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Neurotrophin-4 (NT-4) is a neurotrophic factor that plays an important role in follicular

development and oocyte maturation. However, it is not yet known whether NT-4 is

related to oocyte maturation and follicular development in pigs. This study aims to

investigate the effects of NT-4 supplementation during in vitromaturation (IVM) of porcine

oocytes and subsequent embryonic development after parthenogenetic activation (PA).

First, NT-4 and its receptors (TrkB and p75NTR) were identified through fluorescent

immunohistochemistry in porcine ovaries. NT-4 was mainly expressed in theca and

granulosa cells; phospho-TrkB and total TrkB were expressed in theca cells, granulosa

cells, and oocytes; p75NTR was expressed in all follicular cells. During IVM, the defined

maturation medium was supplemented with various concentrations of NT-4 (0, 1,

10, and 100 ng/mL). After IVM, the nuclear maturation rate was significantly higher

in the 10 and 100 ng/mL NT-4 treated groups than in the control. There was no

significant difference in the intracellular reactive oxygen species levels in any group after

IVM, but the 1 and 10 ng/mL NT-4 treatment groups showed a significant increase

in the intracellular glutathione levels compared to the control. In matured cumulus

cells, the 10 ng/mL NT-4 treatment group showed significantly increased cumulus

expansion-related genes and epidermal growth factor (EGF) signaling pathway-related

genes. In matured oocytes, the 10 ng/mL treatment group showed significantly increased

expression of cell proliferation-related genes, antioxidant-related genes, and EGF

signaling pathway-related genes. We also investigated the subsequent embryonic

developmental competence of PA embryos. After PA, the cleavage rates significantly

increased in the 10 and 100 ng/mL NT-4 treatment groups. Although there was no

significant difference in the total cell number of blastocysts, only the 10 ng/mL NT-4
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treatment group showed a higher blastocyst formation rate than the control group. Our

findings suggest that supplementation with the 10 ng/mL NT-4 can enhance porcine

oocyte maturation by interacting with the EGF receptor signaling pathway. In addition,

we demonstrated for the first time that NT-4 is not only required for porcine follicular

development, but also has beneficial effects on oocyte maturation and developmental

competence of PA embryos.

Keywords: neurotrophin-4, pig, follicular development, in vitro maturation of oocytes, epidermal growth factor

INTRODUCTION

Reproductive biotechnology plays an essential role in
understanding the process of transferring genetic information
through germ cells to the next generation (1, 2). One of the
popular reproductive biotechnology techniques, in vitro embryo
production, has great potential to generate transgenic animals
and to better control the reproduction of livestock, such as
pigs and cows (3, 4). Pigs are especially useful models for
xenotransplantation and translational medicine research because
they have genetic, anatomical, and physiological characteristics
similar to those of humans (5, 6). In recent decades, many
researchers have attempted to improve the efficiency of in vitro
production of porcine embryos, including oocyte maturation
(7–10). Ovarian folliculogenesis occurs under the influence
of intra-ovarian factors (11) such as epidermal growth factor
(EGF), fibroblast growth factor, and vesicular endothelial growth
factor in vivo; however, these factors are not sufficient in the
process of in vitro maturation (IVM) of oocytes, which may
lead to incomplete cytoplasmic maturation and decreased IVM
efficiency (12–14).

Neurotrophins are neurotrophic factors that are mainly

involved in the survival and differentiation of neurons in the

central and peripheral nervous systems (15, 16). Neurotrophins

affect not only neural development, but also the development

of the ovary, which is a highly innervated tissue (17–
19). The mammalian neurotrophin family consists of nerve

growth factor (NGF), brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4, also known
as NT-4/5 or NT-5) (20). Among these neurotrophins, NT-
4 is a member of the NGF family and an intra-ovarian
follicular factor related to the transforming growth factor β

superfamily (21). Thus, it is an important growth factor that
plays a supporting role in ovarian follicular development and
oocyte maturation through its interaction with the high-affinity
tropomyosin receptor kinase B (TrkB) and the low-affinity pan-
neurotrophin receptor (p75NTR) (22–24). Both Nt-4 and TrkB
mRNAs are expressed in the neonatal rat ovary, and NT-4 can
affect early follicular development in rats (17). BDNF, which
binds to TrkB like NT-4, has already been shown to improve
mammalian oocyte maturation (25–27), but there has been
limited research on the relationship between NT-4 and porcine
oocyte maturation.

Ovarian follicle development is an essential process in female
reproduction. After primordial germ cells migrate to the genital
ridge, they differentiate into oogonia in the putative ovary. In

humans, the oogonia divide by extensive mitosis and become
primary oocytes before birth. The primordial follicular assembly
(primordial follicle formation) occurs at this stage of the
differentiation from oogonia to primary oocytes. Therefore,
primordial follicle assembly is very important for the acquisition
of fertility in mammalian female reproduction (28). Numerous
studies have shown that NT-4 promotes follicular assembly in
rodents and humans (17, 18, 29–31). NT-4 mRNA and protein
are expressed in oocytes and pre-granulosa cells present in
the human pre-antral follicle stage (31). Furthermore, NT-4
improves human follicular assembly in vitro (32). NT-4, which
has similar roles to BDNF in ovarian follicles, also promotes
nuclear maturation and first polar body extrusion in mouse
oocytes (21). Therefore, NT-4 has a beneficial effect on oocyte
maturation in rodents, but it is unknown how it affects oocyte
maturation in pigs.

The interaction between EGF-like peptides (e.g.,
amphiregulin, epiregulin, betacellulin, neuregulin 1–4, and
transforming growth factor-α) and epidermal growth factor
receptor (EGFR, also known as ERBB1) is known to be closely
related to cell proliferation, survival, adhesion, and invasion
(33). The EGFR signaling pathway, which is the most well-
known receptor tyrosine kinase (RTK), can activate the MAPK,
Akt-PI3K, and PLC-γ1-PKC pathways. In female reproduction,
the EGFR signaling pathway is required for oocyte maturation,
ovulation, and steroid production (34). RTKs such as EGFR
and Trk family play critical roles in cellular response, cell
proliferation, differentiation, and survival (35). Previous studies
have shown that both EGF and neurotrophic factors such as
BDNF (25) or glial cell line-derived neurotrophic factor (GDNF)
(36, 37) may improve oocyte maturation and embryonic
developmental potential in pigs. Although these studies have
demonstrated the physiological roles of neurotrophic factors
(BDNF or GDNF) in promoting follicle development or oocyte
maturation in pigs, but there were no studies analyzing the
specific gene expression mechanisms involved in the combined
effects of EGF and NT-4. Therefore, we aimed to identify the
physiological roles of NT-4 in porcine follicular development and
oocyte maturation and to analyze specific mechanisms related to
interaction of the EGFR signaling pathway in cumulus-oocyte
complexes (COCs).

Here, we investigated the effects of NT-4, a neurotrophic
factor, on IVM of porcine COCs and subsequent
embryonic developmental competence after parthenogenetic
activation (PA). We also identified NT-4 and its receptors
(TrkB and p75NTR) in porcine ovaries using fluorescent
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immunohistochemistry (IHC). Finally, we studied the combined
effect of NT-4 and EGF during IVM of porcine COCs.

MATERIALS AND METHODS

Chemicals and Reagents
Recombinant human NT-4 (450-04) was purchased from
Peprotech (Rocky Hill, NJ, USA). It was dissolved in Dulbecco’s
phosphate-buffered saline (dPBS; LB 001-02, WELGENE,
Gyeongsan, Gyeongsangbuk-do, Republic of Korea) containing
0.1% (w/v) bovine serum albumin (A6003-25G). The working
solution was stored at−70◦C until use in the experiment. Unless
otherwise noted, all chemicals and reagents used in this study
were purchased from Sigma-Aldrich Corporation (St. Louis,
MO, USA).

Oocytes Collection and in vitro Maturation
(IVM) of Porcine Cumulus-Oocyte
Complexes (COCs)
Porcine ovaries were collected from a local slaughterhouse
and placed in a thermos containing 0.9% (w/v) NaCl saline,
transferred to the laboratory within 3 h, and maintained at
a temperature of 37–39◦C. After washing the ovaries with
0.9% NaCl saline two or three times, porcine follicular fluid
(pFF) containing COCs was aspirated from the 3–6mm ovarian
follicles using a syringe with an 18G needle. The aspirated pFF
was placed in a 15mL tube and inserted into a heat block to
maintain the temperature at 37–39◦C. After 5min of follicular
fluid contents sedimentation, the supernatant was removed and
the washing process was repeated twice with HEPES-buffered
Tyrode’s medium containing 0.05% (w/v) polyvinyl alcohol
(TLH-PVA). COCs with three or more compact cumulus cell
(CC) layers and a homogeneous cytoplasm were observed and
selected under a stereomicroscope (SZX-ILLK100, Olympus
Optical Co., LTD., Tokyo, Japan). After adding 500 µL of
maturation medium to each well in a Nunc 4-well dish (Nunc,
Roskilde, Denmark), ∼50–60 COCs were transferred to each
well. The composition of the maturation medium was as follows:
0.6mM cysteine, 0.91mM sodium pyruvate, 10 ng/mL EGF,
75µg/mL kanamycin, 1µg/mL insulin, and 0.1% (wt/vol) PVA
added to the TCM199 medium (Gibco, Grand Island, NY,
USA). During the entire IVM period, NT-4 was added to
the maturation medium at concentrations of 0, 1, 10, and
100 ng/mL. In the first 22 h of IVM, COCs were cultured in
the presence of 10 IU/mL equine chronic gonadotropin (eCG)
and 10 IU/mL human chronic gonadotropin (hCG) in the
maturation medium, and in the next 20 h of IVM, COCs were
cultured in the absence of eCG and hCG in the maturation
medium (38). All IVM procedures were performed in a 39◦C
humid incubator with 5% CO2. The COCs that were matured
for a total of 42 h were transferred to the TLH-PVA medium,
and 0.1% hyaluronidase was added to COCs for denuding.
Matured oocytes and CCs isolated from COCs were used in the
subsequent experiments.

Detection of NT-4 and Its Receptors in
Porcine Intra-Ovarian Follicular Cells via
Reverse Transcription Polymerase Chain
Reaction (RT-PCR) Analysis
RT-PCR analysis was performed to understand whether NT-4
and its receptors (TrkB and p75NTR) are expressed in porcine
intra-ovarian follicular cells. First, mural granulosa cells (GCs)
and immature oocytes were isolated from pFF, and metaphase
II (MII) oocytes (matured oocytes) and matured CCs were
obtained after 42 h of IVM. RNA extraction was performed
using TRIzol reagent (TaKaRa Bio, Inc., Otsu, Shiga, Japan),
and complementary DNA (cDNA) synthesis was carried out
using a reverse transcription master mix (Elpis Bio, Inc.,
Chungcheongnam-do, Daejeon, Republic of Korea) according
to the manufacturer’s instructions. Next, RT-PCR analysis was
performed using 1 µL of cDNA template with 10 pmol of
specific forward and reverse primers (Macrogen, Inc., Seoul,
Republic of Korea), two units of Taq polymerase (Elpis Bio),
2 µL of 10× PCR buffer (Elpis Bio), and 5 pmol of dNTP
mix (iNtRON Biotechnology, SungNam, Republic of Korea).
PCR amplifications were conducted for 30 cycles with the
following steps: denaturation at 95◦C for 30 s, annealing at
57◦C for 30 s, and extension at 72◦C for 30 s. All primer
sequences are listed in Supplementary Table 1. Each mRNA
expression value was normalized to that of 18S ribosomal RNA
(RN18S). The PCR products were analyzed on a 0.9% agarose
gel pre-stained with RedSafe Nucleic Acid Staining Solution
(iNtRON Biotechnology).

Fluorescent Immunohistochemistry of
Paraffin-Embedded Ovarian Sections
Fluorescence IHC was performed as described previously (38).
First, the porcine ovaries obtained from the slaughterhouse were
washed with dPBS. To prepare paraffin-embedded tissue slides,
porcine ovaries with small (1–2mm), medium (3–6mm), and
large (7–9mm) follicles were fixed in 10% formalin for 48 h at
room temperature (RT). Then, tissues sliced to a thickness of
3mm or less were placed in a tissue cassette and rinsed with
running tap water for at least 10min. The process of preparing
paraffin blocks and paraffin section slides through dehydration
and cutting was commissioned by the Laboratory Animal Center
of Chungbuk National University (Cheongju, Chungcheongbuk-
do, Republic of Korea). The paraffin section slide was observed
under a microscope, and only the best tissue slides were selected
and stored at 4◦C until use.

Before deparaffinization, the tissue slide was placed in a
dry oven at 60◦C for ∼30min to remove moisture. For
deparaffinization, the process of soaking in xylene for 5min was
repeated twice. The paraffin-free tissue slides were rehydrated
by washing with 100, 90, 80, and 70% ethanol for 5min each.
The rehydrated tissue slides were rinsed under running tap
water for 10min, placed in 10mM sodium citrate buffer (pH
6.0) (pre-heated to 100◦C), and heated for 20min to retrieve
the antigen. After antigen retrieval by heating, the slides were
cooled at RT for at least 30min. The cooled slides were washed
twice with Tris-buffered saline (TBS-T, pH 7.4) for 5min each.
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Prior to the blocking step, the slides were drained and a wide
border was drawn around the tissue using a hydrophobic pen
(ImmEdgeTM hydrophobic barrier PAP pen; Vector Laboratories,
Inc., Burlingame, CA, USA). Next, the slides were placed in
a humid chamber. Then, blocking buffer (10% goat serum in
dPBS) was added to each tissue slide and incubated at RT
for 2 h. After washing three times with TBS-T for 5min at
RT, each slide was treated with a primary antibody (diluted in
blocking buffer) and incubated in a humid chamber overnight
at 4◦C. The antibody lists used in this study are summarized in
Supplementary Table 2.

The next day, the slides were washed three times for 5min
each with TBS-T to remove the primary antibody solution, and
then the secondary antibody solution (diluted in TBS-T) was
added and incubated at RT for 1 h. The slides were washed
again three times for 5min at RT with TBS-T, and the nuclei
were counterstained with 10µg/mL Hoechst 33342. Finally,
after mounting each slide using an anti-fade mounting solution
(Molecular Probes, Inc., Eugene, OR, USA), the ovarian tissue
sections were examined using a confocal laser microscope (Carl
Zeiss, Thornwood, NY, USA), and all images were analyzed using
the ZEN (blue edition) software program (38).

Evaluation of Nuclear Maturation Using
Fluorescent Staining
The rate of nuclear maturation was assessed after a total of 42 h
of IVM. The matured COCs were mechanically denuded of CCs
in the TLH-PVAmedium with 0.1% hyaluronidase. The matured
oocytes were fixed in dPBS containing 4% paraformaldehyde
for 5min and stained with TLH-PVA containing 10µg/mL
Hoechst 33342 for 5min. The stained oocytes were examined
using a fluorescence microscope (TE300, Nikon, Tokyo, Japan)
and classified into four stages: germinal vesicle, metaphaseI,
anaphase-telophase I, and MII according to nuclear maturation.

Assessment of Cumulus Cell Expansion
Index
The cumulus cell expansion index was estimated using a
previously reported scoring system (0–4) (39). Briefly, a score of 0
indicates no expansion, a score of 1 indicates minimal expansion
of the outermost CC layers, 2 indicates expansion of only the
outermost CC layers, 3 indicates expansion of all CC layers except
the corona radiata, and 4 indicates expansion of all CC layers
including the corona radiata.

Measurement of Intracellular Glutathione
and Reactive Oxygen Species Levels
After 42 h of IVM, intracellular glutathione (GSH) and
reactive oxygen species (ROS) levels in MII oocytes of each
group were measured using a previously described method
(40). In brief, CellTracker Blue 4-chloromethyl-6,8-difluoro-7-
hydroxycoumarin (CMF2HC; Invitrogen) was used to detect
GSH in the cytoplasm, and 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA; Invitrogen Corporation, Carlsbad, CA,
USA) was used to detect intracellular ROS. Ten oocytes from each
group were incubated in the TLH-PVA medium, which contains
10µM CMF2HC or 10µM H2DCFDA, and stained in the dark
for 30min. The stained oocytes were carefully washed thrice

in TLH-PVA and transferred to 10 µL droplets of TLH-PVA.
Fluorescencemeasurements were performed using a fluorescence
microscope (TE300, Nikon) with ultraviolet (UV) filters (370 nm
for GSH and 460 nm for ROS). The fluorescence intensity of
each oocyte was analyzed using Adobe Photoshop CS3 Extended
program (version 10, San Jose, USA) and normalized to that of
the control group.

Quantitative Reverse Transcription
Polymerase Chain Reaction (qRT-PCR) for
Relative Gene Expression Analysis
After IVM was completed, 0.1% hyaluronidase was added to
50–60 COCs in each group, and matured oocytes and CCs
were separated and sampled, respectively. RNA extraction and
cDNA synthesis were conducted as described in the detection
of NT-4 and its receptors in porcine intra-ovarian follicular
cells via reverse transcription polymerase chain reaction (RT-
PCR) analysis. To perform qRT-PCR, synthesized cDNA (1.2
µg/µL for CCs, 0.5 µg/µL for oocytes), 2× SYBR Premix Ex Taq
(TaKaRa Bio, Inc.), and 10 pmol of specific primers (Macrogen)
were prepared to make PCR mixtures. All primer sequences
used in this experiment are listed in Supplementary Table 3. The
qRT-PCR analysis was performed using the CFX96 Touch Real-
Time PCR Detection System (Bio-Rad, Hercules, CA, USA). The
reactions were performed for 40 cycles of denaturation at 95◦C
for 30 s, annealing at 57◦C for 30 s, and extension at 72◦C for
30 s. Relative quantification was performed using threshold cycle
(Ct)-based methodologies at constant fluorescence intensity. The
relative mRNA expression (R) was calculated using the following
equation: R = 2−[1Ct sample−1Ct control] (41). The expression of
eachmRNAwas normalized to that of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) for CCs and RN18S for oocytes.

Parthenogenetic Activation and in vitro

Culture (IVC) of Porcine Embryos
After IVM, the MII oocytes of each group were denuded
as mentioned above (in the oocyte collection and in vitro
maturation (IVM) of porcine cumulus-oocyte complexes (COCs)
section) and washed in calcium-free TLH-PVA medium.
Parthenogenetic activation was performed using previously
described methods (40, 42). For activation, the MII oocytes
were rinsed in 280mM mannitol solution, which contains
0.01mM CaCl2 and 0.05mMMgCl2. Then, the matured oocytes
were loaded into the activation medium (260mM mannitol
solution supplemented with 0.001mM CaCl2 and 0.05mM
MgCl2) between the electrodes of the chamber. The chamber was
connected to an electrical pulsing machine (LF101; Nepa Gene,
Chiba, Japan), and the matured oocytes were activated under
two direct-current (DC) pulses of 120 V/mm for 60 µs. The
electrically activated oocytes from each group were immediately
transferred into an IVC medium (porcine zygote medium; PZM-
3) (43), which contains 5µg/mL cytochalasin B and incubated
in a 39◦C humidified atmosphere of 5% CO2 and 95% N2 for 4 h.
After 4 h, the cytochalasin B-treated oocytes were washed twice in
a fresh IVCmedium and transferred into droplets of 30 µL of the
fresh IVC medium (10 activated oocytes per drop) covered with
mineral oil. The PA embryos were cultured at 39◦C in a humid
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incubator with 5% O2, 5% CO2, and 90% N2 for 7 d. The IVC
medium was renewed in fresh 30µL of PZM-3 droplets after 48 h
and 96 h.

Embryo Quality Evaluation and Total Cell
Counts
The cleavage of PA embryos was evaluated on day 2. The
normally cleaved embryos were assigned to one of three groups
(only 2- to 3-cell, 4- to 5-cell, and 6- to 8-cell stage embryos,

except for the 1-cell stage and fragmented embryos). On day
7, blastocyst formation was classified into three groups (early,
expanded, and hatched blastocyst). To check the blastocyst
quality, all blastocysts of each group were collected and washed
twice in the TLH-PVA medium. Following the final wash, the
blastocysts were fixed in 3.7% paraformaldehyde with PBS-PVA
for 5min and rinsed in PBS-PVA. The fixed blastocysts were
stained with 10µg/mL Hoechst-33342 for 5min, mounted on
glass slides in 100% glycerol droplets, and gently covered with

FIGURE 1 | Identification and localization of neurotrophin-4 (NT-4) and its receptors in porcine ovarian follicular cells by RT-PCR and fluorescent

immunohistochemistry. (A) Expression of NT-4, full-length tropomyosin receptor kinase B (TrkB), truncated TrkB (trTrkB), and pan-neurotrophin receptor (p75NTR)

mRNAs in porcine ovarian follicular cells, immature and matured oocytes was determined via RT-PCR. RN18S served as a ubiquitously expressed control. Distilled

water was used as the negative control (Neg.). CCs, Cumulus cells; GCs, Granulosa cells. This experiment was replicated at least three times. (B–D) Identification and

localization of NT-4 and its receptors in porcine ovaries via fluorescent immunohistochemistry. Pig ovarian tissues were divided into small (1–2mm), medium (3–6mm),

and large (7–9mm) sections according to follicle size. (B) NT-4 and Phospho-TrkB (p-TrkB). (C) Total TrkB (t-TrkB). (D) p75NTR. T.I., Theca interna cells; T.E., Theca

externa cells. Asterisks represent ooplasm.
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a coverslip. Finally, they were observed using a fluorescence
microscope (TE300, Nikon) with a UV filter (370 nm) and
counted manually.

Statistical Analysis
All experiments were conducted at least three times. Statistical
analyses were carried out using IBM SPSS Statistics software
(version 21.0; IBM Corp., Armonk, NY, USA). The rates of
nuclear maturation, the levels of intracellular GSH and ROS,
embryonic development data (e.g., the rate of cleavage and
blastocyst formation, and total cell number of blastocysts), and
the relative gene expression levels were compared via one-way
analysis of variance (ANOVA), followed by Duncan’s multiple
range test. All data are reported as mean ± standard error of the
mean (SEM). Statistically significant differences were considered
when p < 0.05.

RESULTS

Identification and Localization of NT-4 and
Its Receptors in Porcine Ovarian Follicular
Cells
We first examined the expression of NT-4 and its related receptor
genes in porcine follicular cells using RT-PCR analysis. Distilled
water was used as the negative control. The mRNA transcripts
of NT-4, full-length TrkB, truncated TrkB (trTrkB), and p75NTR

were detected in all porcine follicular cells containing GCs, CCs,
immature, and matured (MII) oocytes (Figure 1A).

To identify the location of NT-4 and its receptors in the
porcine ovary according to follicle size (small, medium, and
large), we conducted IHC analysis using paraffin-embedded
ovarian sections. NT-4 was mainly expressed in theca interna
cells, theca externa cells, and GCs, whereas phospho-TrkB
(p-TrkB) was mainly expressed in GCs, CCs, and oocytes
(Figure 1B). Total TrkB (t-TrkB) was strongly expressed in theca

FIGURE 2 | Effect of neurotrophin-4 (NT-4) treatment with epidermal growth factor (EGF) during in vitro maturation (IVM) of oocytes and cumulus cell (CC) expansion

in porcine cumulus-oocytes complexes (COCs). (A) Evaluation of nuclear maturation rate in porcine COCs treated with EGF and NT-4. a,bValues in the same column

with different superscripts significantly differ (p < 0.05). (B) Morphological CC expansion of COCs treated with EGF and NT-4 during 42 h of IVM. The degree of CC

expansion was examined using the cumulus scoring system: 0 (no expansion) to +4 (maximum expansion). Scale bars = 200µm. (C) Expression of cumulus

expansion-related genes (HAS2 and TNFAIP6) in CCs treated with EGF and NT-4 during 42 h of IVM. The mRNA levels were normalized to GAPDH expression as a

control. All data are expressed as the mean ± SEM. All experiments were replicated with three times. Asterisks indicate statistical significance (*p < 0.05).
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interna cells, theca externa cells, GCs, and CCs (Figure 1C).
p75NTR was expressed in all follicular cells (Figure 1D).

Effects of NT-4 Supplementation During
IVM on Nuclear Maturation of Oocytes and
CC Expansion in Porcine COCs
Since both NT-4 and EGF can activate RTKs (44), we determined
the effect of NT-4 addition with or without EGF during IVM. In
the case of NT-4 treatment without EGF, there was no significant
difference in the nuclear maturation rate and the extent of CC
expansion between the NT-4 treatment groups and the control
group (Supplementary Figure 1).

During IVM, we investigated the effects of NT-4 on meiotic
maturation and CC expansion. Different concentrations of NT-4
(0, 1, 10, and 100 ng/mL) were treated with EGF (10 ng/mL) to
evaluate the nuclear maturation rate during IVM (Figure 2A).
The nuclear maturation rate significantly increased in the
10 ng/mL (89.0 ± 0.5%) and 100 ng/mL (89.6 ± 0.7%) groups
compared to the control group (85.3± 1.8%).

Morphological and gene expression analyses of CC expansion
were performed to identify the effect of NT-4 supplementation
in the presence of EGF in the IVM medium. The morphological
changes due to CC expansion showed that the CC expansion
index significantly increased in all groups treated with NT-4
compared to the control group (Figure 2B). The CC expansion-
related gene expression analysis showed thatHAS2 and TNFAIP6
transcript levels significantly increased in the 10 ng/mL NT-4-
treated group (Figure 2C). Therefore, NT-4 supplementation in
the presence of 10 ng/mL EGF during IVM can improve the
nuclear maturation of porcine oocytes and CC expansion.

Effects of NT-4 Supplementation During
IVM on Cytoplasmic Maturation of Porcine
Oocytes
The intracellular GSH levels in the 1 and 10 ng/mL NT-4-treated
groups were significantly higher than those in the control group.
However, there was no significant difference in the intracellular
ROS levels among the groups. Thus, the NT-4 treatment during
IVM did not affect intracellular ROS levels in mature oocytes,
but the 1 and 10 ng/mL NT-4-treated groups had significantly
improved intracellular GSH levels (Figure 3).

Effects of NT-4 Supplementation During
IVM on Specific Gene Expression in
Matured Oocytes and CCs
To identify why the IVM efficiency was improved when NT-
4 was added to the IVM medium, matured oocytes and CCs
were separated from COCs and used to examine the transcript
levels compared to the control group. In matured CCs after IVM,
the mRNA transcription level of the pro-apoptotic gene BAX
was significantly higher in the 100 ng/mL NT-4-supplemented
group than in the other groups. The transcription level of
glutathione reductase gene GSR was not significantly different
between the NT-4 treatment groups and the control, but the
transcription level of GSR in the 10 ng/mL NT-4-supplemented

FIGURE 3 | Epifluorescent photomicrographic images of in vitro matured

porcine oocytes. (A) Oocytes were stained with CellTracker Blue (a–d) and 2′,

7′-dichlorodihydro-fluorescein diacetate (H2DCFDA) (e–h) to detect intracellular

levels of glutathione (GSH) and reactive oxygen species (ROS), respectively.

(B) Effect of NT-4 in maturation medium on intracellular GSH and ROS levels in

in vitro matured porcine oocytes. Bars with different letters (a, b) represent

significantly different values (p < 0.05). Number of GSH samples = 80,

Number of ROS samples = 80. The experiment was performed four times.

Scale bars = 50µm.

group was significantly higher than that in the 1 ng/mL NT-4
group (Figure 4A).

In matured oocytes, the expression levels of the cell
proliferation-related gene PCNA and antioxidant response-
related gene NRF2 significantly increased in the 10 ng/mL NT-
4-supplemented group (Figure 4B).

To determine whether the addition of NT-4 to the IVM
medium affects the expression level of EGFR-related genes, the
mRNA transcript levels of EGFR, GRB2, AKT1,MAPK3 (ERK1),
and MAPK1 (ERK2) were investigated in matured CCs and
oocytes from each group. In matured CCs, the transcription
levels of EGFR andMAPK3were significantly higher in the group
treated with 10 ng/mL NT-4 than in the control group. The
1 ng/mL NT-4-treated group showed significantly higher mRNA
expression levels of EGFR and GRB2 (growth factor receptor
bound protein 2) than the control group (Figure 5A). In contrast,
in matured oocytes, only the 10 ng/mL NT-4 treatment group
showed significantly higher mRNA transcript levels of EGFR and
GRB2 than the control group (Figure 5B).

Effects of NT-4 Supplementation During
IVM on Embryonic Developmental
Competence After PA
After PA, the cleavage rates were significantly higher in the 10
and 100 ng/mL NT-4 groups than in the control group. The
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FIGURE 4 | Expression levels of proliferation, apoptosis, and antioxidant-related genes in neurotrophin-4 (NT-4)-treated cumulus cells and oocytes. Mean ± SEM

expression of PCNA, BAX, BCL-2, GSR, SOD1, NRF2, and KEAP1 mRNA in (A) cumulus cells and (B) oocytes. This experiment was replicated three times. Within

each end point, bars with different letters (a and b) are significantly (p < 0.05) different.

cleavage pattern on day 2 showed that the ratio of one cell
and fragmentation group (1 cell + Frag) was significantly lower
in the 10 and 100 ng/mL NT-4 groups than in the control
group (Figure 6A). On day 7, blastocyst formation rates were
significantly higher in the 10 ng/mL NT-4 group (Figure 6B).
However, there was no significant difference in the total number
of blastocysts between the control and NT-4 treatment groups
(Figure 6C).

DISCUSSION

The neurotrophin family promotes growth, survival, and
development of neurons (45). Moreover, it plays an important
role in the development of the ovaries, where various nerves
are distributed. Especially, NT-4 is known to accelerate the
follicular assembly in rodents and humans (18, 29–31). During
ovarian development in mammals, sympathetic and sensory
nerve fibers can reach most of the ovarian tissues, including
follicles and interstitial tissues, to facilitate ovarian development
(46). Therefore, various neurotrophic factors that exist in intra-
ovarian follicular cells can promote the growth of theca cells
(TCs), GCs, CCs, and oocytes (19, 47). Many studies have shown
that BDNF and GDNF, which belong to the neurotrophin family,
are involved in oocyte maturation (27, 36, 37, 48, 49). However,
it is not yet known whether NT-4 is related to oocyte maturation

and follicular development in pigs. Therefore, we investigated the
effect of NT-4 supplementation on porcine COCs during IVM.

Numerous studies have shown that the BDNF-TrkB signaling
pathway is important for oogenesis (31), follicular development
(50), oocytematuration (51, 52), embryonic development (53, 54)
and placental development (55). However, there are few reports
on the relationship between the NT-4-TrkB signaling pathway in
the mammalian female reproductive system. One study reported
that NT-4 can enhance in vitro follicular assembly during human
fetal ovarian development (32). Thus, to determine whether NT-
4 acts during porcine follicular development, we first identified
the localization and expression of NT-4 and its receptors (TrkB
and p75NTR) in porcine ovarian follicular cells. As a result of
immunofluorescence staining of the paraffin-embedded ovarian
tissue, NT-4 was mainly expressed in TCs and GCs, whereas p-
TrkBwasmainly expressed inGCs, CCs, and oocytes. T-TrkBwas
strongly expressed in TCs, GCs, and CCs; p75NTR was expressed
in all follicular cells. At the mRNA transcript levels, NT-4, full-
length TrkB, trTrkB, and p75NTR were expressed in all porcine
follicular cells containing GCs, CCs, and immature and matured
oocytes. Previous study has reported the identification of NGF
and its receptors (Tropomyosin receptor kinase A; TRKA and
p75NTR) in the porcine ovary (56). They suggested NGF and
TRKA proteins were most highly expressed in TCs and GCs
of large follicles among the antral follicles. On the other hand,
p75NTR protein was strongly expressed in all antral follicles
regardless of follicle size. In the present study, although p-TrkB
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FIGURE 5 | Expression levels of epidermal growth factor receptor (EGFR)

signaling pathway-related genes in neurotrophin-4 (NT-4)-treated cumulus

cells and oocytes. Mean ± SEM expression of EGFR, GRB2, AKT1, MAPK3

(ERK1), and MAPK1 (ERK2) mRNA in (A) cumulus cells and (B) oocytes. This

experiment was replicated at least three times. Within each end point, bars

with different letters (a, b, and c) are significantly (p < 0.05) different.

and p75NTR appear to be expressed more strongly in small
follicle-derived cells, but they could not be quantified. Instead,
it was confirmed that they were present in all antral follicle-
derived cells regardless of follicle size. Therefore, our findings
indicate that NT-4 and its receptors are required for porcine
follicular development. Another studies have demonstrated via
enzyme-linked immunosorbent assays that NT-4 is present in
human follicular fluid (397.0 ± 71 pg/mL) (21) and reported
the presence of NT-4 and TrkB in human CCs (23). Similar to
those studies, we also identified that NT-4 and its receptors are
generally expressed in porcine oocytes and ovarian follicular cells.
These results suggest that NT-4 plays an essential role in the
development of ovarian follicular cells in pigs.

In the present study, we demonstrated that the NT-4
supplementation during IVM is beneficial for oocyte maturation
and subsequent embryonic development after PA. Since NT-4
and EGF can activate RTKs such as TrkB and EGFR, respectively,
the nuclear maturation rate was evaluated by classifying the
EGF-treated groups and non-treated groups in which NT-4 was
present in the IVM medium. When EGF was absent in the
IVM medium, there was no significant difference in the nuclear
maturation rate in any group, regardless of NT-4 treatment.
However, when EGF was present in the IVM medium and NT-
4 was used at various concentrations, the nuclear maturation rate
significantly increased in the 10 and 100 ng/mL NT-4 treatment
groups compared to the control. In a mouse study, NT-4 was
shown to improve oocyte nuclear maturation; the first polar body
extrusion rate was significantly higher in the NT-4 treatment

groups at 1 and 10 ng/mL than in the control group (21). Lee
et al. reported that simultaneous treatment with EGF (10 ng/mL)
and BDNF (30 ng/mL) in the porcine IVM medium did not
significantly contribute to promoting the meiotic progression of
porcine oocytes, but it did enhance the capacity of subsequent
embryonic development after in vitro fertilization and somatic
cell nuclear transfer (25). Interestingly, in the present study, the
addition of both NT-4 (10 ng/mL) and EGF (10 ng/mL) to the
IVMmedium improved the nuclear and cytoplasmic maturation
of porcine oocytes, as well as their subsequent developmental
competence after PA. Moreover, these findings suggest that NT-4
and EGF improve porcine oocytes maturation in vitro by binding
to RTKs synergistically rather than competitively.

In this study, we performed nuclear maturation,
morphological analysis of CC expansion, and cytoplasmic
maturation after NT-4 treatment during IVM to understand
the physiological role of NT-4 in pig ovaries. Generally, as
the extracellular matrix structure is synthesized in CCs, CCs
expand, and this process induces the successful maturation
of the oocyte before ovulation (57). Moreover, intracellular
GSH synthesis is crucial for the cytoplasmic maturation of
oocytes because it protects cells from oxidative stress (58).
During 42 h of IVM, the nuclear maturation rate significantly
increased in the 10 and 100 ng/mL NT-4 treatment groups. In
addition, the degree of CC expansion significantly increased
in all NT-4 treatment groups, and the mRNA expression levels
of hyaluronan synthase 2 (HAS2) and tumor necrosis factor
alpha-induced protein 6 (TNFAIP6), which are the specific
genes related to CC expansion (the indicator of synthesis of the
extracellular matrix structure in CCs), significantly increased
only in the 10 ng/mL NT-4 treatment group. The intracellular
GSH levels in the cytoplasm of matured oocytes significantly
increased in the 1 and 10 ng/mL NT-4 treatment groups. These
findings suggest that the physiological role of NT-4 in pig ovaries
is to promote oocyte maturation.

We also investigated whether NT-4 supplementation during
IVM affects the expression of genes involved in cell proliferation
(proliferating cell nuclear antigen, PCNA), apoptosis (B-cell
lymphoma 2; BCL-2, and BCL2 Associated X; BAX), and
antioxidative pathways (glutathione disulfide reductase; GSR,
Superoxide dismutase1; SOD1, nuclear factor-erythroid factor 2-
related factor 2; NRF2, and Kelch-like ECH associated protein 1;
KEAP1) in matured oocytes and CCs. There was no significant
difference in the expression levels of other transcripts (PCNA,
BCL-2, GSR, SOD1, NRF2, and KEAP1) between matured CCs
and the control, but only the BAX gene showed a significant
increase in expression levels in the 100 ng/mL NT-4 treatment
group. Mani et al. (59) showed that when insulin growth factor-1
(IGF-1), one of growth factors, was treated at 30 ng/mL or higher,
the mRNA expression level of BAX increased in bovine granulosa
cells. They suggested that a high dose of IGF-1 (>30 ng/mL)
treatment induces apoptosis in bovine GCs (59). We also
observed that NT-4 supplementation at a high concentration
(100 ng/mL) during IVM increased the level of pro-apoptotic
BAXmRNA expression. Therefore, it seems that treatment with a
high concentration of NT-4 (>100 ng/mL) can induce apoptosis
in porcine CCs. However, in contrast to the results in matured
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FIGURE 6 | Effect of NT-4 treatment during in vitro maturation (IVM) on embryonic development after parthenogenetic activation (PA) in terms of (A) the cleavage

pattern and (B) the blastocyst formation pattern of the PA embryos. Within each end point, bars with different letters (a, b) are significantly (p < 0.05) different for

different concentrations of NT-4 treatment. CL, cleavage; BL, blastocyst. (C) Summary of embryonic development after PA. The cleavage rate was measured on day

2, and the blastocyst formation rate was evaluated on day 7 of culture. *N: Four times replicated.

CCs, there was no significant difference in the mRNA expression
level of BAX in matured oocytes; the mRNA expression levels of
PCNA and NRF2 increased only in the 10 ng/mL NT-4 treatment
group. Therefore, the 10 ng/mL of NT-4 promotes thematuration
of oocytes by increasing the transcription levels of PCNA and
NRF2 genes in oocytes.

Many studies have reported that the activation of the EGFR
signaling pathway enhances the maturation of oocytes and
the development of COCs (34, 60–62). Furthermore, some
studies have reported that EGFR-ERK1/2 signaling activation
is important for oocyte maturation (34), cumulus expansion
(63), ovulation (64), luteinization (65), and fertilization (66).
Based on the findings of these previous studies, we investigated
whether treatment with NT-4 during IVM regulates the mRNA
expression levels of other factors related to the EGFR signaling
pathway. Our results showed that the mRNA transcription level
of EGFR in matured CCs significantly increased in the 10 and
100 ng/mL NT-4 groups. The mRNA transcript level of GRB2,
an adapter protein that binds to membrane receptors such as
EGFR, increased in the 1 ng/mL NT-4 group. In contrast, the
mRNA expression levels of EGFR andGRB2 increased only in the

10 ng/mL NT-4 treatment group in matured oocytes. Therefore,
we concluded that 10 ng/mL of NT-4 promotes porcine oocyte
in vitro maturation by increasing the mRNA expression of
EGFR in porcine COCs and interacting with EGFR-related
signaling pathways.

The activation of EGFR in cancer cells is known to
induce the activation of extracellular-regulated kinase (ERK)
or Akt (protein kinase B; PKB) signaling pathways (67,
68). Thus, we investigated the mRNA expression levels of
ERK1/2 (also known as MAPK3/1) and AKT1 in porcine
COCs after IVM. There was no significant difference in the
mRNA expression levels of AKT1 and ERK1/2 transcripts in
any group of matured oocytes. However, in matured CCs,
the transcription level of MAPK3 (ERK1) was significantly
higher only in the 10 ng/mL NT-4 group. Therefore, further
studies are needed to confirm whether NT-4 supplementation
of during IVM activates the EGFR-ERK signaling pathway in
porcine COCs.

Taken together, the results of this study suggest that the
supplementation of NT-4 during porcine IVM can promote
oocyte maturation by interacting with the EGFR signaling
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pathway, and the optimal concentration of NT-4 in porcine IVM
was determined to be 10 ng/mL. Moreover, we demonstrated
for the first time that NT-4 can be considered a beneficial
factor in porcine follicular development, oocyte maturation, and
subsequent embryonic development after PA.

CONCLUSIONS

This study demonstrates the identification and localization
of NT-4, TrkB, and p75NTR in porcine ovaries. Our findings
showed that NT-4 and its receptors are involved in porcine
follicular development and that NT-4 supplementation
improves the nuclear and cytoplasmic maturation of
porcine oocytes in vitro by interacting with the EGFR
signaling pathway. Furthermore, NT-4 supplementation
during IVM was shown to enhance the developmental
potential of PA-derived porcine embryos. Therefore,
NT-4 is required for porcine follicular development and
oocyte maturation.
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Evaluation of nuclear maturation rate in porcine COCs treated with NT-4 in the

absence of EGF during IVM. a,bValues in the same column with different

superscripts significantly differ (p < 0.05). (B) Morphological CC expansion of

COCs treated with NT-4 in the absence of EGF during 42 h of IVM. The degree of

CC expansion was examined using the cumulus scoring system: 0 (no expansion)

to +4 (maximum expansion). Scale bars = 200µm. (C) Expression of cumulus

expansion-related genes (HAS2 and TNFAIP6) in CCs treated with NT-4 in the

absence of EGF during 42 h of IVM. The mRNA levels were normalized to GAPDH

expression as a control. All data are expressed as the means ± SEM. All

experiments were replicated three times.
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61. Prochazka R, Blaha M, Němcová L. Significance of epidermal growth

factor receptor signaling for acquisition of meiotic and developmental

competence in mammalian oocytes. Biol Reprod. (2017) 97:537–49.

doi: 10.1093/biolre/iox112

62. Richani D, Gilchrist BR. The epidermal growth factor network: role in oocyte

growth, maturation and developmental competence. Hum Reprod Update.

(2018) 24:1–14. doi: 10.1093/humupd/dmx029

63. Prochazka R, Kalab P, Nagyova E. Epidermal growth factor-receptor tyrosine

kinase activity regulates expansion of porcine oocyte-cumulus cell complexes

in vitro. Biol Reprod. (2003) 68:797–803. doi: 10.1095/biolreprod.102.005520

64. Shimada M, Umehara T, Hoshino Y. Roles of epidermal growth factor (EGF)-

like factor in the ovulation process. Reprod Med Biol. (2016) 15:201–16.

doi: 10.1007/s12522-016-0236-x

65. Reizel Y, Elbaz J, Dekel N. Sustained activity of the EGF receptor is an absolute

requisite for LH-induced oocyte maturation and cumulus expansion. Mol

Endocrinol. (2010) 24:402–11. doi: 10.1210/me.2009-0267

66. Fan H-Y, Liu Z, Shimada M, Sterneck E, Johnson PF, Hedrick SM, et al.

MAPK3/1 (ERK1/2) in ovarian granulosa cells are essential for female fertility.

Science. (2009) 324:938–41. doi: 10.1126/science.1171396

67. Gan Y, Shi C, Inge L, Hibner M, Balducci J, Huang Y. Differential roles of ERK

and Akt pathways in regulation of EGFR-mediated signaling and motility in

prostate cancer cells.Oncogene. (2010) 29:4947–58. doi: 10.1038/onc.2010.240

68. Huang S-Z, Wei M-N, Huang J-R, Zhang Z-J, Zhang W-J, Jiang

Q-W, et al. Targeting TF-AKT/ERK-EGFR pathway suppresses the

growth of hepatocellular carcinoma. Front Oncol. (2019) 9:150.

doi: 10.3389/fonc.2019.00150

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

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

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Kim, Hwang, Yoon, Lee, Kim, Cai, Kim, Choi, Oh and Hyun.

This is an open-access article distributed under the terms of the Creative Commons

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

is permitted, provided the original author(s) and the copyright owner(s) are credited

and that the original publication in this journal is cited, in accordance with accepted

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

comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org 13 November 2021 | Volume 8 | Article 779298

https://doi.org/10.1530/REP-12-0219
https://doi.org/10.1073/pnas.0502442102
https://doi.org/10.1093/humrep/deq390
https://doi.org/10.1016/j.ydbio.2007.08.026
https://doi.org/10.1017/S1751731108002838
https://doi.org/10.1111/cen.12391
https://doi.org/10.1262/jrd.10-180H
https://doi.org/10.1093/humupd/dml062
https://doi.org/10.1530/REP-09-0050
https://doi.org/10.1002/mrd.21312
https://doi.org/10.1093/biolre/iox112
https://doi.org/10.1093/humupd/dmx029
https://doi.org/10.1095/biolreprod.102.005520
https://doi.org/10.1007/s12522-016-0236-x
https://doi.org/10.1210/me.2009-0267
https://doi.org/10.1126/science.1171396
https://doi.org/10.1038/onc.2010.240
https://doi.org/10.3389/fonc.2019.00150
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Beneficial Effects of Neurotrophin-4 Supplementation During in vitro Maturation of Porcine Cumulus-Oocyte Complexes and Subsequent Embryonic Development After Parthenogenetic Activation
	Introduction
	Materials and Methods
	Chemicals and Reagents
	Oocytes Collection and in vitro Maturation (IVM) of Porcine Cumulus-Oocyte Complexes (COCs)
	Detection of NT-4 and Its Receptors in Porcine Intra-Ovarian Follicular Cells via Reverse Transcription Polymerase Chain Reaction (RT-PCR) Analysis
	Fluorescent Immunohistochemistry of Paraffin-Embedded Ovarian Sections
	Evaluation of Nuclear Maturation Using Fluorescent Staining
	Assessment of Cumulus Cell Expansion Index
	Measurement of Intracellular Glutathione and Reactive Oxygen Species Levels
	Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) for Relative Gene Expression Analysis
	Parthenogenetic Activation and in vitro Culture (IVC) of Porcine Embryos
	Embryo Quality Evaluation and Total Cell Counts
	Statistical Analysis

	Results
	Identification and Localization of NT-4 and Its Receptors in Porcine Ovarian Follicular Cells
	Effects of NT-4 Supplementation During IVM on Nuclear Maturation of Oocytes and CC Expansion in Porcine COCs
	Effects of NT-4 Supplementation During IVM on Cytoplasmic Maturation of Porcine Oocytes
	Effects of NT-4 Supplementation During IVM on Specific Gene Expression in Matured Oocytes and CCs
	Effects of NT-4 Supplementation During IVM on Embryonic Developmental Competence After PA

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


