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Abstract
Highly sophisticated and synchronized interactions of various cells and hormonal signals are required to make organ-
isms competent for reproduction. GnRH neurons act as a common pathway for multiple cues for the onset of puberty and 
attaining reproductive function. GnRH is not directly receptive to most of the signals required for the GnRH secretion 
during the various phases of the ovarian cycle. Kisspeptin neurons of the hypothalamus convey these signals required 
for the synchronized release of the GnRH. The steroid-sensitive anteroventral periventricular nucleus (AVPV) kisspeptin 
and arcuate nucleus (ARC) KNDy neurons convey steroid feedback during the reproductive cycle necessary for GnRH 
surge and pulse, respectively. AVPV region kisspeptin neurons also communicate with nNOS synthesizing neurons and 
suprachiasmatic nucleus (SCN) neurons to coordinate the process of the ovarian cycle. Neurokinin B (NKB) and dynor-
phin play roles in the GnRH pulse stimulation and inhibition, respectively. The loss of NKB and kisspeptin function 
results in the development of neuroendocrine disorders such as hypogonadotropic hypogonadism (HH) and infertility. 
Ca2+ signaling is essential for GnRH pulse generation, which is propagated through gap junctions between astrocytes-
KNDy and KNDy-KNDy neurons. Impaired functioning of KNDy neurons could develop the characteristics associated 
with polycystic ovarian syndrome (PCOS) in rodents. Kisspeptin-increased synthesis led to excessive secretion of the LH 
associated with PCOS. This review provides the latest insights and understanding into the role of the KNDy and AVPV/
POA kisspeptin neurons in GnRH secretion and PCOS.
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Introduction

The reproductive function requires multiple central and 
peripheral cues that ensure the perpetuation of the species. 
GnRH conveys all these regulatory cues to the hypotha-
lamic-pituitary–gonadal axis (HPG axis) shown in Fig. 1. 
Episodically release of the GnRH regulates the LH secre-
tion essential for normal reproductive function [1]. The 
activity of the GnRH system is regulated by various fac-
tors that include neuronal interactions (kisspeptin, KNDy, 

nNOS, gonadotropin-inhibitory hormone (GnIH), vasoac-
tive intestinal peptide (VIP), arginine vasopressin (AVP), 
cellular interactions (astrocytes, tanycytes, and vascular 
endothelial cells), protein–ligand interactions (leptin, 
ghrelin, adiponectin), neurotransmitters (nitric oxide, 
γ-aminobutyric acid (GABA), excitatory amino acid), 
gonadal steroids, and non-peptides (dopamine, serotonin, 
epinephrine, norepinephrine, histamine) [2]. Two popula-
tions of kisspeptin synthesizing neurons are present in the 
rodent’s hypothalamus, in the ARC and AVPV region [3, 
4] that mainly project to GnRH neurons. The ARC, kiss-
peptin neurons co-express NKB, and dynorphin, therefore 
also named KNDy neurons [5, 6]. The ARC (KNDy neu-
rons) and AVPV region kisspeptin neurons act as a “GnRH 
pulse generator” and “GnRH surge generator,” respectively 
[7–11]. Bimodal release of GnRH, i.e., tonic as well surge, 
is under the control of gonadal steroids through positive 
and negative feedback mechanisms in both sexes [12, 
13]. Inactivation of the kisspeptin and NKB gene causes 
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infertility and sub-fertile phenotype in rodents, respec-
tively [14–16]. Kisspeptin is a ligand of G-protein-coupled-
receptor Kiss1R (formerly known as GPR54); mutations in 
KISS1 or KISS1R (encodes kisspeptin and KISS1 receptor) 
lead to HH in humans as well as mice [15, 17, 18]. Moreo-
ver, kisspeptin–GPR54 signaling is also crucial in control-
ling NO synthesizing neurons in the POA that play a role 
in releasing GnRH [19, 20]. Kisspeptin and NOS-containing 
neurons morphologically interact in the preoptic area [21] 
and are essential for GnRH secretion [15, 22, 23]. During 
proestrus, activation of nNOS (phosphorylation of the ser-
ine-1417) by activation of the PI3/AKT pathway is dependent 
on kisspeptin, which is essential for GnRH surge generation. 
Topalogalu et al. demonstrated that the inactivation of gene 

TAC3 (encodes NKB) or TAC3R (encodes NK3R receptor) 
results in HH and infertility in humans [24]. Inactivation of 
kisspeptin and NKB gene causes infertility and subfertile phe-
notype in rodents, respectively [14–16]. Mechanisms under-
lying the role of dynorphin in GnRH release are not clearly 
understood. KOR antagonist norbinalt-orphimine (nor-BNI) 
results in an increase in MUA volleys and the increase in 
LH pulse [25]. Cell–cell interactions are also involved in the 
structural plasticity of the GnRH neurons. A recently putative 
cellular mechanism is also proposed for the pulse generation 
by KNDy neurons involving astrocyte interplay and Ca2+ 
signal propagation through gap junction [26, 27] discussed 
later. KNDy neurons impaired functioning is associated with 
the development of PCOS-like characteristics in rodents. In 

Fig. 1   Schematic diagram for the regulation of hypothalamus-pitu-
itary–gonadal axis (HPG) in females: GnRH neurons are present in 
the brain’s preoptic and ventral areas. These neuron processes extend 
to the median eminence (ME), where the GnRH is released into a 
hypophyseal portal blood vessel. In the hypothalamus, multiple neu-
ronal populations affect the release of the GnRH. Kisspeptin neurons 
interact with the GnRH neurons in the POA. KNDy neurons interact 
with the GnRH neurons at the terminal level in the ME and play an 
essential role in GnRH pulse generation. In females, the direct action 
of kisspeptin on the GnRH plays a vital role in the surge and pulsatile 
release of the GnRH/LH. In females, the surge generation is regulated 
by the SCN neuronal populations. The SCN neurons (VIP and AVP) 
interact with the GnRH and AVPV kisspeptin neurons in the hypotha-
lamic regions and play an essential role in the GnRH/LH surge nec-
essary for ovulation. AVP neurons, via activation of AVPV kisspep-

tin neurons, during the LH surge, coordinate in the positive estradiol 
feedback and remove the estradiol negative feedback by suppressing 
the RFRP-3. VIP neurons can directly activate the GnRH neurons by 
interacting with their cell bodies and suppressing RFRP-3 neurons’ 
activity during LH surge. The nNOS neurons convey hormonal and 
neuronal cues to the GnRH neurons necessary for the GnRH/LH 
surge generation. Sex steroid hormone provides positive (solid line) 
and negative feedback (dashed line) to these neuronal populations 
within the brain during the various phases of the reproductive cycle. 
Preoptic area (POA); arcuate nucleus of the hypothalamus (ARC); 
anteroventral periventricular nucleus (AVPV); organum vasculosum 
of the lamina terminalis (OVLT); dorsomedial hypothalamus (DMH) 
vasoactive intestinal peptide (VIP); arginine vasopressin (AVP): RFa-
mide-related peptides (RFRP-3)
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human studies, increased secretion of kisspeptin was found 
to be associated with PCOS.

GnRH Neurons

GnRH neurons were discovered in the 1970s. These indi-
vidual neurons are the final frequent target for various 
neuropeptides and hormonal signals in the control of 
reproductive function and puberty onset. GnRH neurons 
originate from the neural crest in the olfactory placode 
and migrate to the basal forebrain before birth [28]. 
These neurons migrate during embryonic development 
(in rodents, 12.5 embryonic days) to distinct areas in 
different species [29, 30]. Early, GnRH neurons migrate 
with the mixed populations of the olfactory axons, neural 
crest, and placode-derived migratory cells, collectively 
called “migratory mass” (MM) in rodents [31]. Migra-
tion of the GnRH neurons is influenced by lots of factors 
that include anosmin1, neuropilins, leukemia inhibitory 
factor, fibroblast growth factor (FGFs), cell adhesions 
molecules, and interaction of GnRH neurons with astro-
cytes, olfactory ensheathing cells (OECs) [32–34]. Flaws 
in migration of the GnRH neurons result in Kallmann 
syndrome, characterized by hypogonadotropic hypog-
onadism and anosmia [35]. Morphologically GnRH cell 
bodies are present in the pre-optic area (POA), ante-
rior hypothalamic area, and medial septum. The tim-
ing of the differentiation influences the ability of the 
post-mitotic GnRH neurons to navigate to the location, 
which is vital in wiring the adult network [36]. GnRH 
neuron somas are present in the POA and are extended 
to the median eminence (ME) region of the hypothala-
mus [37], where GnRH is released into the hypophyseal 
portal system to release LH/FSH from the anterior lobe 
of the pituitary. The projections of the GnRH neurons 
in ME have properties of axons and dendrites called 
dendrons [38]. These dendrons multiply in the ME into 
many short axons, which project onto portal blood ves-
sels where GnRH is released. A recent study found that 
dendrons are the attribute of GnRH neurons [39]. These 
neurons are not directly receptive to all external and 
internal guidance cues that lead to the onset of puberty. 
In controlling sexual maturation and reproduction, the 
Kiss1 neurons act as gatekeepers in transmitting sig-
nals to GnRH neurons [40]. There is an increase in the 
percentage of GnRH depolarization in response to kiss-
peptin through various stages from juvenile to adult, 
suggesting that GnRH neurons acquire kisspeptin sen-
sitivity across puberty [41]. Most GnRH neurons in the 
POA and mediobasal hypothalamus (MBH) express the 
GPR54 (also known as Kiss1 receptors) across various 
species [41, 42]. GnRH neurons in the POA and MBH 

receive synaptic inputs from KNDy neurons in sheep 
and ewe [43, 44], essential for GnRH pulse generation. 
Tract tracing studies in mice [45, 46] and rats [47] show 
minimal contact of KNDy neurons with GnRH neuron’s 
cell bodies. Matsuyama et al.’s study on castrated male 
goats found that immunoreactive (IR) fibers contain-
ing kisspeptin made direct contact with GnRH-IR fibers 
[48]. The study has shown no synaptic structure between 
kisspeptin and GnRH immunoreactive fibers suggesting 
that the ARC kisspeptin neurons in male goats regulate 
the GnRH secretion in the ME region of the brain by act-
ing on GnRH neurons [48]. Similarly, studies in the rat 
showed that the ARC kisspeptin neurons and the GnRH 
neurons in the ME communicate through the axo-axonal 
non-synaptic mode [49].

Role of Estrogen Feedback in GnRH Surge 
and Pulse Generation

GnRH neurons are the final common target of all the 
internal and external cues that control the GnRH/LH 
release. GnRH neurons tune with the gonadal status by 
the gonadal steroid feedback mechanism (negative and 
positive) during the ovarian cycle. GnRH neurons do 
not express ERα receptors [50]; ERα expressing affer-
ents transmit estradiol feedback to GnRH neurons. The 
biphasic effect of estradiol (estrogen) in the gonadotro-
pin release is essential for a regular reproductive cycle. 
Steroid-specific input to the GnRH neurons is provided 
by the ERα expressing kisspeptin and KNDy neurons [6, 
51]. Initially, the negative feedback causes the suppres-
sion of the FSH and the follicle’s selection, followed by 
positive feedback necessary for the ovulation and LH 
release [52]. The sex steroid hormone feedback is pro-
vided to the GnRH neurons by AVPV and ARC kisspep-
tin neurons [6, 41, 53, 54]. AVPV region Kiss1 neurons 
act as positive feedback mediators [55]. Estrogen posi-
tive feedback is transmitted through the kisspeptin neu-
rons expressing ERα. Dubois et al. and Greenwald et al. 
[56, 57] found that kisspeptin-specific ERα knockout 
(KERKO) does not exhibit estradiol-induced LH surge. 
During the estrogen positive feedback mechanism, estro-
gen increases histone acetylation of Kiss1 promoter and 
results in enhanced expression of kisspeptin in AVPV 
region Kiss1 neurons [58]. Estrogen-ERα binds to the 
estrogen response element (ERE) in the hypermethylated 
region of the Kiss1 promoter resulting in the recruit-
ment of the histone acetyltransferases that cause acetyla-
tion of the H3K9/14 [58, 59]. This histone modification 
results in the chromatin loop formation between the 3′ 
downstream region and promoter region of the Kiss1 
locus. The loop formation results in the expression of the 
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Kiss1 and induction of the GnRH/LH surge necessary for 
ovulation [58, 59]. During negative feedback, estrogen 
induces deacetylation of H3 in the Kiss1 promoter region 
of the ARC neurons and results in the decreased expres-
sion of the Kiss1 [27, 58, 59]. KNDy neurons [6] medi-
ate negative steroid feedback to the GnRH neurons and 
generate GnRH episodic release, as shown in Fig. 2. The 
expression of the KNDy peptides depends on the status 
and circulating level of the gonadal steroids. There is 
much compelling evidence supporting steroids’ negative 
feedback mechanisms by KNDy neurons. The ablation 
of ERα in mice, especially in the ARC region, results 
in impaired negative feedback mechanisms and fertil-
ity [60]. In OVX mice [55] and ewe [61], nadir steroid 
hormone level leads to increased expression of the NKB 

and kisspeptin. At the same time, the treatment of these 
OVX animals with estrogen shows a reverse decrease in 
the expression of both neuropeptides, which supports the 
estradiol negative feedback mechanism. Estradiol (E2) 
has divergent effects on regulating the Kiss1 neurons 
of the ARC and AVPV region. High levels of E2 lead 
to change in the transition of the neurotransmission in 
ARC kisspeptin neurons from the peptidergic to gluta-
matergic transmission [62, 63]. Activation of the ARC 
kisspeptin neurons was sufficient to increase LH-like 
surge in intact mice and ARC stimulation terminated in 
the absence of the E2 and OVX mice [64]. The treatment 
of the OVX female mice with E2 has shown increased 
mRNA expression of Slc17a6 (encodes vGluT2) in ARC 
kisspeptin neurons [62]. During the proestrus (high level 

Fig. 2   Role of AVPV/PeN kisspeptin and KNDy neurons in GnRH 
surge and pulse generation: AVPV Kiss1 neurons during the proes-
trus drive the LH surge by directly activating GnRH neurons via 
Kiss1-GPR54 signaling. a Prior to ovulation, rising estrogen levels 
cause the release of the glutamate from KNDy neurons that stimu-
lates the firing of the AVPV/PeN Kiss1 neurons and contributes to 
kisspeptin-mediated activation of the GnRH neurons. During the 
proestrus, the high estrogen level gives positive feedback to the 

AVPV/PeN kiss1 neurons, leading to the synthesis of kisspeptin that 
acts on the GnRH neurons and results in GnRH/LH surge essential 
for ovulation. b Low estrogen levels provide negative feedback to 
the KNDy neurons that regulate the GnRH/LH pulse generation at 
the terminals region of GnRH neurons in the ME region. GnRH/LH 
pulses are essential for folliculogenesis and spermatogenesis. The ele-
ments used in the figure are just for illustration purposes
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of E2) in ARC kisspeptin neurons, the expression of 
Kiss1 is attenuated, and the vesicular glutamate trans-
porter 2 (vGluT2) expression increases required for the 
release of the glutamate. Glutamate release from ARC 
neurons provides excitatory signals to AVPV Kiss1 neu-
rons and GnRH neurons’ distal processes [65] that help 
in initiating GnRH/LH surge as shown in Fig. 2 [63]. 
Deleting the ERα from proopiomelanocortin (POMC) 
neurons impairs estradiol negative feedback, and fertility 
suggests that these non-KNDy neurons also participated 
in estradiol negative feedback [66].

AVPV/POA Kisspeptin Neurons: GnRH Surge 
Generator

Anterior hypothalamic kisspeptin neurons cell bodies in 
females are localized mainly in the AVPV region (rodents), 
periventricular nucleus region (PeN)(pigs) POA region 
(ruminants, primates) [67–72]. The fibers of the kisspeptin 
neurons of the AVPV region are found in close appositions 
with the GnRH neurons cell body in mice [73]. The role of 
these kisspeptin neurons was earlier described by microin-
jecting kisspeptin antibody in the POA that abolishes the 
LH surge induced by the estradiol [3]. Similarly, in sheep, 
the central injection of kisspeptin antagonist (p-271) attenu-
ated the LH surge [42]. After the estradiol treatment, LH 
surges, and c-Fos expression increases in the AVPV/POA 
region kisspeptin neurons in castrated male and OVX female 
goats [68]. The selective optogenetic activation of the rostral 
periventricular area of the third ventricle (RP3V) kisspeptin 
neurons resulted in the increased secretion of the LH, simi-
lar to endogenous LH surge [74]. The kisspeptin neurons 
of the hypothalamus also co-express other co-transmitter 
(GABA, tyrosine hydroxylase (TH), dopamine), which along 
with kisspeptin, play an essential role in the excitation of 
the GnRH neurons [75–78]. Mice lacking TH in kisspep-
tin cells (THKOs) exhibit normal reproduction, suggesting 
that GABA and kisspeptin are essential for the excitation of 
the GnRH neurons [78]. RP3V kisspeptin neurons provide 
kisspeptin-GABA co-transmission as an excitatory input 
to the GnRH neurons essential for ovulation [74]. In musk 
shrew, increased c-Fos expression was found in the POA 
kisspeptin neurons, and these neurons are essential for mat-
ing-induced ovulation [70]. The estrogen treatment leads to 
increased expression of Kiss1 in the AVPV region kisspeptin 
neurons [68, 69]. Estradiol implantation around the POA 
results in GnRH surge, whereas the lesion of the AVPV area 
results in the loss of the preovulatory surge [79] [12]. The 
ovariectomized (OVX) rats treated with estradiol showed 
an increased percentage of Kiss1 cells in the AVPV region 
before the LH surge [69, 80]. The immunohistochemical 
study found higher c-Fos expression and Kiss1-ISH in the 

medial preoptic area (mPOA) region after the high dosage of 
E2 in castrated males and OVX female goats [68].

Similarly, immunohistochemical studies found kisspep-
tin expressing cells in the POA and ARC regions of the 
brain in heifers [81]. The GnRH surge system is required 
for ovulation, so it is reasonable to believe that this system 
may be absent in males. Numerous studies demonstrated 
that the GnRH generating surge system is sexually dimor-
phic. The treatment of the high dosage of estrogen induces 
LH surge in the female sheep but not in the male [82]. In 
gonadectomized male rats, the high dose of estrogen does 
not induce LH surges [83, 84]. Castrated male goats were 
able to generate LH surge after the high dosage injection 
of the estradiol and found that the GnRH/LH surge genera-
tion system was retained in male goats [68]. In primates 
and human, the GnRH system is not fully sexually dif-
ferentiated; in castrated male monkey, administration of 
the estradiol was able to produce the LH surge [72, 85]. 
Overall, these studies suggest that in some species (sheep, 
rat), the GnRH/LH system is absent in male, but in other 
species (primates, goat), the GnRH/LH system retain its 
function. In female rats, the GnRH/LH surge generation 
during the proestrus is under the circadian clock’s control. 
Two neuronal populations from the SCN, where the master 
clock is present, are believed to play an essential role in 
the GnRH/LH surge and ovulation, as shown in Fig. 1. The 
SCN neurons synthesizing the vasoactive intestinal pep-
tides (VIP) are projected mono-synaptically to the GnRH 
neurons present in the POA [86]. These SCN VIP neurons 
activated and communicated with GnRH neurons to suc-
cessfully generate the LH surge and ovulation [86, 87]. 
The treatment of GT1-7 cells with VIP found increased 
secretion of the GnRH peptides [88]. Application of VIP 
to the brain slices of the female mice results in the firing of 
the GnRH neurons independent of the estrous cycle [89]. 
Male mice brain sections treated with VIP also showed 
spontaneous activation of GnRH neurons and increased 
Ca2+ concentration in these neurons [89]. During the proes-
trus, the GnRH receiving the VIPergic afferents has shown 
the expression of c-Fos. Similarly, the arginine vasopressin 
(AVP) synthesizing neurons of the SCN is also projected 
towards the AVPV region kisspeptin neurons and plays 
an important role in the GnRH/LH surge generation [90] 
[87]. Intracerebroventricular (ICV) injection of the AVP 
to the Clock/Clock mutant mice demonstrated a surge-like 
increase in the LH compared to the control group [91]. 
In rodents, exogenous AVP administration in the after-
noon can increase the release of the LH and suggest time-
dependent sensitivity of the kisspeptin cells to the AVP. 
The time-dependent stimulation of the kisspeptin cell to 
AVP was not found in Syrian Hamsters, GnRH neurons 
were found responsive to daily changing kisspeptin and 
suggest another autonomous circadian control downstream 
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of SCN [87, 90]. In vitro study is done to find the intrin-
sic daily rhythm of the Clock genes at the cellular level 
using GT1-7 cell lines [88]. The study found that the time 
of stimulation affected the differential GnRH release. 
Increased GnRH release was observed at 28 and 48 h after 
kisspeptin treatment and 4, 22, and 46 h after VIP treat-
ment [88]. AVPV-area kisspeptin neurons are activated by 
AVPergic neurons, dependent on estrogen levels. [92]. The 
circadian pattern of kiss1 activation in the AVPV region 
was missing in the OVX mice. Spontaneous firing of the 
RP3V kisspeptin neurons in the brain slices of the mice 
was observed after the 1-min bath application of the AVP 
[93]. Central administration of the AVP and VIP receptor 
antagonist results in the attenuation of LH surge ampli-
tude. RFamide-related peptide (RFRP-3) neurons of the 
dorsomedial hypothalamus (DMH), along with the SCN 
neurons, play an important role in integrating circadian 
and [94] estrogenic signaling by interacting directly with 
the GnRH neurons and neuronal population upstream to 
GnRH in various mammalian species [95]. Mainly, these 
neurons suppress the gonadotropic secretion and help in 
mediating the estrogen negative feedback [95, 96] but in 
seasonal breeder (male Siberian hamster) stimulates the 
LH concentrations [97, 98]. RFRP-3 neurons receive pro-
jection from both AVP and VIP neurons and send their 
projection to GnRH neurons [99, 100]. These neuronal 
population is sensitive to the milieu of the steroid and has 
shown increased activity during diestrus and reduced activ-
ity during proestrus [101]. During a high estrogen level, 
VIP neurons suppress the activity of these neurons and 
remove that estrogen negative feedback and stimulate LH 
surge [102]. A recent study in male mice also showed that 
the central administration of the RFRP-3 neurons results 
in the dose-dependent increase of the LH levels [94]. In 
castrated male mice, the administration of RFRP-3 found 
sex steroid independent increase in the LH level also high-
lights the sex and species difference in the working of these 
neurons [94].

Role of Kisspeptin in GnRH Surge Generation

Kisspeptin neurons of the hypothalamus (AVPV and ARC 
regions) are responsible for inducing GnRH surge and pulse, 
respectively, which are under the influence of estradiol, as 
shown in Fig. 2 [4, 23, 69, 103]. In ewes, estradiol-mediated 
positive feedback after the onset of the preovulatory surge 
occurs in both ARC (KNDy) and POA region (Kiss1) neu-
rons [104]. Kisspeptin causes the activation of GnRH neu-
rons by transsynaptic and direct mechanisms, and indirect 
activation reduces in the absence of estradiol. Seminara et al. 
and de Roux et al. [22, 105] documented that deletion and 
inactivating mutations in the GPR54 gene result in defective 
gonadotropin secretion and infertility. Kisspeptin causes the 

activation of c-Fos in GnRH neurons and depolarizes these 
neurons to the various responses [106]. There is much com-
pelling evidence that kisspeptin directly activates the GnRH 
neurons and mediates the activation of non-GnRH neurons 
that play an essential role in GnRH/LH release through iono-
tropic GABA and glutamate receptors [107].

Kisspeptin released from the AVPV kisspeptin neurons 
modulates the catalytic activity of NOS during the ovarian 
cycle by a posttranscriptional modification that includes 
phosphorylation [20, 108, 109] and regulates the release of 
the GnRH. All preoptic nNOS neurons express ERα [110, 
111] and NMDA receptors [112]. During the proestrus 
stage, when the circulating estrogen is at the highest level, 
there is an increase in NO production and the phosphoryl-
ation-based activation of nNOS [108]. Physical associa-
tion of the P-nNOS with the NR2B/PSD-95 (NR2B subunit 
of NMDA receptor) is highest during the proestrus [108]. 
Kisspeptin promotes the phosphorylation of the nNOS (ser-
ine1412) by activating PI3/AKT pathway in the preoptic 
nNOS neurons [113] [109] but not in the tuberal region of 
the hypothalamus [108]. The treatment of GPR54/nNOS 
null mice with kisspeptin-10 results in LH release similar 
to proestrus [108]. Hence, NO acts as a tonic brake in LH 
release during estradiol-mediated negative feedback [108]. 
Estradiol induces the formation of the NMDAR-nNOS 
complex to enhance NO production [112, 114]. Admin-
istration of estradiol in GPR54 null mice does not induce 
nNOS activation by phosphorylation [108]. Kisspeptin/
GPR54 signaling promotes the estradiol-dependent preo-
vulatory activation of nNOS neurons. Estradiol-mediated 
activation of nNOS through kisspeptin-GPR54 is a switch 
that is required for the peak and pulsatile release of GnRH 
[115]. In GnRH-GFP mice, the effect of kisspeptin analysis 
using patch-clamp studies of acute brain slices revealed 
that little exposure to kisspeptin has a long-lasting effect 
on GnRH neurons [41, 107, 116].

KNDy Neurons: a Pulse Generator

The population of KNDy neurons resides in the ARC 
region of the hypothalamus across many mammalian spe-
cies [5, 7, 25, 47, 81, 117] [118]. KNDy neurons are an 
integral part of the GnRH system that regulates the pulsa-
tile release of GnRH/LH shown in Fig. 3. Moreover, KNDy 
neuronal fibers are apposed with the axonal terminals of 
GnRH neurons in the ME [48, 49, 119]. Goodman et al. 
also demonstrated that GnRH receives projections from 
these ARC neurons in sheep using light and electron micro-
scopic studies [120]. The immunohistochemical studies 
were performed to localize KNDy neurons’ populations 
using immune reactivity against different markers present 
on these neurons (NKB, Dynorphin) [5, 121, 122]. Earlier 
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Fig. 3   Schematic representa-
tion of GnRH pulse generation 
in mammals: During the pulse 
onset, NKB (blue) release acts 
reciprocally within the KNDy-
KNDy circuit and causes the 
neurons’ synchronized firing. 
a. Firing of the KNDy neurons 
involves Ca.2+ signaling, which 
propagates between astrocyte-
KNDy neurons through the gap 
junction. Stimulation of KNDy 
neurons results in the release 
of kisspeptin (orange) from 
these neurons that can directly 
act on the GnRH neurons, 
resulting in pulse generation. 
On the other, during the pulse 
inhibition, there is the release 
of dynorphin (black) from the 
KNDy neurons, which acts 
through reciprocal connections 
and causes the inhibition of the 
release of NKB, and dynor-
phin (?) may also directly act 
on GnRH neurons and cause 
GnRH pulse inhibition. KNDy 
neurons also interact with many 
other upstream non-KNDy neu-
rons (pink) that may play a role 
in stimulating and inhibiting 
(?) GnRH pulse. The color and 
shape given to each component 
are just for ease of understand-
ing
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mapping studies found that kisspeptin fibers and cell bod-
ies are found throughout the ARC of the hypothalamus in 
rats and mice [67, 119, 123]. The ME and ARC are regions 
with a dense population of these neurons, and in the ARC 
region, kisspeptin-IR fibers surround themselves. In sheep, 
triple immunohistochemistry for GnRH and two KNDy 
neuropeptides found close juxtapositions of GnRH cells 
with KNDy neurons [43]. One distinguishable attribute of 
these neurons is that KNDy-KNDy cells form a reciprocal 
interconnected network in the sheep and rat ARC region 
[124, 125] [126]. Dual-label studies showed that KNDy 
neurons co-localize gonadal steroid receptors (estrogen, 
progesterone, androgen receptors) [124, 125, 127, 128]. 
Neuroanatomical evidence and the essential role of KNDy 
neuropeptides in GnRH release lead to the “KNDy hypoth-
esis” [6, 7, 129, 130]. KNDy hypothesis states that (1) 
kisspeptin from KNDy neurons acts as an output signal. (2) 
NKB and dynorphin, respectively, function as stimulatory 
and inhibitory signals for the GnRH pulse. (3) KNDy forms 
a reciprocal circuit and causes a synchronized GnRH pulse. 
KNDy hypothesis is supported by many neuroanatomical, 
immunohistochemical, pharmacological, and microscopic 
studies. Double immunohistochemical studies in ovine 
demonstrated that 88% of dynorphin cells are positive for 
NKB, and 84% of NKB neurons are positive for dynorphin 
in the ARC region of the hypothalamus [122]. The idea of 
reciprocal connection is supported by evidence from the 
rodent study, which demonstrates that NKB/Dynorphin-IR 
fibers are found closely appose with NKB/dynorphin-IR 
cell bodies [121]. In sheep [42] and rats [131], the absence 
of the Kiss1r mRNA in KNDy neurons strengthens the 
idea of kisspeptin as an output signal from KNDy neurons. 
Pharmacological studies using NK3R antagonists and ago-
nists [132] and KOR [25] also supported the stimulatory 
and inhibitory effect of NKB and dynorphin on the GnRH 
pulses generation in the ARC region of sheep, respectively 
[44]. The role of the Kiss1 in ARC region was evaluated 
by an optogenetics study and demonstrated that the selec-
tive optogenetic activation of the kisspeptin neurons ARC 
region was correlated with the LH pulse, and these neurons 
are the long-elusive pulse generator [133]. Oral or intra-
venous administration of the NK3R agonist (SB223412) 
in the E2-treated OVX goats showed a suppressive effect 
on the GnRH pulses generation [134]. Volitios et al. car-
ried in vivo optogenetic study to find out the origin of the 
GnRH pulse generator and found that KNDy produces a 
sustain dynamics GnRH pulse [135]. NKB causes the auto 
stimulation of KNDy and acts as a bistable switch that 
allows neurons to fire at a high or low rate; negative feed-
back of dynorphin plays an essential role in pulse inhibi-
tion [135]. A recent study by Nagae et al. provides the 
first direct evidence that KNDy neurons maintain follicu-
logenesis and gonadotropin pulses [10]. Transfection of the 

Kiss1 gene intoTac3 neurons of the ARC in Kiss1 knock-
out female rats restores the normal gonadotropin release 
and folliculogenesis [10].

Narayanaswamy et al. carried out a human study to 
investigate whether the KNDy hypothesis applies to 
humans or not. The participants were administered kiss-
peptin, NKB, and naltrexone hydrochloride (opioids 
receptor antagonist) to see their effect on the LH pulse. 
LH pulse number is significantly increased in most groups 
compared to the vehicle except for kisspeptin and NKB 
groups. Similarly, kisspeptin-administered group showed 
a significant rise in the FSH, naltrexone-NKB-adminis-
tered group also showed a significant increase in the FSH 
compared to the vehicle. The co-administration of NKB 
and kisspeptin, which was never done before this study 
in humans, found a new interaction between these two 
peptides. The study found that NKB limits the ability of 
the kisspeptin to stimulate the increase in the LH when 
co-administrated with kisspeptin in humans [136]. The 
study cannot conclude or provide robust evidence on 
whether KNDy applies to humans or not. The KNDy neu-
rons alone can generate GnRH pulse generator which is 
also challengeable as studies in primates provide evidence 
that neuropeptide Y(NPY) pulses occur synchronously 
with GnRH pulses [137]. Immunohistochemical studies 
in humans found that most NKB-IR in the infundibular 
nucleus (Inf) and infundibular stalk (InfS) were devoid of 
kisspeptin labeling [138]. This study questions the validity 
of the concept of the KNDy neuron in humans and sug-
gests that the abundance of these peptides depends upon 
age, sex, and species differences [138]. Later immunohis-
tochemical studies for the tachykinin peptide substance 
P (SP) in the post-mortem hypothalamic tissue found 
significant SP neurons in postmenopausal women’s com-
pared to aged men’s Inf [139]. The study provides evi-
dence of the colocalization of SP within kisspeptin and 
NKB fibers and the close apposition of SP IR fibers with 
terminals of the GnRH neurons in the infundibular stalk 
(Ifs) [140]. Co-localization of SP, kisspeptin, and NKB 
in humans highlights the pulse generation’s complexity 
and suggests that the SP can modulate the effects of NKB 
and kisspeptin on GnRH neurons [139]. Human studies 
showed that the patients with the TAC3 mutation on the 
infusion of the opioids antagonist and kisspeptin exhibit 
LH pulse and suggest multiple layers in controlling the 
GnRH pulse generation [141]. Due to the limited num-
ber of studies, evidence, and knowledge gaps, it is still 
unclear that the “KNDy Hypothesis” applies to human 
and nonhuman primates [142]. Viral-tract tracing studies 
in mice demonstrated that the proper functioning of KNDy 
neurons also requires input from the upstream populations 
of non-KNDy neurons in the ARC region of the hypo-
thalamus [143]. KNDy neurons also participate in other 
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physiological processes like thermoregulation, homeosta-
sis, and weight control [144, 145].

Role of Kisspeptin in GnRH Pulse Generation

The ARC region KNDy neurons are involved in estradiol-
mediated negative feedback control of GnRH secretion 
[55]. The study also found that testosterone (T) inhibits 
the expression of the Kiss1 mRNA in the ARC region and 
stimulates the expression of the Kiss1 mRNA in AVPV /
PeN neurons. These results suggest that both the androgen 
and estrogen receptors are required to regulate the Kiss1 
mRNA in the AVPV/PeN and ARC region of the brain. 
Later studies also provide evidence that KNDy neurons 
act as a mediator of ovarian steroid feedback. In low E2 
levels (OVX rats), administration of senktide (NK3R ago-
nist) suppresses LH pulse via Dyn/KOR signaling [146, 
147], and NK3R activation evokes kisspeptin-induced LH 
pulse in the prepubertal female rats [148]. Kiss1 expres-
sion increased upon administering senktide in the hypo-
thalamic neurons, and the stimulatory effect diminished in 
GPR54 knockout males [149, 150]. On the other hand, the 
administration of GnRH antagonists eliminates kisspeptin’s 
stimulatory effects on LH secretion and confirms GnRH-
mediated kisspeptin action [54, 151–153]. Kisspeptin from 
ARC KNDy neurons acts as an output signal that directly 
can act on the GnRH neurons at the terminal region and 
lead to GnRH pulse. The in situ hybridization and immu-
nohistochemical studies provide evidence for the lack of 
expression of the GPR54 receptors by the ARC region kiss-
peptin neurons in sheep [42] and rats [131], suggesting 
that kisspeptin does not act through reciprocal connections 
between the KNDy-KNDy circuits. There is much com-
pelling evidence that ablation of ARC region kisspeptin 
neurons is associated with a disruption in the estrus cyclic-
ity and alteration of the LH frequency. Knock-out studies 
using virally delivered kisspeptin antisense in female rats 
result in low LH frequency and a disrupted estrus cycle 
[154, 155]. Applications of kisspeptin on the brain slices of 
rats do not induce any electrical activity in ARC kisspep-
tin neurons [156], further supporting that kisspeptin does 
not act through reciprocal connections. During the pulse 
onset, the release of NKB from the KNDy neurons acts 
on reciprocally interconnected neurons and further causes 
the release of kisspeptin that can directly modulate the 
activity of GnRH neurons. Due to the limited number of 
in vivo model, it is challenging to dissect the independent 
role of kisspeptin synthesized from the AVPV kisspeptin 
and KNDy neurons. Most in vivo models available target 
the ARC region Kiss1 either via toxin-based or viral-based 
ablation/silencing of Kiss1 postnatally.

Recently, embryonic target conditional Kiss1 KO was 
generated with prodynorphin IRES-Cre (Pdyn-Cre/Kiss1fl/

fl KO) mouse line that showed hypogonadism [157]. The 
adult Pdyn-Cre/Kiss1fl/fl KO showed larger antral follicles, 
majorly early-stage follicles, and an irregular estrous cycle. 
The LH pulse frequency also decreases in both male and 
female conditional ARC region-specific Kiss1 knock-out 
mice. The female (Pdyn-Cre/Kiss1fl/fl KO) mice are infertile, 
and the male (Pdyn-Cre/Kiss1fl/fl KO) were found sub-fertile, 
having less reproductive success rate [157]. This study high-
lights the ARC region kisspeptin’s importance and provides 
evidence of the KNDy neurons as the pulse generator. Inter-
estingly, the study also found that the ARC region kisspeptin 
is not required for puberty in mice. Although much research 
had done on kisspeptin, more research is required to under-
stand the exact mechanism of the ARC region kisspeptin and 
other targets of kisspeptin and neuronal interplay in ARC 
and adjacent areas of the brain in the regulation of the GnRH 
neurons.

Role of KNDy Peptides in GnRH Secretion

Neurokinin B (NKB)

Tachykinin (NKB) comprises 10–11 amino acids in length 
[158]. TAC3 and Tac2 genes encode NKB in primates and 
rodents, respectively [158, 159]. TAC3 positive neurons are 
predominately identified in the Inf, anterior hypothalamic 
area, septal region, diagonal band of Broca, bed nucleus 
of the stria terminalis, amygdala, and neocortex in humans 
[160, 161]. Tac3 mRNA expression was found predomi-
nately cerebral cortex, hippocampus, amygdaloid com-
plexes, a bed of stria terminalis, ventral, pallidum, habenula, 
olfactory bulb, dorsomedial nucleus, ventromedial nucleus, 
lateral hypothalamic area, caudate-putamen, medial preoptic 
area, ARC, and lateral mammillary bodies in rat brain [149, 
162]. In the ME region of the hypothalamus, there were dif-
ferences in the abundance and percentage of kisspeptin and 
NKB fiber localization in various species (humans, mon-
keys, and rodents) [51, 67, 118, 163, 164]. Dynorphin, NKB, 
and their receptors (KOR and NK3R) are co-synthesized by 
ARC Kiss1 neurons of the hypothalamus but not in the kiss-
peptin neurons of the AVPV region of the hypothalamus [5]. 
A previous study by Burke. et al. demonstrated that NKB/
Dyn fibers are found in the ME and mPOA regions [121]. 
NKB act specifically through its specific receptors (NK3R) 
[124]. High-affinity receptors for NKB (NK3R) are present 
on the KNDy neurons in several species (rats, mice, sheep) 
[7, 165]. Immunohistochemical studies found that GnRH 
neurons do not express NK3R in rat [166, 167] and sheep 
[168] brains. While the axonal terminal region of the GnRH 
expressed NK3R in the rats [167], the activation of GnRH 
neurons at the terminal region by NKB is independent of 
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kisspeptin [169]. An initial study in the human ARC region 
found an mRNA increase for NKB in postmenopausal 
women [170]. This study leads the researcher to find out the 
role of the NKB in GnRH/LH release and localization of 
NKB in various regions of the brain to get detailed insight 
into NKB action. While unraveling the role of NKB initial 
study found that the central injection of senktide in OVX rats 
suppresses LH release [171]. Later studies in humans found 
that mutations in TAC3 and TACR3 genes lead to defects in 
the release of GnRH and HH [24, 172] and provide evidence 
for the stimulatory effect of NKB in GnRH pulse generation. 
Further stimulation of LH secretion after the administration 
of senktide was also reported in various species, including 
goat [25], rat [149], mouse [7], sheep [44, 173], and monkey 
[118, 174], supporting the stimulatory effects of NKB in 
the GnRH pulse. In ewe, senktide stimulates GnRH neuron 
activity and LH secretion [163, 173]. The oral administra-
tion of SB223412 (selective NK3R antagonist) in estradiol-
treated OVX goats suppresses the GnRH pulses [134]. Intra-
venous administration of the SB223412 leads to an increase 
in the interval of MUA volleys [134]. The inter-pulse inter-
val of the LH pulse is significantly increased compared to 
the vehicle, suggesting that NKB is directly acting on the 
KNDy neurons for the regulation of the GnRH pulses [134]. 
Immunohistochemical studies in sheep [122] and rats [121] 
later found specific cells co-localized NKB and dynorphin in 
the ARC region of the hypothalamus. The absence of NK3R 
expression by GnRH neurons suggests that NKB does not 
directly modulate these neurons’ activity [166–168]. How-
ever, studies in various species found redundancy in the 
tachykinin signaling [175]. In control of the regulation of 
GnRH neurons in rodents, the redundancy occurs between 
various tachykinins, which include (i) NKB-NK3R, (ii) 
SP-NK1R, and (iii) neurokinin A (NKA–NK2R). The ear-
lier idea of redundancy in tachykinin signaling is provided 
using the Tacr3 knockout mice that show mild reproductive 
defects [16]. Later studies found that the antagonist of all 
three receptors is required to suppress GnRH pulse [176]. 
In the rats, the antagonist of the specific NK3R results in 
delayed puberty, suggesting that the redundancy may vary 
with age and hormonal status [177]. On the other hand, the 
species redundancy is also demonstrated using agonist for 
NK1R and NK2R in mice results in the surge increase of 
LH [178], while in rats, only the agonist NK2R seems to 
be stimulatory [179]. In goat [180] and sheep [181], most 
studies suggest that all three tachykinins act through NK3R. 
Further research is required to understand the redundancy 
in tachykinins signaling in different species precisely. Bial-
lelic study in humans [141] also provides evidence of NKB 
independent generation of the GnRH-induced LH pulse and 
opens a new dimension to studying other new players and 
mechanisms in controlling these important physiological 
processes.

Dynorphin

Dynorphin endogenous opioid act by KOR inhibits the LH 
secretion [182]. Among the three KNDy neuropeptides, 
dynorphin is the longest subject of neuroendocrine research. 
The KOR distribution is first reported by Weems et al. [183] 
in sheep. This study analyzes the distributed KOR in the 
POA, ARC, anterior hypothalamic area, supraoptic (SON), 
paraventricular nuclei (PVN), dorsomedial, ventromedial, 
and lateral hypothalamus using in situ hybridization and 
immunohistochemical analysis. Approximately 41% and 
90% of KNDy express KOR in male mice [163] and sheep 
[183]. Previous studies are also unable to provide adequate 
evidence for the expression of the KOR in GnRH neurons in 
the mPOA. It is hypothesized that dynorphin released from 
the KNDy acts in an autocrine and paracrine way to inhibit 
the activity of KNDy neurons.

There is evidence supporting the hypothesis that the 
KNDy neurons cause the suppression of the GnRH pulse 
generation by inhibiting kisspeptin stimulation that is 
dependent on Dyn/KOR signaling. Evidence that sustains 
this hypothesis is that (i) morphology of KNDy neurons 
allows the negative autoregulation by dynorphin [7, 124] 
and (ii) administration of U50488 (Dyn analog) reduces the 
firing of KNDy neurons in murine [156, 163]. An electro-
physiological study found that central administration of the 
dynorphin has an inhibitory action on LH pulse and is asso-
ciated with multiple unit activity (MUA) volleys in goats 
[25] which also support the inhibitory action of dynorphin. 
MUA is the average neuronal population spiking adjacent 
to the placed microelectrode. Dynorphin also inhibits the 
transmission of a glutamatergic signal to KNDy neurons and 
inhibits pre-synaptic activity [184]. Dynorphin acts recipro-
cally only within the KNDy circuit, but a recent study using 
multiple labels IHC found that approximately 94% (KNDy) 
and 75% (GnRH) neurons in the rat and sheep co-localized 
KOR [16]. The synapse of dynorphin-IR fibers between 
GnRH neurons, cell bodies, and dendrites is found in the 
POA and MBH regions [120]. A total of 94.7% of the GnRH 
cell shows KOR colocalization in POA [185]. Dynorphin 
causes the GnRH pulse termination through the KOR within 
the KNDy circuit and inhibits kisspeptin release, leading to 
pulse termination [44]. The binding of dynorphin to KOR 
causes desensitization of receptors, resulting in internali-
zation of the KOR after repeated exposure to the receptor 
agonist [186]. Initial studies found that the opioid receptor 
antagonist WIN 44,441–3 activates the MBH GnRH neu-
rons, not POA GnRH neurons [187]. Endocytosis of the 
KOR after binding to the agonist recently unraveled as an 
essential process that causes a delay in pulse onset and pulse 
termination in various species.

Non-KNDy neurons also interact with the KNDy neurons 
in the ARC region [188, 189]. In sheep, the study found that 
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the end of the pulse may also involve non-KNDy neurons, 
which leads to the endocytosis of KOR [44, 190]. In ewes, 
administration of NKB increases the internalization of KOR 
receptors in the ARC region [185]. There is no effect of the 
episodic LH release after administration of the nor-BNI in 
OVX rat which suggests additional neurotransmitter besides 
dynorphin in GnRH pulse termination [147]. The GnRH 
neurons in the MBH region are in proximity with KNDy 
neurons and play an essential role in the pulsatile secretion 
of GnRH [185], while POA GnRH neurons are required for 
the LH surge. Some studies also highlight the role of the 
hypothalamic paraventricular nucleus (PVN) dynorphin neu-
rons in negative feedback via suppressing kisspeptin release. 
The OVX rat treated with the negative feedback level of the 
estrogen increased the expression of the Pdyn gene expres-
sion in the PVN region but not in the ARC region of the rats 
[191]. Dynorphin may act on different targets during the 
GnRH pulse termination and pulse onset within the different 
regions of the brain.

Cellular Mechanism for GnRH Pulse Generation 
in Mammals

The cellular and molecular mechanism by which KNDy neu-
rons play an essential role in the GnRH pulse generation is 
not well explored. Voltage clamp recording of brain slices 
of the male mouse demonstrated that senktide results in a 
robust inward current that causes the increased firing of the 
ARC Kiss1-GFP neurons [192]. However, the application 
of senktide does not affect the firing of the GnRH-GFP neu-
rons [192]. Blocking the glutamate and ionotropic GABA 
receptors does not affect senktide-induced firing activity 
of the KNDy neurons. This study proves that fast synaptic 
transmission does not require NK3R-mediated excitation of 
KNDy neurons [163]. Recent studies also shed light on the 
cellular and molecular mechanisms involved in GnRH pulse 
generation. Ikegami et al. highlight the role of the gap junc-
tion and glial-neuronal communication in the GnRH pulse 
generation, as shown in Fig. 3. The intracellular level of 
Ca2+ was examined as an indicator of the activity of KNDy 
neurons and their synchronized activity. In vitro study using 
dye coupling analysis showed that the KNDy and glial cells 
communicate through the gap junction. Ca2+ oscillation 
frequency increased in the Kiss1-GFP cells after senktide 
treatment. Inhibiting the gap junctions leads to the attenu-
ation of the Ca2+ oscillations induced by senktide in the 
Kiss1-GFP cells [26]. The NKB-NK3R signaling facilitates 
the activation of the KNDy and synchronizes their activity 
by neuro-glia and neuron-neuron communications through 
gap junction [26]. Recently, based on the evidence and stud-
ies, Ikegamai et al. proposed a putative cellular mechanism 
for the working of the KNDy neurons in GnRH pulse gen-
eration. According to the proposed model, the activation 

of NKB-NK3R signaling results in high-frequency firing 
and increased membrane potential via altering the intrinsic 
cationic channels. The high-frequency firing of the KNDy 
neurons may lead to the activation of the voltage-gated Ca2+ 
channels, leading to the Ca2+ influx that results in increased 
intracellular Ca2+ concentration, which is propagated within 
the KNDy-KNDy and KNDy-astrocyte networks through 
gap junction and play a role in GnRH pulse onset as shown 
in Fig. 3a. The increase in the intracellular Ca2+ level may 
be due to typical Gq-GPCR signaling, resulting in increased 
inositol 1,4,5-trisphosphate (IP3) via phospholipase C 
(PLC). Increased level of the IP3 causes the release of the 
Ca2+ from the endoplasmic reticulum (ER) and causes the 
activation of the KNDy neurons and plays role in the pulse 
generation. The Dyn-KOR signaling terminates the pulse 
by decreasing the intracellular Ca2+ and firing of the KNDy 
neurons [26, 27].

PCOS and KNDy Association in Rodents

Polycystic ovarian syndrome (PCOS) is a hormonal disorder 
in females characterized by the abnormal production of the 
male hormone androgen by ovaries, ovulatory dysfunction, 
and increased level of serum LH. Ovarian steroid hormone 
plays a critical role in providing feedback to the hypothala-
mus to drive normal secretion of the GnRH and LH/FSH. 
Impaired steroid hormone feedback can result in abnormal 
activation of GnRH neurons, leading to the altered GnRH/
LH pulse frequency and contributing to PCOS progression. 
In PCOS patients, high LH pulse frequency causes increased 
synthesis of the sex steroids (estrogen and androgen) by the 
ovaries and leads to hyperandrogenemia. KNDy neurons 
have been shown to play an essential role in generating the 
GnRH pulse frequency via steroid negative feedback mech-
anism. Studies using prenatal androgenized (PNA) PCOS 
animal models provide evidence that the KNDy neuron’s 
impaired functioning contributes to the PCOS. The abnor-
mal level of the sex steroid changes the gene expression and 
morphology of the KNDy neurons, leading to changes in 
the pulse frequency of GnRH and LH, which is common in 
PCOS. A recent study by Moore et al. demonstrated that the 
PNA-treated mice show increased gene expression of the 
androgen receptors, decreased progesterone receptors, and 
dynorphin gene expression in the KNDy neurons. Overall, 
this study shows that in PCOS, the androgen directly acts 
on the KNDy neurons and impairs that negative progester-
one feedback [193]. Changes in the gene expression within 
the KNDy cells result in an impaired negative steroid feed-
back mechanism and an increase in the serum LH levels 
associated with PCOS [193]. Prenatally, testosterone (T)-
treated ewe showed an increase in the somal size of the ARC 
region kisspeptin neurons and had no effect on the POA 
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kisspeptin neurons. Reduced KNDy-KNDy synaptic inputs 
and decreased KNDy output to the GnRH neurons are also 
observed in the prenatal T ewes that may contribute to the 
defects in the steroidal control of GnRH and contributes 
to the progression of the PCOS. The increase in kisspeptin 
immunoreactive cell bodies was observed in the prenatal 
dihydrotestosterone (DHT) treated rat’s ARC region [194]. 
There was also an increase in the number of NKB-positive 
cell bodies in the prenatally DHT-treated rats compared to 
the control. The PNA rats also show increased NKB and 
LepR mRNA expression before puberty and during the 
pubertal stages.

After the onset of puberty, increased kisspeptin mRNA 
expression was also observed in PNA female rats [195]. In 
the ARC region of PNA rats, kisspeptin and NKB-positive 
cells were also found to co-express LepR [195]. The treat-
ment with a kisspeptin antagonist cannot suppress the ele-
vated LH serum level stimulated by the leptin and speculate 
that NKB and leptin play an essential role in increasing the 
LH pulse and GnRH activation at puberty in PNA female 
rats [195]. The letrozole-induced PCOS rat model showed 
an increased expression of the Kiss1 mRNA in the ARC 
than the control group but comparable levels in the AVPV 
among the groups [196]. The study provides evidence that 
the increased LH levels in PCOS patients may be due to 
increased activity of the KNDy neurons [196]. The PCOS 
women treated with NK3R antagonist AZD4901 showed 
decreases in the LH pulse frequency, highlighting the impor-
tance and association of NKB signaling with PCOS [197].

Correlation Between Kisspeptin and PCOS 
in Humans

Recent studies highlight that dysregulation of the HPG can 
also be a factor in PCOS development and progression. The 
overexpression of kisspeptin increases the activity of the 
HPG axis, which is further associated with PCOS develop-
ment and progression. Kisspeptin is one of the critical play-
ers in regulating the HPG axis, and it plays an essential role 
in ovulation and folliculogenesis. The hypothesis is that the 
increased secretion of kisspeptin leads to increased secretion 
of the GnRH, coupled with the increased LH secretion asso-
ciated with PCOS. Many clinical studies were carried out to 
understand the correlation between kisspeptin and PCOS. 
These studies found a higher kisspeptin level positively cor-
related with LH levels, as expected in women with PCOS. 
In contrast, others found no positive correlation between 
kisspeptin and LH levels in PCOS women and normal 
women. Pandis et al. first performed a clinical study to meas-
ure kisspeptin levels in non-PCOS and PCOS patients. The 
study found a higher LH level in PCOS women than in con-
trol, and no significant differences in kisspeptin levels were 

found in the PCOS and control women [198]. Although this 
study provides evidence that insulin resistance increases the 
free androgen level and is associated with a decrease in the 
kisspeptin level [198]. Chen et al. did a human study to find 
the correlation between kisspeptin and PCOS. A total of 
sixty-two women were recruited to conduct the study, out of 
which twenty adolescent women as a control group, 19 ado-
lescent women with PCOS, and 23 adult PCOS women. 
Blood samples from all three groups were collected in the 
morning, and LH and kisspeptin concentration measure-
ments were done using chemiluminescence and enzyme-
linked immunosorbent assay (ELISA). Slightly increased 
kisspeptin levels were found in the adolescent PCOS com-
pared to adult PCOS women. In adult and adolescent women 
with PCOS, kisspeptin levels were more than in the adoles-
cent control group, and LH and kisspeptin levels were posi-
tively correlated [199]. The study suggests that the increase 
in the kisspeptin in adolescent women may be used as a 
marker to recognize PCOS. RBP4 is associated with devel-
oping insulin resistance in type II diabetes and obese patients 
[200]. Retinol binding protein 4 (RBP4) belongs to the 
lipocalin family and mainly plays a role in transporting vita-
min A in circulation [201]. RBP4 is also associated with 
insulin resistance in obese and type 2 diabetes mellitus 
patients [200]. A study was conducted to find a correlation 
between kisspeptin, RBP4, and leptin in PCOS. Ninety 
women, including 56 PCOS women and 36 non-PCOS 
women, were recruited for the study. The blood sample from 
non-PCOS is collected during 3–8 days of normal menstrual 
cycle and from PCOS during the spontaneous bleeding 
period. Hormonal, kisspeptin, leptin, and RBP4 concentra-
tion measurements were done using immune-radio assay, 
ELISA, and Bradford assay. A positive correlation between 
the serum RPB4 and plasma kisspeptin and leptin levels was 
found in PCOS patients. The study found a higher level of 
LH in PCOS patients with no correlation between LH and 
kisspeptin levels in PCOS patients [202]. This study sug-
gested that kisspeptin is positively correlated with the FAI 
(free androgen index) in obese PCOS patients and is not 
directly affected by obesity and insulin resistance in PCOS. 
A total no. of 447 women were recruited by Ozay et al., out 
of which 285 were with PCOS and 162 as control non-PCOS 
women, to find out the correlation between kisspeptin and 
PCOS. The blood samples were taken between 3 and 5 days 
of the menstrual cycle in the morning. There is no significant 
difference between kisspeptin and leptin found in PCOS and 
the control group. However, LH and leptin levels were posi-
tively correlated with kisspeptin in all PCOS patients and 
suggested further evaluation of kisspeptin and associated 
biochemical pathways [140]. The immunohistochemical 
studies showed increased expression of the KISS1 and 
KISS1R expression in the endometrium and ovarian biopsies 
of the PCOS patients compared to the control group [203]. 
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A human study also reported that single nucleotide polymor-
phism (SNP) rs4889 C/G in kisspeptin gene is predominant 
in PCOS women compared to non-PCOS women [204], due 
to the polymorphism of the rs4889 arginine being substituted 
by proline at position 81. The blood samples were collected 
in the morning between 3 and 6 days of the menstrual cycle, 
and the kisspeptin and hormonal measurements were done 
using an ELISA. A positive correlation between plasma LH 
and kisspeptin levels was found in PCOS patients. This 
genetic variation is considered one of the factors contribut-
ing to PCOS development and suggested a large-scale study 
to validate the exact role of this genetic variation in PCOS 
[204]. A human study was conducted to find the early marker 
of PCOS, which includes finding kisspeptin’s correlation 
with various parameters (triglycerides, HDL). Blood sam-
ples were collected during the 2–3 days early follicular 
phase, and kisspeptin and hormonal measurements were 
done using ELISA. The study found kisspeptin negatively 
correlated with triglycerides and a positively correlated with 
HDL. An increase in LH levels was found with the absence 
of an increase in kisspeptin in PCOS women. The study sug-
gests various early markers (LH/FSH, testosterone, proges-
terone, waist-hip ratio (WHR), sex hormone binding globu-
lin (SHGB), and vascular endothelial growth factor (VEGF) 
lipid profile that could be used for the detection of PCOS 
[205]. Similarly, Gorkem et al. found no correlation between 
kisspeptin serum levels and LH levels in PCOS patients. A 
total of 154 participants were recruited and divided into 
three groups: (i) 60 women with high ovarian reserve pattern 
(PCOS), (ii) 57 women with adequate ovarian reserve pat-
tern (AOR), and (iii) women with diminished ovarian 
reserve pattern (DOR). Blood samples were collected on the 
2–5 days of the menstrual cycle in the morning, and hormo-
nal and kisspeptin measurements were done electrochemi-
luminescence immunoassay (ECLIA) and ELISA. Higher 
level of kisspeptin in PCOS patients was found positively 
correlated with total testosterone (TT) and dehydroepian-
drosterone sulfate (DHEAS) and negatively correlated with 
serum FSH levels. The study suggests that the positive cor-
relation of kisspeptin with androgen might be related to 
hyperandrogenism associated with PCOS [206]. Later, the 
study by Kaya et  al. found conflicting results with the 
Gorkem et al.’s study and found that the increased expres-
sion of kisspeptin elicits secretion of the LH in PCOS 
women [207]. A total of ninety women were included in the 
study; blood sample were collected on day 2–5 of menstrual 
cycle in morning. Hormonal and kisspeptin levels were 
measured using ECLIA and ELISA. PCOS patients without 
oligomenorrhoea showed coupling of the LH pulse with 
kisspeptin secretion. The study suggests that the increased 
level of kisspeptin is associated with higher antral follicle 
count (AFC), higher body mass index (BMI), and PCOS 
[207]. Human studies showed that kisspeptin level is more 

in PCOS than normal, but most studies regarding the cor-
relation between kisspeptin and other metabolic factors in 
PCOS are inconclusive. The difference in the results found 
in studies can be due to various reason that may include the 
variation in diagnosis criteria to identify the PCOS patients, 
and there are multiple phenotypes of the PCOS that has mul-
tiple metabolic characteristics that could lead to different 
results in different studies, a varying number of the sample 
size may lead to sample error that is needed to be addressed 
in future studies to find the exact correlation between kiss-
peptin and metabolic factors in PCOS patients. Recently, 
using the bioinformatics tool study has been done to better 
understand the pathophysiology of the PCOS and found that 
insulin (INS) as the main hub. Most of the pathophysiologi-
cal defects of PCOS act downstream to the INS and only 
kisspeptin and glucagon act upstream to the INS [208]. This 
study also highlights the importance of the insulin in the 
pathophysiology of PCOS and that it will be helpful in 
developing therapeutics for PCOS.

Conclusion and Future Perspective

GnRH is receptive to a limited number of cues, and kiss-
peptin neurons act as a gatekeeper in transmitting the signal 
to the GnRH [40]. AVPV/POA kisspeptin neurons play a 
key role in the preovulatory GnRH/LH surge and ovulation. 
KNDy neurons are essential for the GnRH pulse generation 
necessary for folliculogenesis and steroidogenesis. Abla-
tions of the KNDy peptides from the ARC region demon-
strated deficits in the normal estrous cycle, hypogonadism, 
and infertility. More insight into the cellular mechanism 
responsible for pulse generation can further be utilized to 
increase the breeding efficacy and treat the reproductive 
disorder of domestic animals. Weems et al. [185] demon-
strated the pattern of internalization of the KOR receptor 
during pulse onset and pulse termination in the GnRH neu-
rons at POA, MBH, as well as in KNDy neurons in the ARC 
region [183]. This study showed that the ICV injection of 
NKB during the pulse onset does not cause the KOR inter-
nalization in the MBH GnRH neurons. At the same time, 
there is a significant increase in KOR endocytosis in these 
neurons at the time of pulse termination [185]. The ICV 
injection of NKB does not affect the internalization of the 
KOR in GnRH neurons of POA [185]. Does the internaliza-
tion of the KOR associated with the GnRH secretion is yet 
to explore. The dynorphin receptors on GnRH neurons in 
some species also highlight the direct action of dynorphin 
on the GnRH, suggesting more research is needed to validate 
dynorphin’s direct action on GnRH neurons. KNDy neu-
rons also interact with the soma of the GnRH neurons in 
the POA, where nNOS immunoreactive fibers are present. 
So, it could be postulated that the KNDy neurons interact 



815Reproductive Sciences (2023) 30:802–822	

1 3

directly or indirectly with nNOS neurons in the brain’s POA 
and MBH. Impaired negative feedback results in the abnor-
mal activation of the GnRH neurons, resulting in altered LH 
frequency and increased serum LH levels associated with 
PCOS. Understanding the correlation of kisspeptin with the 
other metabolic factors will help develop medical therapy 
for PCOS. With the limitation of the current technology, the 
precise role of these KNDy neurons is still unclear. Recent 
advancements in immunohistochemical, electrophysiologi-
cal, and optical tissue imaging will help in elucidating these 
neurons’ purpose in the reproductive axis. Exploring the role 
of non-KNDy and KNDy neuron interactions also helps to 
find new pathways or mechanisms regulating the GnRH 
secretion and allow to develop medical therapies for neu-
roendocrine pathologies.
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