed
with HCZB three times for 5 min each time, the oocytes were sealed with a coverslip, and
observed and recorded under a laser confocal microscope (TCSSP2, Leica Laser Scanning
Confocal System). The excitation wavelengths of Hoechst33342 and FITC were 405 nm and
408 nm, respectively.

Statistical analysis

All data, including the number of oocytes and ratios of oocytes in the GV, pMI, MI, AI/TI, and
MII stages, and degeneration rates of oocytes, were analyzed using the SPSS 20.0 (Chicago,
USA). Percentage data in each replicate were arcsine transformed to mean + standard error of
the mean (SEM) and subjected to one-way ANOVA. Fluorescence intensity in treatment and
control groups was compared using t-test, with P < 0.05 denoting statistical significance.

Results

Effects of COC type on the IVM rate of oocytes collected from natural
cycling guinea pigs

Antral follicles were collected from the ovaries of 30 natural cycling guinea pigs. The COCs
isolated from the follicles were divided into 3 types, i.e., A, B, and C (Fig 1), depending on the
number of layers of cumulus cells. The COCs, which refer to collected oocytes with their
cumulus cells, were cultured in the basic medium. The resulting COCs were then counted and
categorized according to their stages (i.e., GV, pMI, MI, AI/TI, MII, and lysed) (Table 1).
Notably, the overall MII rate (i.e., IVM rate), which serves as an indicator of IVM, was signifi-
cantly higher in type A COCs (11.57 + 2.48%) compared to type C COCs (1.69 + 0.89%)

(P =0.02). The MII rate of type A oocytes was also higher than that of type B oocytes

(8.33 +2.26%), although the difference was not statistically significant (P = 0.266) (Table 1).
Thus, type A COCs were used for all subsequent experiments.
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Effects of hormone supplementation in culture medium on the IVM rate of
oocytes from natural cycling guinea pig

As shown in Table 1, most type A oocytes, when cultured in the basic medium, stopped meio-
sis at the MI stage, with only 11.57 + 2.85% of type A oocytes reaching the MII stage. However,
by adding different combinations of hormones, including PMSG, LH, FSH, and hCG, into the
basic medium, the ratio of MII oocytes (i.e., IVM rate) increased to varying degrees (Table 2).
Notably, the addition of hCG, FSH, and LH resulted in a significant increase in the ratio of
MII oocytes, with a maximal rate of 25.10 + 1.34% (Table 2) (P < 0.05). Thus, hCG, FSH, and
LH were added to the culture medium for subsequent experiments unless otherwise specified.

Effects superovulation with different hormones on the IVM rate of oocytes
from superovulated guinea pigs

Hormones are commonly used to induce superovulation, which can further affect the IVM of
oocytes. In this study, we investigated how different hormones, such as PMSG, FSH and hMG,
can affect superovulation as well as the IVM rate of oocytes in guinea pigs. We found that
PMSG (25.00 + 1.73 vs. 20.00 + 2.51 for PMSG vs. control; P = 0.359) and FSH (20.00 + 2.31
vs. 20.00 £ 2.51 for FSH vs. control; P = 0.528) did not increase the number of type A oocytes
(Table 3). The MII rates (22.90 * 2.22% for PSMG, 23.62 + 1.38% for FSH, vs. 25.10 + 1.34%
for control) (P = 0.33 and 0.508, respectively) of type A oocytes were also not significantly
improved (P = 0.751) with these two hormones. In contrast, injection of hMG significantly
increased the number of type A oocytes (32.33 £ 5.36) compared to injection of FSH

(20.00 + 2.31), PMSG (25.00 £1.73) or control (20.00 + 2.51) (P = 0.029, 0.154, and 0.029,
respectively) (Table 4). Similarly, the ratio of MII oocytes from type A oocytes injected with
hMG (30.27 + 1.24%) was significantly higher than those injected with FSH (23.62 + 1.38%),
PMSG (22.90 + 2.22%) or control (25.10 + 1.34%) (Table 3) (P = 0.010, 0.006, and 0.036
respectively). These results indicated that injection of hMG is most effective in inducing super-
ovulation; meanwhile, superovulation induced by hMG can significantly increase the IVM
rate of oocytes collected from these superovulated guinea pigs.

Table 3. Effects of different hormones on superovulation and on the IVM rate of oocytes from these superovulated guinea pigs.

Hormone Continuous injection time Number of Number of GV (%) pMI (%) MI (%) A/T (%) MII (%) Lysed (%)
type (days) animals oocytes
0 10 20.00+2.51ab 3.82+1.90a 16.78 39.39 4.62 25.10+1.34a | 10.29+1.16a
+0.47ab +2.52a +2.39a
+PMSG 1 6 25.00+1.73b 6.42+2.15a | 17.81+3.63b 36.72 2.85 22.90+2.22a 13.30
+4.79a +1.43a +0.68ab
+FSH 1 6 20.00+2.31b 6.53+0.97a | 16.80+1.08b 35.56 2.08 23.62+1.38a | 15.41+1.81b
+5.29a +20.8a
+hMG 1 6 32.33+5.36ab 3.51 13.44 34.2+2.59a 4.53 30.27+1.24b | 14.04+1.37b
+2.01ab +3.49ab +1.62a
+hMG 2 6 23.00+5.13b 1.01 11.54 44.92 4.16 27.84 10.53+1.02b
+1.01ab +0.77ab +7.40a +4.16a +1.82ab
+hMG 3 6 39.67+2.60b 0.00+0.00b | 6.16+2.70a 52.51 4.13 31.16+0.86b | 6.04+1.27b

+3.43a +0.65a

* Different superscript letters (a, b or ab) in the same column indicate statistical significance between different variables (P < 0.05).—indicates no hormone is injected.
PMSG, pregnant horse serum gonadotropin; hCG, human chorionic gonadotropin; hMG, human menopausal gonadotropin; GV: germinal vesicle; pMI: pro-metaphase

I; MI: metaphase I; AL: anaphase I; TI: telophase I; MII: metaphase II.

https://doi.org/10.1371/journal.pone.0285016.t003
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Table 4. Effects of culture duration on the IVM rate of oocytes from superovulated guinea pigs.

Time | Number of animals | Number of oocytes | GV (%) pMI (%) MI (%) A/T (%) MII (%) Lysed (%)
Basic medium+hCG+FSH+LH | 24h 6 119 0.00+0.00* | 6.16+2.70% | 52.51+5.95% | 4.13+0.65° | 31.16+0.86" | 6.04+1.27%
Basic medium+hCG+FSH+LH | 36h 6 123 L11+1.11° | 5.08+1.45% | 42.00+1.39° | 2.14+1.22% | 25.40+2.11%® | 24.27+0.91°
Basic medium+hCG+FSH+LH | 48h 6 118 2.73+1.77% | 3.3120.48" | 41.18+1.74° | 1.59+0.80° | 18.92+2.56" | 32.28+0.53°

* Different superscript letters (a, b or ab) in the same column indicate statistical significance between different variables (P < 0.05). GV: germinal vesicle; pMI: pro-

metaphase I; MI: metaphase I; Al: anaphase I; TL: telophase I; MII: metaphase II.

https://doi.org/10.1371/journal.pone.0285016.t004

Moreover, the numbers of guinea pig oocytes with hMG treatment (i.e., 1, 2, or 3 days)
were higher compared with those without any hMG treatment (32.33 + 5.36 for 1-day treat-
ment, 23.00 + 5.13 for 2-day treatment, 39.67 + 2.60 for 3-day treatment, compared with
20.00 =+ 2.51 for control with no treatment) (P = 0.068, 0.621, and 0.010, respectively). The
ratios of MII oocytes were also higher compared with those without hMG treatment
(30.27 £ 1.24% for 1-day treatment, 27.84 + 1.82% for 2-day treatment, 31.16 + 0.8% for 3-day
treatment, compared with 25.10 + 1.34% for control with no treatment) (P = 0.010, 0.077, and
0.005, respectively) (Table 3). Since hMG treatment for 3 days has the highest overall IVM
rate, we chose 3 days for supverovulation treatment with hMG for all subsequent experiments.

Effects of the culturing duration on the IVM rate of oocytes from
superovulated guinea pigs

We further investigated how the culture duration can affect the IVM rate of oocytes collected
from superovulated guinea pigs. As shown in Table 4, the oocyte lysis rates at 36 h

(24.27 £ 0.91%) and 48 h (32.28 + 0.53%) were significantly higher than that at 24 h

(6.04 + 1.27%) (P < 0.01 for both). Moreover, the ratio of MII oocytes was significantly higher
when the oocytes were cultured for 24 h (31.16 + 0.86%) compared with those cultured for 36
h (25.40 +£2.11%) or 48 h (18.92 £ 2.56%) (P = 0.086 and 0.005, respectively). Based on these
results, we can conclude that 24 h is the optimal culturing time for IVM of guinea pig oocytes,
and this duration is used for following experiments unless otherwise specified.

Effects of different amino acids or in the hibitors on IVM rate of oocytes
from superovulated guinea pigs

L-cysteine and cystine play crucial roles in the IVM of oocytes. To investigate their effects on
the IVM rate of oocytes from superovulated guinea pigs, we performed a series of tests. When
only L-cysteine (200 M) was added to the culture medium, there was no significant difference
in the ratio of MII oocytes (27.74 + 0.36%) compared to that of the culture medium alone
(31.16 £ 0.86%) (P = 0.439). However, when both L-cysteine (200 uM) and cystine (100 pM)
were added to the culture medium, the ratio of MII oocytes (48.14 + 4.96%) significantly
increased compared to that of the culture medium alone (31.16 + 0.86%) (Table 5) (P = 0.006).
Inhibitors such as IBMX and ROS can affect the IVM of oocytes and thus we also investigated
how they can affect the IVM rate of guinea pig oocytes. When IBMX was added to the matura-
tion medium together with L-cysteine and cystine to a final concentration of 20 uM for 6 h,
the ratio of MII oocytes (52.77 + 6.79%) did not significantly increase compared to the group
without IBMX (48.14 + 4.96%) (P = 0.41) (Table 5). However, addition of ROS together with
L-cysteine and cystine for 24 h slightly increased the ratio of MII oocytes compared to the
groups without ROS, although not significantly (58.98 + 5.81% vs. 48.14 + 4.96%) (P = 0.128)
(Table 5). These findings suggest that both L-cysteine and cystine are crucial for IVM of guinea
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Table 5. Effects of different amino acids and inhibitors on the IVM rate of guinea pig oocytes.

Basic medium
Basic medium+hCG+FSH+LH

Basic medium+hCG+FSH+LH
+L-Cys

Basic medium+hCG+FSH+LH
+L-Cys+Cys

Basic medium+hCG+FSH+LH
+L-Cys+Cys+IBMX

Basic medium+hCG+FSH+LH
+L-Cys+Cys+IBMX

Basic medium+hCG+FSH+LH
+L-Cys+Cys+ROS

Basic medium+hCG+FSH+LH
+L-Cys+Cys+ROS

Processing time Number of Number of | GV (%) | pMI (%) MI (%) A/T (%) MII (%) Lysed (%)

animals oocytes
0 6 130 2.44 21.4 35.83 0.78 16.05£1.07a 23.53
+0.01 +0.47a +4.30ab +0.77a +1.77a
0 6 67 0.00 6.16 52.51+3.43¢c 4.13 31.16 6.04
+0.00 +0.03bc +0.65a +0.86bc +1.27bc
0 6 98 4.42 12.87 39.62 3.47 27.74 11.88
+0.02 +3.26b +0.93bc +2.25a +26.18ab +0.58bc
0 6 81 3.10 8.23 21.07 5.59 48.14 13.88
+0.19 +2.85bc +7.21ad +3.99a +4.96de +5.38bc
6 6 72 2.98 5.08 21.56 6.84 52.77 10.77
+0.02 +1.27bc +6.47ad +0.63a +6.79def +0.33bc
8 6 97 2.41 7.95 16.73+6.10d 2.41 42.74 9.87
+0.01 +1.16bc +1.01a +8.33cd +2.03bc
12 6 54 0.00 2.98 24.28 2.03 62.95+2.41f 7.76
+0.00 +1.65¢ +2.53abd +1.01a +1.68bc
24 6 74 1.73 2.59 26.91 5.10 58.98 4.70+0.49¢

+0.09 +1.48¢ +5.02abd +2.55a +5.81ef

* Different superscript letters (a, b or ab) in the same column indicate statistical significance between different variables (P < 0.05). FBS, fetal bovine serum; hCG,

human chorionic gonadotropin; FSH, follicle-stimulating hormone; LH, luteinizing hormone; L- L-Cys, L-cysteine; Cys, cystine; IBMX, diphosphate Esterase inhibitor;

ROS, Roscovitine reactive oxygen species inhibitor. GV: germinal vesicle; pMI: pro-metaphase I; MI: metaphase I; Al: anaphase I; TI: telophase I; MII: metaphase II.

https://doi.org/10.1371/journal.pone.0285016.t005

pig oocytes, and the addition of ROS could potentially enhance the effects of L-cysteine and
cystine.

We further explored how treatment duration of inhibitors such as ROS and IBMX can improve
the IVM rate of oocytes. Our results indicate that the duration of inhibitor treatment did not sig-
nificantly affect the IVM rates. Specifically, there was no significant difference between 6 h
(52.77 £ 6.79%) and 8 h (42.74 + 8.33%) treatment of IBMX regarding the ratio of MII oocytes
(P > 0.05) (Table 5). Additionally, there was no significant difference between 12 h
(62.95 £2.41%) and 24 h (58.97 + 5.81%) treatment of ROS regarding the ratio of MII oocytes
(P =0.564) (Table 5). However, the rates of MII oocytes and lysed oocytes were higher and lower
in the ROS-treated group compared with those of IBMX-treated group, respectively (Table 5), sug-
gesting that ROS is more effective in improving IVM while being less toxic compared with IBMX.

Effects of treatment dose and duration of hCG on the IVM rate of oocytes
from superovulated guinea pigs

Given that oocytes matured in vivo have better quality, we explored a combined method of in
vivo and in vitro oocyte maturation. The use of hCG is crucial for in vivo maturation of
oocytes; thus, we examined how the treatment duration after hCG injection and different
doses of hCG could impact the IVM rate of oocytes from superovulated guinea pigs. The ratio
of MII oocytes in guinea pigs that received no hCG injection was only 31.16 + 0.86%; in con-
trast, the ratios of MII oocytes at 3 h, 6 h and 8 h were significantly higher (66.43 + 2.57%,
66.43 + 2.57%, and 69.12 * 3.80%, respectively with P < 0.001 for all). As the time after hCG
injection elapsed, the ratio of MII oocytes decreased to 54.81 + 3.45% (P < 0.05) at 10 h and
37.69 + 3.42% (P < 0.05) at 30 h (Table 6). Furthermore, the ratio of MII oocytes in guinea
pigs that received 5 IU/kg hCG injection (69.12 + 3.80%) was significantly higher than those
that received 10 IU/kg hCG injection (56.87 + 3.80%) (P = 0.024) (Table 7). Thus, 5 IU/kg
hCG and 8 h were chosen as the condition for in vivo oocyte stimulation.
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Table 6. Effects of duration of hCG on the IVM rate of oocytes from superovulated guinea pigs.

hCG time (h) Number of animals Number of oocytes GV (%) pMI (%) MI (%) A/T (%) MII (%) Lysed (%)
0 6 79 0.00+0.00* 6.16+2.70% 52.51+3.43% 4.13+0.65° 31.16+0.86% 6.04+1.27%°
3 6 67 1.79+0.89% 1.79+0.89* 25.91+2.78"4 0.79+0.79* 66.43+2.57¢ 3.29+2.21%
6 6 65 2.02+2.02% 1.04+1.04% 21.92+3.75" 4.76+0.93% 65.73+2.10¢ 4.52+2.29%
8 6 45 0.00+0.00* 5.10+3.04° 16.01+5.99¢ 6.26+1.67% 69.12+3.80¢ 3.51+3.50°
10 6 54 1.85+1.85° 1.59+1.58% 31.90+9.31% 6.03+3.90% 54.81+3.45° 3.81+1.98%
18 6 38 0.00+0.00* 2.78+2.77% 34.52+3.82 2.38+.38" 55.16+2.60° 5.16+2.60"
24 6 29 2.78+2.77% 4.76+4.76" 41.51+0.82%¢ 6.11+3.09% 44.84+2.60> 0.00+0.00*
30 6 32 0.00+0.00* 3.92+3.92° 39.65+3.29%¢ 9.26+4.89% 37.69+3.42%° 9.48+4.94°

* Different superscript letters (a, b or ab) in the same column indicate statistical significance between different variables (P < 0.05). hCG time refers to the first time of

subcutaneous injection of hCG to removal of ovaries; hCG, human chorionic gonadotropin; GV: germinal vesicle; pMI: pro-metaphase I; MI: metaphase I; Al: anaphase

I; TT: telophase I; MII: metaphase II.

https://doi.org/10.1371/journal.pone.0285016.t006

Mature oocytes cultured under the optimized conditions have significantly
higher intracellular GSH levels

As shown in Table 8 and Fig 2, the GSH fluorescence intensity was significantly different
among groups with different culture media (P < 0.05). Specifically, MII oocytes cultured in
the basic medium supplemented with hCG, FSH, LH, L-cysteine, cystine, and ROS exhibited a
notably higher GSH fluorescence intensity (80.89 + 8.63) compared to those cultured in the
basic medium (14.40 + 2.22) (P < 0.05). Moreover, the ratio of MII oocytes significantly
increased in the group utilizing basic medium supplemented with hCG, FSH, LH, L-cysteine,
cystine, and ROS when compared to that in the group using the basic medium (69.12 + 3.80%
vs. 16.05 + 1.07%) (P < 0.001), indicating the high quality of mature oocytes induced using
our optimized method.

Mature oocytes cultured under the optimized conditions have normal
morphology

As shown in Table 8 and Fig 3, the types of spindles and chromosomes varied in groups utiliz-
ing different culture media (P < 0.05 for all). Specifically, basic medium supplemented with
hCG, FSH, LH, L-cysteine, cystine, and ROS had a higher ratio (63.19 + 2.68%) of normal
spindle and chromosome distribution aggregates compared to groups utilizing other types of
media, indicating that the mature oocytes induced by our optimized method have good mor-
phology and can be used for subsequent studies.

Table 7. Effects of different doses of hCG on the IVM rate of oocytes from superovulated guinea pigs.

hCG injection dose (IU/kg) | Number of animals | Total number of oocytes GV (%) pMI (%) MI (%) A/T (%) MII (%) Lysed (%)
0 6 27 0.00+0.00° | 6.16+2.70° | 52.51+3.43" | 4.13+0.65"° | 31.16+0.86" | 6.04+1.27°
5 6 45 0.00+0.00° | 5.10+3.04* | 16.0245.99° | 6.26+1.67" | 69.12+3.80" | 3.51+3.50°
10 6 135 2.07+1.15* | 2.15%£1.28" | 33.76+3.88° | 0.74+0.74" | 56.87+3.80° | 4.41+1.13%

* Different superscript letters (a, b or ab) in the same column indicate statistical significance between different variables (P < 0.05). The hCG injection dose refers to the

unit of subcutaneous injection of hCG in guinea pigs. The injection volume was in ml. hCG, human chorionic gonadotropin. GV: germinal vesicle; pMI: pro-metaphase

I; MI: metaphase I; AL: anaphase I; TI: telophase I; MII: metaphase II.

https://doi.org/10.1371/journal.pone.0285016.t007
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Table 8. Effects of different culture media on intracellular levels of GSH and morphology of microtubules in MII oocytes.

Culture medium Total Number of | Inhibitor | Number of | MII (%) | Mean intensity of Normal spindleand | Abnormal spindles and
inhibition animals release time oocytes GSH fluorescence aggregated diffuse chromosomes
time (h) chromosomes (%) (%)
Basic medium 0 6 0 110 16.05 14.4 0£2.22a 16.67+8.33a 83.33+8.33a
+1.07a
Basic medium+LH 0 6 0 119 31.16 15.89+5.01a 42.26+2.04b 57.74+2.04b
+FSH+HCG +0.86b
Basic medium+LH 0 6 0 97 48.14 43.71+6.21b 48.33+4.68b 51.67+4.68b
+FSH+HCG +4.96¢
+L-Cys+Cys
Basic medium+LH 12 6 6 84 69.12 80.89+8.63¢ 40.67+1.62b 59.33+1.62b
+FSH+HCG +3.80d
+L-Cys+Cys+ROS
Basic medium+LH 24 6 12 104 58.97 75.53+9.28¢ 63.19+2.68¢ 36.81+2.68¢
+FSH+HCG +5.81c

+L-Cys+Cys+ROS

* Different superscript letters (a, b or ab) in the same column indicate statistical significance be man chorionic gonadotropin; FSH, follicle-stimulating hormone; LH,
luteinizing hormone; L-Cys, L-cysteine; Cys, cystine; ROS, roscovitine reactive oxygen species inhibitor.* Different superscript letters (a, b or ab) in the same column
indicate statistical significance between different variables (P < 0.05). FBS, fetal bovine serum; hCG, human chorionic gonadotropin; FSH, follicle-stimulating hormone;
LH, luteinizing hormone; L-Cys, L-cysteine; Cys, cystine; ROS, roscovitine reactive oxygen species inhibitor. GV: germinal vesicle; pMI: pro-metaphase I; MI:

metaphase I; Al: anaphase I; TI: telophase I; MII: metaphase II.

https://doi.org/10.1371/journal.pone.0285016.t008

Discussion

The immature oocyte is typically enclosed by cumulus cells with varying layers and shapes, col-
lectively referred to as COCs. The cumulus cells are crucial for oocyte maturation, with their
number and morphology serving as potential indicators of oocyte maturation. Previous studies
have suggested that the thicker the cumulus cell layer, the greater the likelihood of oocyte mat-
uration in vivo. In this study, we categorized COCs into three types based on cumulus cell lay-
ers (A, B, and C types). As per previous findings, we observed that type A COCs with the
maximum number of cumulus cell layers had the highest percentage of mature oocytes, while
type C COCs, with almost no cumulus cells, had a very low percentage of mature oocytes (i.e.,
barely detectable MII). These observations highlight the critical role of cumulus cells in oocyte
maturation, and suggest that type A COCs, which have the maximal cumulus cell layers,
should be used in in vitro maturation experiments with guinea pig oocytes.

The synthesis of glutathione (GSH) is crucial for oocyte maturation, with in vivo mature
oocytes having a significantly higher GSH concentration than in vitro mature oocytes [22].
Previous studies have shown that the addition of L-cysteine during the IVM of oocytes from
various species (e.g., cattle, pigs, and buffalo) can promote the synthesis of intracellular GSH
[23-27], thereby promoting oocyte maturation. Cystine has been widely used in mammalian
oocyte IVM experiments to increase cytoplasmic GSH content, which can promote oocyte
maturation [22]. Consistent with these previous studies, we found that the addition of L-cyste-
ine and cystine significantly enhanced the proportion of oocytes reaching the M II stage, indi-
cating their capacity to promote IVM of guinea pig oocytes.

Hormones play a critical role in the maturation and ovulation of oocytes in vivo [28]. FSH
or LH is commonly used for IVM [29, 30], with FSH binding to FSH receptors on the surface
of follicular cells, inducing estradiol and LH secretion. Finally, under the action of LH, the
oocyte begins to resume meiosis, the nuclear membrane ruptures and chromosome condensa-
tion occurs. The oocyte will not be expelled from the ovary until the first meiosis is completed.
During the process of oocyte maturation, appropriate concentrations of FSH and LH in the in
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Fig 2. Types of oocytes from guinea pigs and their meiotic progression during IVM. The arrow indicates the first
polar body of the matured oocytes, indicating the oocytes have entered the MII phase. (A) Matured oocytes stained
with Cell Truck Bule CMF2HC under the microscope after treatment with ROS for 12 hours. (B) Immature oocytes
stained with Cell Truck Bule CMF2HC under the microscope after treatment with ROS for 12 hours. (C) After the
removal of IMBX, the fluorescence intensity of matured oocytes treated with IBMX was significantly stronger than that
treated with ROS. (D) The fluorescence intensity of GSH in MII oocytes cultured in the maturation medium was
relatively weaker, and the first polar body was not obvious as well, compared with that cultured in the maturation
medium with ROS. (E) The fluorescence intensity of GSH in MII oocytes cultured in MTA medium supplemented
with L-cysteine and cystine was stronger than that of GSH in MII oocytes cultured in basic medium. (F) The
fluorescence intensity of GSH cultured in the basic medium was much lower than other groups.

https://doi.org/10.1371/journal.pone.0285016.9002

vitro maturation culture medium play a significant role. In the present study, similar to what
was observed in bovine oocytes [29], FSH and LH promoted the maturation of guinea pig
oocytes during IVM; the promoting effect is more prominent in type A oocytes than in type B
oocytes. It is worth mentioning that in similar experiments conducted by other researchers,
the MII rate of type A oocytes cultured in basic medium+HCG+LH+FSH+Cys+LIF (leukemia
inhibitory factor) was 61.8%, while the MII rate of those cultured in basic medium+HCG+LH
+FSH+Cys+L-Cys+ROS in our study was 69.12% [31]. In one study, the increase in MII rates
induced by M199+10%FSB, M199+10%FBS+LH+FSH, and M199+10%FBS+LH+FSH+Cys
were 17.5%, 41.4% and 39.5%, respectively, similar to what we observed, showing a consistent
trend in the increase of MII rates [31]. However, when cultured with the same medium, the
MII rate in their study [31] was slightly higher than that in ours, which may be due to differ-
ences in experimental animals used, environmental conditions, and methods used for
superovulation.

ROS is a potent CDK inhibitor that can concentration-dependently inhibit the recovery of
meiosis in oocytes such as bovine [32], pig [33], and goat [34]; the oocytes can resume meiosis
after the inhibition by ROS is released. The duration of ROS inhibition can also affect IVM
efficiency. For instance, in pig oocytes, 50 pM of ROS was used to inhibit pig oocytes for 30 h,
leading to 86.2% of the oocytes accumulating in the GV stage; while without ROS inhibition,
85% of the oocytes can reach the MII stage [35]. However, under the same conditions, it was
also found that 25 uM of ROS could inhibit the recovery of meiosis in pig oocytes, but the
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Fig 3. The microtubule morphology of MII oocytes from guinea pigs was divided into two types. For MII oocytes
with normal spindles and aggregated chromosomes (A, B and C in the top panel), the chromosomes were distributed
and aggregated on the equatorial plate, while for MII oocytes with abnormal spindles and dispersed chromosomes (D,
E and F in the bottom panel), the chromosomes could not be neatly distributed on the equatorial plate and are in a
diffusion state. A and D are for Hoechst 33342 staining, B and E are for B-tubulin staining, and C and F are merged for
A and B, and D and E, respectively. Bar in 50 pm.

https://doi.org/10.1371/journal.pone.0285016.g003

fertilization rate and blastocyst rate decreased after this inhibition [36]. In 2005, it was also sug-
gested that long-term inhibition with high concentrations of ROS would damage the develop-
mental ability of oocytes [34]. In this study, we found that ROS inhibition time needs to be
controlled within a suitable range; otherwise, the IVM rate of oocytes will be affected. In addi-
tion, we found that ROS is more effective than IBMX in promoting IVM of guinea pig oocytes
while having fewer side effects.

Conclusion

In this study, we reported the successful establishment of an IVM method for guinea pig
oocytes, which can yield an IVM rate of 69%. We showed that superovulation with hMG, sup-
plementation of hormones such as hCG, FSH and LH, amino acids such as L-Cys and Cys,
and inhibitors such as ROS and IMBX in the culture medium can increase the IVM rate.
Moreover, in vivo hCG stimulation can further increase the IVM rate. Thus, our research pro-
vides a basis for further study of in vitro fertilization (IVF) and embryo engineering, among
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others, using guinea pigs as model animals. Our study might also make guinea pigs more pop-
ular as an animal model for the study of reproduction diseases and other diseases.

Supporting information

S1 Dataset.
(XLSX)

Author Contributions

Conceptualization: Xinghua Xu, Mingjiu Luo, Hongshu Sui.
Formal analysis: Minhua Yao, Zhaoqing Gong, Xinlei Shi, Xiaocui Liu.
Funding acquisition: Xinghua Xu, Mingjiu Luo, Hongshu Sui.
Investigation: Minhua Yao, Zhaoqing Gong, Weizhen Xu.
Methodology: Minhua Yao, Zhaoging Gong, Weizhen Xu.
Project administration: Hongshu Sui.

Resources: Yangyang Tang, Siyu Xuan, Yanping Su.

Software: Yangyang Tang, Siyu Xuan, Yanping Su.

Supervision: Hongshu Sui.

Writing - original draft: Minhua Yao, Xinghua Xu, Hongshu Sui.

Writing - review & editing: Hongshu Sui.

References

1. Grégoire A, Allard A, Huaman E, Le6n S, Silva RM, Buff S, et al. Control of the estrous cycle in guinea-
pig (Cavia porcellus). Theriogenology. 2012; 78(4):842—7. https://doi.org/10.1016/j.theriogenology.
2012.03.034 PMID: 22626773.

2. JoshiHS, Watson DJ, Labhsetwar AP. Ovarian secretion of oestradiol, oestrone, 20-dihydroprogester-
one and progesterone during the oestrous cycle of the guinea-pig. J Reprod Fertil. 1973; 35(1):177-81.
https://doi.org/10.1530/jrf.0.0350177 PMID: 4795411.

3. vanKan CM, de Vries JIP, Luchinger AB, Mulder EJH, Taverne MAM. Ontogeny of fetal movements in
the guinea pig. Physiol Behav. 2009; 98(3):338—44. https://doi.org/10.1016/|.physbeh.2009.06.011
PMID: 19560478.

4. Suzuki O, Koura M, Noguchi Y, Takano K, Yamamoto Y, Matsuda J. Optimization of superovulation
induction by human menopausal gonadotropin in guinea pigs based on follicular waves and FSH-recep-
tor homologies. Mol Reprod Dev. 2003; 64(2):219-25. https://doi.org/10.1002/mrd. 10242 PMID:
12506355.

5. Bland KP. Biphasic follicular growth in the guinea-pig oestrous cycle. J Reprod Fertil. 1980; 60(1):73-6.
https://doi.org/10.1530/jrf.0.0600073 PMID: 7191901.

6. Hutz RJ, Bejvan SM, Durning M, Dierschke DJ. Changes in follicular populations, in serum estrogen
and progesterone, and in ovarian steroid secretion in vitro during the guinea pig estrous cycle. Biol
Reprod. 1990; 42(2):266—72. https://doi.org/10.1095/biolreprod42.2.266 PMID: 2110835.

7. Feinberg RF, Kliman HJ, Wang CL. Transforming growth factor-beta stimulates trophoblast oncofetal
fibronectin synthesis in vitro: implications for trophoblast implantation in vivo. J Clin Endocrinol Metab.
1994; 78(5):1241-8. https://doi.org/10.1210/jcem.78.5.8175984 PMID: 8175984.

8. Suzuki O, Ogura A, Asano T, Noguchi Y, Yamamoto Y, Oike M. Development of preimplantation
guinea-pig embryos in serum-free media. Reprod Fertil Dev. 1993; 5(4):425-32. https://doi.org/10.
1071/rd9930425 PMID: 8153392.

9. Souza-Fabjan JMG, Locatelli Y, Duffard N, Corbin E, Touzé J-L, Perreau C, et al. In vitro embryo pro-
duction in goats: Slaughterhouse and laparoscopic ovum pick up-derived oocytes have different kinetics

PLOS ONE | https://doi.org/10.1371/journal.pone.0285016  April 28, 2023 14/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0285016.s001
https://doi.org/10.1016/j.theriogenology.2012.03.034
https://doi.org/10.1016/j.theriogenology.2012.03.034
http://www.ncbi.nlm.nih.gov/pubmed/22626773
https://doi.org/10.1530/jrf.0.0350177
http://www.ncbi.nlm.nih.gov/pubmed/4795411
https://doi.org/10.1016/j.physbeh.2009.06.011
http://www.ncbi.nlm.nih.gov/pubmed/19560478
https://doi.org/10.1002/mrd.10242
http://www.ncbi.nlm.nih.gov/pubmed/12506355
https://doi.org/10.1530/jrf.0.0600073
http://www.ncbi.nlm.nih.gov/pubmed/7191901
https://doi.org/10.1095/biolreprod42.2.266
http://www.ncbi.nlm.nih.gov/pubmed/2110835
https://doi.org/10.1210/jcem.78.5.8175984
http://www.ncbi.nlm.nih.gov/pubmed/8175984
https://doi.org/10.1071/rd9930425
https://doi.org/10.1071/rd9930425
http://www.ncbi.nlm.nih.gov/pubmed/8153392
https://doi.org/10.1371/journal.pone.0285016

PLOS ONE

In vitro maturation of guinea pig oocyte

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

and requirements regarding maturation media. Theriogenology. 2014; 81(8):1021-31. https://doi.org/
10.1016/j.theriogenology.2014.01.023 PMID: 24582267.

Duan X, Liu J, Dai X-X, Liu H-L, Cui X-S, Kim N-H, et al. Rho-GTPase effector ROCK phosphorylates
cofilin in actin-meditated cytokinesis during mouse oocyte meiosis. Biol Reprod. 2014; 90(2):37. https://
doi.org/10.1095/biolreprod.113.113522 PMID: 24429217.

Pellegrino CAG, Morotti F, Untura RM, Pontes JHF, Pellegrino MFO, Campolina JP, et al. Use of sexed
sorted semen for fixed-time artificial insemination or fixed-time embryo transfer of in vitro-produced
embryos in cattle. Theriogenology. 2016; 86(3):888—93. https://doi.org/10.1016/j.theriogenology.2016.
03.010 PMID: 27068357.

AnL,LiuJ,DuY,LiuZ, Zhang F, Liu Y, et al. Synergistic effect of cysteamine, leukemia inhibitory factor,
and Y27632 on goat oocyte maturation and embryo development in vitro. Theriogenology. 2018;
108:56-62. https://doi.org/10.1016/j.theriogenology.2017.11.028 PMID: 29197293.

Eppig JJ. Coordination of nuclear and cytoplasmic oocyte maturation in eutherian mammals. Reprod
Fertil Dev. 1996; 8(4):485-9. https://doi.org/10.1071/rd9960485 PMID: 8870074.

van de Leemput EE, Vos PL, Zeinstra EC, Bevers MM, van der Weijden GC, Dieleman SJ. Improved in
vitro embryo development using in vivo matured oocytes from heifers superovulated with a controlled
preovulatory LH surge. Theriogenology. 1999; 52(2):335—49. https://doi.org/10.1016/s0093-691x(99)
00133-8 PMID: 10734399.

Martin-Coello J, Gonzalez R, Crespo C, Gomendio M, Roldan ER. Superovulation and in vitro oocyte
maturation in three species of mice (Mus musculus, Mus spretus and Mus spicilegus). Theriogenology.
2008; 70(6):1004—-13. Epub 2008/07/22. https://doi.org/10.1016/j.theriogenology.2008.06.002 PMID:
18640710.

Smetanina IG, Tatarinova LV, Krivokharchenko AS. Effects of hormones on in vitro maturation of cattle
oocytes. Bull Exp Biol Med. 2014; 157(5):634—6. Epub 2014/09/27. https://doi.org/10.1007/s10517-
014-2632-8 PMID: 25257429.

Pandey A, Gupta SC, Gupta N. Effect of FSH and LH hormones on oocyte maturation of buffalo and
gene expression analysis of their receptors and Cx43 in maturing oocytes. Zygote. 2010; 18(3):231—4.
Epub 2010/02/05. https://doi.org/10.1017/S096719940999030X PMID: 20128947.

Lin YH, Hwang JL, Huang LW, Seow KM, Tzeng CR. Influence of serum from pregnant women and
selected pregnancy hormones on in-vitro maturation of murine oocytes. Reprod Biomed Online. 2008;
16(5):671-6. Epub 2008/05/22. https://doi.org/10.1016/s1472-6483(10)60481-6 PMID: 18492371.

Mermillod P, Tomanek M, Marchal R, Meijer L. High developmental competence of cattle oocytes main-
tained at the germinal vesicle stage for 24 hours in culture by specific inhibition of MPF kinase activity.
Mol Reprod Dev. 2000; 55(1):89-95. Epub 1999/12/22. https://doi.org/10.1002/(SICI)1098-2795
(200001)55:1<89::AID-MRD12>3.0.CO;2-M PMID: 10602278.

Abdel-Ghani MA, Sakaguchi K, Kanno C, Yanagawa Y, Katagiri S, Nagano M. Effects of pre-matura-
tional culture duration on developmental competence of bovine small-sized oocytes. J Reprod Dev.
2018; 64(4):365-9. Epub 2018/05/26. https://doi.org/10.1262/jrd.2018-004 PMID: 29798966; PubMed
Central PMCID: PMC6105738.

Moor R, Dai Y. Maturation of pig oocytes in vivo and in vitro. Reprod Suppl. 2001; 58:91-104. Epub
2002/05/01. PMID: 11980205.

Zhou P, Wu Y-G, Li Q, Lan G-C, Wang G, Gao D, et al. The interactions between cysteamine, cystine
and cumulus cells increase the intracellular glutathione level and developmental capacity of goat cumu-
lus-denuded oocytes. Reproduction. 2008; 135(5):605—11. https://doi.org/10.1530/REP-08-0003
PMID: 18411409.

de Matos DG, Furnus CC, Moses DF, Baldassarre H. Effect of cysteamine on glutathione level and
developmental capacity of bovine oocyte matured in vitro. Mol Reprod Dev. 1995; 42(4):432—6. https:/
doi.org/10.1002/mrd.1080420409 PMID: 8607972.

Abeydeera LR, Wang WH, Cantley TC, Rieke A, Day BN. Coculture with follicular shell pieces can
enhance the developmental competence of pig oocytes after in vitro fertilization: relevance to intracellu-
lar glutathione. Biol Reprod. 1998; 58(1):213-8. https://doi.org/10.1095/biolreprod58.1.213 PMID:
9472943.

Gasparrini B, Neglia G, Palo RD, Campanile G, Zicarelli L. Effect of cysteamine during in vitro matura-
tion on buffalo embryo development. Theriogenology. 2000; 54(9):1537—42. https://doi.org/10.1016/
s0093-691x(00)00473-8 PMID: 11191875.

Rodriguez-Gonzdlez E, Lépez-Bejar M, Mertens M-J, Paramio M-T. Effects on in vitro embryo develop-
ment and intracellular glutathione content of the presence of thiol compounds during maturation of pre-

pubertal goat oocytes. Mol Reprod Dev. 2003; 65(4):446-53. https://doi.org/10.1002/mrd.10316 PMID:
12840818.

PLOS ONE | https://doi.org/10.1371/journal.pone.0285016  April 28, 2023 15/16


https://doi.org/10.1016/j.theriogenology.2014.01.023
https://doi.org/10.1016/j.theriogenology.2014.01.023
http://www.ncbi.nlm.nih.gov/pubmed/24582267
https://doi.org/10.1095/biolreprod.113.113522
https://doi.org/10.1095/biolreprod.113.113522
http://www.ncbi.nlm.nih.gov/pubmed/24429217
https://doi.org/10.1016/j.theriogenology.2016.03.010
https://doi.org/10.1016/j.theriogenology.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/27068357
https://doi.org/10.1016/j.theriogenology.2017.11.028
http://www.ncbi.nlm.nih.gov/pubmed/29197293
https://doi.org/10.1071/rd9960485
http://www.ncbi.nlm.nih.gov/pubmed/8870074
https://doi.org/10.1016/s0093-691x%2899%2900133-8
https://doi.org/10.1016/s0093-691x%2899%2900133-8
http://www.ncbi.nlm.nih.gov/pubmed/10734399
https://doi.org/10.1016/j.theriogenology.2008.06.002
http://www.ncbi.nlm.nih.gov/pubmed/18640710
https://doi.org/10.1007/s10517-014-2632-8
https://doi.org/10.1007/s10517-014-2632-8
http://www.ncbi.nlm.nih.gov/pubmed/25257429
https://doi.org/10.1017/S096719940999030X
http://www.ncbi.nlm.nih.gov/pubmed/20128947
https://doi.org/10.1016/s1472-6483%2810%2960481-6
http://www.ncbi.nlm.nih.gov/pubmed/18492371
https://doi.org/10.1002/%28SICI%291098-2795%28200001%2955%3A1%26lt%3B89%3A%3AAID-MRD12%26gt%3B3.0.CO%3B2-M
https://doi.org/10.1002/%28SICI%291098-2795%28200001%2955%3A1%26lt%3B89%3A%3AAID-MRD12%26gt%3B3.0.CO%3B2-M
http://www.ncbi.nlm.nih.gov/pubmed/10602278
https://doi.org/10.1262/jrd.2018-004
http://www.ncbi.nlm.nih.gov/pubmed/29798966
http://www.ncbi.nlm.nih.gov/pubmed/11980205
https://doi.org/10.1530/REP-08-0003
http://www.ncbi.nlm.nih.gov/pubmed/18411409
https://doi.org/10.1002/mrd.1080420409
https://doi.org/10.1002/mrd.1080420409
http://www.ncbi.nlm.nih.gov/pubmed/8607972
https://doi.org/10.1095/biolreprod58.1.213
http://www.ncbi.nlm.nih.gov/pubmed/9472943
https://doi.org/10.1016/s0093-691x%2800%2900473-8
https://doi.org/10.1016/s0093-691x%2800%2900473-8
http://www.ncbi.nlm.nih.gov/pubmed/11191875
https://doi.org/10.1002/mrd.10316
http://www.ncbi.nlm.nih.gov/pubmed/12840818
https://doi.org/10.1371/journal.pone.0285016

PLOS ONE

In vitro maturation of guinea pig oocyte

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

de Matos DG, Gasparrini B, Pasqualini SR, Thompson JG. Effect of glutathione synthesis stimulation
during in vitro maturation of ovine oocytes on embryo development and intracellular peroxide content.
Theriogenology. 2002; 57(5):1443-51. https://doi.org/10.1016/s0093-691x(02)00643-x PMID:
12054203.

Park S-R, Kim S-K, Kim S-R, Park J-R, Lim S, Hong I-S. Novel roles of luteinizing hormone (LH) in tis-
sue regeneration-associated functions in endometrial stem cells. Cell Death Dis. 2022; 13(7):605.
https://doi.org/10.1038/s41419-022-05054-7 PMID: 35831270.

An L-Y, Chaubal SA, Liu Y, Chen Y, Nedambale TL, Xu J, et al. Significant heparin effect on bovine
embryo development during sexed in vitro fertilization. J Reprod Dev. 2017; 63(2):175-83. https://doi.
org/10.1262/jrd.2016-142 PMID: 28163265.

Xu J, Guo Z, Su L, Nedambale TL, Zhang J, Schenk J, et al. Developmental potential of vitrified holstein
cattle embryos fertilized in vitro with sex-sorted sperm. J Dairy Sci. 2006; 89(7):2510-8. https://doi.org/
10.3168/jds.S0022-0302(06)72326-8 PMID: 16772569.

Wang J, Liu Z, Sun Q, Xia S, Cui J, Yang L, et al. Combined treatment with cysteamine and leukemia
inhibitory factor promotes guinea pig oocyte meiosis in vitro. Am J Transl Res. 2019 Dec 15; 11
(12):7479-7491. PMID: 31934295; PMCID: PMC6943477.

Barretto LSS, Caiado Castro VSD, Garcia JM, Mingoti GZ. Role of roscovitine and IBMX on kinetics of
nuclear and cytoplasmic maturation of bovine oocytes in vitro. Anim Reprod Sci. 2007; 99(1-2):202-7.
https://doi.org/10.1016/j.anireprosci.2006.06.001 PMID: 16860950.

Hyun SH, Lee GS, Kim DY, Kim HS, Lee SH, Kim S, et al. Effect of maturation media and oocytes
derived from sows or gilts on the development of cloned pig embryos. Theriogenology. 2003; 59
(7):1641-9. https://doi.org/10.1016/s0093-691x(02)01211-6 PMID: 12559468.

Han SJ, Chen R, Paronetto MP, Conti M. Wee1B is an oocyte-specific kinase involved in the control of
meiotic arrest in the mouse. Curr Biol. 2005; 15(18):1670-6. https://doi.org/10.1016/j.cub.2005.07.056
PMID: 16169490.

Krischek C, Meinecke B. Roscovitine, a specific inhibitor of cyclin-dependent protein kinases, reversibly
inhibits chromatin condensation during in vitro maturation of porcine oocytes. Zygote. 2001; 9(4):309—
16. https://doi.org/10.1017/s0967199401001356 PMID: 11771897.

Marchal R, Tomanek M, Terqui M, Mermillod P. Effects of cell cycle dependent kinases inhibitor on
nuclear and cytoplasmic maturation of porcine oocytes. Mol Reprod Dev. 2001; 60(1):65-73. https://
doi.org/10.1002/mrd.1062 PMID: 11550269.

PLOS ONE | https://doi.org/10.1371/journal.pone.0285016  April 28, 2023 16/16


https://doi.org/10.1016/s0093-691x%2802%2900643-x
http://www.ncbi.nlm.nih.gov/pubmed/12054203
https://doi.org/10.1038/s41419-022-05054-7
http://www.ncbi.nlm.nih.gov/pubmed/35831270
https://doi.org/10.1262/jrd.2016-142
https://doi.org/10.1262/jrd.2016-142
http://www.ncbi.nlm.nih.gov/pubmed/28163265
https://doi.org/10.3168/jds.S0022-0302%2806%2972326-8
https://doi.org/10.3168/jds.S0022-0302%2806%2972326-8
http://www.ncbi.nlm.nih.gov/pubmed/16772569
http://www.ncbi.nlm.nih.gov/pubmed/31934295
https://doi.org/10.1016/j.anireprosci.2006.06.001
http://www.ncbi.nlm.nih.gov/pubmed/16860950
https://doi.org/10.1016/s0093-691x%2802%2901211-6
http://www.ncbi.nlm.nih.gov/pubmed/12559468
https://doi.org/10.1016/j.cub.2005.07.056
http://www.ncbi.nlm.nih.gov/pubmed/16169490
https://doi.org/10.1017/s0967199401001356
http://www.ncbi.nlm.nih.gov/pubmed/11771897
https://doi.org/10.1002/mrd.1062
https://doi.org/10.1002/mrd.1062
http://www.ncbi.nlm.nih.gov/pubmed/11550269
https://doi.org/10.1371/journal.pone.0285016

