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The Role of Kiss1 Neurons As
Integrators of Endocrine, Metabolic,
and Environmental Factors in the
Hypothalamic-Pituitary-Gonadal Axis

Shel-Hwa Yeo and William H. Colledge*

Reproductive Physiology Group, Department of Physiology, Developoment and Neuroscience, University of Cambridge,
Cambridge, United Kingdom

Kisspeptin-GPR54 signaling in the hypothalamus is required for reproduction and fer-
tility in mammals. Kiss7 neurons are key regulators of gonadotropin-releasing hormone
(GnRH) release and modulation of the hypothalamic—pituitary—gonadal (HPG) axis.
Arcuate Kiss1 neurons project to GnRH nerve terminals in the median eminence, orches-
trating the pulsatile secretion of luteinizing hormone (LH) through the intricate interaction
between GnRH pulse frequency and the pituitary gonadotrophs. Arcuate Kiss7 neurons,
also known as KNDy neurons in rodents and ruminants because of their co-expression
of neurokinin B and dynorphin represent an ideal hub to receive afferent inputs from
other brain regions in response to physiological and environmental changes, which can
regulate the HPG axis. This review will focus on studies performed primarily in rodent
and ruminant species to explore potential afferent inputs to Kiss7 neurons with emphasis
on the arcuate region but also considering the rostral periventricular region of the third
ventricle (RP3V). Specifically, we will discuss how these inputs can be modulated by
hormonal, metabolic, and environmental factors to control gonadotropin secretion and
fertility. We also summarize the methods and techniques that can be used to study
functional inputs into Kiss7 neurons.

Keywords: Kiss1, hypothalamus, arcuate nucleus, gonadotropin-releasing hormone, neural afferents, luteinizing
hormone

INTRODUCTION

Kisspeptin, encoded by the KissI gene, was initially proposed as a suppressor of metastasis, but its
precise role in this process remains elusive (1, 2). Expression of the KISSI gene and the gene encod-
ing its cognate receptor, the G-protein coupled receptor 54 (GPR54, also called KISSIR) has been
detected in the brain and peripheral tissues, including the pancreas, liver, small intestine, pituitary,
and placenta (1, 3, 4). Two seminal studies in 2003 defined a physiological role for kisspeptin by
showing that inactivating mutations of the GPR54 gene are associated with hypogonadotropic hypo-
gonadism in humans and mice (5, 6). Kisspeptin signaling was thus identified as one of the critical
regulators for both puberty onset and maintenance of normal reproductive functions in mammals
(7, 8). Kisspeptin exerts its effects on the hypothalamic-pituitary-gonadal (HPG) axis, by acting as
a neuropeptide essential for stimulation of gonadotropin-releasing hormone (GnRH) neurons in
the hypothalamus (9-13). Subsequently, kisspeptin signaling has also been implicated in regulating
glucose homeostasis and body weight control (14, 15).

This review focuses mainly on how KissI neurons in the arcuate region of the hypothalamus
(Kiss1#R) act as sensors to relay information about hormonal and nutritional status and environ-
mental changes to GnRH neurons to regulate the secretion of the gonadotropins critical to sustain
fertility (Table 1). It is important to decipher the upstream networks that connect to KissI4*¢
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TABLE 1 | Summary of neuropeptides or hormones that interact with Kiss7 neurons.

Candidates

Anatomical evidence to
ARC or Kiss1 neurons

ICV or electrophysiology studies

Receptors
expressed in
Kiss1 neurons

Physiological relevance

Agouti-related
peptide/neuropeptide
Y (AgRP/NPY)

AgRP neurons formed synaptic

connections with Kiss74%¢
neurons (mice) (135)

Channel rhodopsin-assisted mapping indicated AgRP
neurons formed inhibitory synaptic connections with
Kiss 147¢ neurons (mice) (135)

Npy1r, Npy2r
and Npybr (82)

Chemogenetic activation
of AgRP neurons inhibited
fertility in vivo (135)

Arginine vasopressin
(AVP)

AVP-immunoreactive fibers in

close apposition with Kiss 173"

neurons (hamsters) (32)

AVP-stimulated Kiss 777 neurons (105)

AvpTrin Kiss 177
neurons (32, 105)

Circadian AVP signaling
on Kiss 1% neurons is
facilitated by estrogen
during LH surge (32, 105)

Corticotropin-
releasing hormone
(CRH)

Close appositions of CRH-

immunoreactive fibers and Kiss7

neurons (125)

1. Central administration of CRH suppressed LH
secretion in rats (117).

2. CRH stimulated LH and increased GnRH pulse
amplitude in sheep (118, 119)

CRHR (125)

Possible regulator of GnRH
secretion in stress-induced
reproductive disorders

Dynorphin (DYN) DYN-immunoreactive fibers in ICV injection of dynorphin in adult male rats Oprk1 or KOR Inhibitory
close apposition with Kiss 147¢ suppressed LH secretion (71) (9, 59, 73)
neurons (rats and sheep)
(171,172)
Ghrelin 1. ICV administration inhibited LH secretion (rats and Ghsr or GHSR1A Inhibitory
sheep) (143, 144). (147)
2. Ghrelin acts on a subset of Kiss 747 neurons and
estradiol increases the sensitivity of these neurons to
ghrelin signals (mice) (147)
Leptin ICV leptin treatment to fasted adult rats increased LH ~ Lepr (83, 141) Kiss1 neurons are indirect

pulse frequency, amplitude, and mean levels (140)

target of leptin during
puberty onset (142)

Neurokinin B (NKB)

NKB-immunoreactive fibers in
close apposition with Kiss 747¢

neurons (rats and sheep) (65, 172)

NKB increased action potential firing of Kiss 147¢
neurons via activation of NK3R (57-59)

NK1 tachykinin
receptor (NK1R),
NK2R and NK3R (58)

Stimulatory

Pituitary adenylate Channel rhodopsin-assisted 1. ICV administered PACAP depressed plasma LH Adcyapri Critical for ovulatory cycling
cyclase-activating mapping indicated PACAP amplitude and pulse frequency in gonadectomized (81, 82) and fertility in females, acts
peptide (PACAP) neurons from the PMV synapses ewes (75). as permissive role for leptin
onto Kiss7 neurons (mice) (81) 2. PACAP elevated the plasma LH levels in male or nutritional regulation of
rats (76). reproductive function (81)
3. PMV PACAP neurons formed stimulatory synapses
with Kiss1 neurons (mice) (81)
Proopiomelanocortin/  Appositions between a-MSH Central alpha-MSH can stimulate or inhibit LH MC4R (134) Kiss 147¢ neurons relay
Cocaine- and fibers and Kiss 14%¢ neurons secretion in rats (129, 130) the stimulatory effects of
amphetamine- (rats and sheep) (131, 134) melanocortin signaling onto
regulated transcript the reproductive axis during
puberty (134)
Relaxin-3 Dense relaxin-3-immunoreactive  ICV administration of human relaxin-3 in adult male Rxfp 1 (82) Stimulatory
fibers projecting to the ARC rats stimulated LH secretion (102)
(mice) (103)
RFamide-related RFRP-3-immunoreactive fibers 1. ICV RFRP-8 injection inhibits LH secretion in rats Gpr147 or Npffr1 Primary central target
peptide-3 (RFRP-3) contacted Kiss7 neurons (91, 92), whereas it had no effects (97) in ewes. (83, 90) for the inhibitory action

(mice and rats) (33, 90)

2. Stimulates LH secretion in male hamsters (94, 95),
but inhibits LH release in females (87, 93)

of melatonin signal on
reproductive function (98)

Somatostatin (SST)

Appositions between SST-

immunoreactive fibers and Kiss7

neurons (sheep) (85)

Inhibits episodic LH secretion during anestrus in
sheep (84).

Sstr1, 2, 3, and 5 (82)

Inhibitory

Substance P (SP)

SP-immunoreactive fibers in
close apposition with Kiss 7147¢
neurons (monkey) (70)

1. ICV administration of SP showed increased LH
release (67).
2. SP activates Kiss 14%¢ neurons (58)

Tacr1 or NK1R (68)

Stimulatory; critical in
sustaining reproductive
capabilities in female mice (66)

Italic fonts indlicated receptor gene expression identified by in situ hybridization or single cell reverse-transcription PCR. Receptors detected by immunostaining or pharmacological
blockade were written in capital letters. ICV, intracerebroventricular; LH, luteinizing hormone; PMV, ventral premamillary nucleus of the hypothalamus; NK1, 2, and 3R, neurokinin-1-3
receptor; Sstr 1, 2, 3, and 5, somatostatin receptor 1, 2, 3, and 5; Gpr147, G protein-coupled receptor 147; Rxfp 1, relaxin/insulin like family peptide receptor 1; MC4R,
melanocortin 4 receptor; Lepr, leptin receptor; Adcyap1r1, adenylate-cyclase-activating polypeptide 1 receptor 1; CRHR, corticotropin releasing hormone receptor; Npy1r, Npy2r,
and Npybr, neuropeptide Y receptor Y1, 2, and 5; Ghsr or GHSR1A, growth hormone secretagogue receptor type 1a; Npffr1, neuropeptide FF receptor 1, Oprk1 or KOR, opioid
receptor, kappa 1, Tacr1, tachykinin receptor 1.
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neurons, as this information will improve our understanding of
how different cues can be integrated into the HPG axis, comple-
menting the homeostatic regulation of reproductive function and
maintaining fertility. Infertility is a global health issue affecting
a significant proportion of humanity and is estimated to affect
8-12% of couples worldwide (16, 17). Given that kisspeptin has
been successfully used in patients with hypothalamic amenor-
rhea (18, 19) as well as those with an absence of neurokinin B
(NKB) signaling (20), insights into these central pathways will aid
in the manipulation of kisspeptin signaling that may be used in
the treatment of infertility and reproductive disorders.

THE ROLE OF Kiss1 NEURONS IN
THE INTEGRATION OF ENDOCRINE
RESPONSES

In mammals, there are two main populations of neurons in the
hypothalamus that synthesize kisspeptin. The first is located in
the preoptic area (POA) of sheep and monkeys (21-23), or the
rostral periventricular region of the third ventricle (RP3V) in
rodents (24, 25), hereafter, termed KissI**". KissI**3V neurons
show a clear sexual dimorphism with greater numbers present
in females (26) where they control the GnRH/LH surge that trig-
gers ovulation (27). The KissI***¥ neurons express both estrogen
receptor alpha (ERa) and progesterone receptor (27). Activation
of KissI1®**V neurons by estradiol is essential for the positive feed-
back action of estrogen on the HPG axis and is associated with
increased KissI mRNA expression (28). This is dependent on ERx
because the increased firing of KissI**" neurons in response to
estradiol is absent in ERa knockout mice (29-31). Peptides such
as arginine vasopressin (AVP) (32) and gonadotropin-inhibitory
hormone (GnIH) (33) also regulate KissI®**¥ neurons. Kiss1**V
neurons have been shown to co-express dopamine and galanin
(34, 35). Neuroanatomical tracing using a recombinant adenovi-
rus encoding farnesylated enhanced green fluorescent protein
(EGFP) to facilitate the labeling of KissI neural axons revealed
projection of KissI®>V neurons to GnRH neuronal soma and
proximal dendrites within the POA (36). The Kiss1**Y neurons
also project to the arcuate nucleus (ARC) and to the distal den-
drites of GnRH neurons, suggesting that KissI*?" and KissI4*¢
communicate with each other to synchronize or coordinate LH
secretion (36).

A second population of KissI neurons, which are less well char-
acterized, is found in the ARC region of the brain (also called the
infundibular nucleus in humans and primates) (10, 21, 37, 38). In
rodents, sheep, and goats, these neurons have been shown to co-
express other neuropeptides such as NKB and dynorphin (DYN),
and this has led to KissI**“ neurons being termed KNDy neurons
(39-41). In KNDy neurons, estrogen suppresses KissI expression
via ERat (28), and embryonic deletion of Esr1 specifically in Kiss1
neurons, advances puberty onset in association with significantly
elevated LH levels (26, 42). KissI**¢ neurons innervate the distal
dendrons (a term describing a single projection structure that
functions simultaneously as an axon and dendrite) (43) of GnRH
neurons. Changes in KissI**“ neuron number, morphology, and
connectivity with GnRH neurons have been detected across
developmental stages (44-48).

THE ROLE OF Kiss147¢ NEURONS IN
NEUROPEPTIDE INTEGRATION

Optogenetic stimulation of KissI#*® neurons in vivo has shown
an important role for these neurons in orchestrating pulsatile
GnRH/LH secretion (49). Since then, the mechanism by which
Kiss1**¢ neurons contribute to the GnRH pulse generator has
been studied. Navarro and colleagues proposed a model where
KissI#%¢ neurons are interconnected and use the co-expressed
neuropeptides NKB and DYN (39) to form a synchronized
network sending a rhythmic stimulatory signal to the GnRH
neurons, thus generating pulsatile gonadotropin secretion.
Interestingly, optogenetic inhibition of Kiss1*“ neurons revealed
that the middle or caudal KissI** neurons are responsible for
pulsatile LH secretion whereas inhibition of rostral ARC failed
to suppress LH release (50). The ARC population has been
revealed to have higher number of KissI cells compared to the
RP3V region (51, 52), and they may be heterogeneous in terms of
firing pattern or ion channel distribution, and possibly receptor
expression (53, 54). All in all, we are beginning to appreciate the
complexity of the KissI**“ neurons in terms of their morphology,
functional heterogeneity, different projection areas, and afferent
inputs.

Central administration of various classical neurotransmitters
and neuropeptides has been found to alter LH secretion through
a GnRH neuron-dependent pathway (55). Given that KissI4*¢
neurons are upstream regulator of GnRH neurons, this indicates
that Kiss1#*¢ neurons may possibly receive signals from a variety
of neuropeptides and neuromodulators, which modulate GnRH/
LH secretion by interacting with receptors located on kisspeptin
neuron cell bodies, dendrites, and terminals. Another way to
evaluate upstream signals to KissI neurons is to use electrophysi-
ological recordings after neuropeptide stimulation in brain slice
preparations and selective pharmacological inhibition of these
responses. This approach was taken to show that KissI neurons
can respond directly to NKB, DYN (56-58), and substance P (SP)
(58). Once an initial firing response is identified, the next step
is to undertake intracerebral injection or intracerebroventricular
(ICV) infusion of the neuropeptide or antagonist in vivo to assess
the corresponding physiological effects.

There is good evidence regarding the effects of the tachykinin
NKB on KissI#*¢ neurons and subsequent LH release. KissI4k¢
neurons are depolarized and increase action potential firing upon
activation of NK3R, the membrane receptor for NKB (57-59).
In rodents, the full excitatory effect of NKB on KissI4%¢ neuron
firing requires the activation of all three tachykinin receptor
subtypes [NK1 tachykinin receptor (NK1R), NK2R and NK3R],
which may all be expressed in these neurons (58). Activation of
NK3R, with the agonist senktide, has been used in several studies
to probe the effects of NKB on LH release in rodents (39, 60-62).
The mechanisms of KissI*f® NKB signaling may vary between
species as pulsatile LH release is sensitive to NK3R blockade
alone in sheep (63), while in rodents, it requires blockade of
all three tachykinin receptors with no effect with blockade of
NK3R alone (64). The theory of a synchronized KNDy network
as the pulse generator may be plausible; however, it is not clear
whether these reciprocal KNDy-KNDy connections (65) derive

Frontiers in Endocrinology | www.frontiersin.org

April 2018 | Volume 9 | Article 188


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive

Yeo and Colledge

Modulation of Inputs to Kiss7 Neurons

from axon collaterals within a single neuron or connections from
neighboring KNDy cells, or inputs from a segregated subset of
KNDy neurons.

Substance P (SP) encoded by the Tacl gene, is another
tachykinin, which can also influence reproduction. Female Tacl
knockout mice display delayed puberty (66). Early studies with
ovariectomized and estrogen-primed rats treated with intrave-
nous or ICV administration of SP showed increased LH release
(67). SP acts via the NKIR, and gonadotropin stimulation is
blocked in the absence of kisspeptin (68). Moreover, SP activates
Kiss1#R¢ neurons (58) and approximately half of the KissI#*¢
neurons express gene encoding the SP receptor (NKI1R) (68).
These findings support a role for SP acting via KissI*“ neurons
to stimulate GnRH release and its critical role in sustaining
reproductive capabilities in female mice. In rodents, populations
of substance P cells were found in the ventromedial nucleus of
the hypothalamus (VMH) (68, 69). One study reported SP fibers
projection to the ARC, and they were in close apposition with
KissI**¢ neurons in male juvenile monkey (70). Majority of the
SP cells were found in the premammillary nucleus, sparse SP cells
were also observed in the ARC of the monkey.

Another substance that has been identified as an inhibitor of
gonadotropin secretion is DYN (71), which belongs to the family
of endogenous opioid peptides and is considered to mediate the
negative feedback effects of progesterone on LH secretion (72). It
has been reported that DYN exerts its inhibitory effects through
Kiss1 neurons (41) and the theory of DYN’s inhibitory effect
on the GnRH pulse generator has emerged. More than 90% of
KissI**¢ neurons in the ewe express kappa opioid receptor (KOR)
(73); whereas a lower percentage of KOR was revealed by in situ
hybridization (39, 74) and single-cell reverse transcription-PCR
studies (59). It is hypothesized that DYN may inhibit GnRH pulse
frequency by binding to postsynaptic KOR in Kiss1#* neurons.
Further elucidation of the mechanism underlying DYN/KOR-
dependent GnRH pulse generator suppression is yet to be proven.

The role of pituitary adenylate cyclase-activating peptide
(PACAP) in puberty has been shown in several recent studies. In
ovariectomized ewes, ICV administration of PACAP depressed
plasma LH amplitude and pulse frequency (75). In contrast,
intravenous infusion of PACAP elevated the plasma LH levels
in male rats (76). Knockout of the PACAP gene (Adcyapl) is
partially lethal (C57Bl/6] genetic background) as the majority of
PACAP-deficient mice died at around 3 weeks of age (77) from
dysfunction of lipid and carbohydrate metabolism (78). Surviving
PACAP-deficient female mice exhibited reduced fertility, with no
obvious defects in the length of estrus cycles but their mating
frequency was significantly reduced (79). Abundant expression
of Adcyap]1 is found in the ventral premammillary nucleus of the
hypothalamus (PMV) and the VMH, both regions known to be
involved in leptin-related control of puberty and fertility (80, 81).
Despite the presence of leptin receptor (LepR) in KissI#%“ neurons
(82), the main site of leptin’s action to regulate reproduction is
through cells in the PMV (83). Recently, channel rhodopsin-
assisted circuit mapping revealed that the PMV PACAP neurons
form direct monosynaptic contact with both Kiss1#*and Kiss 1?3
neurons, which express the PACAP receptor (81). Furthermore,
calcium-imaging experiments provided intriguing insights that

PACAP exerts direct stimulatory effect exclusively on caudal
Kiss1#R¢ neurons.

The peptide hormone somatostatin (SST), acting through the
SSTR2 receptor, inhibits episodic LH secretion possibly via the
mediobasal hypothalamus (MBH) during anestrus in sheep (84).
Recently, Dufourny and Lomet discovered reciprocal connec-
tions between Kissl and SST neurons in ewes (85), with most
Kiss1R¢ neurons showing SST-immunoreactive fiber appositions.
The expression of Sstr2 by KissI neurons is not yet proven but
Sstr2, 3, and 4 are expressed in GnRH neurons in mice (86). SST
neurons can be found in the periventricular area of the POA, in
the ARC and in the ventrolateral area of the VMH. The functional
relevance of Kiss1 appositions on SST neurons remains to be veri-
fied since GPR54 has not yet been identified in SST neurons.

The RFamide-related peptide-3 (RFRP-3) is a mammalian
analog of avian GnIH, found primarily in the dorsomedial nucleus
of the hypothalamus (DMH) and adjacent structures (87, 88).
This peptide inhibits LH secretion by suppressing GnRH secre-
tion (89). Anatomical studies showed that about 20% of KissI1*3"
neurons from proestrus female mice were contacted by RFRP-3
fibers, and only a small fraction of the KissI*?" neurons expressed
Gpr147, one of the receptors for RFRP-3 (33). Similarly, 35% of
Kiss1#R¢ neurons receive RERP fiber contacts, with approximately
25% expressed Gpri47 (90). Even though RFRP-3 is considered
an inhibitor of gonadotropin secretion in rats (91, 92) and female
hamsters (87, 93), it is able to stimulate the gonadotropic axis in
male Syrian and Siberian hamsters. RERP-3's stimulatory effects
on gonadotropin and testosterone production were observed in
male hamsters (94, 95). However, in the ewes, the initial inhibi-
tory effects on LH secretion (96) was contradicted by a study per-
formed by Decourt and colleagues (97), suggesting that RFRP-3
had no direct effect on LH release. Recently, RFRP-3 expressing
neurons emerged as the primary central target for the inhibitory
action of the melatonin signal after melatonin was reported have
little or no effect on KissI neurons (98). RF-amide peptides are
highly regulated by the melatonin-driven thyroid-stimulating
hormone (TSH), which are critical for the control of seasonal
breeding (99).

The neuropeptide oxytocin, which is involved in social bond-
ing and sexual reproduction may also interact with KissI neurons.
Central kisspeptin excitation of oxytocin neurons occurs in late
pregnancy, and this excitation is likely to be mediated by a sub-
population of KissI**" projecting to the supraoptic nucleus (100).
In contrast, the effect of oxytocin on KissI4%® neurons is unclear.
One study revealed that intranasally applied oxytocin reaches
the brain and oxytocin treatment at its highest dose increased
the level of KissI and NKB mRNA in the anterior hypothalamus
of female rats by approximately 400%, but KissI expression was
unaffected by the lower doses of oxytocin. Also, elevated Gnrh
mRNA expression following intranasally applied oxytocin was
observed but the plasma LH concentration remained normal
(101). Kiss1 neurons have not been shown to express the oxytocin
receptor; hence, the direct impact of oxytocin on KissI neurons
within the anterior hypothalamus has yet to be confirmed.

McGowan and colleagues discovered a novel role for the neu-
ropeptide relaxin-3 in the stimulation of the HPG axis via hypo-
thalamic GnRH neurons (102), suggesting that this peptide may

Frontiers in Endocrinology | www.frontiersin.org

April 2018 | Volume 9 | Article 188


https://www.frontiersin.org/Endocrinology/
https://www.frontiersin.org
https://www.frontiersin.org/Endocrinology/archive

Yeo and Colledge

Modulation of Inputs to Kiss7 Neurons

play a role in coordinating feeding and reproductive responses in
response to alterations in energy balance. ICV administration of
human relaxin-3 (H3) in adult male rats significantly increased
plasma LH and the effect was blocked by pretreatment with a
peripheral GnRH antagonist. H3 stimulated the release of GnRH
from hypothalamic explants and GT1-7 cells, which express
relaxin/insulin like family peptide receptor 1 and 3 (RXFP1 and
RXFP3). Immunohistochemical labeling of relaxin-3-expressing
neurons in male rats indicated dense relaxin-3-immunoreactive
fibers projecting to the ARC. These relaxin-3-expressing cells
were derived from the nucleus incertus, pontine raphe nucleus,
periaqueductal gray, and the dorsal area to the substantia nigra
detected by in situ hybridization (103). Further studies are
required to define the physiological importance of relaxin-3 in
the regulation of reproduction, and the possible interaction with
Kiss14%¢ neurons.

Kiss1 NEURONS AND THE INTEGRATION
OF ENVIRONMENTAL CUES

Many of the studies investigating Kiss1*?" regulation have focused
on factors that coordinate the LH surge with environmental cues,
such as circadian inputs. Vasopressin (AVP) neurons from the
suprachiasmatic nucleus (SCN) are the key SCN neurons regu-
lating KissI*3V via the V1a receptor and AVP-immunoreactive
fibers project to KissI®>" neurons (32). Vasopressin signaling
is critically dependent on estrogen, in the presence of which
vasopressin exerts a potent and direct stimulatory influence upon
most Kiss1®3V neurons (104, 105). Interestingly, estrogen permits
circadian AVP signaling at KissI*?" neurons without changes of
AVP receptor signaling throughout the estrus cycle (105).
Seasonal breeders use photoperiod or day length as the pri-
mary environmental cue to time reproduction (106), ensuring
birth occurs when environmental conditions favor the energetic
demands of lactation and survival of offspring. The circulating
levels of melatonin synchronize reproduction with photoperiod
in these animals (98). These seasonal variations in reproduction
are the direct result of changes in the neural network, specifically
in (i) upstream neurons sensing the melatonin secretion from
the pineal gland in response to photoperiod; (ii) neurons in
the hypothalamus regulating GnRH and LH secretion (107).
Ewes are short day breeders and remain in anestrus in long day
conditions. Conversely, hamsters are long-day breeders (98).
Both steroid-dependent and steroid-independent inhibition
of gonadotropin secretion corresponding to photoperiod was
demonstrated in sheep, Syrian and Siberian hamsters (108, 109).
While KissI#*¢ neurons are the central site for the negative steroid
feedback occurring in the breeding season, Kissl expression is
also inhibited by the short day melatonin signal (94, 110, 111). In
the ewe, long days activate glutamatergic neurons that innervate
A15 dopaminergic neurons in the retrochiasmatic area (112).
Dopamine released from these neurons inhibits KissI**“ neuron
activity, thus inhibiting GnRH/LH secretion and inducing infer-
tility (113). In Syrian hamsters, long days stimulate the release of
RFRP-3-expressing neurons in the DMH (114), which increases
the activity of KissI** neurons. It is hypothesized that the

increase in kisspeptin then stimulates GnRH secretion, causing
testicular recrudescence and the resulting testosterone elevation
stimulates Kiss1®*¥ neurons (94). Conversely, kisspeptin appears
to play no role in mediating the effects of photoperiod in male
Siberian hamsters (115).

The hypothalamic paraventricular nucleus (PVN) contains a
prominent population of corticotrophin-releasing factor (CRF)
neurons, which regulate the hypothalamic-pituitary-adrenal
axis (116). The role of PVN CREF in the control of LH secretion,
however, is controversial even though it is known that stress
responses can affect fertility. Central administration of CRH sup-
pressed LH secretion in rats (117), whereas this is not the case
in sheep (118, 119). Evidence of synaptic connections between
CRF and GnRH neurons in the medial POA of rats (120) and
the MBH of humans (121) indicate direct functional connection
between CRF and GnRH neurons. Nevertheless, tract-tracing
studies failed to find any CRF neurons projecting from the PVN
to the POA where most GnRH neural soma are found in the rat
(122). Stress-induced elevated CRF mRNA expression within the
PVN did not correlate to LH pulse suppression (123) and finally,
PVN lesions failed to interfere with the inhibitory effect of stress
on LH release in rats (124). This suggests that CRF may act on
one of the regulators of GnRH neurons rather than directly on
GnRH neurons. Indeed, double-labeling immunohistochemistry
revealed that most KissI1*"and Kiss1#*“ neurons in the female rat
hypothalamus expressed the CRF receptor, CRHR. Close apposi-
tions of CRH-immunoreactive fibers on some of the Kiss**" and
KissI**¢ neurons have been reported (125).

METABOLIC INTEGRATION VIA Kiss14R¢
NEURONS

Reproduction is normally coordinated with nutritional status to
ensure that pregnancy, parturition, and lactation occur during
periods of ample food to maximize the survival of the individual
and their offspring (126). One way in which this is coordinated
is via the anorexigenic and orexigenic actions of proopiomelano-
cortin (POMC) and agouti-related peptide (AgRP) neurons,
respectively within the ARC on KissI4% neurons. POMC and
AgRP neurons are the first-order sensors of peripheral meta-
bolic signals, such as the leptin and insulin to maintain energy
homeostasis. The adipose tissue-derived hormone, leptin and
stomach-derived ghrelin have also been implicated to exert
effects on Kiss1#*¢ neurons.

Alpha-Melanocyte-Stimulating (x-MSH)
Hormone From POMC Neurons During
Puberty

The role of a-MSH in the control of gonadotropin secretion in
adults has been tested pharmacologically (127) and direct effects
of a-MSH on GnRH neurons has been shown in adult mice (128).
Central alpha-MSH can stimulate or inhibit LH secretion in rats
depending on the hormonal milieu (129, 130). Pomc and Kissl
neurons appear to make mutual contacts in the adult ovine brain,
a-MSH enhances Kiss] mRNA levels in the POA of sheep and
decreases Kiss1 expression in the ARC. Kisspeptin has been shown
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to inhibit Pomc gene expression in the ARC of the sheep (131),
while ARC POMC neurons displayed increased firing after kiss-
peptin stimulation in mice (132). The cocaine- and amphetamine-
regulated transcript (CART), another neuropeptide co-expressed
in most POMC neurons can directly stimulate KissI** neurons
in female mice (133), implying a possible functional connectivity
between POMC and KissI**® neurons. Manfredi-Lozano and
teammates (134) performed a comprehensive pharmacogenetic
and optogenetic approaches where using expression analyses,
electrophysiological recordings, and a chemogenetic approach to
pinpoint the physiological role of leptin acting via an a-MSH-
kisspeptin pathway in the metabolic regulation of puberty. Kiss14%¢
neurons appear to transmit the stimulatory effects of melanocor-
tin signaling onto the reproductive axis during puberty based on
these data: (1) presence of appositions between a-MSH fibers and
Kiss1**¢ neuronal cell bodies of pubertal female rats; (2) reduc-
tion of Kiss] mRNA expression in the ARC of pubertal females
subjected to chronic inhibition of melanocortin 3 and 4 receptors
(MC3/4R); (3) significant attenuation of LH responses to a-MSH
in mice with congenital inactivation of Gpr54; and, importantly,
(4) reduced LH responses to a-MSH following chemogenetic
inhibition of Kiss14*¢ neurons.

Gamma-Aminobutyric Acid (GABA)
From AgRP Neurons During Metabolic

Deficiency

A seminal study by Padilla and colleagues indicated that AgRP-
expressing neurons are activated during starvation and are
involved in leptin-associated infertility during negative energy
state (135). Using AgRP-neuron ablation and optogenetic strate-
gies, they discovered inhibitory synaptic connections of AgRP
neurons with neighboring Kiss1#*“ neurons and rostral Kiss1**V
neurons. The activated AgRP neurons release GABA, which has
direct inhibitory actions on Kiss1#*“ neurons. In agreement with
this, KissI**“ neurons received less pre-synaptic inhibition in the
absence of AgRP neurons after neonatal toxin-induced ablation.
Chemogenetic activation of AgRP neurons as means of enhancing
the activity of AgRP neurons over a sustained period is sufficient to
perturb fertility in vivo. As a result, the animals exhibited delayed
estrus cycles and decreased fertility (135). Interestingly, a direct,
GABA-mediated connection between AgRP and GnRH neurons
was not observed in this particular study despite the evidence
that GnRH neurons are sensitive to a melanocortin agonist (136)
and expressed NPY Y1 and Y5 (NPY1R and NPY5R) receptors
(137). These findings confirmed that AgRP signaling contributes
to infertility by inhibiting KissI during metabolic deficiency.

Leptin and Ghrelin

Leptin deficiency is associated with suppressed KissI expression
in rodents and sheep, while leptin administration has been shown
to increase Kissl expression (131, 138, 139) as well as elevating
LH pulse frequency, amplitude, and mean levels (140). Although
KissI4% neurons express the LepR, only a small fraction of Kiss14¢
neurons are responsive to leptin (141) and deletion of LepRs from
Kiss1 neurons resulted in no puberty or fertility deficits (83).
To eliminate the possibility of developmental adaptations and

system redundancies, the LepR was selectively re-expressed in
Kiss1 neurons of Lepr-null mice. These mice showed no pubertal
development and no improvement of the metabolic phenotype:
they remained obese, diabetic, and infertile (142). These findings
clearly demonstrate that Kiss neurons are not the direct target of
leptin during puberty onset. Cravo and colleagues also confirmed
that leptin signaling in KissI neurons occurs only after comple-
tion of sexual development (142).

In addition to its undisputed role in the regulation of metabo-
lism and energy balance, increasing evidence shows that ghrelin
can influence fertility. Studies conducted in several species,
including rats, sheep, and humans, indicate that ghrelin adminis-
tration suppresses gonadotropin secretion (143-145). The ghrelin
receptor, GHSR1a (growth hormone secretagogue receptor) is
present in several hypothalamic regions, including those known
to be involved in the control of the reproductive function, indicat-
ing that this hormone can interact directly with hypothalamic
neurons (146). Work by Frazao and colleagues (147) confirmed
that ghrelin interacts directly with a subpopulation of KissI*k¢
neurons to modulate their activity and that exposure to estradiol
increases the sensitivity of these neurons to ghrelin signals. The
effects of ghrelin varies according to the estrogen milieu, as it
exerts a more pronounced orexigenic effect in ovariectomized
female rats and diestrus females when estrogen levels are low.
Males with estradiol treatment are resistant to the stimulatory
effects of ghrelin on food intake (148). The physiological rel-
evance of ghrelin effects on KissI#*“ neurons in food intake and
metabolic regulation requires further investigation.

EXPERIMENTAL APPROACHES FOR
INVESTIGATING FUNCTIONAL INPUTS
TO Kiss1/"¢ NEURONS

Recently, methodological advances have allowed us to gain
significant insights into upstream signals that converge on
Kiss1 neurons to modulate the reproductive axis. One approach
has been to use of single cell RNA sequencing (scRNA-seq) to
identify the gene expression profile of KissI neurons and thereby
identify the repertoire of surface receptor that may mediate
physiological responses (82, 149). This approach provides the
most direct and unbiased method to define a cell type based on
its transcriptional profile, which can provide additional insights
into connectivity and function (150, 151). Two groups recently
carried out single cell analysis of neurons from the hypothalamus
or the ARC that included Kiss14*¢ neurons (82, 149). Results from
these studies provide extensive information about the neuropep-
tides, neurotransmitters, and receptors co-expressed in KissI4k¢
neurons, facilitating the assessment of crosstalk among different
neuropeptide signals within the same cell.

Both scRNA-seq studies revealed high expression of Slc17a6,
which encodes a vesicular glutamate transporter and Tac2 (NKB)
in KissI*%¢ cells. In parallel, with previous data from electrophysi-
ology, in situ hybridization and immunohistochemistry studies,
Kiss1R¢ neurons have been shown to express the NK3R (Tacr3),
estrogen receptor 1 (EsrI), receptors for progesterone, prolactin,
ghrelin, and the neuropeptide FF receptor 1 (27, 28, 74, 147, 152,
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153). In addition, the nociceptin receptor (OpriI), melanocortin
receptors (Mch3r and Mch4r), NPY receptors (NpyIr, Npy2r and
Npy5r), thyrotropin-releasing hormone receptor (Trhr), and insu-
lin receptor substrate 4 (Irs4); are among the receptors that were
identified in the KissI*% single cells at low levels (149). These data
suggest that KissI**“ neurons may receive afferent inputs from
neurons involved in nociception, energy homeostasis, insulin
signaling, and TSH secretion. Interestingly, given that Kiss14%¢
single cells express four SST receptor subtypes (Sstr1, 2, 3, and 5),
the PACAP (Adcyaplrl), oxytocin (Oxtr), and RXFP1 (Rxfp 1)
receptors (149), this information suggests a possible link between
functional relevance of SST, PACAP, oxytocin, relaxin, and repro-
duction regulation via KissI*® neurons, at least in females.

One limitation of the scRNA-seq studies is that the experi-
ments are often designed to generate gene expression profiles
without appropriate considerations of neuroendocrine criteria.
Cell samples may be pooled from several animals, combining
males and females, and for female samples; the stage of the estrus
cycle may not be considered. Nevertheless, these data are still
valid as preliminary information about the range of receptors
expressed in the KissI**¢ neural population. Specific scRNA-seq
studies are necessary to further characterize the heterogeneity of
the KissI1R¢ neurons.

Another approach to investigate functional inputs to Kiss14*¢
neurons is to use powerful genetic methods in transgenic mice.
The development of transgenic mouse lines with deletion of
specific receptors in KissI neurons is a great tool in addressing
the physiological relevance of these receptors. For example, mice
have been generated in which the Esrl gene has been ablated
in KissI neurons via a CRE-mediated recombination event (51),
and these mice have defined the importance of sex steroid signal-
ing in KissI neurons. Acute ablation of a gene from the earliest
developmental time point, however, can sometimes be associated
with compensatory changes in gene expression that can mask
the effect of the gene disruption (154). If this occurs, a better
alternative is to create a mouse model with inducible gene dis-
ruption to delineate the time windows in which gene inactivation
is critical for the functional manifestation of a particular effect
(155). Furthermore, varying the onset of gene manipulation at
different time points and combining genetic manipulation with
pharmacological or behavioral interventions will help to clarify
gene-environment interactions that are crucial for the develop-
ment or maintenance of reproductive phenotypes. The CRISPR/
Cas9-based genome-editing tool implemented in mammalian
cells has revolutionized gene-editing techniques (156). While this
technique has generated huge impact on in vitro studies, progress
is being made to also apply it in vivo. The combination of adeno-
associated virus (AAV) and CRISPR/Cas9 system may be par-
ticularly useful in the future for editing reproductive-associated
genes given that encouraging results have been obtained with
the next-generation synthetic AAV capsids in several transgenic
mouse models (157, 158).

A main objective in deciphering the neural circuitry is to
define the synaptic inputs and outputs of specific neuronal sub-
populations in different regions. Mapping the network of KissI
neuronal inputs and outputs using a combination of molecular
genetics and viral tract tracing techniques to provide both

anatomical and functional circuit information is crucial. Until
recently, the input-output relationships have been mapped using
neuroanatomical tracers to reveal connections between regions
(159). Classical tracers, such as biotin-dextran amine, fluorescent
latex microspheres, fluorescent cholera toxin conjugates, or
phaseolus vulgaris-leucoagglutinin, have provided very useful
information to trace fibers in anterograde and retrograde direc-
tions, depending on the type of tracer applied (65, 160, 161), but
they reveal only the axonal projections, not synaptic connections,
and can be difficult to genetically target to specific neuronal
types. Trans-synaptic tracing using retrograde viruses such as
pseudorabies virus (PRV) is useful in revealing the brain regions
forming synaptic connectivity with KissI**“ neurons (162), but
this technique is only limited to rodents. The PRV is contagious
to domestic mammals as it causes Aujeszsky disease in cattle and
swines. However, the major drawback of this technique is that the
PRV crosses multiple synapses, making it difficult to distinguish
the first order and higher order synaptic inputs unless the PRV is
combined with other neuronal tracers. To overcome the limita-
tions of PRV tracing, monosynaptic tracing using glycoprotein
(G)-deleted rabies virus is now a widely adopted method to
delineate brain-wide monosynaptic connectivity (163).

Intensive efforts are being made to delineate the complete
wiring diagram or connectome of the mammalian brain as a
means to better understand how neural circuits control behav-
ior. High-throughput electron microscopy has been used to
delineate microscale connectivity (164), while tracing strategies
utilizing viral tracers encoded with fluorophores have allowed
for milliscale circuit mapping (165). These studies have elegantly
dissected a number of complex circuits. However, these method-
ologies are not designed to provide molecular information about
the pre-synaptic neural populations. These shortcomings warrant
the identification of marker genes for neurons within the circuits
to enable the testing of their functional role.

While neuroanatomical methods enable high-resolution map-
ping of neural circuitry, these approaches do not allow molecular
profiling of neurons based on their connectivity. An advanced
approach for translational profiling of neurons based on con-
nectivity using viral translating ribosome affinity purification
(VIRAP) has been reported recently (166). In this approach,
CRE-dependent AAV or other retrograde viruses (rabies or canine
adenovirus) are engineered to express an EGFP-tagged ribosome
protein enabling isolation of mRNA that is being translated from
a discrete CRE-expressing neural population. Projection-specific
translational profiling is achieved by selectively precipitating
neuronal ribosomes based on connectivity. Quantitative PCR
is then used for selected target genes or high-throughput RNA
sequencing to determine the neuronal identity without the need
for detailed anatomical or electrophysiological investigation
(166). The drawback of this technique is that high-throughput
RNA sequencing on the immunoprecipitated RNA is critical and
a substantial amount of validations is required prior to selection
of appropriate marker genes for the projecting neurons.

An elegant study performed by Nectow and colleagues also
used the vTIRAP method to delineate the dorsal raphe nucleus
(DRN) circuit in regulating feeding (167). First, they used an
unbiased approach to map sites of neural activation in response
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to fasting, re-feeding, and hormonal cues, where subsets of DRN
neurons were activated. Following this, comprehensive pharma-
cogenetic and optogenetic approaches were applied to carefully
dissect the roles of DRN GABAergic neurons (DRNVE") and
glutamatergic neurons (DRNVS'VT) in modulating food intake.
Transmembrane receptors that were enriched in both DRNV&*
and DRNY"WT neurons using the vTRAP method can be used
for pharmacological screening of the ligands of these receptors.
Finally, the effects of appropriate ligands for each receptor associ-
ated with the predicted response on feeding were tested using
electrophysiological studies. This approach could also be used
to molecularly characterize how the transcriptional profile of
Kiss14R¢ neurons changes in response to physiological stimuli.

Another powerful method to identify functional inputs
into KissI neurons is to use optogenetic or chemogenetic
approaches. These involve a priori identification of the specific
pre-synaptic neural population as these methods required the
use of neuron-specific CRE-expressing animal model. Both
approaches involve the expression of non-native proteins that
can function as channels (channel rhodopsin), pumps, or
receptors in neurons. These novel proteins are sensitive only to
exogenous non-native stimuli such as light or the compound
clozapine-N-oxide (CNO). In this way, both approaches provide
an exclusive selectivity for neuronal manipulations, enabling
causal analyses of the roles of neural circuits in defined func-
tions (168). Optogenetics allows millisecond-scale temporal
accuracy in manipulating neuronal activity, which is critical
for assessing circuit or behavioral functions that emphasizes
on the rate or timing of neural activity. However, light activa-
tion of channel rhodopsin expressing neurons mainly release
fast neurotransmitters such as glutamate and GABA; whereas
neuropeptides require higher frequency and prolonged stimu-
lations to be released. These factors may have explained the
apparent lack of success for optogenetic release of neuropeptides
(169). Alternatively, designer receptors exclusively activated by
designer drugs that are sensitive to CNO and can be stimulated
by a simple systemic CNO administration can be used. The
main limitation of this approach is that their action is slow, in
the order of minutes, rendering limited application in analyzing
neural processes that rely on rate or timing of neural activity.
But, this is ideal for examining the effects of chronic stimulation
of neuronal populations.

To conclude, the plasticity or dynamics of the underlying
kisspeptin-GnRH network in different physiological conditions
is important. Relatively little is known about the role of kisspeptin
under various physiological conditions such as negative energy
state, lactation, and reproductive senescence. An excellent way
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