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Direct effect of RFRP-3 microinjection into
the lateral ventricle on the hypothalamic kisspeptin
neurons in ovariectomized estrogen-primed rats
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Abstract. RFamide-related peptide-3 (RFRP-3) may be
involved in the inhibition of kisspeptin, but there is no direct
evidence that RFRP-3 can directly act on kisspeptin neurons.
The present study aimed to investigate the role and mechanism
of RFRP-3 and kisspeptin in the hypothalamic-pituitary repro-
ductive axis. In order to detect the expression and localization of
RFRP-3 and kisspeptin in dorsomedial hypothalamic nucleus,
double immunofluorescence method combined with confocal
microscopy were performed. RFRP-3 was injected into the
lateral ventricle of ovariectomized estrogen primed rats. Blood
and brain tissues were collected at 60-, 120-,240- and 360-min.
Serum levels of gonadotropin-releasing hormone, luteinizing
hormone and follicle-stimulating hormone were detected by
ELISA. Kisspeptin expression in hypothalamus was detected
by western blotting. Finally, surface plasmon resonance was
used to verify whether RFRP-3 can directly interact with kiss-
peptin. Confocal images indicated that RFRP-3 and kisspeptin
were co-expressed in the same neurons in the hypothalamus
of ovariectomized estrogen-primed rats. Serum concentra-
tions of gonadotropin-releasing hormone, luteinizing hormone
and follicle-stimulating hormone were demonstrated to be
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significantly reduced following microinjection of RFRP-3 into
the lateral ventricle for 60, 120, 240 and 360 min compared
with the corresponding saline groups. The expression levels
of kisspeptin in hypothalamus were gradually decreased
following microinjection of RFRP-3 into the lateral ventricle.
In addition, the affinity constant (K) of RFRP-3 binding to
kisspeptin was 6.005x10-°> M, indicating that RFRP-3 bound
directly to kisspeptin in the range of protein-protein binding
strength (Kp, 103-10"° M). In conclusion, RFRP-3 may regu-
late the hypothalamic-pituitary reproductive axis by inhibiting
the expression of hypothalamic kisspeptin and direct binding.

Introduction

The hypothalamic-pituitary-gonadal axis is one of the main
systems regulating mammalian reproductive function, including
inhumans (1). Hypothalamic secretion of gonadotropin-releasing
hormone (GnRH) can stimulate the anterior pituitary gland to
secrete gonadotropin, which can act on the gonads to stimulate
the synthesis of steroid hormones, and promote sperm and egg
production (2,3). In the early 21st century, researchers identified
two new neuropeptides that could directly regulate the synthesis
and secretion of GnRH; gonadotropin-inhibitory hormone
(GnIH) was identified in 2000, and was revealed to inhibit
the synthesis and secretion of GnRH in the hypothalamus of
mammals and birds by acting on its receptor, neuropeptide
FF receptor (NPFFR)1 (4). Mammalian RFRP-1 and RFRP-3
are homologs of poultry GnIH, and are key neuropeptides that
regulate the reproductive function in vertebrates (5). Whereas
kisspeptin is a neuropeptide encoded by the Kiss/ gene that
was revealed to stimulate the synthesis and secretion of GnRH
by acting directly on the KISSI1 receptor (KISSIR) of GnRH
neurons (6,7). Previous studies have shown that these two
neuropeptides may act on the reproductive axis via unilateral
or bilateral linkage (8,9); however, to the best of our knowledge,
the specific mechanism has not been clarified. It has been shown
that RFRP-3 (mammalian homolog of GnIH) may be involved
in the inhibition of kisspeptin via the calcium or protein kinase
C-related signaling pathways (10), but there is currently no direct
evidence that RFRP-3 can directly act on kisspeptin neurons.
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The association between RFRP-3 and kisspeptin, as well
as their role and mechanism in the hypothalamic-pituitary
reproductive axis, were investigated in the present study. An
ovariectomized estrogen-primed (OEP) rat model was first
established and RFRP-3 was microinjected into the lateral
ventricle. Co-localization of RFRP-3 and kisspeptin was
assessed using laser confocal microscopy. Direct binding
between RFRP-3 and kisspeptin was evaluated using surface
plasmon resonance (SPR). The results indicated that there
may be a direct interaction between RFRP-3 and kisspeptin
neuropeptides in the hypothalamus of OEP rats, providing
experimental evidence for the further study of the regulatory
mechanism of the neuroendocrine reproductive axis.

Materials and methods

Animals. A total of 53 specific pathogen-free grade female
Sprague Dawley (SD) rats (age, 6-7 weeks; weight, 200+20 g)
were purchased from Beijing Huafukang Biotechnology Co.,
Ltd. (certificate no. 11401300067446). The rats were fed in
a well-ventilated environment, at a constant temperature
(22-25°C), humidity (50-54%) and a natural 12/12-h light cycle
and free access to food and water. All animal experiments
were conducted according to the ethical guidelines of Chengde
Medical University and were approved by the ethical review
board of Chengde Medical University (Chengde, China).

Animal treatment and grouping. The SD rats were fed adap-
tively for 1 week, then bilateral oophorectomy was performed
under sterile conditions, with animals anesthetized with 0.5%
sodium pentobarbital (40 mg/kg). On day 15 following surgery,
17B-estradiol (0.005 mg/kg/day) was subcutaneously injected
into the abdomen. After 5 days of continuous injection, the rats
(n=48) were randomly divided into four groups: The 60-min
group (n=12); the 120-min group (n=12); the 240-min group
(n=12); and the 360-min group (n=12). Each group included
a saline control subgroup (n=6) and a RFRP3 subgroup
(n=6). Under anesthesia with 0.5% sodium pentobarbital
(40 mg/kg), the RFRP3 subgroups were injected with 2 pg/ul
freshly prepared RFRP3 (Bachem AG) into the lateral ventricle
at a dose of 16 pl/kg, while the saline control subgroups were
injected with an equal volume of normal saline. At 60, 120,
240 and 360 min after injection, the rats were anesthetized
with an intraperitoneal injection of 0.5% sodium pentobarbital
(40 mg/kg), samples were collected and rats were sacrificed by
cervical dislocation. The humane endpoints used to determine
when animals should be euthanized were reduced heart and
respiration rates. Cardiac and respiratory arrest was observed
for 2-3 min to confirm animal death, and this was defined by the
lack of spontaneous breathing for 2-3 min, without blink reflex.

Thionine staining. For rats that did not receive lateral ventricle
injection (n=5), after 500 ml 4% paraformaldehyde solution
was perfused to fix the tissues, the brain tissues were collected.
The brain tissues were fixed with 4% paraformaldehyde for
24 h, then dehydrated in 30% sucrose solution for 48 h at 4°C.
The tissues were embedded in paraffin and sliced into contin-
uous 20-um thick sections-. The brain slices were marked in
order and stored at -20°C for use. The brain slices with odd
numbers were selected for thionine staining. Briefly, at room

temperature, the brain sections were successively incubated
with 100% ethanol twice for 3 min each time, 95% ethanol for
3 min, 70% ethanol for 3 min, 50% ethanol for 3 min, ultrapure
water for 2 min, 0.25% thionine solution for 3 min, ultrapure
water for 2 sec, 50% ethanol for 3 min, 70% ethanol + 1% acetic
acid for 5 sec, 95% ethanol for 3 min, 100% ethanol twice for
3 min each time and xylene for 5 min. Finally, the sections were
mounted and the posterior medial nucleus of the hypothalamus
was determined under a light microscope (magnification, x400).

Double immunofluorescence labeling. For double immunofluo-
rescence labeling, rats without lateral ventricle injection (n=5)
were used. According to the results from thionine staining, the
posterior medial nucleus sections of the hypothalamus were
selected. The sections were washed with 0.02% PBS twice for
10 min each time, blocked with 5% donkey serum (Beijing
Solarbio Science & Technology Co., Ltd.) for 2 h at 4°C, washed
with 0.01% PBS-Tween-20% (PBST) for 5 min, and then incu-
bated with goat anti-rat RFRP3 (1:25; cat. no. sc-32380) and
rabbit anti-rat kisspeptin (1:50; cat. no. sc-15400; subtype of kiss-
peptin not available; both from Santa Cruz Biotechnology, Inc.)
polyclonal antibodies for 48 h at 4°C. The sections were washed
with 0.01% PBST, incubated with the Alexa Fluor® 568-labeled
donkey anti-goat (cat. no. A11057) and Alexa Fluor 488-labeled
donkey anti-rabbit (1:500; cat. no. A21206) secondary antibodies
for RFRP-3 and kisspeptin, respectively (both from Thermo
Fisher Scientific, Inc.) for 2 h at 4°C in the dark, then washed
with 0.01% PBST again. DAPI (cat. no. BS130A; Biosharp Life
Sciences) was added and the samples were incubated for 5 min
at room temperature in the dark. After washing, the sections
were mounted and observed with a laser confocal microscope
(magnification, x400; TCS SP8X; Leica AG).

ELISA. At 60, 120, 240 and 360 min after injection with
RFRP-3, venous blood was collected from the rats of each
group. After centrifugation at (3,000 x g) for 15 min at 4°C, the
serum was isolated. The concentrations of GnRH, follicle-stim-
ulating hormone (FSH) and luteinizing hormone (LH) in the
rat serum were determined with rat GnRH (cat. no. m1003038;
Shanghai Enzyme-linked Biotechnology Co., Ltd.), rat FSH
(cat. no. E-EL-R0391C; Elabscience Biotechnology, Inc.)
and rat LH ELISA kits (cat. no. E-EL-R0026C; Elabscience
Biotechnology, Inc.).

Western blot analysis. The fresh hypothalamic tissues were
separated and the total proteins were extracted using RIPA
lysis buffer (Beijing Solarbio Science & Technology Co., Ltd.).
The BCA method was used for protein quantification (Beijing
Solarbio Science and Technology Co., Ltd.). Proteins were
separated via 12% SDS-PAGE (20 pg per lane) and transferred
onto a PVDF membrane (MilliporeSigma). After blocking
with 5% skimmed milk for 2 h at room temperature, rabbit
anti-rat kisspeptin polyclonal (1:50; cat. no. sc-15400; subtype
of kisspeptin not available; Santa Cruz Biotechnology, Inc.) and
anti-GAPDH antibodies (1:8,000; cat. no. AP0063; Bioworld
Technology, Inc.) were added and the membranes were incu-
bated overnight at 4°C. After washing with 2.5% TBS-Tween 20
three times, the goat anti-rabbit IgG HRP-conjugated
secondary antibody (1:80,000; cat. no. E030120; Beijing
Merida Technology Co., Ltd.) was added. After incubation
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Figure 1. Co-expression of kisspeptin and RFRP-3 in the nerve cells from the hypothalamus (n=5). (A) Brain in stereotaxic coordinates (39). (B) Thionine
staining to determine the posterior medial nucleus of the hypothalamus. (C) Double-labelling immunofluorescence to determine the expression of RFRP-3
and kisspeptin. The cell nucleus was stained by DAPI (purple arrows). RFRP-3 was labeled with red fluorescence (green arrows) and kisspeptin was labelled
with green fluorescence (red arrows). The yellow arrows indicate the merged cell nuclei. Scale bar, 25 ym. RFRP-3, RFamide-related peptide-3; DMH,
dorsomedial nucleus of the hypothalamus; VMH, ventromedial nucleus of the hypothalamus; ARC, arcuate nucleus; 3V, third ventricle.

for 1 h at room temperature, the membrane was washed three
times and then analyzed using the Chemiluminescence image
analysis kit (Tanon Science & Technology Co., Ltd.). Image J
analysis software (version 1.46r; National Institutes of Health)
was used to analyze the average gray value.

SPR. The interaction between kisspeptin and RFRP3 was
analyzed using a Biacore T200 SPR system (Cytiva). Kisspeptin
(cat. no. CFB170220017; Shanghai Qiang Yao Biotechnology
Co., Ltd.) was diluted to 20 ug/ml with sodium acetate buffer
(pH 5.5) and coupled to a CMS5 sensor chip with a coupling
amount of 5,720 response units (RU). PBS-P (10 mM phosphate
buffer with 2.7 mM KCl, 137 mM NaCl and 0.05% surfactant
P20, pH 4.5) was used as the running buffer and RFRP3 (cat.
no. H-5846; Bachem AG) was diluted to five concentrations
(3.125, 6.25, 12.5, 25 and 50 uM). Different concentrations of
RFRP-3 were injected into the detection channel and the refer-
ence channel to perform the binding reaction at 4°C for 3 min.
The experiment was performed by selecting the ‘Kinetics’
program. The samples were analyzed with an injection time
of 60 sec, a flow rate of 15 ul/min and a dissociation time of
15 min. After each concentration cycle, the chip was regener-
ated with glycine-HCI (pH 2.0) at a concentration of 10 mM

for 30 sec. After the end of the cycle, the obtained curve was
subjected to data processing using Biacore Evaluation Software
(T200 version 2.0; Cytiva) to obtain the kinetic parameters.

Statistical analysis. Data analysis was performed using SPSS
v19.0 software (IBM Corp.). The results are presented as the
mean + standard deviation. Independent-samples t-tests were
used to analyze differences between two groups. P<0.05 was
considered to indicate a statistically significant difference.

Results

Kisspeptin and RFRP3 are co-expressed in the nerve cells of
the hypothalamus. To observe the localization of kisspeptin
and RFRP-3 in the nerve cells of the hypothalamus, thionine
staining and immunofluorescence labeling was performed.
After thionine staining, the structures of the brain tissues in the
rats were observed to be clear and intact with a light blue color.
The nerve cells were densely distributed and neatly arranged
with clear nucleoli; regions such as the medial dorsomedial
nucleus of the hypothalamus (DMH), ventromedial nucleus
of the hypothalamus (VMH) and arcuate nucleus (ARC) were
clearly visible (Fig. 1A and B).
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Figure 2. Effects of RFRP-3 on anterior pituitary hormone release (n=6). Effect of intracerebroventricular microinjection of RFRP-3 on the concentration of
(A) RFRP-3, (B) LH and (C) FSH in the serum of ovariectomized estrogen-primed rats. “P<0.05 vs. control group. GnRH, gonadotropin-releasing hormone;
LH, luteinizing hormone; FSH, follicle-stimulating hormone; RFRP-3, RFamide-related peptide-3.

Double-labeling immunofluorescence was used to deter-
mine the expression and localization of RFRP3 and kisspeptin.
It was observed that RFRP3 and kisspeptin were co-expressed
in the neurons of the hypothalamus, as determined using laser
confocal microscopy (Fig. 1C). RFRP3 showed red fluores-
cence, which was mainly expressed in the cytoplasm of the
nerve cells, whereas kisspeptin was labeled green and mainly
expressed in the nucleus. In addition, the nuclei were stained
with DAPI and showed blue fluorescence. These results indi-
cated that kisspeptin and RFRP-3 were co-expressed in the
nerve cells of the hypothalamus.

Reduction of GnRH, LH and FSH in the serum by RFRP3.
To determine the concentrations of GnRH, LH and FSH in
the serum, ELISA was performed (Fig. 2). The concentration
of serum GnRH was 10.36+1.13, 9.39+1.15, 14.82+1.22 and
7.99+1.24 ng/1 at 60, 120, 240 and 360 min after the microin-
jection of RFRP3 into the lateral ventricle, respectively, while
the corresponding GnRH concentrations in the control groups
were 18.98+0.92, 18.55+0.91, 18.31+0.82 and 19.45+1.07 ng/l,
respectively. After the injection of RFRP3, the concentra-
tions of GnRH were significantly lower compared with in the
control subgroups (P<0.05; Fig. 2A).

The LH concentrations of the RFRP3 groups at the
four time points were 12.79+1.27, 16.67+1.18, 9.68+0.82
and 14.06£1.17 ng/l, while those in the control groups were
22.53+0.99, 22.79+0.76, 22.41+0.99 and 22.47+0.94 ng/l,
respectively. The concentrations of LH in the RFRP3 groups

were significantly lower compared with in the corresponding
control groups (P<0.05; Fig. 2B).

The FSH concentrations of the RFRP3 groups at the four
time points were 16.72+0.67, 15.31+£1.12, 17.82+0.74 and
16.42+1.04 ng/1, while those in the saline control subgroups
were 20.49+0.68, 20.69+0.75, 20.32+0.95 and 19.58+0.85 ng/l,
respectively. The concentrations of FSH in the RFRP3 groups
were significantly lower compared with in the corresponding
control groups (P<0.05; Fig. 2C). These results indicated that
microinjection of RFRP-3 into the lateral ventricle inhibited
the secretion of GnRH, LH and FSH in the serum of OEP
rats, and these three hormones exhibited similar trends at the
different time points.

Inhibition of hypothalamic kisspeptin by RFRP3. To demon-
strate whether RFRP-3 had a regulatory effect on kisspeptin
in the hypothalamus, western blot analysis was performed.
The protein expression levels of kisspeptin were presented as
the gray value ratio of kisspeptin to GAPDH. At 60, 120, 240
and 360 min after the microinjection of RFRP3, the protein
expression levels of kisspeptin in the hypothalamus of the OEP
rats were 115.93+1.77, 103.17+1.85, 86.05+1.78 and 67.14+1.80,
respectively, while those in the corresponding control groups
were 134.24+1.74, 135.94+1.74, 131.67+1.93 and 125.99+1.92,
respectively (Fig. 3). The expression levels of kisspeptin in
the hypothalamus of OEP rats after the RFRP3 microinjec-
tion were significantly different compared with in the control
groups (P<0.05; Fig. 3), showing a time-dependent decrease.
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Figure 3. Expression of kisspeptin (n=6). (A) Protein expression levels of
kisspeptin after intracerebroventricular microinjection of RFRP3 were
detected via western blot analysis. (B) Relative protein expression levels of
kisspeptin, as determined by normalizing the gray value of kisspeptin to that
of GAPDH. "P<0.05 vs. control group. RFRP-3, RFamide-related peptide-3.

5_
4_
3_

—3.125 uM
> 2 6.25 uM
T —125uM

1 \”N —25 M
0l N__% — 50 uM
- + + + 4

-60 -10 40 90 140

Time (sec)

Figure 4. Characterization of the binding affinity between kisspeptin and
RFRP3 via surface plasmon resonance. The concentration of kisspeptin was
set at 20 ug/ml and different concentrations of RFRP-3 were injected into
the detection channel. The binding dissociation curve corresponding to each
concentration was recorded and processed using Biacore T200 evaluation
software. RFRP-3, RFamide-related peptide-3; RU, response units.

Interaction between RFRP3 and kisspeptin. To demonstrate
whether RFRP-3 binds directly to kisspeptin, SPR was
performed. The binding dissociation curve corresponding to
each concentration is shown in Fig. 4. The obtained curve was
subjected to data processing using Biacore T200 evaluation
software. The obtained binding rate constant, K, was 5.775x10°
M'sec”, the dissociation rate constant, K, was 3.467x107 sec™
and the affinity constant, K;,, was 6.005x105 M. These results
indicated that RFRP-3 could bind directly to kisspeptin.

Discussion
GnRH is recognized as the only hypothalamic neuropeptide

that regulates gonadotropin secretion in vertebrates, which in
turn stimulates the secretion of LH and FSH from the anterior

GnlH could regulate the feeding behavior of vertebrates, in
addition to regulating reproduction. GnIH nerve fibers in sheep
could be projected to neuropeptide Y, pro-opiomelanocortin,
orexin and melanin-concentrating hormone neurons, which all
play important roles in regulating feeding. Anjum et al (21)
reported that the administration of GnIH in mice increased
food intake, increased the expression levels of glucose trans-
porter 4 and increased the synthesis of triglycerides in adipose
tissue; in addition, GnIH reduced glucose uptake by down-
regulating the expression levels of glucose transporter 8 and
reduced testosterone synthesis, suggesting that GnlH plays a
role in fat accumulation, in addition to negative regulation of
testosterone synthesis. Mammalian GnIH neurons are mainly
found in the periventricular nucleus (PeN) of the hypothalamus,
the DMH, and the area between the DMH and the VMH (22).
GnlH directly inhibits the secretion and release of GnRH via
the GnlIH receptor, NPFFR1, on the GnRH neurons, thereby
inhibiting the synthesis and secretion of gonadotropin (5,14).
Since only some GnRH neurons express NPFFR1, GnIH
may regulate the GnRH axis via other interneurons, such as
kisspeptin neurons. Studies have shown that RFRP-3 nerve
fibers in female mice could be projected onto the anteroventral
periventricular nucleus (AVPV) and the PeN of the kisspeptin
neurons (23), and GnIH could also bind to NPFFR1 expressed
by interneurons, such as the kisspeptin neurons, to inhibit the
activity of these neurons, thereby inhibiting the function of the
GnRH neurons (5).

Kisspeptin and its receptor, KISSIR, have a stimulating
effect on reproductive function (6). Adolescent hypogonadism
occurs in humans and rodents lacking functional kisspeptin
or the kisspeptin receptor gene, which is characterized by low
levels of gonadotropins and sex hormones, hypogonadism
and infertility (24-27). Administration of exogenous kiss-
peptin can effectively promote the secretion of LH and FSH
via a GnRH-dependent mechanism (26,28-31). Studies have
shown that most GnRH neurons overexpress kisspeptin, and
kisspeptin nerve fibers can be projected to GnRH neurons,
thus directly activating GnRH neurons (26,29,32). Kisspeptin
is a potent stimulator of GnRH release; however, little is
known regarding the upstream pathway that regulates the
synthesis and secretion of kisspeptin. Kisspeptin is mainly
expressed in AVPV, PeN and ARC in the hypothalamus of
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rodents (28,33). Poling et al (34) studied the co-expression
of RFRP-3 receptors (NPFFR1 and NPFFR2) in adult male
and female hypothalamic kisspeptin neurons. They found that
most of the kisspeptin AVPV/PeN neurons did not express
RFRP-3 receptors, while some of the ARC kisspeptin neurons
expressed the RFRP-3 receptor, suggesting that RFRP-3 may
regulate kisspeptin neurons in specific regions of the brain. By
contrast, almost all RFRP neurons did not express the kiss-
peptin receptor and no kisspeptin axon fibers were projected
to RFRP-3 neurons, further suggesting that kisspeptin neurons
could not directly interact with RFRP-3 neurons (34).

Considering that RFRP-3 could act on kisspeptin neurons to
regulate GnRH neurons, it was hypothesized that RFRP-3 is an
upstream factor of kisspeptin neurons, which could negatively
regulate kisspeptin to inhibit the release of GnRH. There are
several types of kisspeptin; however, the specific type of kiss-
peptin was not distinguished in the present study. Co-expression
of RFRP-3 and kisspeptin was found in nerve cells in the hypo-
thalamus of male SD rats using double immunofluorescence
labeling, which differs from previous reports that RFRP3 and
kisspeptin are expressed in different nerve cells (5,23,33,34).
This suggested that RFRP-3 may have a direct effect on kiss-
peptin in the same nerve cell, which provides a prerequisite for
the direct interaction between RFRP-3 and kisspeptin. Since the
expression of RFRP-3 was relatively low and the fluorescence
brightness was also relatively weak, the co-localized expression
was weak. In future studies, how the proteins directly interact
will be investigated, for example using co-immunoprecipitation.

To further demonstrate that RFRP3 has a direct regulatory
effect on kisspeptin, RFRP3 was microinjected into the lateral
ventricle of OEP rats. The results showed that the concentrations
of serum GnRH from the OEP rats were significantly decreased
after 60, 120, 240 and 360 min following RFRP3 microinjection
into the lateral ventricle, in which the serum GnRH concentra-
tion at 360 min was the lowest. As previously described (35),
RFRP-3 is released in pulses instead of continuously. Therefore,
it was hypothesized that the change in GnRH concentration was
associated with the time-dependent effect of RFRPRFRP-3.
The LH and FSH concentrations of each RFRP3 group were
also reduced compared with in the control group. These results
demonstrated that RFRP3 was successfully injected into the
lateral ventricle and inhibited gonadotropin secretion. RFRP3
also inhibited the protein expression levels of kisspeptin in
the hypothalamus. The distribution and expression patterns of
RFRP-3 nerve fibers and their receptors suggested that RFRP-3
may directly act at the pituitary level. A previous study has
shown that RFRP-3 could inhibit the secretion of GnRH via its
receptor on GnRH neurons, thus acting on the pituitary system
to inhibit the expression and secretion of gonadotropin, LH
and FSH (36). The experimental results in the present study
also confirmed this statement. As kisspeptin has a positive
regulatory effect on GnRH, and the microinjection of RFRP-3
into the lateral ventricle inhibited the secretion of GnRH, it is
hypothesized that RFRP-3 may indirectly inhibit the secretion
of GnRH via the intermediate link of kisspeptin, thereby inhib-
iting reproductive function.

As RFRP-3 and kisspeptin can be co-expressed in the same
nerve cells in the hypothalamus of SD rats, the possibility that
the two proteins could directly interact to exert their regulatory
effects cannot be excluded. To verify this hypothesis, SPR was

performed to detect the binding between the recombinant rat
RFRP-3 and the kisspeptin proteins (37,38). RFRP-3 showed a
binding and dissociation process with kisspeptin, which could be
analyzed by kinetic methods. A small affinity value, indicating
strong binding between these two proteins, was observed with
binding rate, dissociation rate and affinity constants of 5.775x10°
M-'s!,3.467x10%s" and 6.005x10°° M, respectively. The affinity
of RFRP-3 to kisspeptin was in the range of protein-protein
binding strength (K, 10°3-10-° M), indicating that there may be
a specific direct binding between the two proteins. Kisspeptin
expression was higher in the nucleus, whereas RFRP-3
expression was higher in the cytoplasm. In the preliminary
experiments, single staining for kisspeptin was performed and
the results showed that there was kisspeptin expression in the
cytoplasm. The SPR results showed direct interaction between
RFRP-3 and kisspeptin; however, further experiments will be
performed to indicate how they interact.

In conclusion, the present study demonstrated that RFRP-3
could co-express with kisspeptin in nerve cells in the hypothal-
amus, and RFRP-3 could directly bind to kisspeptin. RFRP-3
may regulate the hypothalamic-pituitary reproductive axis by
inhibiting the expression of the hypothalamic kisspeptin protein.
However, the factors affecting neuronal secretion of RFRP-3 or
kisspeptin require further research. The present study provides
evidence for further understanding the regulatory mechanism
of RFRP-3 and kisspeptin in reproductive function and provides
potential targets for the treatment of reproductive dysfunction,
which could aid in exploring regulation of reproduction.
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