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Abstract: Kisspeptins (Kp) are RF-amide neuropeptide regulators of the reproductive axis that also
influence anxiety, locomotion, and metabolism. We aimed to investigate the effects of intracere-
broventricular Kp-8 (an N-terminally truncated octapeptide) treatment in Wistar rats. Elevated plus
maze (EPM), computerized open field (OF), and marble burying (MB) tests were performed for the
assessment of behavior. Serum LH and corticosterone levels were determined to assess kisspeptinl
receptor (Kisslr) activation and hypothalamic-pituitary-adrenal axis (HPA) stimulation, respectively.
GABA release from the nucleus accumbens (NAc) and dopamine release from the ventral tegmen-
tal area (VTA) and NAc were measured via ex vivo superfusion. Kp-8 decreased open arm time
and entries in EPM, and also raised corticosterone concentration, pointing to an anxiogenic effect.
Moreover, the decrease in arm entries in EPM, the delayed increase in immobility accompanied by
reduced ambulatory activity in OF, and the reduction in interactions with marbles show that Kp-8
suppressed exploratory and spontaneous locomotion. The increase in GABA release from the NAc
might be in the background of hypolocomotion by inhibiting the VTA-NAc dopaminergic circuitry.
As Kp-8 raised LH concentration, it could activate Kiss1r and stimulate the reproductive axis. As
Kisslr is associated with hyperlocomotion, it is more likely that neuropeptide FF receptor activation
is involved in the suppression of locomotor activity.
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1. Introduction

The KISS1 gene was discovered as a novel metastasis-suppressor in human melanoma
cells in 1996 in Hershey, named after the famous chocolate of the city, Hershey’s Kisses [1].

KISS1 encodes a 145-amino-acid propeptide, from which kisspeptin-54 (Kp-54) is
cleaved. The proteolytical cleavage of this 54-amino-acid peptide results in shorter bi-
ologically active products, designated kisspeptin-14 (Kp-14), kisspeptin-13 (Kp-13) and
kisspeptin-10 (Kp-10) [2]. Mammalian kisspeptins belong to the family of RF-amide
peptides, as they carry the characteristic, conserved carboxyl-terminal Arg-Phe-NH,
sequence [3].

The canonical receptor of kisspeptins is a G protein-coupled receptor, Gpr54, that is
fully activated by all biologically active products of the Kiss1 gene [4]. Although Gpr54
was initially described in 1999 as an orphan receptor similar to galanin receptors [5], after
being deorphanized in 2001, it was designated kisspeptin-1 receptor (Kisslr) [6].
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Upon activation of the Gog/11-coupled Kisslr, phospholipase C (PLC) is activated,
leading to inositol 1,4,5-trisphosphate (IP3)-mediated intracellular Ca?* mobilization. More-
over, the activation of protein kinase C (PKC) and the Gag-independent recruitment of
-arrestins result in the phosphorylation of several mitogen-activated protein kinases
(MAPKSs), including extracellular signal-regulated kinases 1/2 (ERK1/2) and p38 [4].
MAPKs in turn regulate gene expression and induce long-term alterations in a wide range
of biological processes [7], including progesterone secretion [8], trophoblast adhesion [9],
and glucose-induced insulin secretion [10].

Kisspeptins also bind and activate both neuropeptide FF receptors (NPFFR1 and
NPFFR2) [11]. As NPFF receptors are coupled with Go;/,, their activation inhibits cAMP
production. The Gpy heterodimer released from G;,, proteins was found to inhibit voltage-
gated Ca®* channels. Moreover, it is capable of potentiating Gq signaling via physical
interaction with PLC [3].

Kisspeptin is expressed in several regions of the rat central nervous system, including
hypothalamic nuclei [e.g., arcuate nucleus, anteroventral paraventricular nucleus (AVPV)],
thalamic nuclei, the amygdala, hippocampus, lateral septum, the bed nucleus of stria termi-
nalis, striatum, nucleus accumbens (NAc), periaqueductal grey, and locus coeruleus [12,13].
Likewise, Kisslr has been localized in rats in the hypothalamus (e.g., paraventricular,
arcuate and supraoptic nucleus), thalamus, hippocampus, amygdala, septum, striatum,
raphe nuclei, and cortex [5,14].

The expression of NPFF1 receptor mRNA has been detected in the lateral septum, in
thalamic and brainstem nuclei, as well as in the ventral tegmental area (VTA), NAc, the bed
nucleus of the stria terminalis, the amygdala and hippocampus. NPFF2 receptor mRNA
expression has been reported in thalamic nuclei, in the hypothalamus, hippocampus, VTA,
the A5 noradrenergic cell group and also in the dorsal horn of the spinal cord [15,16].

Following the original discovery of its metastasis suppressor role in melanoma [1],
the anti-metastatic activity of kisspeptin has been found in a variety of tumors, including
bladder, ovary, colorectal, pancreas, pituitary, prostate and thyroid cancer [17].

The involvement of kisspeptin in reproduction has been a topic of extensive research
since it was discovered in 2003 that kisspeptin is a potent stimulator of gonadotropin
secretion [18]. The role of kisspeptin in the regulation of puberty is underlined by the
finding that various loss-of-function mutations of KISSI1R and KISS1 are associated with
isolated hypogonadotropic hypogonadism, whereas activating mutations result in central
precocious puberty [19]. Hypothalamic Kiss1 neuron populations are responsible for the
regulation of the estrous cycle by mediating positive and negative feedback of gonadal
steroids on gonadotropin secretion [20]. The sexually dimorphic Kiss1 neuron population
of the AVPV is responsible for the positive feedback of estrogen, thus it contributes to
the surge-like secretion of GnRH. However, pulsatile GnRH secretion is regulated by the
KNDy neurons (coexpressing kisspeptin, neurokinin B, and dynorphin) of the arcuate
nucleus that mediate the negative feedback of estrogen [21]. Compelling evidence has
suggested that KNDy neurons in the arcuate nucleus function as a major integrator of
various modifiers of the reproductive axis, including metabolic signals, olfactory clues, and
circadian rhythm [22-25].

Similarly to other members of the RF-amide family [26], kisspeptin has also been
implicated in the regulation of nociception [27]. In a recent study, Kp-13 lowered the
nociceptive threshold in mice, decreased the analgesic effect of morphine, diminished
morphine tolerance and caused mechanical hypersensitivity [28].

Based on the expression of Kiss1 and Kiss1r in limbic brain structures [29,30], several
studies have investigated the behavioral effects of kisspeptin.

An antidepressant-like effect of kisspeptin has been reported in rats [31], and intra-
venous kisspeptin has also decreased negative mood in human subjects [32].

Kisspeptin neurons in the rostral periventricular area of the 3rd ventricle (RP3V) seem
to regulate sexual behavior in rodents, as they are activated by male urinary odors in
female mice and facilitate copulatory behavior in a NO-dependent pathway [33,34].
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An interplay between kisspeptin and the hypothalamic-pituitary-adrenal (HPA) axis
was suggested in 2009, when Kinsey-Jones et al. discovered that stress-induced elevation of
plasma corticosterone suppresses hypothalamic kisspeptin signaling in rodents [35]. Since
that time, several studies have been conducted with controversial results.

In paraventricular nucleus-derived cell lines, Kp-10 increased the gene expression of
arginine vasopressin (AVP) and oxytocin, while suppressing the expression of corticotropin
releasing hormone (CRH). However, it failed to influence the activity of the HPA axis
in vivo, as intraperitoneally (ip.) administered Kp-10 had no effect on plasma corticos-
terone and adrenocorticotropic hormone (ACTH) levels in rats [36]. Likewise, kisspeptin
administration had no effect on anxiety in human subjects [32].

In 2013, our group reported an anxiogenic effect of intracerebroventricularly (icv.)
administered Kp-13 in rats. Kp-13 not only induced a significant increase in plasma corticos-
terone level, but also decreased the number of entries into the open arms and the time spent
in them in the elevated plus maze test. Moreover, it has stimulated spontaneous locomotion
and it also had a hyperthermic effect lasting for several hours after treatment [37].

An anxiogenic property of kisspeptin signaling has also been proposed by the experi-
ments of Delmas et al., in which Kiss1r KO mice have spent more time in the open arms
in the elevated plus maze test, indicating a suppression of anxiety. The most pronounced
anxiolytic effect was observed when kisspeptin signaling in GnRH neurons was selectively
rescued in Kiss1r KO animals, suggesting a modulatory role of gonadal steroids. Interest-
ingly, no significant effect of Kiss1r KO was detected on the behavioral parameters of the
open field test [38].

In zebrafish, however, the central administration of kisspeptin has been associated
with an anxiolytic tendency in the novel-tank diving test and a significantly reduced fear
response to alarm substance [39].

In a recent study, a Cre-dependent, stimulatory DREADD (Designer Receptors Exclu-
sively Activated by Designer Drugs) viral construct has been targeted to the Kiss1 neurons
of the posterodorsal medial amygdala (MePD) in mice. Upon selective activation of MePD
Kiss1 neurons by clozapine-N-oxide, a significant increase in open arm exploration has
been observed in the elevated plus maze, suggesting an anxiolytic role of this neuron
population [40].

There are several possible explanations for the ambiguous results reported in the liter-
ature. On one hand, the route of administration could be a determining factor. Peripheral
administration of Kp has failed to influence the activity of the HPA axis in rats (0.13 pg/uL
Kp-54ip.) [36] and the activity of the limbic system in human subjects (1 nmol/kg/h Kp-54
iv. over 75 min) [32]. In contrast, central Kp-13 (1 or 2 pg icv.) had a pronounced anxio-
genic effect in rats [37]. It is likely that the doses applied by Rao et al. [36] and Comninos
et al. [32] were too low to exert an anxiogenic effect. In their investigation into the effect
of peripheral or central Kp administration on the reproductive axis in rats, Thomson et al.
have found that 1 nmol of icv. Kp-10 was sufficient to significantly raise plasma luteinizing
hormone (LH) concentration, but a 100-fold dose was required for the same effect in case
of ip. treatment [41]. Likewise, the selective activation of MePD Kiss1 neurons [40] points
to the function of a distinct neuron population, whereas central kisspeptin treatment [37]
reflects a general central effect by activating neurons bearing Kiss1r throughout the brain.

On the other hand, the differences could also be attributed to the variety of species
involved in these experiments. The kisspeptin system of zebrafish is strikingly different
from the mammalian one, both in terms of anatomy and function [39,42], thus the results
of studies on zebrafish should be interpreted with caution.

Some studies have also reported that kisspeptin might play a role in the regulation of
locomotor activity. Icv. Kp-13 has induced an increase in not only spontaneous, but also
in exploratory locomotion in male Sprague-Dawley rats [37]. In line with these results,
Tolson et al. have found that Kiss1r KO female mice exhibit decreased locomotor activity
and energy expenditure, leading to obesity [43].
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It has been discovered that kisspeptin attenuates morphine effect [28], and is expressed
in the NAc [44], pointing to its possible involvement in the regulation of mesocorticolimbic
dopaminergic activity. Interestingly, the centers of reward and addiction have also been
implicated in the regulation of locomotion. First, quinpirole (a D2 receptor agonist) injected
into the NAc has suppressed exploratory locomotion in rats [45], whereas bicuculline
(a GABA, receptor antagonist) administration into the nucleus induced hyperactivity
with prolonged exploratory behavior in rats [46]. Second, the selective activation of
dopaminergic neurons in the VTA by DREADD has induced a pronounced and sustained
hyperactivity in rats, which effect could be reproduced by activating selectively activating
the dopaminergic pathway between the VTA and NAc [47]. Thus, it is possible that
kisspeptin might influence locomotion by modulating the activity of the VTA or NAc.

Nowadays kisspeptin analogs and antagonists are attracting considerable attention
due to their potential therapeutic use in various gynecological conditions, including in-
fertility, polycystic ovary syndrome and precocious puberty [48]. The shortest natural
bioactive form of kisspeptin is the 10 amino acid long Kp-10, which has higher affinity to
Kiss1r than Kp-54 [49]. According to molecular docking studies, ASN4, SER5, GLY7, ARG9
and PHE10 of Kp-10 are involved in the formation of hydrogen bonds between the peptide
and Kisslr [50]. Consequently, shorter kisspeptin fragments containing these amino acids
might be able to bind and possibly activate the receptor.

The aim of the current study was to investigate whether the 8 amino acid long fragment
of kisspeptin is capable of influencing the behavior of rats similarly to kisspeptin. Following
icv. treatment with Kp-8, elevated plus maze (EPM), computerized open field (OF), and
marble burying (MB) tests were performed. Serum corticosterone and luteinizing hormone
concentrations were measured to assess the activation of the HPA axis and Kiss1 receptors,
respectively. Moreover, dopamine release from the VTA and NAc and GABA release from
the NAc were measured using ex vivo superfusion to further characterize the mechanism
of action.

2. Materials and Methods
2.1. Animals and Housing Conditions

Adult male Wistar rats (Domaszék, Csongrad, Hungary) weighing 150-250 g were
used for the experiments at the age of 6-8 weeks. The animals were housed under controlled
conditions at constant room temperature, with a 12-12-h light dark cycle (lights on from
6:00 a.m.). The rats were allowed free access to commercial food and tap water.

The animals were kept and handled during the experiments in accordance with the
instructions of the University of Szeged Ethical Committee for the Protection of Animals in
Research, which approved these experiments. Permission for the experiments (number:
X./1207 /2018, date: 6 July 2018.) has been granted by the Government Office of Csongrad
County Directorate of Food Chain Safety and Animal Health. Each animal was used for
only one experimental procedure.

2.2. Intracerebroventricular Cannulation

A stainless steel Luer cannula (10 mm long) was implanted in the right lateral cerebral
ventricle for icv. administration. The cannula was inserted under sodium pentobarbital
(Euthasol, Phylaxia-Sanofi, 35 mg/kg, ip.) anaesthesia, according to the following stereo-
taxic coordinates: 0.2 mm posterior and 1.7 mm lateral to the bregma, and 3.7 mm deep
from the dural surface [37]. Subsequently, it was secured to the skull with dental cement
and acrylate. The experiments started after a recovery period of 1 week. All experiments
were carried out between 8:00 a.m. and 10:00 a.m.

2.3. Peptide Synthesis

Kisspeptin-8 (WNSFGLRF-NH2) was synthesized on a Rink Amide MBHA resin (Bachem,
Bubendorf, Switzerland, subst.: 0.52 mmol/g) using N*-9-Fluorenylmethoxycarbonyl (Fmoc)
protected amino acids (IRIS Biotech GmbH, Marktredwitz, Germany) by manual solid phase
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peptide synthesis by the Department of Medical Chemistry (University of Szeged). The
resin was swollen in dichloromethane (DCM). The Fmoc group was removed by treat-
ing the peptide-resin with 20% piperidine/N,N-dimethylformamide (DMF) solution twice
(5 + 15 min). Solvents were purchased from VWR (Radnor, PA, USA).

The amino acids were activated with N,N’-dicyclohexylcarbodiimide and 1-
hydroxybenzotriazole in 50% DCM/DME. The peptide-resin was incubated with
this mixture for 3 h. The resin was washed with DMF (3x) and DCM (3 x) after the
deprotection and coupling steps.

The assembled peptides were cleaved from the resin by treating it with the follow-
ing cleavage cocktail for 3 h: 90% trifluoroacetic acid (TFA) (Pierce, Rockford, IL, USA),
5% water, 2% dithiotreitol, 2% triisopropylsilane.

The peptides were precipitated with diethyl ether, dissolved in a mixture of acetoni-
trile (ACN) and water and lyophilized. The crude peptides were analyzed by HPLC
(Hewlett-Packard Agilent 1100 system, column: Luna, c18 (2), 250 x 4.6 mm, 5 pm, 100 A,
Phenomenex, Aschaffenburg, Germany) and ESI-MS. The peptides were purified on a
preparative HPLC column (Phenomenex Luna, c18 (2), 250 x 21.2 mm, 10 um, 100 A)
using a Shimadzu 20-LC system. The fractions were analyzed on the above mentioned
analytical HPLC system and measured by electrospray ionization mass spectrometry (ESI-
MS) (see Appendix A Figures Al and A2 for the results). The pure fractions were pooled
and freeze-dried.

2.4. Treatment

The rats were treated icv. in a volume of 2 puL over 30 s using a Hamilton microsyringe
(Merck KGaA, Darmstadt, Germany). The doses applied were 0.1 or 1 pg of Kp-8 dissolved
in 0.9% saline. Control animals were injected with 2 uL of 0.9% saline alone. The animals
were treated 30 min prior to the behavioral tests. Collection of trunk blood for LH ELISA,
corticosterone ELISA and serum corticosterone measurement were carried out 15 min and
30 min after icv. treatment, respectively.

2.5. Behavioral Tests
2.5.1. Elevated Plus Maze Test

The EPM apparatus is a plus-shaped platform 50 cm above the ground. The maze
consists of four arms (50 cm x 10 cm each): two opposing open arms and two closed arms
enclosed by a 10 cm high wall. The test is based on two conflicting motivations of rodents:
to avoid open, brightly lit spaces and to explore novel environment. The avoidance of open
arms reflects anxiety-like behavior [51]. 30 min after icv. treatment the rats were placed
in the maze facing one of the open arms, then their behavior was recorded by a camera
suspended above the maze for 5 min. The time spent in each arm, as well as the number
of entries per arm were registered by an observer blind to the experimental groups. The
percentage of entries into the open arms and the percentage of time spent in the open arms
were also calculated. The experiments were conducted between 8 a.m. and 10 a.m. and the
apparatus was cleaned with 96% ethyl-alcohol after each session.

2.5.2. Computerized Open Field Test

The novelty-induced locomotor activity of rats was assessed using the Conducta 1.0
System (Experimetria Ltd., Budapest, Hungary). The system consists of black plastic OF
arenas (inside dimensions: 48 x 48 cm, height: 40 cm) with 5 horizontal rows of infrared
diodes on the walls to register both horizontal and vertical locomotion. The center of each
box is illuminated by a LED lightbulb (230 lumen) from above the box. The central zone of
the arena is defined as a 24 x 24 cm area in the center of the box. 30 min after icv. treatment
the rats were placed in the center of the box and their behavior was recorded by the
Conducta computer program for 60 min. Six behavioral parameters were measured during
the experiment: total time and total distance of ambulation, immobility time, number of
rearings (vertical locomotion), time spent in the central zone (central area of 24 x 24 cm),
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and distance travelled in the central zone. The OF experiments were conducted between
8 a.m. and 10 a.m. and the apparatus was cleaned with 96% ethyl-alcohol after each session.

2.5.3. Marble Burying Test

MB is a regularly used paradigm for the assessment of anxiety-like and compulsive-like
behavior [52]. Our protocol was based on the method described by Schneider and Popik [53].
The animals were removed from their plexiglass home cages (420 x 275 x 180 mm) and
temporarily moved into another cage before the experiment. Meanwhile the home cage
was prepared for the experiment by increasing the depth of bedding material to 5 cm.
Following icv. treatment one animal was placed back into the home cage for 30 min in order
to acclimatize to the thick bedding. Then 9 glass marbles of 2.5 cm diameter were arranged
in 3 rows along the shorter wall of the cage. The experiment was conducted for 10 min and
recorded by a video camera above the cage. After the session, the animal was removed from
the cage and the number of buried marbles (>50% marble covered by bedding material)
was counted. The marbles were cleaned with 96% ethyl-alcohol after each session. After the
experiment, the video recording was evaluated. The count and duration of two types of
goal-oriented interactions with marbles (burying of marbles and moving marbles without
burying them) were assessed.

2.6. Serum Corticosterone, Luteinizing Hormone and Total Protein Concentration Measurement

For the measurement of serum corticosterone and protein concentration, the animals
were decapitated 30 min after icv. treatment. For the assessment of serum LH, decapitation
was performed 15 min after icv. treatment. Trunk blood was collected into test tubes
and left at room temperature for 30 min to clot, then it was centrifuged for 10 min at
3500 rpm. The samples were stored at —80 °C until the assays were performed. Serum
corticosterone concentration was measured using a competitive corticosterone ELISA kit
(Cayman Chemical, Ann Arbor, MI, USA), according to the manufacturer’s instruction.
Serum LH concentration was determined using a sandwich LH ELISA kit (Wuhan Xinquidi
Biological Technology Co., Wuhan, China), according to the manufacturer’s instructions.
The Pierce Coomassie (Bradford) Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA,
USA) was used, according to the manufacturer’s instructions for the measurement of total
serum protein concentration. The absorbance was measured at 595 nm with a NanoDrop
One® microvolume spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA).

2.7. Ex Vivo Superfusion

Before the ex vivo superfusion, the animals did not undergo icv. cannulation. The
rats were rapidly decapitated, and their brains were removed from the skull. Dissection
was performed with the help of a brain matrix, a tissue puncher and razor blades, on a
filter paper moistened with phosphate-buffered saline, on top of a Petri dish filled with
ice. The NAc was removed from both sides, following the method of isolation described
by Heffner [54]. The VTA was isolated as described by Salvatore et al. [55]. The tissue
was cut to 300 um slices and incubated for 30 min in 5 mL of Krebs solution (Reanal,
Hungary) bubbled with carbogen gas (5% CO; and 95% O,). Then 5 pL of [3BH]JGABA
(PerkinElmer Inc., Waltham, MA, USA) was added to the NAc and 5 uL of [3H]Dopamine
(PerkinElmer Inc., Waltham, MA, USA) was added to the VTA or the NAc. Afterwards the
slices were transferred evenly into the four cylindrical chambers of the superfusion system
(Experimetria Ltd., Budapest, Hungary), and superfusion with carbogen-bubbled Krebs
solution was started at body temperature (37 °C). A constant flow rate of 227, 7 pL./min
was maintained with a peristaltic pump (Minipuls 2, Gilson, Middleton, WI, USA). After
30 min of superfusion, the collection of superfusates into Eppendorf tubes was started
with a multichannel fraction collector (FC 203B, Gilson, Middleton, WI, USA). Fractions
were collected every two minutes for 32 min. At 6 min, 1 pg of Kp-8 dissolved in 1 mL
of Krebs solution was added directly into the chambers. From the 12th minute of fraction
collection, electrical stimulation of square-wave impulses was delivered for two minutes (ST-
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02 electrical stimulator, Experimetria Ltd., Budapest, Hungary). Then, the tissue from each
chamber was transferred into a beaker containing 600 pL of Krebs solution for ultrasonic
homogenization (Branson Sonifier 250, Emerson Electric Co., St. Louis, MO, USA).

Afterwards 3 mL of Ultima Gold scintillation cocktail (Perkin-Elmer Inc., Waltham,
MA, USA) was pipetted into 4 rows of 17 scintillation vials. Subsequently, 200 pL of the
16 fractions collected and of the suspension of the tissue from the corresponding chamber
were added into each row of vials. The samples were homogenized mechanically for
30 min.

The radioactivity of samples was detected with a liquid scintillation spectrometer
(Tri-carb 2100 TR, Hewlett-Packard Inc., Palo Alto, CA, USA). Fractional dopamine or
GABA release (FR) was calculated from the counts per minute (CPM), according to the
equation below, in which i stands for the number of fraction and n = 16. CPM;; refers to
the CPM of the homogenized tissue sample corresponding to the fraction:

CPM,;
4-CPMyy + Z?Jrl CPM;

FR; =100 -

2.8. Statistical Analysis

Data are presented as mean + SEM. Statistical analysis and graph editing were per-
formed using the GraphPad Prism 8 software. One-way ANOVA with Holm-Sidak’s
post-hoc test was applied for the analysis of EPM results. One-way ANOVA with Dun-
nett’s post-hoc test was used for the analysis of cumulative OF results, as well as for the
evaluation of serum corticosterone, LH and total protein measurements. Two-way RM
ANOVA with Holm-Sidak’s post-hoc test was performed for the evaluation of 5-min inter-
vals in the OF test as well as for the interpretation of dopamine and GABA release from the
NAc. Mixed-effects analysis with Holm-Sidak’s multiple comparison test was performed
for the evaluation of fractional dopamine release from the VTA. Kruskal-Wallis test with
Dunn’s post-hoc test was performed for the analysis of MB results. Curve fitting for ELISA
tests was performed according to the manufacturers’ instructions.

3. Results
3.1. Behavioral Tests
3.1.1. Elevated Plus Maze

The 0.1 pg dose of Kp-8 significantly reduced the percentage of entries into the open
arms of the plus maze (Figure 1a, F (2, 20) = 9.196, p = 0.0007), as well as the percentage of
time spent in the open arms of the maze (Figure 1b, F (2, 20) = 4.431, p = 0.0202). A decrease
in the total number of entries into the arms was induced by both 0.1 ug and 1 ug of Kp-8
(Figure 1c, F (2, 20) = 5.927, p = 0.0153). There was no significant difference among the
groups in the total time spent in the arms (Figure 1d, F (2, 20) = 1.932, p = 0.1710).

3.1.2. Computerized Open Field Test

The cumulative results obtained after 60 min of data collection did not show any
significant change in behavior (see Appendix B Figure A3).

However, significant differences were found following the analysis of each 5-min
interval. As seen in Figure 2a, the two-factor RM-ANOVA on the distance travelled in
the arena revealed a significant main effect for the time factor (F (5.389, 183.2) = 113.8,
p < 0.0001). Following a peak in the first five minutes the ambulation distance was steeply
decreasing until a lower level of basal locomotor activity was reached around 30 min. The
distance travelled at 50-55 and 55-60 min was lower in the 1 ug Kp-8 group than in the
control group (p = 0.0334 and p = 0.0410, respectively).
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Figure 2. Open field test results in 5-min intervals: (a) total distance travelled in the arena, (b) total ambulation time. The
color of * refers to the treatment group which significantly differs from the control group. n = 12-13, * p < 0.05 vs. control,
**p <0.01 vs. control.

Regarding total ambulation time, there was a significant main effect for the time factor
(F (6.138, 208.7) = 98.03, p < 0.0001) with a similar pattern of steep then mild decrease
(Figure 2b). The 1 pug Kp-8 group spent less time with ambulation than the control group at
50-55 min (p = 0.0090) and 55-60 min (p = 0.0326), as well.

The two-way ANOVA on immobility yielded a significant main effect for the time
factor (F (5.396, 183.5) = 34.51, p < 0.0001) and interaction (F (22, 374) = 2.249, p = 0.0012).
The time spent immobile was increasing during the experiment, showing a tendency
reciprocal to that of ambulation time and distance (Figure 3a). Compared to control, the
1 pg dose of Kp-8 significantly increased immobility at 50-55 and 55-60 min (p = 0.0202
and p = 0.0186, respectively).
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Figure 3. Open field test results in 5-min intervals: (a) total time spent immobile, (b) total number of rearings. The color of
* refers to the treatment group which significantly differs from the control group. n = 12-13, * p < 0.05 vs. control.

Considering the number of rearing sessions, a significant main effect for the time
factor was detected (F (6.756, 229.7) = 7.52, p < 0.0001), along with a statistically significant
interaction between time and treatment (F (22, 374) = 3.095, p < 0.0001). As seen in Figure 3b,
a pronounced difference started to appear among treatment groups from 30 min. There
was a significant decrease in the number of rearings in the 1 ug Kp-8 group at 30-35 min
(p = 0.0369), 40—45 min (p = 0.0445), 50-55 min (p = 0.0182) and 55-60 min (p = 0.0108).

Having calculated the average velocity for each timeframe, a significant main effect
for the time factor (F (4.044, 129.4) = 12.17, p < 0.0001) and interaction (F (22, 352) = 1.940,
p =0.0073) could be seen, as shown in Figure 4c. There was no significant difference
between treatment groups until 55 min, when the speed of the 1 ug Kp-8 group dropped

(p = 0.0479).
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Figure 4. Open field test results in 5-min intervals: (a) percentage of distance travelled in the central zone of the arena,
(b) percentage of time spent in the central zone of the arena, (c) average velocity of ambulation. The color of * refers to the
treatment group which significantly differs from the control group. n = 12-13, * p < 0.05 vs. control.
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Number of buried marbles

Figure 4a shows the percentage of central ambulation distance, calculated by dividing
the distance travelled in the central zone of the arena by the total ambulation distance,
multiplied by 100. Time factor (F (6.920, 235.3) = 2.207, p = 0.0351) and interaction between
time and treatment (F (22, 374) = 1.767, p = 0.0185) both significantly accounted for the
variation, but there was no difference among the groups, except in the first 5 min, when
the central ambulation distance of the 1 ug Kp-8 group was higher than that of control
(p = 0.0429).

The percentage of central ambulation time was calculated by multiplying the ratio
of central time and total ambulation time by 100, as shown in Figure 4b. There was a
significant main effect for the time factor (F (6.981, 237.3) = 2931, p = 0.0059), as well as for
the interaction (F (22, 374) = 1.945, p = 0.0070). In the first 5 min, the central ambulation
time of the 1 ug Kp-8 group significantly exceeded the central time of the control group
(p = 0.0409), otherwise there was no difference among the groups.

3.1.3. Marble Burying Test

There was no significant difference in the number of buried marbles among the groups
(Figure 5a). Two types of goal-oriented interactions with the marbles were distinguished:
marble burying and marble moving.
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M Kp-81ug

o
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Figure 5. Results of marble burying test: (a) number of buried marbles (at least 50% covered with bedding material),

(b) number of marble burying sessions, (¢) duration of marble burying activity, n = 9-10.

Marble burying is an interaction involving digging around the marbles, resulting in
marbles covered with bedding material. As seen in Figure 5b,c, neither the number of
marble burying sessions, nor the duration of marble burying activity changed significantly
with treatment, although a tendency of reduced burying activity was observable.

Marble moving is an interaction that involves rolling, moving the marbles with the
forelegs, without successfully covering it with bedding material. Similarly to marble
burying, there was no significant difference in the number and duration of marble moving
among the groups (Figure 6a,b), although a tendency of suppressed marble moving could
be seen in the groups treated with Kp-8.

However, taken the two types of interactions together, the 1 ug Kp-8 group interacted
with the marbles fewer times than the control group (Figure 6¢, p = 0.0499) and they also
spent less time with goal-oriented interactions with the marbles (Figure 6d, p = 0.0274).
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Figure 6. Results of marble burying test: (a) number of marble moving sessions, (b) duration of
marble moving activity, (c) total number of interactions with marbles, (d) total duration of interactions
with marbles, * p < 0.05 vs. control. n = 9-10.

3.2. Serum Corticosterone, LH and Total Protein

The results of serum corticosterone and LH measurement can be seen in Figure 7.
One-way ANOVA showed a significant effect of Kp-8 treatment both on corticosterone
(F (2,10) =12.02, p = 0.0022) and LH concentration (F (2, 15) = 41.31, p < 0.0001). A robust
increase in serum corticosterone concentration was detected 30 min after icv. treatment with
1 ug of Kp-8 (p = 0.001 vs. control). The 0.1 pg dose had a tendency to elevate corticosterone
concentration, but the change was not significant (p = 0.306 vs. control). The 1 pg dose of
Kp-8 also raised serum LH concentration 15 min after icv. treatment (p = 0.0001 vs. control),
but the 0.1 ug dose had no effect on LH (p = 0.961 vs. control). There was no difference
in serum protein concentration among the groups (F (2, 17) = 2.365, p = 0.124, n = 5-8):
The mean serum protein concentrations with SD were 45.74 + 4.898, 40.44 + 3.115 and
45.13 £ 7.045 g/L in the control, 0.1 pg and 1 ug groups, respectively.
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Figure 7. ELISA results: (a) serum corticosterone concentration (pg/mL), n = 4-5, ** p < 0.01 vs.
control, (b) serum LH concentration (mIU/mL), n = 4-9, ** p < 0.01 vs. control.

3.3. Ex Vivo Superfusion

Figure 8 shows fractional dopamine release from the VTA. A p value was not calculated
for the time factor (F (15.00, 104.0) = 16.41). There was no significant main effect neither
for the treatment factor (F (1, 7) = 0.0008258, p = 0.9779), nor for the interaction between
treatment and time (F (15, 104) = 0.5151, p = 0.9273). There was no significant difference
between the groups at any other time point.
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Figure 8. Fractional dopamine release from the ventral tegmental area. n = 4-5.

Likewise, Kp-8 did not influence fractional dopamine release from the NAc (Figure 9).
However, there was a significant main effect for the time factor (F (3.134, 40.75) = 22.48,
p < 0.0001). No significant main effect was found for the treatment factor (F (1, 13) = 0.0007717,
p =0.9783), and for the interaction between treatment and time (F (15, 195) = 0.4387, p = 0.9658).
No significant difference could be detected at any specific time point between the groups.
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Figure 9. Fractional dopamine release from the nucleus accumbens. n = 7-8.

As shown in Figure 10, Kp-8 increased fractional GABA release from the NAc. There
was a significant main effect for the time (F (2.227, 17.82) = 60.49, p < 0.0001) and interac-
tion (F (15, 120) = 7.395, p < 0.0001) factors. In the seventh fraction, following electrical
stimulation, fractional GABA release was significantly higher from the Kp-8 treated brain
slices than from the control tissue (p = 0.0039).
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Figure 10. Fractional GABA release from the nucleus accumbens. ** p < 0.01 vs. control, n = 5.

4. Discussion

Short kisspeptin analogs are promising candidates in the treatment of infertility and
other gynecological conditions [48]. Kisspeptins exert their effect on the reproductive axis
via Kiss1r [4], but they also bind to and activate NPFF1 and NPFF2 receptors with lower
affinity [11]. In our study, we investigated the behavioral and biological effects of icv. Kp-8
in male rats via performing a battery of behavioral tests (EPM, OF, MB), determining serum
corticosterone and LH levels, as well as measuring dopamine release from the VTA and
NACc, and GABA release from the NAc.

The 0.1 pg dose of Kp-8 (but not the 1 pug dose) decreased the percentage of open arm
entries and open arm time in the EPM, which is characteristic of anxiety-like behavior [51].
It is in accordance with our previous experiments in which a preference for closed arms
has been observed following icv. treatment with Kp-13 [37]. Still, it must be noted that only
a higher dose of Kp-13 has exerted an anxiogenic action, whereas in the case of Kp-8 an
approximately 10-times lower dose was effective. The dose-response curve of Kp-8 shows
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a bell-shape (or inverted U-shape), that has been reported in several studies involving
neuropeptides [56-58]. This phenomenon, when a lower dose is stimulatory, whereas a
higher dose is inhibitory or ineffective, is called hormesis [59]. A review by Calabrese
has reported a wide range of explanations for hormetic responses, including receptorial
and intracellular mechanisms. For example, the same substance might have a stimulatory
effect in a low dose, but an inhibitory effect in a high dose either via the same receptor
(often mediated by a so-called ‘molecular switch’), or via different receptors to which it
has higher and lower affinity, respectively [60]. Based on a review on RF-amides and their
receptors, kisspeptins in general can bind to their cognant receptor, Kisslr, and to NPFF
receptors with different affinity [3], the latter of which depends on the length of the peptide:
the full length Kp (in rats Kp-52) has a lower affinity to NPFF receptors, whereas the
shorter endogenous derivatives’ binding affinity to NPFF receptors is higher. Furthermore,
Rouméas et al. have performed systemic N-terminus deletions and benzoylations of Kp-10,
which has revealed a progressive loss of affinity of the shorter fragments to Kiss1lr and a
conserved high affinity to NPFF receptors. In contrast, these shorter benzoylated fragments
could still act as full agonists on Kisslr, whereas on NPFF receptors a partial agonistic
action has been observed [61]. How the benzoylation affects the affinity profile of these
Kp-10 fragments is not known, yet it is possible that the unmodified Kp-8 also has an
altered binding profile. In point of fact, agonists of NPFF1 and NPFF2 receptors have
been implicated in anxiety [62,63]. Indeed, both Kiss1lr and NPFF receptors could mediate
the anxiety-like action of Kp-8, and we cannot rule out the possible activation of other
receptors, as well.

Kp-8 also induced an elevation in serum corticosterone concentration: the 0.1 pg dose
showed a tendency to increase it, whereas the 1 ug dose was significant. Corticosterone
elevation is indicative of the activation of the HPA axis, the parvocellular neurons in the
hypothalamic paraventricular nucleus (PVN) might have released CRH and AVDP, followed
by the secretion of ACTH from the pituitary, which consequently triggered the secretion of
glucocorticoids from the adrenal cortex. In a study by Rao et al., Kp induced an increase
in AVP mRNA expression in PVN-derived cell lines [36], and thus it is possible that Kp-8
activated the axis by increasing AVP release. Moreover, the activity of the HPA axis is
modulated by limbic brain regions, including the amygdala [64]—an expression site of both
Kp and Kiss1r [65]—which stimulates the HPA axis and regulates the behavioral response
to stress [64,66]. The increase in glucocorticoid signaling in itself is also associated with
anxiety-like behavior [67]. This result ties well with our previous study in which icv. Kp-13
has also caused an elevation in corticosterone concentration in a higher dose [37].

However, in the first 5 min of computerized open field test, the animals treated with
1 pug of Kp-8 spent more time in the central zone of the arena, which is considered a sign
of anxiolysis [68]. As there was no difference in central locomotor activity at any other
time point, this result should be interpreted with caution. At the beginning of the OF, the
animals are placed in the center of the arena, so it is possible that the increase in central time
reflects an initial latency in approaching the periphery rather than a real anxiolytic effect.

In addition, it is not uncommon to have discrepancies between the EPM and OF
results. For example, chlordiazepoxide has reduced anxiety-like behavior in the EPM,
but has had no significant effect in the OF in Lewis rats [69]. Although the principles of
OF and EPM are similar, the two tests seem to load on different factors of anxiety [70].
Moreover, the approach of open arms in the EPM and central locomotion in the OF seem to
be independently inherited in rats [71].

Altogether Kp-8 seemed to increase anxiety-like behavior and activate the HPA axis.
These results are in accordance with the anxiogenic effect of icv. Kp-13 in rats [37] and
the anxiolysis observed in Kiss1r KO mice [38]. However, Kp has not influenced anxiety
in rats in the study by Rao et al. [36], which might be attributed to the peripheral route
of administration and the relatively low dose of Kp used in the experiment. Likewise,
intravenous Kp has had no effect on anxiety in human subjects [32]. Apart from the route
of administration, another important factor to consider is the species: the Kp system of
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zebrafish greatly differs from that of mammals, which might explain the anxiolytic property
of kisspeptin observed in the study of Ogawa et al. [39]. Moreover, when compared to
a systemic treatment, the regional modulation of neuronal activity can have strikingly
different consequences. For example, the selective activation of kisspeptin neurons in the
medial posterodorsal amygdala has decreased anxiety [40].

The number of total arm entries in the EPM reflects the general locomotor activity of
the animals [72]. Both the 0.1 and 1 pug doses of Kp-8 reduced the number of arm entries,
suggesting that Kp-8 might cause hypolocomotion.

The 60-min OF also yielded some remarkable results. When placed in a novel environ-
ment, all groups exhibited a pronounced exploratory activity with intense ambulation and
a high number of rearings. Following a gradual decline until approximately 30 min, activity
returned to a basal level. From that point, differences have started to appear among the
groups, as there was a decrease in ambulation and rearing activity, as well as an increase
in immobility in the group treated with 1 ug of Kp-8. These results point to a decrease in
spontaneous locomotion.

Kp-8 has also significantly reduced the number and time of goal-oriented interaction
with marbles in the MB. Although MB has long been considered a test for anxiety-like
behavior, now several authors have expressed doubts about it [73]. According to Thomas,
the number of buried marbles does not correlate with other anxiety-like traits, namely
central time in the open field test and light-dark transitions in the light-dark box test [74].
The utility of the test as a screening tool for anxiety has also been questioned based on the
findings that most anxiolytics and antidepressant drugs reduce marble burying behavior
secondary to drug-induced hypolocomotion [73]. It has been suggested that digging and
burying are species-specific, innate behavioral patterns that are likely triggered by an
exploratory drive [75] or by the bedding itself [76]. Nowadays marble burying is regarded
as a sign of repetitive, compulsive-like behavior, which is highly dependent on general
locomotor activity [52]. Consequently, the reduction in goal-oriented interactions with the
marbles is most likely a sign of suppressed locomotion in our study.

These findings contrast with the results reported by our group on the effects of icv. Kp-
13, as it has increased exploratory and spontaneous locomotion in rats [37]. In a study by
Tolson et al., Kiss1r KO female mice have exhibited a decrease in spontaneous locomotion
and energy expenditure, but the mutation has had no such effect in male animals [43],
pointing to a possibly gender-dependent effect.

Icv. Kp-8 has stimulated LH release in our study, which is a sign of reproductive axis
activation, secondary to Kiss1R binding and activation in the hypothalamus. KisslR is
expressed on hypothalamic GnRH neurons [4], and upon its activation repetitive LH pulses
are generated [77]. In our study, the 1 pg dose of Kp-8 caused a significant increase in LH
concentration. This is in accordance with literature data as icv. injection of a similar dose of
Kp-10 has exerted an LH surge [41]. It must be noted though, that 0.1 ug of Kp-8 did not
affect LH release. This is not surprising since Thomson et al. have obtained a similar result
when Kp-10 was administered icv in a similarly low dose [41]. Furthermore, in a study by
Pheng et el., icv. administered Kp-10 at a similarly low dose was unable to stimulate LH
release in male rats, only the full length Kp-52 did. The authors have postulated that slower
degradation of Kp-52 might explain their results, but it is also possible that the different
binding profiles of Kp-52 and Kp-10 are in the background [78]. This also might explain
our result, since Kp-8 similarly to Kp-10 might bind with higher affinity to the NPFF
receptors, more specifically to NPFF1 receptor. One of the ligands of NPFF1 receptor is the
RF-amide-related peptide 3 (RFRP-3), which has an inhibitory effect on the reproductive
axis in adult male rats [79,80]. Thus, it is possible that at a lower dose, the two opposing
actions of Kp-8 result in no change in LH concentration. Nevertheless, further studies
are required to determine the affinity of Kp-8 to its receptors and the degree of calcium
mobilization upon receptor activation. As the hypolocomotor effect of Kp-8 seems to be in
contrast with previous studies on kisspeptin and locomotion [37,43], it is likely that this
effect is mediated by other mechanisms.
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One possible explanation is the activation of NPFF receptors. Kp-8 has activated
human NPFF2 receptors in Xenopus oocytes [81], and its N-terminally benzoylated form
has shown to fully preserve the affinity of Kp-10 to NPFF1 and NPFF2 receptors [61], which
are universally activated by all members of the RF-amide family [3].

It is noteworthy that several members of the RF-amide family have been reported
to modulate locomotor activity, pointing to the possible role of NPFF receptors in the
regulation of locomotion. Similarly to Kp-8, icv. treatment with RF-amide related peptide 1
(RFRP-1) has reduced total locomotor activity and has also induced anxiety-like behavior
and HPA axis activation [63]. Likewise, intra-VTA injection of NPFF has reduced sponta-
neous locomotion in rats [82]. Interestingly, icv. NPFF has inhibited morphine-induced
hyperlocomotion, but has failed to affect the locomotor activity of naive rats [83]. Although
icv. neuropeptide AF (NPAF) has also had an anxiogenic effect, contrary to RFRP-1 and
NPFE it has stimulated spontaneous and exploratory locomotion [56].

Another possible reason for the development of hypolocomotion is the modulation of
the mesocorticolimbic dopaminergic system. Based on the expression of kisspeptin in the
NAc, as well as the expression of NPFF1 and NPFF2 receptors in the NAc and VTA [16,44],
it was reasonable to investigate whether Kp-8 has a direct effect on the VTA-NAc circuitry.
The dopaminergic pathway connecting the VTA and NAc has long been implicated in the
regulation of locomotion. As a matter of fact, VTA dopaminergic neurons are responsible
for the locomotor-enhancing effect of cocaine [84]. Our hypothesis was that Kp-8 might
suppress locomotion by directly modulating the activity of VTA dopaminergic neurons.
However, in our ex vivo superfusion study, Kp-8 has not affected dopamine release from
slices obtained from the VTA and NAc.

As the interaction between Kp and GABA is known from the literature [85,86], it also
seemed possible that Kp-8 might directly affect GABA release in NAc. GABAergic neurons
in the NAc have been shown to inhibit dopaminergic projections from the VTA [87]. In
fact, GABAergic activity can also be connected with the suppression of locomotion, as
locomotor activity has increased when GABA 4 receptor antagonists were injected into
the NAc core [46]. In our study, Kp-8 significantly increased GABA release from NAc
slices. This result suggests that Kp-8 might directly modulate the activity of GABAergic
neurons in NAc, which could contribute to the suppression of locomotor activity. It must
be mentioned, however, that ex vivo superfusion measures only the direct effect of Kp-8
on live tissue slices obtained from the NAc, but the complex assessment of the whole
VTA-NACc circuitry is beyond the scope of this method. Consequently, further studies (e.g.,
in vivo microdialysis) are required to confirm these findings on the circuit level.

When considering the receptors involved, it is possible that Kp-8 alters GABA release
via NPFF1 or NPFF2 receptors, which are abundantly expressed in the VTA and the NAc,
and likely involved in the modulation of both dopaminergic and GABAergic neuronal
activity [16]. The role of NPFF receptors is further supported by the results of Cador
et al., who have reported a decrease in novelty-induced locomotion upon intra-VTA NPFF
treatment. Kiss1r expression, however, has only been detected in the NAc of humans, but
not in rodents [88], so it is unlikely that Kp-8 could modulate NAc activity via Kiss1r.

Furthermore, the contribution of altered metabolism and thermoregulation should
not be ruled out in the background of altered locomotor activity. Kisspeptin’s stimulatory
effect on locomotion seemed to be coupled with metabolic effects in the literature. Icv.
Kp-13 has induced hyperthermia [37], and KissIr KO has resulted in obesity, increased
adiposity and impaired glucose tolerance in female mice [43]. Kp could also be involved
in hypothalamic appetite regulation by exciting proopiomelanocortin (POMC) neurons
and inhibiting neuropeptide Y/Agouti-related peptide (NPY/AgRP) neurons, resulting
in an anorexigenic effect [89]. Although only a few studies have addressed the metabolic
effects of other RF-amides, they have usually revealed significant results. Icv. NPFF
has reduced food intake in food-deprived rats [90] and also had a hypothermic effect in
mice [91]. Moreover, the stimulation of central NPFF1 and NPFF2 receptors have evoked
hypothermia and hyperthermia, respectively [92].
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Alternatively, Kp-8 might modulate the activity of other, locomotion-related systems
differently than the naturally occurring kisspeptins, resulting in an opposing effect of
locomotion. For example, central Kp-10 treatment has stimulated vasopressin release
in rats [93], and vasopressin has induced hyperlocomotion by acting on Vla receptors
on hypothalamic orexin/hypocretin neurons in mice [94]. Furthermore, kisspeptin has
been shown to induce BDNF expression in the hippocampus [95] and the lack of active
BDNF in tissue plasminogen activator deficient mice has been associated with a decrease
in nocturnal wheel running activity [96]. It is a question of future research to investigate
whether Kp-8 could modulate vasopressin release and BDNF secretion in a similar or
different fashion as other kisspeptins.
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Appendix A

Following solid-phase peptide synthesis, Kp-8 was analyzed using HPLC and ESI-MS,
the results of which are shown in Figures A1 and A2, respectively.
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Figure A1l. HPLC trace of Kisspeptin-8. Column: Phenomenex Luna C18, 5 u, 100 A,
4.6 mm x 250 mm, flow rate: 1 mL/min, wavelength: 220 nm, A eluent: 0.1% TFA in water, B
eluent: 0.1% TFA /80% ACN/water, gradient: 30-55% eluent B in eluent A over 25 min.
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Figure A2. The ESI-MS trace of Kp-8 peptide.

Appendix B

During the computerized open field test, data were collected for 60 min, in 5-min
timeframes. The cumulative results obtained after 60 min of data collection can be seen in
Figure A3. There was no significant difference in any of the parameters measured: total
distance of ambulation (Figure A3a, F (2, 34) = 1.691, p = 0.1994), total time of ambulation
(Figure A3b, F (2, 34) = 1.728, p = 0.1928), time spent immobile (Figure A3c, F (2, 34) = 1.274,
p = 0.2927), number of rearings (Figure A3d, F (2, 34) = 1.522, p = 0.2328), percentage of
central ambulation distance (Figure A3e, F (2, 34) = 0.6885, p = 0.5092), and percentage of
central ambulation time (Figure A3f, F (2, 34) = 0.7265, p = 0.4910).
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Figure A3. Cumulative data of 60-min open field test: (a) total distance of ambulation, (b) total
time of ambulation, (c) total time spent immobile, (d) number of rearings, (e) percentage of distance
travelled in the central zone, (f) percentage of time spent in the central zone, n = 12-13.



Biomedicines 2021, 9, 112 19 of 22

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Lee, J.; Miele, MLE.; Hicks, D.J.; Karen, K.; Trent, J.; Weissman, B.; Welch, D.R. KiS5-1, a Novel Human Malignant Melanoma
Metastasis-Suppressor Gene. J. Natl. Cancer Inst. 1996, 88, 1731-1737. [CrossRef] [PubMed]

Kotani, M.; Detheux, M.; Vandenbogaerde, A.; Communi, D.; Vanderwinden, J.M.; Le Poul, E.; Brézillon, S.; Tyldesley, R.;
Suarez-Huerta, N.; Vandeput, F.; et al. The Metastasis Suppressor Gene KiSS-1 Encodes Kisspeptins, the Natural Ligands of the
Orphan G Protein-coupled Receptor GPR54. J. Biol. Chem. 2001, 276, 34631-34636. [CrossRef] [PubMed]

Quillet, R.; Ayachi, S.; Bihel, F; Elhabazi, K.; Ilien, B.; Simonin, F. RF-amide neuropeptides and their receptors in Mammals:
Pharmacological properties, drug development and main physiological functions. Pharmacol. Ther. 2016, 160, 84-132. [CrossRef]
[PubMed]

Franssen, D.; Tena-Sempere, M. The kisspeptin receptor: A key G-protein-coupled receptor in the control of the reproductive axis.
Best Pract. Res. Clin. Endocrinol. Metab. 2018, 32, 107-123. [CrossRef]

Lee, D.K,; Nguyen, T.; O'Neill, G.P; Cheng, R.; Liu, Y.; Howard, A.D.; Coulombe, N.; Tan, C.P.; Tang-Nguyen, A.-T.;
George, S.R; et al. Discovery of a receptor related to the galanin receptors. FEBS Lett. 1999, 446, 103-107. [CrossRef]

Ohtaki, T.; Shintani, Y.; Honda, S.I.; Matsumoto, H.; Hori, A.; Kanehashi, K.; Terao, Y.; Kumano, S.; Takatsu, Y.; Masuda, Y.; et al.
Metastasis suppressor gene KiSS-1 encodes peptide ligand of a G-protein-coupled receptor. Nature 2001, 411, 613—-617. [CrossRef]
Cargnello, M.; Roux, P.P. Activation and Function of the MAPKSs and Their Substrates, the MAPK-Activated Protein Kinases.
Microbiol. Mol. Biol. Rev. 2011, 75, 50-83. [CrossRef]

Peng, J.; Tang, M.; Zhang, B.P.; Zhang, P; Zhong, T.; Zong, T.; Yang, B.; Kuang, H. Bin Kisspeptin stimulates progesterone
secretion via the Erk1/2 mitogen-activated protein kinase signaling pathway in rat luteal cells. Fertil. Steril. 2013, 99, 1436-1443.e1.
[CrossRef]

Taylor, J.; Pampillo, M.; Bhattacharya, M.; Babwah, A.V. Kisspeptin/KISSIR signaling potentiates extravillous trophoblast
adhesion to type-I collagen in a PKC- and ERK1/2-dependent manner. Mol. Reprod. Dev. 2014, 81, 42-54. [CrossRef]

Bowe, J.E.; Chander, A.; Liu, B.; Persaud, S.J.; Jones, PM. The permissive effects of glucose on receptor-operated potentiation of
insulin secretion from mouse islets: A role for ERK1/2 activation and cytoskeletal remodelling. Diabetologia 2013, 56, 783-791.
[CrossRef]

QOishi, S.; Misu, R.; Tomita, K.; Setsuda, S.; Masuda, R.; Ohno, H.; Ieda, N.; Tsukamura, H.; Inoue, N.; Hirasawa, A.; et al.
Activation of Neuropeptide FF Receptors by Kisspeptin Receptor Ligands. ACS Med. Chem. Lett. 2010, 2, 53-57. [CrossRef]
[PubMed]

Brailoiu, G.C.; Dun, S.L.; Ohsawa, M.; Yin, D.; Yang, J.; Jaw, K.C.; Brailoiu, E.; Dun, N.J. KiSS-1 expression and metastin-like
immunoreactivity in the rat brain. . Comp. Neurol. 2005, 481, 314-329. [CrossRef] [PubMed]

Overgaard, A.; Tena-Sempere, M.; Franceschini, I.; Desroziers, E.; Simonneaux, V.; Mikkelsen, ]J.D. Comparative analysis of
kisspeptin-immunoreactivity reveals genuine differences in the hypothalamic Kiss1 systems between rats and mice. Peptides 2013,
45, 85-90. [CrossRef] [PubMed]

Higo, S.; Honda, S.; lijima, N.; Ozawa, H. Mapping of Kisspeptin Receptor mRNA in the Whole Rat Brain and its Co-Localisation
with Oxytocin in the Paraventricular Nucleus. J. Neuroendocrinol. 2016, 28, 1-8. [CrossRef]

Bonini, J.A.; Jones, K.A.; Adham, N.; Forray, C.; Artymyshyn, R.; Durkin, M.M.; Smith, K.E.; Tamm, ]J.A.; Boteju, L.W.;
Lakhlani, P.P; et al. Identification and characterization of two G protein-coupled receptors for neuropeptide FF. ]. Biol. Chem.
2000, 275, 39324-39331. [CrossRef]

Wu, C.H,; Tao, PL.; Huang, E.Y.K. Distribution of neuropeptide FF (NPFF) receptors in correlation with morphine-induced
reward in the rat brain. Peptides 2010, 31, 1374-1382. [CrossRef]

Guzman, S.; Brackstone, M.; Radovick, S.; Babwah, A.V.; Bhattacharya, M.M. KISS1/KISSIR in Cancer: Friend or Foe?
Front. Endocrinol. 2018, 9, 1-9. [CrossRef]

Seminara, S.B.; Messager, S.; Dixon, J.; Slaugenhaupt, S.A.; O’Rahilly, S.; Carlton, M.B.L.; Bo-Abbas, Y.; Schwinof, K.M.;
Chatzidaki, E.E.; Gusella, J.E; et al. The GPR54 Gene as a Regulator of Puberty. N. Engl. |. Med. 2003, 349, 1614-1627. [CrossRef]
Trevisan, C.M.; Montagna, E.; De Oliveira, R.; Christofolini, D.M.; Barbosa, C.P,; Crandall, K.A.; Bianco, B. Kisspeptin/GPR54
System: What Do We Know about Its Role in Human Reproduction? Cell. Physiol. Biochem. 2018, 870, 1259-1276. [CrossRef]
Putteeraj, M.; Soga, T.; Ubuka, T.; Parhar, LS. A “timed” kiss is essential for reproduction: Lessons from mammalian studies.
Front. Endocrinol. 2016, 7, 1-10. [CrossRef]

Pinilla, L.; Aguilar, E.; Dieguez, C.; Millar, R.P.; Tena-Sempere, M. Kisspeptins and Reproduction: Physiological Roles and
Regulatory Mechanisms. Physiol. Rev. 2012, 92, 1235-1316. [CrossRef] [PubMed]

Manfredi-Lozano, M.; Roa, J.; Tena-Sempere, M. Connecting metabolism and gonadal function: Novel central neuropeptide
pathways involved in the metabolic control of puberty and fertility. Front. Neuroendocrinol. 2018, 48, 37-49. [CrossRef] [PubMed]
Watanabe, Y.; Ikegami, K.; Ishigaki, R.; Ieda, N.; Uenoyama, Y.; Maeda, K.I; Tsukamura, H.; Inoue, N. Enhancement of the
luteinising hormone surge by male olfactory signals is associated with anteroventral periventricular Kissl cell activation in
female rats. J. Neuroendocrinol. 2017, 29, 1-9. [CrossRef] [PubMed]

Yeo, S.H.; Colledge, W.H. The role of Kissl neurons as integrators of endocrine, metabolic, and environmental factors in the
hypothalamic-pituitary-gonadal axis. Front. Endocrinol. 2018, 9, 188. [CrossRef] [PubMed]

Padilla, S.L.; Perez, ].G.; Ben-hamo, M.; Bussi, I.L.; Palmiter, R.D.; Iglesia, H.O. De Kisspeptin Neurons in the Arcuate Nucleus of
the Hypothalamus Orchestrate Circadian Rhythms and Metabolism. Curr. Biol. 2019, 29, 592-604.e4. [CrossRef]


http://doi.org/10.1093/jnci/88.23.1731
http://www.ncbi.nlm.nih.gov/pubmed/8944003
http://doi.org/10.1074/jbc.M104847200
http://www.ncbi.nlm.nih.gov/pubmed/11457843
http://doi.org/10.1016/j.pharmthera.2016.02.005
http://www.ncbi.nlm.nih.gov/pubmed/26896564
http://doi.org/10.1016/j.beem.2018.01.005
http://doi.org/10.1016/S0014-5793(99)00009-5
http://doi.org/10.1038/35079135
http://doi.org/10.1128/MMBR.00031-10
http://doi.org/10.1016/j.fertnstert.2012.12.008
http://doi.org/10.1002/mrd.22279
http://doi.org/10.1007/s00125-012-2828-2
http://doi.org/10.1021/ml1002053
http://www.ncbi.nlm.nih.gov/pubmed/24900254
http://doi.org/10.1002/cne.20350
http://www.ncbi.nlm.nih.gov/pubmed/15593369
http://doi.org/10.1016/j.peptides.2013.04.013
http://www.ncbi.nlm.nih.gov/pubmed/23651990
http://doi.org/10.1111/jne.12356
http://doi.org/10.1074/jbc.M004385200
http://doi.org/10.1016/j.peptides.2010.03.036
http://doi.org/10.3389/fendo.2018.00437
http://doi.org/10.1056/NEJMoa035322
http://doi.org/10.1159/000493406
http://doi.org/10.3389/fendo.2016.00121
http://doi.org/10.1152/physrev.00037.2010
http://www.ncbi.nlm.nih.gov/pubmed/22811428
http://doi.org/10.1016/j.yfrne.2017.07.008
http://www.ncbi.nlm.nih.gov/pubmed/28754629
http://doi.org/10.1111/jne.12505
http://www.ncbi.nlm.nih.gov/pubmed/28699305
http://doi.org/10.3389/fendo.2018.00188
http://www.ncbi.nlm.nih.gov/pubmed/29755406
http://doi.org/10.1016/j.cub.2019.01.022

Biomedicines 2021, 9, 112 20 of 22

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Ayachi, S.; Simonin, F. Involvement of Mammalian RF-Amide Peptides and Their Receptors in the Modulation of Nociception in
Rodents. Front. Endocrinol. 2014, 5, 158. [CrossRef]

Elhabazi, K.; Humbert, J.P.; Bertin, I.; Schmitt, M.; Bihel, F.; Bourguignon, J.J.; Bucher, B.; Becker, ].A.].; Sorg, T.; Meziane, H.; et al.
Endogenous mammalian RF-amide peptides, including PrRP, kisspeptin and 26RFa, modulate nociception and morphine
analgesia via NPFF receptors. Neuropharmacology 2013, 75, 164-171. [CrossRef]

Csabafi, K.; Bagosi, Z.; Dob6, E.; Szakécs, J.; Telegdy, G.; Szab6, G. Kisspeptin modulates pain sensitivity of CFLP mice. Peptides
2018, 105, 21-27. [CrossRef]

Clarkson, J.; d’Anglemont de Tassigny, X.; Colledge, W.H.; Caraty, A.; Herbison, A.E. Distribution of kisspeptin neurones in the
adult female mouse brain. J. Neuroendocrinol. 2009, 21, 673-682. [CrossRef]

Herbison, A.E.; De Tassigny, X.D.A.; Doran, J.; Colledge, W.H. Distribution and postnatal development of Gpr54 gene expression
in mouse brain and gonadotropin-releasing hormone neurons. Endocrinology 2010, 151, 312-321. [CrossRef]

Tanaka, M.; Csabafi, K.; Telegdy, G. Neurotransmissions of antidepressant-like effects of kisspeptin-13. Regul. Pept. 2013, 180, 1-4.
[CrossRef] [PubMed]

Comninos, A.N.; Wall, M.B.; Demetriou, L.; Thomas, S.A.; Wilson, S.R.; Jayasena, C.N.; Bloom, S.R.; Bassett, P.; Honigsperger, C.;
Mehta, A.; et al. Kisspeptin modulates sexual and emotional brain processing in humans. J. Clin. Investig. 2017, 127, 709-719.
[CrossRef] [PubMed]

Bakker, J.; Pierman, S.; Gonzélez-Martinez, D. Effects of aromatase mutation (ArKO) on the sexual differentiation of kisspeptin
neuronal numbers and their activation by same versus opposite sex urinary pheromones. Horm. Behav. 2010, 57, 390-395.
[CrossRef] [PubMed]

Hellier, V.; Brock, O.; Candlish, M.; Desroziers, E.; Aoki, M.; Mayer, C.; Piet, R.; Herbison, A.; Colledge, W.H.; Prévot, V.; et al.
Female sexual behavior in mice is controlled by kisspeptin neurons. Nat. Commun. 2018, 9, 1-2. [CrossRef]

Kinsey-Jones, ].S.; Li, X.F; Knox, AM.IL; Wilkinson, E.S.; Zhu, X.L.; Chaudhary, A.A.; Milligan, S.R.; Lightman, S.L.; O’'Byrne,
K.T. Down-regulation of hypothalamic kisspeptin and its receptor, Kiss1r, mRNA expression is associated with stress-induced
suppression of luteinising hormone secretion in the female rat. |. Neuroendocrinol. 2009, 21, 20-29. [CrossRef]

Rao, Y.S.; Mott, N.N.; Pak, T.R. Effects of kisspeptin on parameters of the HPA axis. Endocrine 2011, 39, 220-228. [CrossRef]
Csabafi, K.; Jaszberényi, M.; Bagosi, Z.; Liptak, N.; Telegdy, G. Effects of kisspeptin-13 on the hypothalamic-pituitary-adrenal axis,
thermoregulation, anxiety and locomotor activity in rats. Behav. Brain Res. 2013, 241, 56—61. [CrossRef]

Delmas, S.; Porteous, R.; Bergin, D.H.; Herbison, A.E. Altered aspects of anxiety-related behavior in kisspeptin receptor-deleted
male mice. Sci. Rep. 2018, 8, 2-8. [CrossRef]

Ogawa, S.; Parhar, 1.S. Biological significance of kisspeptin-Kiss 1 receptor signaling in the habenula of teleost species.
Front. Endocrinol. 2018, 9, 1-8. [CrossRef]

Adekunbi, D.A,; Li, X.E; Lass, G.; Shetty, K.; Adegoke, O.A.; Yeo, S.H.; Colledge, W.H.; Lightman, S.L.; O’'Byrne, K.T. Kisspeptin
neurones in the posterodorsal medial amygdala modulate sexual partner preference and anxiety in male mice. J. Neuroendocrinol.
2018, 30, 1-9. [CrossRef]

Thomson, E.L.; Patterson, M.; Murphy, K.G.; Smith, K.L.; Dhillo, W.S.; Todd, J.E; Ghatei, M.A.; Bloom, S.R. Central and
peripheral administration of kisspeptin-10 stimulates the hypothalamic-pituitary-gonadal axis. J. Neuroendocrinol. 2004, 16,
850-858. [CrossRef] [PubMed]

Ogawa, S.; Sivalingam, M.; Anthonysamy, R.; Parhar, 1.S. Distribution of Kiss2 receptor in the brain and its localization in
neuroendocrine cells in the zebrafish. Cell Tissue Res. 2020, 379, 349-372. [CrossRef] [PubMed]

Tolson, K.P; Garcia, C.; Yen, S.; Simonds, S.; Stefanidis, A.; Lawrence, A.; Smith, ].T.; Kauffman, A.S. Impaired kisspeptin signaling
decreases metabolism and promotes glucose intolerance and obesity. J. Clin. Investig. 2014, 124, 3075-3079. [CrossRef] [PubMed]
Desroziers, E.; Mikkelsen, J.; Simonneaux, V.; Keller, M.; Tillet, Y.; Caraty, A.; Franceschini, I. Mapping of kisspeptin fibres in the
brain of the pro-oestrous rat. J. Neuroendocrinol. 2010, 22, 1101-1112. [CrossRef] [PubMed]

Mogenson, G.J.; Wu, M. Effects of administration of dopamine D2 agonist quinpirole on exploratory locomotion. Brain Res. 1991,
551, 216-220. [CrossRef]

Yael, D.; Tahary, O.; Gurovich, B.; Belelovsky, K.; Bar-Gad, I. Disinhibition of the nucleus accumbens leads to macro-scale
hyperactivity consisting of micro-scale behavioral segments encoded by striatal activity. J. Neurosci. 2019, 39, 5897-5909.
[CrossRef] [PubMed]

Boekhoudyt, L.; Omrani, A.; Luijendijk, M.C.M.; Wolterink-Donselaar, I.G.; Wijbrans, E.C.; van der Plasse, G.; Adan, R A.H.
Chemogenetic activation of dopamine neurons in the ventral tegmental area, but not substantia nigra, induces hyperactivity in
rats. Eur. Neuropsychopharmacol. 2016, 26, 1784-1793. [CrossRef]

Szeliga, A.; Podfigurna, A ; Bala, G.; Meczekalski, B. Kisspeptin and neurokinin B analogs use in gynecological endocrinology:
Where do we stand? J. Endocrinol. Investig. 2020, 43, 555-561. [CrossRef]

Asami, T.; Nishizawa, N.; Ishibashi, Y.; Nishibori, K.; Nakayama, M.; Horikoshi, Y.; Matsumoto, S.I.; Yamaguchi, M.; Matsumoto,
H.; Tarui, N.; et al. Serum stability of selected decapeptide agonists of KISS1R using pseudopeptides. Bioorg. Med. Chem. Lett.
2012, 22, 6391-6396. [CrossRef]

Rather, M.A ; Basha, S.H.; Bhat, I.A.; Sharma, N.; Nandanpawar, P; Badhe, M.; Gireesh-Babu, P.; Chaudhari, A.; Sundaray, J.K.;
Sharma, R. Characterization, molecular docking, dynamics simulation and metadynamics of kisspeptin receptor with kisspeptin.
Int. J. Biol. Macromol. 2017, 101, 241-253. [CrossRef]


http://doi.org/10.3389/fendo.2014.00158
http://doi.org/10.1016/j.neuropharm.2013.07.012
http://doi.org/10.1016/j.peptides.2018.04.018
http://doi.org/10.1111/j.1365-2826.2009.01892.x
http://doi.org/10.1210/en.2009-0552
http://doi.org/10.1016/j.regpep.2012.08.017
http://www.ncbi.nlm.nih.gov/pubmed/22999921
http://doi.org/10.1172/JCI89519
http://www.ncbi.nlm.nih.gov/pubmed/28112678
http://doi.org/10.1016/j.yhbeh.2009.11.005
http://www.ncbi.nlm.nih.gov/pubmed/19945459
http://doi.org/10.1038/s41467-017-02797-2
http://doi.org/10.1111/j.1365-2826.2008.01807.x
http://doi.org/10.1007/s12020-011-9439-4
http://doi.org/10.1016/j.bbr.2012.11.039
http://doi.org/10.1038/s41598-018-21042-4
http://doi.org/10.3389/fendo.2018.00222
http://doi.org/10.1111/jne.12572
http://doi.org/10.1111/j.1365-2826.2004.01240.x
http://www.ncbi.nlm.nih.gov/pubmed/15500545
http://doi.org/10.1007/s00441-019-03089-5
http://www.ncbi.nlm.nih.gov/pubmed/31471710
http://doi.org/10.1172/JCI71075
http://www.ncbi.nlm.nih.gov/pubmed/24937427
http://doi.org/10.1111/j.1365-2826.2010.02053.x
http://www.ncbi.nlm.nih.gov/pubmed/20673302
http://doi.org/10.1016/0006-8993(91)90935-O
http://doi.org/10.1523/JNEUROSCI.3120-18.2019
http://www.ncbi.nlm.nih.gov/pubmed/31126998
http://doi.org/10.1016/j.euroneuro.2016.09.003
http://doi.org/10.1007/s40618-019-01160-0
http://doi.org/10.1016/j.bmcl.2012.08.069
http://doi.org/10.1016/j.ijbiomac.2017.03.102

Biomedicines 2021, 9, 112 21 of 22

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

73.

74.

75.

76.

77.

78.

79.

Walf, A.A.; Frye, C.A. The use of the elevated plus maze as an assay of anxiety-related behavior in rodents. Nat. Protoc. 2007, 2,
322-328. [CrossRef] [PubMed]

de Brouwer, G.; Wolmarans, D.W. Back to basics: A methodological perspective on marble-burying behavior as a screening test
for psychiatric illness. Behav. Process. 2018, 157, 590-600. [CrossRef] [PubMed]

Schneider, T.; Popik, P. Attenuation of estrous cycle-dependent marble burying in female rats by acute treatment with progesterone
and antidepressants. Psychoneuroendocrinology 2007, 32, 651-659. [CrossRef] [PubMed]

Heffner, T.G.; Hartman, J.A.; Seiden, L.S. A rapid method for the regional dissection of the rat brain. Pharmacol. Biochem. Behav.
1980, 13, 453—-456. [CrossRef]

Salvatore, M.E,; Pruett, B.S.; Dempsey, C.; Fields, V. Comprehensive profiling of dopamine regulation in substantia nigra and
ventral tegmental area. J. Vis. Exp. 2012, 1-7. [CrossRef] [PubMed]

Jaszberényi, M.; Bagosi, Z.; Thurzd, B.; Foldesi, I.; Szabd, G.; Telegdy, G. Endocrine, behavioral and autonomic effects of
neuropeptide AF. Horm. Behav. 2009, 56, 24-34. [CrossRef]

Kushikata, T.; Yoshida, H.; Kudo, M.; Salvadori, S.; Calo, G.; Hirota, K. The effects of neuropeptide S on general anesthesia in rats.
Anesth. Analg. 2011, 112, 845-849. [CrossRef]

Gyires, K.; Zadori, Z.S. Brain neuropeptides in gastric mucosal protection. Curr. Opin. Pharmacol. 2014, 19, 24-30. [CrossRef]
Kastin, A.J.; Pan, W. Peptides and hormesis. Crit. Rev. Toxicol. 2008, 38, 629-631. [CrossRef]

Calabrese, E.J. Hormetic mechanisms. Crit. Rev. Toxicol. 2013, 43, 580-606. [CrossRef]

Rouméas, L.; Humbert, J.P,; Schneider, S.; Doebelin, C.; Bertin, I.; Schmitt, M.; Bourguignon, ].J.; Simonin, E; Bihel, E. Effects of
systematic N-terminus deletions and benzoylations of endogenous RF-amide peptides on NPFF1R, NPFF2R, GPR10, GPR54 and
GPR103. Peptides 2015, 71, 156-161. [CrossRef] [PubMed]

Palotai, M.; Telegdy, G.; Tanaka, M.; Bagosi, Z.; Jaszberényi, M. Neuropeptide AF induces anxiety-like and antidepressant-like
behavior in mice. Behav. Brain Res. 2014, 274, 264-269. [CrossRef] [PubMed]

Kaewwongse, M.; Takayanagi, Y.; Onaka, T. Effects of RFamide-Related Peptide (RFRP)-1 and RFRP-3 on oxytocin release and
anxiety-related behaviour in rats. J. Neuroendocrinol. 2011, 23, 20-27. [CrossRef]

Aguilera, G. The Hypothalamic-Pituitary—Adrenal Axis and Neuroendocrine Responses to Stress. In Handbook of Neuroendocrinol-
ogy; Elsevier: London, UK, 2012; pp. 175-196.

Mills, E.G.A.; O’Byrne, K.T.; Comninos, A.N. The Roles of the Amygdala Kisspeptin System. Semin. Reprod. Med. 2019, 37, 64-70.
[CrossRef] [PubMed]

Herman, J.P.; McKlveen, ].M.; Ghosal, S.; Kopp, B.; Wulsin, A.; Makinson, R.; Scheimann, J.; Myers, B. Regulation of the
Hypothalamic-Pituitary-Adrenocortical Stress Response. In Comprehensive Physiology; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2016; Volume 6, pp. 603—-621.

Packard, A.E.B.; Egan, A.E.; Ulrich-Lai, Y M. HPA axis interactions with behavioral systems. Compr. Physiol. 2016, 6, 1897-1934.
[CrossRef]

Seibenhener, M.L.; Wooten, M.C. Use of the Open Field Maze to measure locomotor and anxiety-like behavior in mice. J. Vis. Exp.
2015, €52434. [CrossRef]

Vendruscolo, L.F.; Takahashi, R.N.; Briiske, G.R.; Ramos, A. Evaluation of the anxiolytic-like effect of NKP608, a NK1-receptor
antagonist, in two rat strains that differ in anxiety-related behaviors. Psychopharmacology 2003, 170, 287-293. [CrossRef]

Ramos, A. Animal models of anxiety: Do I need multiple tests? Trends Pharmacol. Sci. 2008, 29, 493-498. [CrossRef]

Ramos, A.; Mellerin, Y.; Mormede, P.; Chaouloff, F. A genetic and multifactorial analysis of anxiety-related behaviours in Lewis
and SHR intercrosses. Behav. Brain Res. 1998, 96, 195-205. [CrossRef]

File, S.E.; Lippa, A.S.; Beer, B.; Lippa, M.T. Animal Tests of Anxiety. In Current Protocols in Pharmacology; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2005; Volume 31, pp. 241-251.

Dixit, P.V.; Sahu, R.; Mishra, D.K. Marble-burying behavior test as a murine model of compulsive-like behavior. J. Pharmacol.
Toxicol. Methods 2020, 102, 106676. [CrossRef]

Thomas, A.; Burant, A.; Bui, N.; Graham, D.; Yuva-Paylor, L.A.; Paylor, R. Marble burying reflects a repetitive and perseverative
behavior more than novelty-induced anxiety. Psychopharmacology 2009, 204, 361-373. [CrossRef] [PubMed]

Londei, T.; Valentini, A.M.V.; Leone, V.G. Investigative burying by laboratory mice may involve non-functional, compulsive,
behaviour. Behav. Brain Res. 1998, 94, 249-254. [CrossRef]

Gyertyan, I. Analysis of the marble burying response: Marbles serve to measure digging rather than evoke burying.
Behav. Pharmacol. 1995, 6, 24-31.

Han, S.Y.; McLennan, T.; Czieselsky, K.; Herbison, A.E. Selective optogenetic activation of arcuate kisspeptin neurons generates
pulsatile luteinizing hormone secretion. Proc. Natl. Acad. Sci. USA 2015, 112, 13109-13114. [CrossRef]

Pheng, V.; Uenoyama, Y.; Homma, T.; Inamoto, Y.; Takase, K.; Yoshizawa-Kumagaye, K.; Isaka, S.; Watanabe, T.X.; Ohkura, S.;
Tomikawa, ].; et al. Potencies of centrally-or peripherally-injected full-length kisspeptin or its C-terminal decapeptide on LH
release in intact male rats. J. Reprod. Dev. 2009, 55, 378-382. [CrossRef]

Pineda, R.; Garcia-Galiano, D.; Sanchez-Garrido, M.A.; Romero, M.; Ruiz-Pino, F.; Aguilar, E.; Dijcks, F.A.; Blomenrohr, M.;
Pinilla, L.; Van Noort, P.L; et al. Characterization of the inhibitory roles of RFRP3, the mammalian ortholog of GnIH, in the control
of gonadotropin secretion in the rat: In vivo and in vitro studies. Am. . Physiol. Endocrinol. Metab. 2010, 299, 9-12. [CrossRef]


http://doi.org/10.1038/nprot.2007.44
http://www.ncbi.nlm.nih.gov/pubmed/17406592
http://doi.org/10.1016/j.beproc.2018.04.011
http://www.ncbi.nlm.nih.gov/pubmed/29694852
http://doi.org/10.1016/j.psyneuen.2007.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17561352
http://doi.org/10.1016/0091-3057(80)90254-3
http://doi.org/10.3791/4171
http://www.ncbi.nlm.nih.gov/pubmed/22907542
http://doi.org/10.1016/j.yhbeh.2009.02.006
http://doi.org/10.1213/ANE.0b013e31820b990d
http://doi.org/10.1016/j.coph.2014.06.002
http://doi.org/10.1080/10408440802026372
http://doi.org/10.3109/10408444.2013.808172
http://doi.org/10.1016/j.peptides.2015.07.016
http://www.ncbi.nlm.nih.gov/pubmed/26211894
http://doi.org/10.1016/j.bbr.2014.08.007
http://www.ncbi.nlm.nih.gov/pubmed/25116251
http://doi.org/10.1111/j.1365-2826.2010.02077.x
http://doi.org/10.1055/s-0039-3400462
http://www.ncbi.nlm.nih.gov/pubmed/31847026
http://doi.org/10.1002/cphy.c150042
http://doi.org/10.3791/52434
http://doi.org/10.1007/s00213-003-1545-4
http://doi.org/10.1016/j.tips.2008.07.005
http://doi.org/10.1016/S0166-4328(98)00023-0
http://doi.org/10.1016/j.vascn.2020.106676
http://doi.org/10.1007/s00213-009-1466-y
http://www.ncbi.nlm.nih.gov/pubmed/19189082
http://doi.org/10.1016/S0166-4328(97)00162-9
http://doi.org/10.1073/pnas.1512243112
http://doi.org/10.1262/jrd.20240
http://doi.org/10.1152/ajpendo.00108.2010

Biomedicines 2021, 9, 112 22 of 22

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.

94.

95.

96.

Hu, K.L.; Chang, HM,; Li, R;; Yu, Y.; Qiao, ]. Regulation of LH secretion by RFRP-3—From the hypothalamus to the pituitary.
Front. Neuroendocrinol. 2019, 52, 12-21. [CrossRef]

Lyubimov, Y.; Engstrom, M.; Wurster, S.; Savola, ].M.; Korpi, E.R.; Panula, P. Human kisspeptins activate neuropeptide FF2
receptor. Neuroscience 2010, 170, 117-122. [CrossRef]

Cador, M.; Marco, N.; Stinus, L.; Simonnet, G. Interaction between neuropeptide FF and opioids in the ventral tegmental area in
the behavioral response to novelty. Neuroscience 2002, 110, 309-318. [CrossRef]

Kotlinska, J.; Pachuta, A.; Dylag, T.; Silberring, J. The role of neuropeptide FF (NPFF) in the expression of sensitization to
hyperlocomotor effect of morphine and ethanol. Neuropeptides 2007, 41, 51-58. [CrossRef]

Runegaard, A.H.; Serensen, A.T.; Fitzpatrick, C.M.; Jorgensen, S.H.; Petersen, A.V.; Hansen, N.W.; Weikop, P.; Andreasen, ].T.;
Mikkelsen, J.D.; Perrier, ].E; et al. Locomotor- and reward-enhancing effects of cocaine are differentially regulated by chemogenetic
stimulation of Gi-signaling in dopaminergic neurons. eNeuro 2018, 5, €0345-17.2018. [CrossRef] [PubMed]

Pielecka-Fortuna, J.; Moenter, S.M. Kisspeptin increases y-aminobutyric acidergic and glutamatergic transmission directly to
gonadotropin-releasing hormone neurons in an estradiol-dependent manner. Endocrinology 2010, 151, 291-300. [CrossRef]
[PubMed]

Di Giorgio, N.P,; Bizzozzero-Hiriart, M.; Libertun, C.; Lux-Lantos, V. Unraveling the connection between GABA and kisspeptin in
the control of reproduction. Reproduction 2019, 157, R225-R233. [CrossRef] [PubMed]

Yang, H.; de Jong, ] W,; Tak, Y,; Peck, ].; Bateup, H.S.; Lammel, S. Nucleus Accumbens Subnuclei Regulate Motivated Behavior via
Direct Inhibition and Disinhibition of VTA Dopamine Subpopulations. Neuron 2018, 97, 434-449.e4. [CrossRef] [PubMed]
Gottsch, M.L.; Cunningham, M.].; Smith, ].T.; Popa, S.M.; Acohido, B.V.; Crowley, W.F,; Seminara, S.; Clifton, D.K.; Steiner, R.A.
A role for kisspeptins in the regulation of gonadotropin secretion in the mouse. Endocrinology 2004, 145, 4073-4077. [CrossRef]
Ronnekleiv, O.K.; Qiu, J.; Kelly, M.J. Arcuate Kisspeptin Neurons Coordinate Reproductive Activities with Metabolism.
Semin. Reprod. Med. 2019, 37, 131-140. [CrossRef] [PubMed]

Murase, T.; Arima, H.; Kondo, K.; Oiso, Y. Neuropeptide FF reduces food intake in rats. Peptides 1996, 17, 353-354. [CrossRef]
Desprat, C.; Zajac, ]. M. Hypothermic effects of neuropeptide FF analogues in mice. Pharmacol. Biochem. Behav. 1997, 58, 559-563.
[CrossRef]

Moulédous, L.; Barthas, F.; Zajac, ].M. Opposite control of body temperature by NPFF1 and NPFF2 receptors in mice. Neuropeptides
2010, 44, 453-456. [CrossRef]

Ten, S.C.; Gu, S.Y,; Niu, Y.F; An, X.F; Yan, M.; He, M. Central administration of kisspeptin-10 inhibits water and sodium excretion
of anesthetized male rats and the involvement of arginine vasopressin. Endocr. Res. 2010, 35, 128-136. [CrossRef]

Tsunematsu, T.; Fu, L.-Y,; Yamanaka, A.; Ichiki, K.; Tanoue, A.; Sakurai, T.; van den Pol, A.N. Vasopressin Increases Locomotion
through a Vla Receptor in Orexin/Hypocretin Neurons: Implications for Water Homeostasis. J. Neurosci. 2008, 28, 228-238.
[CrossRef] [PubMed]

Arai, A.C; Orwig, N. Factors that regulate KiSS1 gene expression in the hippocampus. Brain Res. 2008, 1243, 10-18. [CrossRef]
[PubMed]

Krizo, J.A.; Moreland, L.E.; Rastogi, A.; Mou, X.; Prosser, R.A.; Mintz, E.M. Regulation of Locomotor activity in fed, fasted, and
food-restricted mice lacking tissue-type plasminogen activator. BMC Physiol. 2018, 18, 2. [CrossRef] [PubMed]


http://doi.org/10.1016/j.yfrne.2018.03.005
http://doi.org/10.1016/j.neuroscience.2010.06.058
http://doi.org/10.1016/S0306-4522(01)00587-5
http://doi.org/10.1016/j.npep.2006.09.048
http://doi.org/10.1523/ENEURO.0345-17.2018
http://www.ncbi.nlm.nih.gov/pubmed/29938215
http://doi.org/10.1210/en.2009-0692
http://www.ncbi.nlm.nih.gov/pubmed/19880809
http://doi.org/10.1530/REP-18-0527
http://www.ncbi.nlm.nih.gov/pubmed/30844750
http://doi.org/10.1016/j.neuron.2017.12.022
http://www.ncbi.nlm.nih.gov/pubmed/29307710
http://doi.org/10.1210/en.2004-0431
http://doi.org/10.1055/s-0039-3400251
http://www.ncbi.nlm.nih.gov/pubmed/31869841
http://doi.org/10.1016/0196-9781(95)02137-X
http://doi.org/10.1016/S0091-3057(97)00249-9
http://doi.org/10.1016/j.npep.2010.05.003
http://doi.org/10.3109/07435801003769995
http://doi.org/10.1523/JNEUROSCI.3490-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171940
http://doi.org/10.1016/j.brainres.2008.09.031
http://www.ncbi.nlm.nih.gov/pubmed/18834866
http://doi.org/10.1186/s12899-018-0036-0
http://www.ncbi.nlm.nih.gov/pubmed/29370799

	Introduction 
	Materials and Methods 
	Animals and Housing Conditions 
	Intracerebroventricular Cannulation 
	Peptide Synthesis 
	Treatment 
	Behavioral Tests 
	Elevated Plus Maze Test 
	Computerized Open Field Test 
	Marble Burying Test 

	Serum Corticosterone, Luteinizing Hormone and Total Protein Concentration Measurement 
	Ex Vivo Superfusion 
	Statistical Analysis 

	Results 
	Behavioral Tests 
	Elevated Plus Maze 
	Computerized Open Field Test 
	Marble Burying Test 

	Serum Corticosterone, LH and Total Protein 
	Ex Vivo Superfusion 

	Discussion 
	
	
	References

