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Neurotrophin-4 (NT-4), a granulosa cell-derived factor and a member of the neurotrophin
family, is known to promote follicular development and oocyte maturation in mammals.
However, the physiological and functional roles of NT-4 in porcine ovarian development are
not yet known. The aim of this study was to investigate the physiological role of NT-4-
related signaling in the in vitro maturation (IVM) of porcine cumulus–oocyte complexes
(COCs). The NT-4 protein and its receptors were detected in matured porcine COCs via
immunofluorescence analysis. NT-4 was shown to promote the maturation of COCs by
upregulatingNFKB1 transcription via the neurotrophin/p75NTR signaling pathway. Notably,
the mRNA expression levels of the oocyte-secreted factors GDF9 and BMP15,
sperm–oocyte interaction regulator CD9, and DNA methylase DNMT3A were
significantly upregulated in NT-4-treated than in untreated porcine oocytes.
Concurrently, there were no significant differences in the levels of total and
phosphorylated epidermal growth factor receptor and p38 mitogen-activated protein
kinase between NT-4-treated and untreated cumulus cells (CCs); however, the level of
phosphorylated ERK1/2 was significantly higher in NT-4-treated CCs. Both total and
phosphorylated ERK1/2 levels were significantly higher in NT-4-treated than in untreated
oocytes. In addition, NT-4 improved subsequent embryonic development after in vitro
fertilization and somatic cell nuclear transfer. Therefore, the physiological and functional
roles of NT-4 in porcine ovarian development include the promotion of oocyte maturation,
CC expansion, and ERK1/2 phosphorylation in porcine COCs during IVM.
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1 INTRODUCTION

Interactions between oocytes and surrounding somatic cells in
ovarian follicles, including granulosa and theca cells, are critical
for follicular development in mammals (Matzuk et al., 2002).
Among the somatic cells of ovarian follicles, mural granulosa cells
produce and secrete autocrine/paracrine factors that coordinate
follicular development (Canipari, 2000). Gonadotrophin-
releasing hormone, epidermal growth factor (EGF), and an
insulin-like growth factor are among many important
intraovarian growth factors that are regulated through
autocrine/paracrine mechanisms in the ovary. Many studies in
the recent decades have demonstrated the essential role of the
neurotrophin family, including neurotrophins and glial cell-
derived neurotrophic factor, in mammalian ovarian
development (Seifer et al., 2002a; Farhi et al., 2010; Chang
et al., 2019). Neurotrophin-4 (NT-4), a granulosa cell-derived
factor in the neurotrophin family, is known to promote follicular
development and oocyte maturation in mammals (Seifer et al.,
2002b; Van Den Hurk and Zhao, 2005). NT-4, which binds to the
high-affinity tropomyosin-related kinase B (TrkB) receptor and
low-affinity pan-neurotrophin receptor (p75NTR), is required for
follicular assembly in humans and rodents (Harel et al., 2006;
Childs et al., 2010). The NT-4/TrkB signaling pathway, in
particular, is essential for oocyte survival and early follicular
growth (Paredes et al., 2004).

As the ovary is a highly innervated organ and ovarian
folliculogenesis is a highly regulated developmental process,
various neurotrophic factors can facilitate the growth of nerve
fibers and promote the development of follicular cells during
ovarian development (Chang et al., 2019). Therefore, it is very
important to investigate the interactions of neurotrophic factors
with the female reproductive system. However, most studies have
focused only on some of the former such as nerve growth factor
(NGF), brain-derived neurotrophic factor (BDNF), and glial cell-
derived neurotrophic factor (GDNF)–that are present in
mammalian ovaries. Thus, more diverse and creative studies
are needed to better understand the role of neurotrophic
factors in female reproduction.

In mammalian cells, three major signaling pathways are
activated by the tropomyosin-related kinase (Trk) receptor and
its substrates: the mitogen-activated protein kinase (MAPK)/
extracellular signal-regulated kinase (ERK) pathway (also
known as the RAS/RAF/MEK/ERK pathway),
phosphatidylinositol 3-kinase (PI3K) pathway, and
phospholipase C-γ (PLC-γ) pathway (Reichardt, 2006).
Among these, the activation of the MAPK/ERK signaling
pathway in response to neurotrophins is critical for neuronal
differentiation and survival (Jovanovic et al., 1996). The
activation of the MAPK/ERK pathway is also involved in the
regulation of oocyte microtubule organization, meiotic spindle
assembly, and maintenance of metaphase II (MII) arrest (Fan and
Sun, 2004). A previous study demonstrated that the
supplementation of in vitro maturation (IVM) medium with
BDNF improves the phosphorylation of TrkB and prolongs its
activation time inmouse oocytes (Zhang et al., 2010). The authors
speculated that the increase in MAPK phosphorylation in BDNF-

treated mouse oocytes was not mediated by TrkB but was due to
BDNF-induced phosphorylation of the cyclic AMP response
element-binding protein (CREB) and to the activation of
CREB-dependent transcription (Zhang et al., 2010). Another
study demonstrated that BDNF accelerated the proliferation of
Ishikawa human endometrial adenocarcinoma cells via the
ERK1/2 signaling pathway (Cao et al., 2020). Several other
studies have shown that BDNF/TrkB signaling pathway play
an important role in follicular development (Dissen et al.,
2009), granulosa cell proliferation (Dorfman et al., 2011),
oocyte maturation (Seifer et al., 2002a), and embryonic
development (Kawamura et al., 2005). There are many papers
examining the physiological roles of BDNF in the female
reproductive system, but little is known about the
physiological roles of NT-4 and its associated signaling
pathways in this system. In addition, the molecular
mechanism by which NT-4 improves oocyte quality in porcine
IVM medium is unknown.

Our previous study determined the optimal NT-4 concentration
for porcine IVM and measured the relative expression levels of
TrkB-related genes (Kim et al., 2021). In the present study, we
investigated the physiological and functional roles of NT-4 in the
maturation of porcine cumulus–oocyte complexes (COCs). NT-4
and its receptors were detected in matured cumulus cells (CCs) and
oocytes by immunofluorescence staining. We also examined the
relative mRNA expression levels of specific genes in NT-4-treated
oocytes and investigated the expression levels of p38 MAPK and
EGF receptor (EGFR) in the CCs and that of ERK1/2 in matured
COCs using western blotting. Finally, subsequent developmental
competence of embryos was assessed by analyzing embryonic
cleavage (CL), blastocyst (BL) formation, and total cell counts
after in vitro fertilization (IVF) and somatic cell nuclear transfer
(SCNT).

2 MATERIALS AND METHODS

2.1 Animal Treatment
Experimental procedures for obtaining pig fibroblasts were
approved by the Committee on the Ethics of Animal
Experiments of the Chungbuk National University (permission
number: CBNUA-1415-20-02). The procedure to obtain ear
tissues was conducted under anesthesia and efforts were made
to minimize pain in the animals.

2.2 Chemicals and Reagents
Recombinant human NT-4 (450-04) was purchased from
PeproTech (Rocky Hill, NJ, United States). It was dissolved in
Dulbecco’s phosphate-buffered saline (DPBS; LB 001-02;
WELGENE, Gyeongsan, Gyeongsangbuk-do, South Korea)
containing 0.1% (w/v) bovine serum albumin (BSA). The 0 ng/
ml group, which is the control group described in this text, refers
to a group in which only DPBS containing 0.1% BSA as a vehicle
was added without adding NT-4. All chemicals and reagents used
in the present study were purchased from Sigma–Aldrich
Corporation (St. Louis, MO, United States), unless otherwise
indicated.
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2.3 Oocyte Collection and IVM
Porcine ovaries were collected at a local slaughterhouse and
transferred to the laboratory within 3 h in 0.9% (w/v) NaCl at
37°C–39°C. Oocyte collection and IVM were performed as
previously described (Kim et al., 2021). Briefly, COCs were
aspirated from 3–6-mm ovarian follicles using a 10-ml
disposable syringe with an 18-G needle attached. After the
follicular fluid was allowed to settle at 37°C for 5 min, the
supernatant was removed and the precipitate was resuspended
in HEPES-buffered Tyrode’s medium containing 0.05% (w/v)
polyvinyl alcohol (TLH-PVA). The COCs with a homogeneous
cytoplasm and more than three layers of compact CCs were
selected under an SZX-ILLK100 stereomicroscope (Olympus
Optical Co., Ltd., Tokyo, Japan). Approximately 60 COCs
were transferred to each well of a 4-well dish (Nunc, Roskilde,
Denmark) containing 500 μl of IVM medium (TCM199; Gibco,
Grand Island, NY, United States) supplemented with 0.6 mM
cysteine, 0.91 mM sodium pyruvate, 10 ng/ml EGF, 75 μg/ml
kanamycin, 1 μg/ml insulin, and 0.1% (w/v) PVA. In the first
22 h of IVM, COCs were cultured in the maturationmediumwith
10 IU/ml equine chorionic gonadotropin and 10 IU/ml human
chorionic gonadotropin, and in the next 20 h of IVM, COCs were
cultured without equine and human chorionic gonadotropins.
The concentration of NT-4 in the maturation medium was
maintained at 0 or 10 ng/ml throughout the entire IVM
period. All IVM procedures were performed in a humidified
incubator (Astec, Fukuoka, Japan) at 39°C with 5% CO2.

2.4 Immunofluorescence Staining
After a total of 42 h of IVM, matured COCs were washed with
TLH-PVA medium, denuded using 0.1% (w/v) hyaluronidase,
and subjected to immunofluorescence staining. For fixation,
permeabilization, and blocking, the Image-iT™ fixation/
permeabilization kit (R37602; Invitrogen, Carlsbad, CA,
United States) was used. Matured COCs were incubated with
a fixative solution (4% formaldehyde) for 30 min at room
temperature (RT). After fixation, the matured COCs were
washed three times with DPBS with CaCl2 and MgCl2 (LB
001-01) containing 0.1% (w/v) PVA for 5 min each, then
permeabilized for 30 min, and washed three times with DPBS
containing 0.1% PVA. To eliminate a non-specific background,
the Image-iT™ FX signal enhancer (Invitrogen) was used for
30 min, and then the matured COCs were washed three times
again. After incubation for 1 h at RT with a blocking buffer (10%
goat serum in DPBS), the matured COCs and oocytes were
incubated with primary antibodies in the blocking buffer
overnight at 4°C. The antibodies used in this experiment are
listed in Supplementary Table S1. On the next day, the matured
COCs were washed three times with DPBS for 10 min each on a
shaker at 100 rpm and incubated with appropriate secondary
antibodies at RT for 1 h. After the matured COCs were washed
three times with DPBS for 10 min each on a shaker at 100 rpm,
the nuclei were counterstained with 10 μg/ml Hoechst 33342.
After mounting each slide using an antifade mounting solution
(Molecular Probes, Inc., Eugene, OR, United States), the matured
COCs were examined under a STELLARIS confocal laser

microscope (Leica Microsystems, Bannockburn, IL,
United States), and images were analyzed using the LAS X
software.

2.5 Quantitative Reverse
Transcription–Polymerase Chain Reaction
After IVM, MII oocytes and CCs were separately isolated and
sampled from COCs using 0.1% (w/v) hyaluronidase. All samples
were washed with DPBS and stored at−80°C until analysis. Total
RNA was extracted using the TRIzol reagent (TaKaRa Bio, Inc.,
Otsu, Shiga, Japan), and cDNA was synthesized from the
extracted RNA using a 5× reverse transcription master
mixture (Elpis Bio, Inc., Chungcheongnam-do, Daejeon, South
Korea) according to the manufacturer’s protocol. The synthesized
cDNA (1.2 μg/μl for CCs and 0.5 μg/μl for oocytes) was mixed
with 2× SYBR Premix Ex Taq (TaKaRa Bio, Inc.) and 10 pmol of
specific primers (Macrogen, Inc., Seoul, South Korea) to perform
quantitative real-time PCR (qPCR). The primers used in this
study are listed in Supplementary Table S2. qPCR analysis was
performed on a CFX96 Touch real-time PCR detection system
(Bio-Rad, Hercules, CA, United States) using 40 cycles of
denaturation at 95°C for 15 s, annealing at 57°C for 15 s, and
extension at 72°C for 30 s. Fluorescence intensity was measured at
the end of the extension phase of each cycle. All primers used in
the experiments were designed using the Primer 3 software (ver.
4.0, http://bioinfo.ut.ee/primer3-0.4.0/). A relative standard curve
approach was used to determine PCR efficiency of each primer
(Pfaffl, 2001). The PCR efficiencies of each primer were found to
be in an acceptable range (90%–110%). The cycle threshold was
defined as the cycle number at which the amplified PCR product
entered the exponential phase. The relative mRNA expression (R)
was calculated using the equation R = 2−[ΔCt sample–ΔCt control]

(Schmittgen and Livak, 2008). The expression level of each
mRNA was normalized to that of glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) for CCs and 18S ribosomal RNA
(RN18S) for oocytes. These experiments were repeated at least
three times.

2.6 Western Blotting
Western blotting was performed to analyze the protein
expression and activation levels using previously described
methods (Yoon et al., 2019a). After IVM, CCs were separately
isolated and sampled from approximately 120–180 COCs using
0.1% (w/v) hyaluronidase. Total protein was extracted from the
CCs using ProEX CETi lysis buffer (TransLab, Daejeon,
Chungcheongnam-do, South Korea). The protein
concentrations were measured using the Pierce™ bicinchoninic
acid protein assay kit (Thermo Fisher Scientific, Waltham, MA,
United States) with BSA as a standard, and the samples were
stored at −80°C until analysis. Total proteins (15 μg per lane) were
separated by 10% sodium dodecyl sulphate–polyacrylamide gel
electrophoresis and then transferred onto a polyvinylidene
fluoride membrane (Merck Millipore, Burlington, MA,
United States) using a Mini-PROTEAN Tetra cell (Bio-Rad)
according to the manufacturer’s instructions. The membranes
were washed twice with Tris-buffered saline–Tween 20 (TBS-T)
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buffer (0.2 μM Tris, 1.37 M NaCl, and 0.05% Tween 20) for
10 min each and blocked for 5 min at RT with EveryBlot blocking
buffer (Bio-Rad). The membranes were incubated with primary
antibodies in EveryBlot blocking buffer (Bio-Rad) overnight at
4°C. On the following day, the membranes were washed three
times with TBS-T buffer for 10 min each on a shaker at 100 rpm
and then incubated with appropriate horseradish peroxidase-
conjugated secondary antibodies at RT for 1.5 h. The antibodies
used for western blotting are listed in Supplementary Table S3.
After washing the membranes three times with TBS-T buffer, the
target proteins were visualized using a chemiluminescent
substrate kit (4:1 mixture of the SuperSignal West Pico PLUS
chemiluminescent substrate and SuperSignal West Femto
maximum sensitivity substrate; Thermo Fisher Scientific).
Immunoreactive bands were detected using a Lumino Graph
II imaging system (ATTO Corporation, Tokyo, Japan), and
optical densities of target proteins were analyzed using the CS
Analyzer 4 software. The densities of the bands were normalized
to that of GAPDH, which was used as the loading control. The
experiments were performed at least three times.

2.7 Capillary Western Blotting
Capillary western blot analyses were performed for MII oocytes
using a chemiluminescent and fluorescent western blotting Jess
system (ProteinSimple, Inc., Santa Clara, CA, United States)
according to the manufacturer’s protocol (Rajput et al., 2021).
After IVM, MII oocytes were isolated from each group and
sampled from approximately 120–180 COCs as described in
Section 2.6 using the same procedure for extracting and
quantifying total protein. The protein samples (3 μg/μl) were
separated using capillary cartridges (12–230 kDa Jess separation
module; ProteinSimple, Inc.). Each sample was diluted with 0.1×
sample buffer, mixed (4:1) with 5× fluorescent master mix
(containing 5× sample buffer, 5× fluorescent standard, and
200 mM dithiothreitol), and heated at 95°C for 5 min to
denature proteins. After cooling at 4°C, the denatured protein
samples, blocking buffer, primary antibodies, horseradish
peroxidase-conjugated secondary antibodies, and a
chemiluminescent substrate (1:1 luminol/peroxidase mixture)
were dispensed into designated wells in an assay plate. The
antibodies used for capillary western blotting are listed in
Supplementary Table S4. The electrophoretic separation and
immunodetection steps were performed in a fully automated
capillary system, and the relative expression levels of proteins
were automatically calculated by the Compass for Simple
Western software version 6.0 (ProteinSimple, Inc.). The
experiments were performed at least three times.

2.8 IVF and In Vitro Culture (IVC)
IVF was performed as previously described (Yoon et al., 2019b).
Fresh boar liquid semen was supplied twice a week by a local
artificial insemination center (Xperm-Ⅴ; Darby Genetics, Inc.,
Anseong, South Korea) and stored at 17°C until use. Selected MII
oocytes from matured COCs were washed twice with modified
Tris-buffered medium (mTBM) (Abeydeera and Day, 1997), then
transferred to 40-μl droplets (15 oocytes/drop) of mTBM, and
incubated at 39°C in a 5% CO2 humidified incubator until

fertilization. The liquid semen was washed twice with DPBS
containing 0.1% BSA by centrifugation at 2,000 rpm for 2 min.
Thereafter, the sperm pellet was resuspended in mTBM, which
was pre-equilibrated overnight at 39°C and 5% CO2. The sperm
motility was assessed under a stereomicroscope (Olympus), and
only sperm with motility of greater than 70% were used for IVF.
The sperm concentration was determined using a
hemocytometer, and the sperm was appropriately diluted with
mTBM. The MII oocytes were coincubated with the sperm at a
final concentration of 5 × 105 sperm/ml for 20 min at 39°C in a 5%
CO2 humidified incubator (Astec). Thereafter, loosely attached
sperm were removed from the zona pellucida (ZP) by gentle
pipetting. The oocytes were washed twice and incubated in
mTBM without sperm for 5–6 h at 39°C in a 5% CO2

humidified incubator (Astec). The presumptive IVF zygotes
were washed and cultured in 25-μl droplets (10 embryos/drop)
of porcine zygote medium 3 (PZM3) (Yoshioka et al., 2002) at
39°C for 168 h in a humidified incubator with 5% CO2/O2 and
90% N2. For IVC, the medium was changed to fresh 30-μl
droplets of PZM3 at 48 and 96 h after IVF. On day 4, 10%
fetal bovine serum (FBS) was added to the PZM3 droplets with
embryos, and all droplets were covered with mineral oil
(BP26291; Thermo Fisher Scientific).

2.9 Evaluation of Fertilization Parameters
To analyze the fertilization efficiency, zona-free IVF embryos
were stained to detect sperm penetration into the oocyte, and
pronucleus formation was assessed according to previous studies
(Koo et al., 2005; Yoon et al., 2017). Briefly, 12 h after
insemination, the ZP of presumptive IVF zygotes was removed
using a prewarmed acidic Tyrode’s solution. The zona-free
zygotes were washed three times with TLH-PVA and they
were fixed with 3.7% paraformaldehyde in DPBS containing
0.1% PVA for 5 min at RT. The fixed embryos were then
stained with 10 μg/ml Hoechst 33342 for 5 min and mounted
on glass slides in 100% glycerol droplets. The number of
penetrated spermatozoa, the sperm ratio, and the formation of
themale pronucleus were investigated using a TE300 fluorescence
microscope (Nikon, Tokyo, Japan) with an ultraviolet filter
(370 nm). The parameters used to evaluate the fertilization
efficiency are described below (Biswas and Hyun, 2011):
Penetration rate refers to the percentage of oocytes penetrated
by one or more sperm. Male pronucleus (MPN) formation rate
means the percentage of oocytes with male pronuclei.
Monospermy rate is defined as the percentage of penetrated
oocytes with two pronuclei or one pronucleus together with
one decondensed sperm head. Polyspermy rate is defined as
the percentage of penetrated oocytes with multiple pronuclei.
Efficiency of fertilization was assessed by measuring the
percentage of monospermic oocytes from total examined oocytes.

2.10 Donor Cell Preparation
Pig fibroblasts were isolated from ears of Yucatan miniature pigs.
Using scissors and forceps, hair and soft tissues present in the pig
ear tissue were removed and discarded. Following washing three
times with DPBS, the tissue was chopped with a surgical blade on
a 100-mm Petri dish (SPL Life Sciences Co.,, Ltd., Pocheon-si,
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Gyeonggi-do, South Korea). The minced ear tissues were
dissociated in 0.25% trypsin–EDTA (Gibco) for 1–2 h. The
trypsinized cells were inactivated with a medium containing
10% (v/v) FBS and washed by centrifugation at 3,000 rpm for
2 min at least three times. Subsequently, the cells were seeded and
cultured on a 100-mm culture dish (SPL Life Sciences Co., Ltd.)
for 3–4 days in Dulbecco’s modified Eagle’s medium (high
glucose) supplemented with 10% (v/v) FBS, 1× minimum
essential medium nonessential amino acids, 1× GlutaMAX,
0.1 mM β-mercaptoethanol, and 1× antibiotic–antimycotic
solution (all from Gibco) at 37°C in a humidified incubator
with 95% air and 5% CO2. After removing unattached tissues,
attached cells were further cultured until reaching confluency.
The culture medium was changed every 2 days, and the
fibroblasts were subcultured every 4–5 days. Porcine fibroblasts
were cultured until they reached 90% confluency, then dissociated
with 0.5% trypsin–EDTA (Gibco) for 1 min, and prepared for use
in SCNT experiments.

2.11 SCNT and IVC
SCNT was performed according to Hwang et al. (2018a). After
42 h of IVM, denuded MII oocytes were chosen for enucleation.
The selected MII oocytes were washed three times with calcium-
free TLHmedium containing 0.2% BSA and 5 μg/ml cytochalasin
B. Enucleation was conducted using a micromanipulator with a
16-mm glass pipette (Humagen, Charlottesville, VA,
United States). Thereafter, the trypsinized donor cells were
transferred into the perivitelline space of enucleated oocytes.
They were fused by two pulses of a 180 V/mm direct current
for 60 μs in a 260 mM mannitol solution, which contained
0.001 mM CaCl2 and 0.05 mM MgCl2, using an LF201
electrical pulsing machine (Nepa Gene, Chiba, Japan). After
electrical cell fusion, the SCNT embryos were incubated in 6-
dimethyl aminopurine with 5 μg/ml cytochalasin B in 30-μl
droplets (10 embryos/drop) of PZM3 for 4 h post activation.
The SCNT embryos were washed and transferred to fresh PZM3
droplets for IVC at 39°C for 168 h in a humidified incubator with
5% CO2/O2 and 90% N2. The IVC protocol for SCNT embryos
was identical to that previously described for IVF embryos
(Section 2.8).

2.12 Assessment of Embryo Quality and
Total Cell Counts
Day 0 was regarded as the day on which IVF or SCNT was
initiated. On day 2, the CL rates of embryos were evaluated to
assess their developmental competence, and the embryos were
transferred to fresh PZM3 droplets. The normally cleaved
embryos were classified into three groups, 2–3, 4–6, and 6–8
cells, while one-cell and fragmented embryos were excluded. On
day 4, 10% FBS was added to the PZM3 droplets containing
embryos. Finally, on day 7, the BLs formed were categorized into
three groups as follows: early, expanded, and hatched BLs. All BLs
from each group were collected, and the ZP was removed (except
for hatched BLs) with 0.5% protease. Thereafter, the zona-free
BLs were fixed with 3.7% paraformaldehyde in DPBS containing
0.1% PVA for 5 min and washed with DPBS containing 0.1%

PVA. The fixed BLs were stained with 10 μg/ml Hoechst 33342
for 5 min, then mounted on glass slides in 100% glycerol droplets,
and gently covered with coverslips. The slides were observed
under a TE300 epifluorescence microscope (Nikon) with an
ultraviolet filter (370 nm).

2.13 Statistical Analysis
All experiments were performed at least three times. All statistical
data were analyzed using GraphPad Prism version 7.0 (GraphPad
Software, Inc., San Diego, CA, United States). Statistical analysis
was performed using an unpaired two-tailed Student’s t-test. All
data are presented as the mean ± SEM. A value of p < 0.05 was
considered to indicate statistically significant differences.

3 RESULTS

3.1 Detection and Localization of NT-4 and
Its Receptors in In Vitro Matured Porcine
Oocytes and Cumulus Cells
NT-4 and its related receptors were detected in in vitro matured
porcine oocytes and CCs by immunofluorescence staining. In the
CCs, high levels of NT-4 and phospho-TrkB were observed, and
both total TrkB and p75NTR were generally expressed
(Figure 1A). Interestingly, in matured oocytes, NT-4 and
phospho-TrkB were abundantly detected in the ooplasm; while
total TrkB was mainly localized on the surface of the ooplasm,
p75NTR was evenly distributed in the ooplasm (Figure 1B).

3.2 Effects of NT-4 Supplementation During
IVM on p75NTR-Related Gene Expression in
Matured Porcine Oocytes and Cumulus
Cells
Next, we analyzed the relative expression levels of p75NTR-related
genes in NT-4-treated COCs during IVM. The mRNA expression
levels of the NGFR gene (encoding p75NTR) in both NT-4-treated
CCs and oocytes were not significantly different from that in the
control. However, the mRNA expression levels of NFKB1, a
downstream gene of NGFR, were significantly higher (p <
0.05) in both NT-4-treated CCs and oocytes than that in the
control (Figure 2).

3.3 Effects of NT-4 Supplementation During
IVM on Expression of Specific Genes in
Matured Porcine Oocytes
Further, the effects of NT-4 treatment during IVM were
examined on the expression levels of maternal factors, such as
ZAR1, NPM2, DPPA3, growth differentiation factor 9 (GDF9),
and bone morphogenetic protein 15 (BMP15), the sperm–oocyte
interaction regulator CD9, and DNA methylation-related genes
(DNMT1, DNMT3A, and DNMT3B) in porcine oocytes. Among
the maternal factor-related genes, the mRNA expression levels of
GDF9 and BMP15, also called oocyte-secreted factors, were
significantly higher (p < 0.05) in NT-4-treated oocytes than in
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FIGURE 1 | Detection and localization of neurotrophin-4 (NT-4) and its receptors in in vitro matured porcine cumulus cells (CCs) (A) and oocytes (B) by
immunofluorescence analysis. Scale bars = 100 μm.
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the control (Figure 3A). Furthermore, the sperm–oocyte
interaction regulator CD9 showed a significantly higher (p <
0.05) transcription level in NT-4-treated oocytes than in the
control (Figure 3B). In addition, porcine oocytes treated with
NT-4 during IVM expressed a significantly higher (p < 0.05)
DNMT3A level than that in the control (Figure 3B).

3.4 Underlying Mechanism of NT-4 Effects
During Porcine IVM
To investigate the physiological function of NT-4 during IVM of
porcine COCs, the expression levels of the EGFR, p38 MAPK, and
ERK1/2 proteins were first examined in NT-4-treated matured
CCs. The results showed no significant differences in the levels of
total EGFR and phosphorylated EGFR inNT-4-supplemented CCs
(Supplementary Figure S1). The expression level of p38 MAPK, a
regulator of follicular development in the CCs, was not significantly
different in NT-4-treated CCs either (Supplementary Figure S2).
Meanwhile, the level of phosphorylated ERK1/2 was significantly
higher (p < 0.05) in NT-4-supplemented CCs than in the control
(Figure 4A). Although, CCs that were treated with NT-4 during
IVM showed a tendency for a higher ratio of phosphorylated
ERK1/2 to total ERK1/2, the difference with the control value was
not significant (p > 0.05). In the case of matured oocytes, the levels
of total (p < 0.01) and phosphorylated ERK1/2 (p < 0.05) were

significantly increased by NT-4 supplementation compared with
those in the control (Figure 4B).

3.5 Effects of NT-4 Supplementation During
Porcine IVM on Embryonic Developmental
Competence After IVF and SCNT
To analyze the fertilization efficiency and developmental capacity
in IVF experiments, MII oocytes were selected and coincubated
with the sperm (5 × 105 sperm/ml). Interestingly, the
monospermy rate and fertilization efficiency were significantly
(p < 0.05) higher in the NT-4-treated group than in the control
group (Table 1). The CL and BL formation rates of IVF embryos
were evaluated 2 and 7 days, respectively, after fertilization
(Figure 5). When comparing the CL patterns on day 2, the
percentage of one-cell plus fragmented embryos was significantly
(p < 0.05) lower in the NT-4-treated group than in the control.
The total CL rate after IVF was significantly higher (p < 0.05) in
the NT-4-treated group than in the control (Figure 5A). On day
7, the total BL formation rate was significantly (p < 0.001) higher
in the NT-4 treatment group than in the control (Figures 5B,C).

In the SCNT experiment, there were no significant differences
in the CL pattern and CL rate of SCNT embryos between the
control and NT-4 treatment groups (Figure 6A). However, on
day 7, the BL formation rate and total cell number in BLs were

FIGURE 2 | Relative mRNA expression levels of low-affinity pan-neurotrophin receptor (p75NTR)-related genes in neurotrophin-4 (NT-4)-treated porcine cumulus
cells (CCs) (A) and oocytes (B). Values represent the mean ± SEM. *p < 0.05 (Student’s t-test). The experiment was replicated at least three times. n.s. indicates not
significant (p > 0.05).
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significantly (p < 0.05) higher in the NT-4 treatment group than
in the control (Figures 6B,C).

4 DISCUSSION

Neurotrophic factors are very important in the development of
the female reproductive system (Dissen et al., 2002). It has been
demonstrated that NGF, BDNF, and GDNF enhance oocyte
maturation and early embryonic development (Linher-Melville
and Li, 2013). NGF plays an essential role in the female and male
reproductive systems, and is known to promote ovulation while
present in high concentrations in the semen of most species
(Maranesi et al., 2021; Abumaghaid et al., 2022). Previous studies
have shown that BDNF/NT-4-TrkB signaling is required for
follicle assembly and growth, as blockade of both BDNF and
NT-4 impairs follicular assembly and increases oocyte death
(Ojeda et al., 2000; Spears et al., 2003). Recently, Ab4B19, a
TrkB agonist antibody, was developed to treat premature ovarian
failure associated with dysfunction of BDNF/TrkB signaling (Qin

et al., 2022). Although these neurotrophic factors play a pivotal
role in ovarian development, However, studies to date have
focused mainly on the functions of only some neurotrophins
(NGF, BDNF, and GDNF). The purpose of this study is to
investigate the physiological and functional roles of NT-4 in
porcine ovarian development.

Previous studies have demonstrated that the NT-4 mRNA and
protein are expressed in granulosa cells, CCs, and oocytes (Dissen
et al., 1995; Dissen et al., 2002; Seifer et al., 2006; Kim et al., 2021). In
particular, many studies have indicated that NT-4 improves
follicular assembly in vitro (Dissen et al., 1995; Ojeda et al., 2000;
Anderson et al., 2002; Dissen et al., 2002; Harel et al., 2006; Farhi
et al., 2011). However, it is still unknown whether NT-4/TrkB
signaling is involved in the maturation and development of
COCs in antral follicles as well as early follicular development.
To determine whether NT-4-related signaling is involved in IVM of
porcine oocytes, NT-4 and its receptors (TrkB and p75NTR) were
detected and localized in in vitro matured COCs using
immunofluorescence staining. In the CCs, both NT-4 and
phospho-TrkB were observed strongly in the cytoplasm, and total

FIGURE 3 |Relative mRNA expression levels of maternal factors, the regulator of sperm–oocyte interactions, and DNAmethylation-related genes in neurotrophin-4
(NT-4)-treated porcine oocytes. (A)mRNA expression levels of maternal factor-related genes (ZAR1,NPM2,DPPA3,GDF9, and BMP15) (B)mRNA expression levels of
the regulator of sperm–oocyte interactions (CD9) and DNA methylation-related genes (DNMT1, DNMT3A, and DNMT3B). Values represent the mean ± SEM. *p < 0.05
(t-test). The experiment was replicated at least three times.
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TrkB and p75NTR were generally distributed throughout the
cytoplasm. Similarly strong patterns of NT-4 expression and
phospho-TrkB were observed in matured oocytes. Total TrkB
was mainly expressed on the surface of matured oocytes, whereas
p75NTR was distributed evenly throughout matured oocytes. These
findings indicate that NT-4-related signaling pathways are involved
in the maturation and development of porcine COCs.

The neurotrophin receptor p75NTR plays essential roles in the
development, survival, and death of neurons (Dechant and Barde,
2002). In ovarian cells, there are slight differences in the p75NTR

mRNA and protein expression depending on species. In mice, the
NGFR mRNA is expressed in all follicular cells (mural granulosa
cells and CCs), except oocytes (Kawamura et al., 2005); in cattle, the
p75NTR mRNA (Da Silva et al., 2005) and protein (Levanti et al.,
2005) are expressed in both oocytes and CCs. In porcine studies,
both p75NTR mRNA (Lee et al., 2007; Kim et al., 2021) and protein
(Levanti et al., 2005; Kim et al., 2021) have been detected in all
follicular cells (granulosa cells, CCs, and oocytes). In our previous
study, NT-4-related signaling pathways were identified in response
to the MAPK/ERK pathway in matured porcine COCs by qPCR
analysis (Kim et al., 2021). In the current study, the relative mRNA
expression levels of NGFR and its downstream gene, NFKB1, were
analyzed in matured porcine COCs upon NT-4 treatment during
IVM to confirm the involvement of the NT-4/p75NTR-related
signaling pathway. The results showed no significant differences
in the NGFR mRNA expression levels in both matured COCs and
oocytes between the control and NT-4 treatment groups. However,
the mRNA expression levels of NFKB1 were significantly higher
(p < 0.05) in both NT-4-treated CCs and oocytes than in the
control. In a previous study, NT-4 (100 ng/ml) was added during
in vitro growth of mouse preantral follicles, and its effects were
confirmed by single-cell RNA sequencing (Guo et al., 2021).
Oocytes and granulosa cells were collected from preantral

FIGURE 4 | Expression and phosphorylation levels of extracellular signal-regulated kinase 1/2 (ERK1/2) in porcine cumulus cells (CCs) and oocytes after in vitro
maturation (IVM). (A,B)Western blots of total ERK1/2 (T-ERK1/2), phosphorylated ERK1/2 (P-ERK1/2), and GAPDH in CCs (A) and oocytes (B). The levels of T-ERK1/
2 (b, f) and P-ERK1/2 (c, g) and the ratio of P-ERK1/2 to T-ERK1/2 (d, h) in CCs (a) and oocytes (e). The results were normalized to those of GAPDH. Values represent
the mean ± SEM. The experiment was replicated at least three times. *p < 0.05 and **p < 0.01 (Student’s t-test). n.s. indicates not significant (p > 0.05).

TABLE 1 | Effect of neurotrophin-4 (NT-4) on sperm penetration of porcine
oocytes during in vitro maturation (IVM) at 12 h post insemination.

Parameter NT-4

0 ng/ml 10 ng/ml

No. of oocytes 34 40
Penetration (%)a 31 (92.5 ± 4.8) 39 (97.5 ± 2.5)
MPN Form (%)b 29 (94.1 ± 3.4) 34 (87.2 ± 4.7)
Monospermy (%)b 7 (21.9 ± 4.6) 17 (43.3 ± 7.1)*
Polyspermy (%)b 22 (72.2 ± 7.8) 17 (43.9 ± 11.5)
Efficiency of fertilizationc 20.4 ± 4.4 42.5 ± 7.5*

aPercentage of the number of oocytes examined.
bPercentage of the number of oocytes penetrated.
cEfficiency of fertilization as the percentage of monospermic oocytes from total
examined.
The data are given as the means ± SEM, from four replicate experiments. Data were
analyzed by Student’s t-tests.
Asterisks indicate statistical significance (*p < 0.05) different. MPN, male pronucleus.
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FIGURE 5 | Effects of neurotrophin-4 (NT-4) treatment during in vitro maturation (IVM) on embryonic development after in vitro fertilization (IVF). (A) cleavage (CL)
pattern and (B) blastocyst (BL) formation pattern of IVF embryos. *p < 0.05 and ***p < 0.001 (Student’s t-test). The CL rate wasmeasured on day 2, and the BL formation
rate was evaluated on day 7 of culture. Data are presented as the mean ± SEM from three replicate experiments (C) Summary of embryonic development after IVF.

FIGURE 6 | Effects of neurotrophin-4 (NT-4) treatment during in vitro maturation (IVM) on embryonic development after somatic cell nuclear transfer (SCNT). (A)
cleavage (CL) pattern and (B) blastocyst (BL) formation pattern of SCNT embryos. *p < 0.05 (Student’s t-test). The CL rate wasmeasured on day 2, and the BL formation
rate was evaluated on day 7 of culture. Data are presented as the means ± SEM from three replicate experiments. (C) Summary of embryonic development after SCNT.
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follicles on day 6 of NT-4 treatment; it was found that NT-4
initially regulated the transcriptional processes, primarily, but
affected cell fate and development at the end of the in vitro
growth. In addition, NFKB1 was demonstrated to be a
downstream effector of neurotrophin signaling. Another study
has suggested that the neurotrophin/p75NTR signaling pathway
is mediated by the activation of NF-κB, which promotes cell
survival (Karin and Lin, 2002). Collectively, the results of the
present study show that the supplementation with NT-4 during
IVM promotes the maturation of porcine oocytes and CCs by
upregulating NFKB1 transcription via the neurotrophin/p75NTR

signaling pathway.
This study also determined the relative expression levels of

transcription factors in matured oocytes and demonstrated that
NT-4 supplementation during IVM was beneficial for oocyte
maturation and subsequent embryonic development. Both GDF9
and BMP15, which are representative oocyte secretory factors, are
important for cyst breakdown, follicular development, and oocyte
maturation (Elvin et al., 2000). In this study, NT-4
supplementation (10 ng/ml) during IVM significantly increased
the mRNA expression levels of GDF9 and BMP15 in matured
porcine oocytes, suggesting that NT-4 improves oocyte quality
and participates in the secretion and paracrine interactions of
GDF9 and BMP15 during porcine oocyte maturation.
Furthermore, to confirm the effect of NT-4 supplementation
during IVM on subsequent embryonic development of porcine
oocytes after IVF, the relative mRNA expression levels of CD9
were compared between NT-4-treated and control oocytes. In
pigs, CD9 is mainly expressed in the plasmamembrane of oocytes
during early follicular development and meiotic maturation and
is involved in sperm–oocyte interactions during fertilization (Li
et al., 2004). The study showed a significant increase in the level of
the CD9 protein between the germinal vesicle stage and the MII
stage of porcine oocytes, in particular, during IVM. The present
study confirmed that the expression level of the CD9 transcript
was significantly (p < 0.05) higher in NT-4-treated oocytes than
in the control. NT-4 supplementation during IVM also
significantly increased the monospermy rate, fertilization
efficiency, and subsequent embryonic developmental potential
after IVF. Thus, these findings indicate that NT-4 enhances
fertility and oocyte maturation in pigs.

DNA methylation is an epigenetic mechanism and a critical
process in oogenesis and early embryonic development (Uysal
et al., 2015). DNA methylation is catalyzed by different types of
DNA methyltransferases (DNMTs) involved in two different
processes: maintenance and de novo methylation. Among the
DNMTs, DNMT1 mainly functions in maintenance DNA
methylation, while the functions of DNMT3A and DNMT3B
are related to de novo DNAmethylation (Vassena et al., 2005). In
particular, the temporal mRNA expression of DNMT3A shows
species-specific patterns during oocyte maturation and early
embryonic development (Vassena et al., 2005). The DNMT3A
mRNA expression has been previously reported in oocytes from
mice (Kaneda et al., 2004; Vassena et al., 2005), cows (O’Doherty
et al., 2012), monkeys (Vassena et al., 2005), humans (Huntriss
et al., 2004), and pigs (Braga et al., 2019). According to a previous
study, the DNMT3A transcription level significantly increased

(p = 0.02) in the matured oocytes, compared with those in
immature oocytes, of only prepubertal gilts (Braga et al.,
2019). Similarly, DNMT3A was shown to be transcribed
throughout oogenesis in rhesus monkeys (Vassena et al.,
2005); however, the mRNA expression level increased
significantly as oocytes matured from the germinal vesicle
stage to the MII stage. Therefore, Braga et al. (Braga et al.,
2019) suggested that the DNMT3A mRNA accumulated in
matured porcine oocytes because they contained sufficient
amounts of molecular transcription factors associated with the
epigenetic mechanisms necessary for early embryonic
development. The present study confirmed that DNMT3A
mRNA expression significantly increased in NT-4-treated
matured oocytes. Furthermore, when oocytes supplemented
with NT-4 during IVM were evaluated for subsequent
embryonic development after SCNT, significant increases were
found in both the BL formation rate and total cell number in BLs.
Although further studies are needed to determine how NT-4
regulates epigenetic molecular mechanisms during IVM, NT-4
supplementation leads to the upregulation of DNMT3A in
matured porcine oocytes and enhances their subsequent
embryonic capacity after SCNT.

Maturation promoting factor (MPF) is essential for the
resumption of meiosis in oocytes (Murray et al., 1989).
Previous studies have demonstrated that MPF activation
induces phosphorylation of many protein kinases involved in
the regulation of oocyte maturation in COCs through the MAPK
signaling pathway including ERK1/2, c-Jun N-terminal Kinase 1/
2, and p38 MAPK (Schmitt and Nebreda, 2002; Vigneron et al.,
2004; Salhab et al., 2011; Chouzouris et al., 2017). In particular,
activation of both MAPK and EGFR in pigs is required for the
resumption of meiosis by gonadotrophins (Prochazka et al., 2003;
Liang et al., 2005). Previous studies have shown that growth
differentiation factor 8 activates p38 MAPK to improve porcine
oocyte maturation (Yoon et al., 2017), and ganglioside GT1b
activates EGFR-dependent ERK1/2 in porcine COCs to promote
oocyte maturation and cumulus expansion (Kim et al., 2020).
Therefore, as in previous studies, we confirmed whether NT-4
activates MAPK or EGFR in porcine COCs. In this study,
supplementation of NT-4 during porcine IVM significantly
(p < 0.05) increased the phosphorylation level of ERK1/2 in
CCs. However, supplementation of NT-4 did not increase the
levels of p38 MAPK and EGFR in CCs. As a result of confirming
the ERK1/2 level of oocytes based on the results obtained from the
CCs, it was confirmed that the supplementation of NT-4
significantly increased the total (p < 0.01) and phosphorylated
(p < 0.05) ERK1/2 levels in oocytes. A previous study reported
that EGF and BDNF promote metastasis and proliferation of
ovarian cancer cells by transactivating TrkB and EGFR,
respectively (Qiu et al., 2006). Another study has shown that
EGF can transactivate the Trk receptor during early cortical
development in newborns (Puehringer et al., 2013). Puehringer
et al. (Puehringer et al., 2013) showed for the first time that TrkB
and TrkC activation in neonatal early cortical neurons depend on
transactivation by EGFR signaling, but not on BDNF and
neurotrophin-3. In the present study, we did not investigate
whether EGF and NT-4 transactivate EGFR and TrkB,
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respectively. However, we found that NT-4 supplementation in
IVMmedium significantly (p < 0.05) increased the level of ERK1/
2 phosphorylation in the porcine COCs. Therefore, further
analyses are needed on how NT-4 promotes phosphorylation
of ERK1/2 in porcine COCs.

Cumulus expansion is essential to achieve successful meiotic
maturation and developmental capacity of oocytes (Nevoral et al.,
2015). Especially, ERK1/2 activation is important for the maturation
of COCs (Su et al., 2002; Zhang et al., 2015; Ma et al., 2021). Our
previous study reported that the addition of 10 ng/ml NT-4 helped
the expansion of porcine CCs and upregulated cumulus expansion
enabling factors (CEEFs) such as HAS2 and TNFAIP6 in the CCs
(Kim et al., 2021). It is well known that various transcription factors
including HAS2 and TNFAIP6 stimulate CC expansion, and the
ERK1/2 activation by oocyte secretory factors promotes the
resumption of meiosis and expansion of CCs (Su et al., 2002).
Similary, previous studies have demonstrated that potential
biomarkers of oocyte quality, such as GDF9 and BMP15,
upregulate CEEFs and induce EGFR expression in CCs (Sasseville
et al., 2010; Su et al., 2010; Arroyo et al., 2020). EGF-like peptides,
such as amphiregulin, epiregulin, betacellulin, and neuregulins 1–4,
which are triggered by the luteinizing hormone surge before
ovulation, bind to EGFR on CCs and activate ERK1/2 (Vaccari
et al., 2009; Su et al., 2010). Subsequently, phosphorylated ERK1/2
hyperphosphorylates the gap junction protein connexin 43, thereby
disrupting gap junction communications between oocytes and CCs
(Sela-Abramovich et al., 2005; Kidder andVanderhyden, 2010). This
signaling network is involved in oocyte maturation and cumulus
expansion. Therefore, the EGFR/ERK pathway plays a very
important role in mammalian oocyte growth and development
(Hwang et al., 2018b; Abbassi et al., 2021; Alzahrani and
Saadeldin, 2021). The current study showed no significant
difference in the levels of total and phosphorylated EGFR in NT-
4-treated CCs. Taken together, NT-4 upregulates the expression of
HAS2 and TNFAIP6 in CCs (Kim et al., 2021) and stimulates the
expression of GDF9 and BMP15 in oocytes, thereby helping the CC
expansion and improving the quality of porcine oocytes. In addition,
NT-4 regulates ERK1/2 in an EGFR-independentmanner in porcine
COCs and is involved in CC expansion and oocyte maturation.
However, further studies of blocking ERK1/2 signaling with MEK
inhibitors should be performed to investigate whether NT-4
enhances oocyte quality through activation of ERK1/2 in
porcine COCs.

In conclusion, to the best of our knowledge, this study is the first
to investigate the physiological roles of NT-4 in porcine ovarian
development. The present study demonstrated the presence of NT-4,
TrkB, and p75NTR in matured porcine COCs, suggesting that NT-4-
related signaling pathways are involved in the maturation and
development of porcine COCs. NT-4 promoted the maturation
of COCs by upregulating NFKB1 transcript via the neurotrophin/
p75NTR signaling pathway and enhanced oocyte quality by
upregulating GDF9, BMP15, CD9, and DNMT3A transcripts. The
level of phosphorylated ERK1/2 was significantly higher in NT-4-
treated CCs. Both total and phosphorylated ERK1/2 levels were
significantly higher in NT-4-treated than in untreated oocytes.
Furthermore, NT-4 improved subsequent embryonic
development after IVF and SCNT. Collectively, NT-4 improves

to oocyte maturation and CC expansion, and promotes ERK1/2
phosphorylation in porcine COCs during IVM.
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Supplementary Figure 1 | Protein expression levels of the epidermal growth factor
receptor (EGFR) in porcine cumulus cells (CCs) after in vitro maturation (IVM).
Western blots for total EGFR (T-EGFR), phosphorylated EGFR (P-EGFR), and
GAPDH in CCs after IVM. The levels of T-EGFR (B), P-EGFR (C), and the ratio
of P-EGFR to T-EGFR (D) in CCs (A). The results were normalized to those of
GAPDH. Values represent the mean ± SEM. The experiment was replicated four
times.

Supplementary Figure 2 | Protein expression levels of the p38 mitogen-activated
protein kinase (p38 MAPK) in porcine cumulus cells (CCs) after in vitro maturation
(IVM). Western blots of total p38 MAPK (T-p38 MAPK), phosphorylated p38 MAPK
(P-p38 MAPK), and GAPDH in CCs after IVM. The levels of T-p38 MAPK (B), P-p38
MAPK (C), and the ratio of P-p38 MAPK to T-p38 MAPK (A) in CCs (a). The results
were normalized to those of GAPDH. Values represent the mean ± SEM. The
experiment was replicated three times.

Supplementary Table 1 | Antibody lists for immunofluorescence analysis.

Supplementary Table 2 | Primer lists for qPCR.

Supplementary Table 3 | Antibody lists for western blotting.

Supplementary Table 4 | Antibody lists for capillary western blotting.

REFERENCES

Abbassi, L., El-Hayek, S., Carvalho, K. F., Wang, W., Yang, Q., Granados-Aparici,
S., et al. (2021). Epidermal Growth Factor Receptor Signaling Uncouples Germ
Cells from the Somatic Follicular Compartment at Ovulation. Nat. Commun.
12, 1–13. doi:10.1038/s41467-021-21644-z

Abeydeera, L. R., and Day, B. N. (1997). In Vitro penetration of Pig Oocytes in a
Modified Tris-Buffered Medium: Effect of BSA, Caffeine and Calcium.
Theriogenology 48, 537–544. doi:10.1016/s0093-691x(97)00270-7

Abumaghaid, M. M., Abdelazim, A. M., Belali, T. M., Alhujaily, M., and Saadeldin,
I. M. (2022). Shuttle Transfer of mRNA Transcripts via Extracellular Vesicles
from Male Reproductive Tract Cells to the Cumulus–Oocyte Complex in
Rabbits (Oryctolagus cuniculus). Front. veterinary Sci. 9, 816080. doi:10.
3389/fvets.2022.816080

Alzahrani, F. A., and Saadeldin, I. M. (2021). Role of Exosomes in Biological
Communication Systems. Germany: Springer.

Anderson, R. A., Robinson, L. L. L., Brooks, J., and Spears, N. (2002). Neurotropins
and Their Receptors Are Expressed in the Human Fetal Ovary. J. Clin.
Endocrinol. Metabolism 87, 890–897. doi:10.1210/jcem.87.2.8221

Arroyo, A., Kim, B., and Yeh, J. (2020). Luteinizing Hormone Action in
Human Oocyte Maturation and Quality: Signaling Pathways, Regulation,
and Clinical Impact. Reprod. Sci. 27, 1223–1252. doi:10.1007/s43032-019-
00137-x

Biswas, D., and Hyun, S. H. (2011). Supplementation with Vascular Endothelial
Growth Factor during In Vitro Maturation of Porcine Cumulus Oocyte
Complexes and Subsequent Developmental Competence after In Vitro
Fertilization. Theriogenology 76, 153–160. doi:10.1016/j.theriogenology.2011.
01.005

Braga, T. F., Silva, T. C. F., Marques, M. G., De Souza, A. P., Albring, D., Silva, L. P.,
et al. (2019). The Dynamics of Gene Expression, Lipid Composition and DNA
Methylation Reprogramming Are Different during In Vitro Maturation of Pig
Oocytes Obtained from Prepubertal Gilts and Cycling Sows. Reprod. Dom.
Anim. 54, 1217–1229. doi:10.1111/rda.13501

Canipari, R. (2000). Oocyte-granulosa Cell Interactions. Hum. Reprod. update 6,
279–289. doi:10.1093/humupd/6.3.279

Cao, M., Niu, Q., Xiang, X., Yuan, C., Iqbal, T., Huang, Y., et al. (2020). Brain-
Derived Neurotrophic Factor Regulates Ishikawa Cell Proliferation through the
TrkB-Erk1/2 Signaling Pathway. Biomolecules 10, 1645. doi:10.3390/
biom10121645

Chang, H.-M., Wu, H.-C., Sun, Z.-G., Lian, F., and Leung, P. C. K. (2019).
Neurotrophins and Glial Cell Line-Derived Neurotrophic Factor in the
Ovary: Physiological and Pathophysiological Implications. Hum. Reprod.
update 25, 224–242. doi:10.1093/humupd/dmy047

Childs, A. J., Bayne, R. A. L., Murray, A. A., Martins Da Silva, S. J., Collins, C. S.,
Spears, N., et al. (2010). Differential Expression and Regulation by Activin of
the Neurotrophins BDNF and NT4 during Human and Mouse Ovarian
Development. Dev. Dyn. 239, 1211–1219. doi:10.1002/dvdy.22252

Chouzouris, T.-M., Dovolou, E., Krania, F., Pappas, I. S., Dafopoulos, K., Messinis,
I. E., et al. (2017). Effects of Ghrelin on Activation of Akt1 and ERK1/2
Pathways during In Vitro Maturation of Bovine Oocytes. Zygote 25, 183–189.
doi:10.1017/s096719941700003x

Dechant, G., and Barde, Y.-A. (2002). The Neurotrophin Receptor p75NTR: Novel
Functions and Implications for Diseases of the Nervous System. Nat. Neurosci.
5, 1131–1136. doi:10.1038/nn1102-1131

Dissen, G. A., Garcia-Rudaz, C., and Ojeda, S. R. (2009). Role of Neurotrophic
Factors in Early Ovarian Development. Seminars reproductive Med., 024–031.
doi:10.1055/s-0028-1108007

Dissen, G. A., Hirshfield, A. N., Malamed, S., and Ojeda, S. R. (1995). Expression of
Neurotrophins and Their Receptors in the Mammalian Ovary Is
Developmentally Regulated: Changes at the Time of Folliculogenesis.
Endocrinology 136, 4681–4692. doi:10.1210/endo.136.10.7664689

Dissen, G. A., Romero, C., Paredes, A., and Ojeda, S. R. (2002). Neurotrophic
Control of Ovarian Development.Microsc. Res. Tech. 59, 509–515. doi:10.1002/
jemt.10227

Dorfman, M. D., Kerr, B., Garcia-Rudaz, C., Paredes, A. H., Dissen, G. A., and
Ojeda, S. R. (2011). Neurotrophins Acting via TRKB Receptors Activate the
JAGGED1-NOTCH2 Cell-Cell Communication Pathway to Facilitate Early
Ovarian Development. Endocrinology 152, 5005–5016. doi:10.1210/en.2011-
1465

Elvin, J. A., Yan, C., and Matzuk, M. M. (2000). Oocyte-expressed TGF-β
Superfamily Members in Female Fertility. Mol. Cell. Endocrinol. 159, 1–5.
doi:10.1016/s0303-7207(99)00185-9

Fan, H.-Y., and Sun, Q.-Y. (2004). Involvement of Mitogen-Activated Protein
Kinase Cascade during OocyteMaturation and Fertilization inMammals1. Biol.
reproduction 70, 535–547. doi:10.1095/biolreprod.103.022830

Farhi, J., Ao, A., Fisch, B., Zhang, X. Y., Garor, R., and Abir, R. (2010). Glial Cell
Line-Derived Neurotrophic Factor (GDNF) and its Receptors in Human
Ovaries from Fetuses, Girls, and Women. Fertil. Steril. 93, 2565–2571.
doi:10.1016/j.fertnstert.2009.09.047

Farhi, J., Fisch, B., Garor, R., Peled, Y., Pinkas, H., and Abir, R. (2011).
Neurotrophin 4 Enhances In Vitro Follicular Assembly in Human Fetal
Ovaries. Fertil. Steril. 95, 1267–1271. doi:10.1016/j.fertnstert.2010.03.051

Guo, Y., Chen, P., Li, T., Jia, L., Zhou, Y., Huang, J., et al. (2021). Single-cell
Transcriptome and Cell-specific Network Analysis Reveal the Reparative Effect
of Neurotrophin-4 in Preantral Follicles Grown In Vitro. Reproductive Biol.
Endocrinol. 19, 1–18. doi:10.1186/s12958-021-00818-w

Harel, S., Jin, S., Fisch, B., Feldberg, D., Krissi, H., Felz, C., et al. (2006). Tyrosine
Kinase B Receptor and its Activated Neurotrophins in Ovaries from Human
Fetuses and Adults. Mol. Hum. Reprod. 12, 357–365. doi:10.1093/molehr/
gal033

Huntriss, J., Hinkins, M., Oliver, B., Harris, S. E., Beazley, J. C., Rutherford, A. J.,
et al. (2004). Expression of mRNAs for DNA Methyltransferases and Methyl-
CpG-Binding Proteins in the Human Female Germ Line, Preimplantation
Embryos, and Embryonic Stem Cells. Mol. Reprod. Dev. 67, 323–336. doi:10.
1002/mrd.20030

Hwang, S.-U., Eun, K., Yoon, J. D., Kim, H., and Hyun, S.-H. (2018a). Production
of Transgenic Pigs Using a pGFAP-CreERT2/EGFPLoxP Inducible System for
Central Nervous System Disease Models. J. Vet. Sci. 19, 434–445. doi:10.4142/
jvs.2018.19.3.434

Hwang, S.-U., Kim, K.-J., Kim, E., Yoon, J. D., Park, K. M., Jin, M., et al. (2018b).
Lysophosphatidic Acid Increases In VitroMaturation Efficiency via uPA-uPAR
Signaling Pathway in Cumulus Cells. Theriogenology 113, 197–207. doi:10.
1016/j.theriogenology.2018.02.020

Frontiers in Cell and Developmental Biology | www.frontiersin.org July 2022 | Volume 10 | Article 90899213

Kim et al. Neurotrophin-4 In Porcine Oocyte Maturation

https://www.frontiersin.org/articles/10.3389/fcell.2022.908992/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2022.908992/full#supplementary-material
https://doi.org/10.1038/s41467-021-21644-z
https://doi.org/10.1016/s0093-691x(97)00270-7
https://doi.org/10.3389/fvets.2022.816080
https://doi.org/10.3389/fvets.2022.816080
https://doi.org/10.1210/jcem.87.2.8221
https://doi.org/10.1007/s43032-019-00137-x
https://doi.org/10.1007/s43032-019-00137-x
https://doi.org/10.1016/j.theriogenology.2011.01.005
https://doi.org/10.1016/j.theriogenology.2011.01.005
https://doi.org/10.1111/rda.13501
https://doi.org/10.1093/humupd/6.3.279
https://doi.org/10.3390/biom10121645
https://doi.org/10.3390/biom10121645
https://doi.org/10.1093/humupd/dmy047
https://doi.org/10.1002/dvdy.22252
https://doi.org/10.1017/s096719941700003x
https://doi.org/10.1038/nn1102-1131
https://doi.org/10.1055/s-0028-1108007
https://doi.org/10.1210/endo.136.10.7664689
https://doi.org/10.1002/jemt.10227
https://doi.org/10.1002/jemt.10227
https://doi.org/10.1210/en.2011-1465
https://doi.org/10.1210/en.2011-1465
https://doi.org/10.1016/s0303-7207(99)00185-9
https://doi.org/10.1095/biolreprod.103.022830
https://doi.org/10.1016/j.fertnstert.2009.09.047
https://doi.org/10.1016/j.fertnstert.2010.03.051
https://doi.org/10.1186/s12958-021-00818-w
https://doi.org/10.1093/molehr/gal033
https://doi.org/10.1093/molehr/gal033
https://doi.org/10.1002/mrd.20030
https://doi.org/10.1002/mrd.20030
https://doi.org/10.4142/jvs.2018.19.3.434
https://doi.org/10.4142/jvs.2018.19.3.434
https://doi.org/10.1016/j.theriogenology.2018.02.020
https://doi.org/10.1016/j.theriogenology.2018.02.020
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Jovanovic, J. N., Benfenati, F., Siow, Y. L., Sihra, T. S., Sanghera, J. S., Pelech, S. L.,
et al. (1996). Neurotrophins Stimulate Phosphorylation of Synapsin I by MAP
Kinase and Regulate Synapsin I-Actin Interactions. Proc. Natl. Acad. Sci. U.S.A.
93, 3679–3683. doi:10.1073/pnas.93.8.3679

Kaneda, M., Okano, M., Hata, K., Sado, T., Tsujimoto, N., Li, E., et al. (2004).
Essential Role for De Novo DNA Methyltransferase Dnmt3a in Paternal and
Maternal Imprinting. Nature 429, 900–903. doi:10.1038/nature02633

Karin, M., and Lin, A. (2002). NF-κB at the Crossroads of Life and Death. Nat.
Immunol. 3, 221–227. doi:10.1038/ni0302-221

Kawamura, K., Kawamura, N., Mulders, S. M., Gelpke, M. D. S., and Hsueh, A.
J. W. (2005). Ovarian Brain-Derived Neurotrophic Factor (BDNF) Promotes
the Development of Oocytes into Preimplantation Embryos. Proc. Natl. Acad.
Sci. U.S.A. 102, 9206–9211. doi:10.1073/pnas.0502442102

Kidder, G. M., and Vanderhyden, B. C. (2010). Bidirectional Communication
between Oocytes and Follicle Cells: Ensuring Oocyte Developmental
Competence. Can. J. Physiol. Pharmacol. 88, 399–413. doi:10.1139/y10-009

Kim, J.-W., Park, H.-J., Yang, S.-G., Kim, M.-J., Kim, I.-S., Jegal, H.-G., et al. (2020).
Exogenous Ganglioside GT1b Enhances Porcine Oocyte Maturation, Including
the Cumulus Cell Expansion and Activation of EGFR and ERK1/2 Signaling.
Reprod. Sci. 27, 278–289. doi:10.1007/s43032-019-00004-9

Kim, M., Hwang, S.-U., Yoon, J. D., Lee, J., Kim, E., Cai, L., et al. (2021). Beneficial
Effects of Neurotrophin-4 Supplementation during In Vitro Maturation of
Porcine Cumulus-Oocyte Complexes and Subsequent Embryonic Development
after Parthenogenetic Activation. Front. veterinary Sci. 8, 779298. doi:10.3389/
fvets.2021.779298

Koo, D.-B., Kim, Y.-J., Yu, I., Kim, H.-N., Lee, K.-K., and Han, Y.-M. (2005). Effects
of In Vitro Fertilization Conditions on Preimplantation Development and
Quality of Pig Embryos. Animal reproduction Sci. 90, 101–110. doi:10.1016/j.
anireprosci.2005.01.005

Lee, E., Jeong, Y. I., Park, S. M., Lee, J. Y., Kim, J. H., Park, S. W., et al. (2007).
Beneficial Effects of Brain-Derived Neurotropic Factor on In Vitro Maturation
of Porcine Oocytes. Reproduction 134, 405–414. doi:10.1530/rep-06-0288

Levanti, M. B., Germanà, A., Abbate, F., Montalbano, G., Vega, J. A., and Germanà,
G. (2005). Brief Communication: TrkA and p75NTR in the Ovary of Adult Cow
and Pig. J. Anat. 207, 93–96. doi:10.1111/j.1469-7580.2005.00423.x

Li, Y.-H., Hou, Y., Ma, W., Yuan, J.-X., Zhang, D., Sun, Q.-Y., et al. (2004).
Localization of CD9 in Pig Oocytes and its Effects on Sperm-Egg Interaction.
Reproduction 127, 151–157. doi:10.1530/rep.1.00006

Liang, C.-G., Huo, L.-J., Zhong, Z.-S., Chen, D.-Y., Schatten, H., and Sun, Q.-Y.
(2005). Cyclic Adenosine 3′,5′-Monophosphate-dependent Activation of
Mitogen-Activated Protein Kinase in Cumulus Cells Is Essential for
Germinal Vesicle Breakdown of Porcine Cumulus-Enclosed Oocytes.
Endocrinology 146, 4437–4444. doi:10.1210/en.2005-0309

Linher-Melville, K., and Li, J. (2013). The Roles of Glial Cell Line-Derived
Neurotrophic Factor, Brain-Derived Neurotrophic Factor and Nerve Growth
Factor during the Final Stage of Folliculogenesis: a Focus on Oocyte
Maturation. Reproduction 145, R43–R54. doi:10.1530/rep-12-0219

Ma, Y., Yang, W., Ren, P., Li, X., Jin, J., Dai, Y., et al. (2021). Lysophosphatidic Acid
Improves Oocyte Quality during IVM by Activating the ERK1/2 Pathway in
Cumulus Cells and Oocytes. Mol. Hum. Reprod. 27, gaab032. doi:10.1093/
molehr/gaab032

Maranesi, M., Boiti, C., and Zerani, M. (2021). Nerve Growth Factor (NGF) and
Animal Reproduction. Recent Adv. NGF Relat. Mol., 277–287. doi:10.1007/978-
3-030-74046-7_19

Martins da Silva, S. J., Gardner, J. O., Taylor, J. E., Springbett, A., De Sousa, P. A.,
and Anderson, R. A. (2005). Brain-derived Neurotrophic Factor Promotes
Bovine Oocyte Cytoplasmic Competence for Embryo Development.
Reproduction 129, 423–434. doi:10.1530/rep.1.00471

Matzuk, M. M., Burns, K. H., Viveiros, M. M., and Eppig, J. J. (2002). Intercellular
Communication in the Mammalian Ovary: Oocytes Carry the Conversation.
Science 296, 2178–2180. doi:10.1126/science.1071965

Murray, A. W., Solomon, M. J., and Kirschner, M. W. (1989). The Role of Cyclin
Synthesis and Degradation in the Control of Maturation Promoting Factor
Activity. Nature 339, 280–286. doi:10.1038/339280a0

Nevoral, J., Orsák, M., Klein, P., Petr, J., Dvořáková, M., Weingartová, I., et al.
(2015). Cumulus Cell Expansion, its Role in Oocyte Biology and Perspectives of
Measurement: A Review. Sci. Agric. Bohem. 45, 212–225. doi:10.1515/sab-2015-
0002

O’doherty, A. M., O’shea, L. C., and Fair, T. (2012). Bovine DNA Methylation
Imprints Are Established in an Oocyte Size-specific Manner, Which Are
Coordinated with the Expression of the DNMT3 Family Proteins. Biol.
Reprod. 86 (67), 67–10. doi:10.1095/biolreprod.111.094946

Ojeda, S. R., Romero, C., Tapia, V., and Dissen, G. A. (2000). Neurotrophic and
Cell-Cell Dependent Control of Early Follicular Development. Mol. Cell.
Endocrinol. 163, 67–71. doi:10.1016/s0303-7207(99)00242-7

Paredes, A., Romero, C., Dissen, G. A., Dechiara, T. M., Reichardt, L., Cornea, A.,
et al. (2004). TrkB Receptors Are Required for Follicular Growth and Oocyte
Survival in the Mammalian Ovary.Dev. Biol. 267, 430–449. doi:10.1016/j.ydbio.
2003.12.001

Pfaffl, M. W. (2001). A New Mathematical Model for Relative Quantification in
Real-Time RT-PCR. Nucleic Acids Res. 29, e45. doi:10.1093/nar/29.9.e45

Prochazka, R., Kalab, P., and Nagyova, E. (2003). Epidermal Growth Factor-
Receptor Tyrosine Kinase Activity Regulates Expansion of Porcine Oocyte-
Cumulus Cell Complexes In Vitro1. Biol. reproduction 68, 797–803. doi:10.
1095/biolreprod.102.005520

Puehringer, D., Orel, N., Lüningschrör, P., Subramanian, N., Herrmann, T., Chao,
M. V., et al. (2013). EGF Transactivation of Trk Receptors Regulates the
Migration of Newborn Cortical Neurons. Nat. Neurosci. 16, 407–415. doi:10.
1038/nn.3333

Qin, X., Zhao, Y., Zhang, T., Yin, C., Qiao, J., Guo, W., et al. (2022). TrkB Agonist
Antibody Ameliorates Fertility Deficits in Aged and Cyclophosphamide-
Induced Premature Ovarian Failure Model Mice. Nat. Commun. 13, 1–17.
doi:10.1038/s41467-022-28611-2

Qiu, L., Zhou, C., Sun, Y., Di, W., Scheffler, E., Healey, S., et al. (2006).
Crosstalk between EGFR and TrkB Enhances Ovarian Cancer Cell
Migration and Proliferation. Int. J. Oncol. 29, 1003–1011. doi:10.3892/
ijo.29.4.1003

Rajput, S. K., Logsdon, D. M., Kile, B., Engelhorn, H. J., Goheen, B., Khan, S., et al.
(2021). Human Eggs, Zygotes, and Embryos Express the Receptor Angiotensin
1-converting Enzyme 2 and Transmembrane Serine Protease 2 Protein
Necessary for Severe Acute Respiratory Syndrome Coronavirus 2 Infection.
F&S Sci. 2, 33–42. doi:10.1016/j.xfss.2020.12.005

Reichardt, L. F. (2006). Neurotrophin-regulated Signalling Pathways. Phil. Trans.
R. Soc. B 361, 1545–1564. doi:10.1098/rstb.2006.1894

Salhab, M., Tosca, L., Cabau, C., Papillier, P., Perreau, C., Dupont, J., et al. (2011).
Kinetics of Gene Expression and Signaling in Bovine Cumulus Cells throughout
IVM in Different Mediums in Relation to Oocyte Developmental Competence,
Cumulus Apoptosis and Progesterone Secretion. Theriogenology 75, 90–104.
doi:10.1016/j.theriogenology.2010.07.014

Sasseville, M., Ritter, L. J., Nguyen, T. M., Liu, F., Mottershead, D. G., Russell, D. L.,
et al. (2010). Growth Differentiation Factor 9 Signaling Requires ERK1/2
Activity in Mouse Granulosa and Cumulus Cells. J. Cell Sci. 123,
3166–3176. doi:10.1242/jcs.063834

Schmitt, A., and Nebreda, A. R. (2002). Signalling Pathways in Oocyte Meiotic
Maturation. J. Cell Sci. 115, 2457–2459. doi:10.1242/jcs.115.12.2457

Schmittgen, T. D., and Livak, K. J. (2008). Analyzing Real-Time PCR Data by the
Comparative CT Method. Nat. Protoc. 3, 1101–1108. doi:10.1038/nprot.2008.73

Seifer, D. B., Feng, B., Shelden, R. M., Chen, S., and Dreyfus, C. F. (2002a). Brain-
derived Neurotrophic Factor: a Novel Human Ovarian Follicular Protein.
J. Clin. Endocrinol. Metabolism 87, 655–659. doi:10.1210/jcem.87.2.8213

Seifer, D. B., Feng, B., Shelden, R. M., Chen, S., and Dreyfus, C. F. (2002b).
Neurotrophin-4/5 and Neurotrophin-3 Are Present within the Human Ovarian
Follicle but Appear to Have Different Paracrine/autocrine Functions. J. Clin.
Endocrinol. Metabolism 87, 4569–4571. doi:10.1210/jc.2002-020499

Seifer, D. B., Feng, B., and Shelden, R. M. (2006). Immunocytochemical Evidence
for the Presence and Location of the Neurotrophin-Trk Receptor Family in
Adult Human Preovulatory Ovarian Follicles. Am. J. obstetrics Gynecol. 194,
1129–1134. doi:10.1016/j.ajog.2005.12.022

Sela-Abramovich, S., Chorev, E., Galiani, D., and Dekel, N. (2005). Mitogen-
activated Protein Kinase Mediates Luteinizing Hormone-Induced Breakdown
of Communication and Oocyte Maturation in Rat Ovarian Follicles.
Endocrinology 146, 1236–1244. doi:10.1210/en.2004-1006

Spears, N., Molinek, M. D., Robinson, L. L., Fulton, N., Cameron, H., Shimoda,
K., et al. (2003). The Role of Neurotrophin Receptors in Female Germ-Cell
Survival in Mouse and Human. Development 130, 5481–5491. doi:10.1242/
dev.00707

Frontiers in Cell and Developmental Biology | www.frontiersin.org July 2022 | Volume 10 | Article 90899214

Kim et al. Neurotrophin-4 In Porcine Oocyte Maturation

https://doi.org/10.1073/pnas.93.8.3679
https://doi.org/10.1038/nature02633
https://doi.org/10.1038/ni0302-221
https://doi.org/10.1073/pnas.0502442102
https://doi.org/10.1139/y10-009
https://doi.org/10.1007/s43032-019-00004-9
https://doi.org/10.3389/fvets.2021.779298
https://doi.org/10.3389/fvets.2021.779298
https://doi.org/10.1016/j.anireprosci.2005.01.005
https://doi.org/10.1016/j.anireprosci.2005.01.005
https://doi.org/10.1530/rep-06-0288
https://doi.org/10.1111/j.1469-7580.2005.00423.x
https://doi.org/10.1530/rep.1.00006
https://doi.org/10.1210/en.2005-0309
https://doi.org/10.1530/rep-12-0219
https://doi.org/10.1093/molehr/gaab032
https://doi.org/10.1093/molehr/gaab032
https://doi.org/10.1007/978-3-030-74046-7_19
https://doi.org/10.1007/978-3-030-74046-7_19
https://doi.org/10.1530/rep.1.00471
https://doi.org/10.1126/science.1071965
https://doi.org/10.1038/339280a0
https://doi.org/10.1515/sab-2015-0002
https://doi.org/10.1515/sab-2015-0002
https://doi.org/10.1095/biolreprod.111.094946
https://doi.org/10.1016/s0303-7207(99)00242-7
https://doi.org/10.1016/j.ydbio.2003.12.001
https://doi.org/10.1016/j.ydbio.2003.12.001
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1095/biolreprod.102.005520
https://doi.org/10.1095/biolreprod.102.005520
https://doi.org/10.1038/nn.3333
https://doi.org/10.1038/nn.3333
https://doi.org/10.1038/s41467-022-28611-2
https://doi.org/10.3892/ijo.29.4.1003
https://doi.org/10.3892/ijo.29.4.1003
https://doi.org/10.1016/j.xfss.2020.12.005
https://doi.org/10.1098/rstb.2006.1894
https://doi.org/10.1016/j.theriogenology.2010.07.014
https://doi.org/10.1242/jcs.063834
https://doi.org/10.1242/jcs.115.12.2457
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1210/jcem.87.2.8213
https://doi.org/10.1210/jc.2002-020499
https://doi.org/10.1016/j.ajog.2005.12.022
https://doi.org/10.1210/en.2004-1006
https://doi.org/10.1242/dev.00707
https://doi.org/10.1242/dev.00707
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


Su, Y.-Q., Sugiura, K., Li, Q., Wigglesworth, K., Matzuk, M. M., and Eppig, J. J.
(2010). Mouse Oocytes Enable LH-InducedMaturation of the Cumulus-Oocyte
Complex via Promoting EGF Receptor-dependent Signaling. Mol. Endocrinol.
24, 1230–1239. doi:10.1210/me.2009-0497

Su, Y.-Q., Wigglesworth, K., Pendola, F. L., O’Brien, M. J., and Eppig, J. J.
(2002). Mitogen-activated Protein Kinase Activity in Cumulus Cells Is
Essential for Gonadotropin-Induced Oocyte Meiotic Resumption and
Cumulus Expansion in the Mouse. Endocrinology 143, 2221–2232.
doi:10.1210/endo.143.6.8845

Uysal, F., Akkoyunlu, G., and Ozturk, S. (2015). Dynamic Expression of DNA
Methyltransferases (DNMTs) in Oocytes and Early Embryos. Biochimie 116,
103–113. doi:10.1016/j.biochi.2015.06.019

Vaccari, S., Weeks, J. L., Hsieh, M., Menniti, F. S., and Conti, M. (2009). Cyclic
GMP Signaling Is Involved in the Luteinizing Hormone-dependent Meiotic
Maturation of Mouse Oocytes1. Biol. reproduction 81, 595–604. doi:10.1095/
biolreprod.109.077768

Van Den Hurk, R., and Zhao, J. (2005). Formation of Mammalian Oocytes and
Their Growth, Differentiation and Maturation within Ovarian Follicles.
Theriogenology 63, 1717–1751. doi:10.1016/j.theriogenology.2004.08.005

Vassena, R., Dee Schramm, R., and Latham, K. E. (2005). Species-dependent
Expression Patterns of DNA Methyltransferase Genes in Mammalian Oocytes
and Preimplantation Embryos. Mol. Reprod. Dev. 72, 430–436. doi:10.1002/
mrd.20375

Vigneron, C. l., Perreau, C., Dupont, J. l., Uzbekova, S., Prigent, C., and Mermillod,
P. (2004). Several Signaling Pathways Are Involved in the Control of Cattle
Oocyte Maturation. Mol. Reprod. Dev. 69, 466–474. doi:10.1002/mrd.20173

Yoon, J. D., Hwang, S.-U., Kim, E., Jin, M., Kim, S., and Hyun, S.-H. (2017). GDF8
Activates P38 MAPK Signaling during Porcine Oocyte Maturation In Vitro.
Theriogenology 101, 123–134. doi:10.1016/j.theriogenology.2017.06.003

Yoon, J. D., Hwang, S.-U., Kim, M., Jeon, Y., and Hyun, S.-H. (2019a). Growth
Differentiation Factor 8 Regulates SMAD2/3 Signaling and Improves Oocyte
Quality during Porcine Oocyte Maturation In Vitro†. Biol. reproduction 101,
63–75. doi:10.1093/biolre/ioz066

Yoon, J. D., Hwang, S.-U., Kim, M., Lee, G., Jeon, Y., and Hyun, S.-H. (2019b).
GDF8 Enhances SOX2 Expression and Blastocyst Total Cell Number in Porcine
IVF Embryo Development. Theriogenology 129, 70–76. doi:10.1016/j.
theriogenology.2019.02.007

Yoshioka, K., Suzuki, C., Tanaka, A., Anas, I. M.-K., and Iwamura, S. (2002). Birth
of Piglets Derived from Porcine Zygotes Cultured in a Chemically Defined
Medium1. Biol. reproduction 66, 112–119. doi:10.1095/biolreprod66.1.112

Zhang, L., Liang, Y., Liu, Y., and Xiong, C.-L. (2010). The Role of Brain-Derived
Neurotrophic Factor in Mouse Oocyte Maturation In Vitro Involves Activation
of Protein Kinase B. Theriogenology 73, 1096–1103. doi:10.1016/j.
theriogenology.2010.01.009

Zhang, Y.-L., Liu, X.-M., Ji, S.-Y., Sha, Q.-Q., Zhang, J., and Fan, H.-Y. (2015).
ERK1/2 Activities Are Dispensable for Oocyte Growth but Are Required for
Meiotic Maturation and Pronuclear Formation in Mouse. J. Genet. Genomics
42, 477–485. doi:10.1016/j.jgg.2015.07.004

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 © 2022 Kim, Hwang, Yoon, Lee, Kim, Cai, Choi, Oh, Lee 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 Cell and Developmental Biology | www.frontiersin.org July 2022 | Volume 10 | Article 90899215

Kim et al. Neurotrophin-4 In Porcine Oocyte Maturation

https://doi.org/10.1210/me.2009-0497
https://doi.org/10.1210/endo.143.6.8845
https://doi.org/10.1016/j.biochi.2015.06.019
https://doi.org/10.1095/biolreprod.109.077768
https://doi.org/10.1095/biolreprod.109.077768
https://doi.org/10.1016/j.theriogenology.2004.08.005
https://doi.org/10.1002/mrd.20375
https://doi.org/10.1002/mrd.20375
https://doi.org/10.1002/mrd.20173
https://doi.org/10.1016/j.theriogenology.2017.06.003
https://doi.org/10.1093/biolre/ioz066
https://doi.org/10.1016/j.theriogenology.2019.02.007
https://doi.org/10.1016/j.theriogenology.2019.02.007
https://doi.org/10.1095/biolreprod66.1.112
https://doi.org/10.1016/j.theriogenology.2010.01.009
https://doi.org/10.1016/j.theriogenology.2010.01.009
https://doi.org/10.1016/j.jgg.2015.07.004
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Physiological and Functional Roles of Neurotrophin-4 During In Vitro Maturation of Porcine Cumulus–Oocyte Complexes
	1 Introduction
	2 Materials and Methods
	2.1 Animal Treatment
	2.2 Chemicals and Reagents
	2.3 Oocyte Collection and IVM
	2.4 Immunofluorescence Staining
	2.5 Quantitative Reverse Transcription–Polymerase Chain Reaction
	2.6 Western Blotting
	2.7 Capillary Western Blotting
	2.8 IVF and In Vitro Culture (IVC)
	2.9 Evaluation of Fertilization Parameters
	2.10 Donor Cell Preparation
	2.11 SCNT and IVC
	2.12 Assessment of Embryo Quality and Total Cell Counts
	2.13 Statistical Analysis

	3 Results
	3.1 Detection and Localization of NT-4 and Its Receptors in In Vitro Matured Porcine Oocytes and Cumulus Cells
	3.2 Effects of NT-4 Supplementation During IVM on p75NTR-Related Gene Expression in Matured Porcine Oocytes and Cumulus Cells
	3.3 Effects of NT-4 Supplementation During IVM on Expression of Specific Genes in Matured Porcine Oocytes
	3.4 Underlying Mechanism of NT-4 Effects During Porcine IVM
	3.5 Effects of NT-4 Supplementation During Porcine IVM on Embryonic Developmental Competence After IVF and SCNT

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


