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Uncovering the role of arcuate kisspeptin neurons as a source of the
gonadotropin-releasing hormone pulse generator using gene-modified rats

Mayuko Nagae?, Yoshihisa Uenoyama®
(Course of Applied Animal Science)

Strategies for increasing reproductive performance are needed for domestic animals because for

example the conception (pregnancy) rate has decreased in dairy cows around the world. Reproductive

function is controlled by hormones released by the hypothalamus-pituitary-gonadal axis in mammals,

including domestic animals. Of those hormones, tonic (pulsatile) gonadotropin-releasing hormone

(GnRH) release is fundamentally important for gonadotropin release and gonadal activity. Therefore,

uncovering the mechanism controlling GnRH pulses, that is GnRH pulse generator, is essential to improve

reproductive technologies for domestic animals. The present review is focused on the indispensable role

of arcuate nucleus (ARC) kisspeptin neurons (also known as KNDy neurons) as the GnRH pulse gener-

ator in mammals. First, we give a brief overview of studies on hypothalamic kisspeptin neurons through-

out the past two decades. Second, we review studies that have provided direct evidence that ARC kisspeptin

neurons serve as the GnRH pulse generator, with a special focus on our gene-modified rat models. Finally,

we discuss the mechanism underlying GnRH pulse generation. The knowledge obtained from gene-mod-

ified rat models should be clinically important and could be adapted to new tools to improve reproduc-

tive performance in livestock by stimulating GnRH/gonadotropin pulses.
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Introduction

Development of new technology to improve reproduc-
tive performance of domestic animals is certainly
required because the conception (pregnancy) rate has
decreased in dairy cows around the world"?. For exam-
ple, the conception rate of the first artificial insemina-
tion decreased from > 60% to approximately 40% in
dairy cows during the past three decades in Japan®. It
i1s estimated that the decrease in the conception rate
from 60% to 40% would cause a 1.5-fold increase in the
number of cows to maintain production®. Thus, the feed,
manure, and greenhouse gases would increase accord-
ingly. Therefore, improving the reproductive perfor-
mance of cows may be warranted in terms of the sus-
tainability of livestock production.

Reproductive function is controlled by hormones
released by the hypothalamus—pituitary—gonadal axis in
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mammals, including domestic animals. Hypothalamic
gonadotropin-releasing hormone (GnRH), pituitary gonad-
otropins (luteinizing hormone [LH] and follicle-stimu-
lating hormone [FSH]), and gonadal steroid hormones
(such as estradiol-178, progesterone, and testosterone)
work together to promote follicular development, ovula-
tion, and the development of corpora lutea in females
and spermatogenesis in males. Of those hormones, tonic
(pulsatile) GnRH release is fundamentally important for
gonadotropin release and gonadal functions, such as
gametogenesis and steroidogenesis. This is based on the
fact that pulsatile GnRH treatment has restored circu-
lating gonadotropin concentrations at physiological levels
in adult female rhesus monkeys, which lacked endoge-
nous GnRH release by hypothalamic lesions”. Indeed,
continuous GnRH treatment paradoxically decreased
circulating gonadotropin concentrations in such female
rhesus monkeys, while the pulsatile GnRH treatment
triggered menstrual cycles with cyclic increases in cir-
culating LH levels, and hence circulating estradiol-17/
(indicating follicular development) and progesterone
(indicating the development of corpora lutea) levels in
immature female rhesus monkeys® These results sug-
gest that the GnRH pulses are needed to maintain pitu-
itary responsiveness to GnRH and the biosynthesis and
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release of gonadotropins from the pituitary gland, thereby
controlling ovarian function in female mammals.
Therefore, unraveling the mechanism controlling GnRH
pulses, that is GnRH pulse generator, is essential for
improving reproductive technologies for domestic animals.

The GnRH pulse generator was predicted to be located
in the mediobasal hypothalamus (MBH) including the
arcuate nucleus (ARC)"¥ because Halasz and Pupp
showed in 1965 that female rats bearing complete isola-
tion of the MBH from the rest of the brain (known as
“hypothalamic deafferentation”) exhibited follicular
development”. GnRH neuronal cell bodies are mainly
located in the anterior hypothalamic areas, such as the
preoptic area (POA) in rats”. The GnRH pulse genera-
tor has been considered to be composed of non-GnRH
neurons, but the source driving GnRH pulses has long
remained unknown. Since the discovery of kisspeptin,
originally called metastin'”, as an endogenous ligand of
orphan receptor GPR54 in 2001, growing evidence sug-
gests that the ARC population of kisspeptin neurons is a
source of the GnRH pulse generator.

In this review, we focused on the indispensable role of
ARC kisspeptin neurons as the GnRH pulse generator in
mammals. First, we gave a brief overview of studies on
hypothalamic kisspeptin neurons during the past two
decades. Second, we summarized our studies that pro-
vided direct evidence that ARC kisspeptin neurons
serve as the GnRH pulse generator, with a special focus
on our gene-modified rat models. Finally, we discussed
the mechanism underlying GnRH pulse generation and
its application in order to improve reproductive perfor-
mance in livestock.

Hypothalamic kisspeptin neurons

It is now well known that hypothalamic kisspeptin
neurons serve as master regulators of reproduction by
driving hypothalamic GnRH release and hence pituitary

L1219 The pivotal role

gonadotropin release in mammals
of kisspeptin in mammalian reproduction was first dis-
covered in humans : In 2003, two articles demonstrated
that loss—of—function mutations in the kisspeptin receptor
gene (known as GPR54) resulted in hypogonadotropic
hypogonadism, which is the absence of puberty onset
with a lack of gonadotropin release, in humans™ ™.
Subsequently, the role of the Kkisspeptin receptor in
puberty onset and reproductive functions was verified
using gene-modified mice by targeted disruption of the
Gpr54 gene (encoding kisspeptin receptor in rodents) ™ ¥

Furthermore, the indispensable role of kisspeptin per se
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in mammalian reproduction was confirmed in gene-mod-
ified mice and rats by targeted disruption of the Kissl
gene (encoding kisspeptin in rodents)”™ ' and in
patients suffering from hypogonadotropic hypogonadism
with inactivating mutations of the KISSI gene®.
Kisspeptin profoundly stimulated GnRH/gonadotropin
release in mammals @ Central or peripheral administra-
tion of kisspeptin immediately stimulated gonadotropin

release in rodents®*#* %) ruminants®, and primates®.
Furthermore, GnRH receptor antagonists blocked the
stimulatory effect of kisspeptin on gonadotropin release

2220 and primates®, indicating that kiss-

in rodents
peptin is a potent secretagogue of GnRH release in
mammals. Indeed, Gpr54 is expressed in most GnRH

25, 28, 29) and ratSZl, 30).

neurons in mice

One major population of hypothalamic kisspeptin
neurons is localized in the ARC of mammals such as
31, 32) 22, 33) 34, 35)Y goat836>, Cattle?m, pigSS& 39, 40)y

and monkeys®* % To date, ARC kisspeptin neurons

mice’ %, rats™ ™, sheep
have been considered as the GnRH pulse generator
based on various pieces of some circumstantial evi-
dence : Rhythmic increases in the electrical activity of
multiple neurons (known as multiple unit activity
[MUA] volleys) around the electrode inserted near the
ARC Kkisspeptin neurons were synchronized with LH
pulses in female and male goats™*’, and rhythmic Ca®*
increase in ARC kisspeptin neurons using green fluores-
(GFP)-based Ca calmodulin probe

(GCaMP) fiber photometry recordings, synchronized

cent protein

with LH pulses, were detected in Kiss/-Cre female and

£46.42.99  Importantly, Keen et al' demon-

male mice
strated pulsatile release of kisspeptin, most of which was
synchronized with GnRH pulses, at the median eminence
of female rhesus monkeys. Notably, most ARC kiss-
peptin neurons coexpress neurokinin B, a tachykinin
family peptide, and dynorphin A, an endogenous opioid
50, 51 52, 53)’ Sheep54)Y goats44)

tle®”. Therefore, ARC kisspeptin neurons are also known

peptide, in mice® ", rats . and cat-
as KNDy neurons. In addition, a majority of ARC kiss-
peptin neurons are also glutamatergic, because about 70
% of ARC kisspeptin neurons expressed Cre in Slcl7a6
(glutamatergic marker gene)-Cre mice™.

Another major population of hypothalamic kisspeptin
neurons located in the anteroventral periventricular
nucleus (AVPV) in rodents or POA in ruminants is
considered to serve as the GnRH surge generator to
control ovulation in female mammals. Indeed, preovula-
tory levels of estradiol-178 evoked AVPV Kissl expres-
sion in female rats® and fos (a marker of neuronal
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activation) expression in the AVPV/POA kisspeptin
% and goats®
AVPV Kkisspeptin neurons show an apparent sexual

neurons of female rats . Interestingly,
dimorphism in rodents : Male rats and mice show few
kisspeptin neurons in the AVPV®% and male rats
never show LH surge even if castrated males are
treated with preovulatory levels of estradiol-178%.

Identification of the GnRH pulse generator using gene-
modified rats

Rats have the advantages of being easier to collect
blood samples from frequently, and for being able to
withstand various surgeries, because they are approxi-
mately 10 times larger than mice, even though their
lifespan, sexual maturation, estrous cycle length, gesta-
tion period, and litter size are very similar to those of
mice. Indeed, it is easier to analyze the pulsatile release
of LH in rats by frequent blood sampling compared to
mice. In addition, rat embryonic stem (ES) cells were
established in the 2010s, making it easier to generate
57)

gene-modified rats®’. Currently, an improvement in gene

editing technology is rapidly facilitating the generation
of gene-modified rats®. Therefore, we generated
gene—modified rats to identify the GnRH pulse generator

with gene targeting in rat ES cells or embryos.

Restoration of GnRH pulse generation by rescuing
KNDy neurons in global Kiss1 knockout (KO) rats

To evaluate the indispensable role of ARC kisspeptin
neurons (= KNDy neurons) in GnRH pulse generation,
global KissI KO rats were first generated by gene tar-

57)

geting using rat ES cells*”, in which Kiss/ exons 2 and

A B
KNDy neuron-rescue
0-1%
@ AAV-Kiss1
o
ARC

Plasma LH

Global Kiss1 KO rats

Fig. 1
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3 were replaced with tdTomato cDNA (encoding a red
fluorescent protein)®. Female and male global KissI KO
rats exhibited an absence of puberty onset along with
complete suppression of LH and FSH release, resulting
in tiny gonads. These results suggest that kisspeptin is
indispensable for GnRH release and the pituitary and
gonadal functions in rats of both sexes.

To answer the question as to whether ARC KNDy
neurons generate GnRH pulses, the “KNDy neuron res-
cue experiment was performed using global KissI KO

* (Fig.1). Briefly, recombinant adeno-asso-

female rats
ciated virus (AAV) vectors carrying CAG-promoter-
driven KissI cDNA were injected in the ARC of global
KissI KO female rats. The rescue rate of ARC KNDy
neurons was evaluated using the ratio of ARC KissI-
and Tac3 (encoding neurokinin B)-co—expressing cells
out of the total ARC Tac3-expressing cells in AAV-
KissI-treated global KissI KO rats. Because the rescue
the AAV-Kissl-

treated global KissI KO rats were divided into three

rate varied between individuals,

groups based on their ARC KNDy neuron rescue rate :
20-50%  (highly) 3-15%
(moderately) KNDy neuron-rescued, and 0-1%

KNDy neuron-rescued,

(few) KNDy neuron-rescued rats. As a result, LH
pulses, an indicator of GnRH pulses, were profoundly
restored in the highly KNDy neuron-rescued rats and
partly restored in the moderately KNDy neuron-res-
cued rats along with increases in Lkb (encoding
B-subunit of LH) mRNA expression and LH content in
the pituitary gland. On the other hand, no LH pulses
were found in the few KNDy neuron-rescued rats or
AAV carrying enhanced GFP (AAV-EGFP)-treated

@ Rescued KNDy cell < Kiss1-deficient NDy cell

3-15% 20-50%

Recovery of luteinizing hormone (LH) pulses in kisspeptin/neurokinin B/dynorphin A (KNDy) neuron-rescued female rats.

(A) Adeno-associated virus (AAV) vectors carrying CAG-promoter-driven Kiss7 cDNA were injected in the arcuate nucleus
(ARC) of global Kiss1 knockout (KO) female rats with a lack of gonadotropin-releasing hormone (GnRH)/gonadotropin
release. (B) LH pulses were restored in ARC KNDy neuron-rescued rats when approximately 5-20% of KNDy neurons were

rescued.
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global Kissl KO controls. Importantly, many KissI-
positive cells, which were infected with AAV-Kissi,
were observed even in the few KNDy neuron-rescued
rats, indicating that KissI expression outside ARC Tac3
neurons did not restore LH pulses, and that rescuing
Kissl expression in the original KNDy neuron could
restore GnRH pulse generation in AAV-KissI-treated
global KissI KO rats. These results provided direct
evidence that ARC KNDy neurons serve as the GnRH
pulse generator in female rats.

Furthermore, the highly and moderately KNDy neu-
ron-rescued rats showed large preovulatory follicles
(known as Graafian follicles) in the ovaries, whereas the
few KNDy neuron-rescued rats showed only small folli-
cles in the ovaries, similar to AAV-EGFP-treated
global KissI KO controls. In addition, ovarian estrogen
synthase (known as aromatase, coded by Cypl9al)
mRNA expression increased in the highly and moder-
ately KNDy neuron-rescued rats compared to AAV-
EGFP-treated global Kiss1 KO control rats. Therefore,
GnRH/LH pulses in the highly and moderately KNDy
neuron-rescued rats were enough to promote follicular
development. Interestingly, no corpora lutea, which are
formed after ovulation, were found in the ovaries of the
highly and moderately KNDy neuron-rescued rats.
These results indicate that KNDy neuron-rescued rats
failed to show LH surge and ovulation, despite the pres-
ence of preovulatory follicles in their ovaries. Taken
together, KNDy neurons are responsible for GnRH pulse
generation but not GnRH surge generation in female

rats.
A B
Control
@ AAV-Cre
‘\

ARC Plasma LH

Kiss1-floxed rats
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Lack of GnRH pulse generation in ARC-specific Kiss1
KO rats

To address the question with a different approach, we
performed “ARC-specific KissI KO" experiment using
KissI-floxed female rats® (Fig.2). KissI-floxed rats
were also generated by gene targeting using rat ES
cells”, in which two loxP sequences were inserted to
delete Kissl exons 2 and 3 using the Cre-loxP system™.
To induce ARC-specific KissI KO, recombinant AAV
vectors carrying CAG-promoter—driven Cre cDNA were
injected into the ARC of KissI-floxed rats. The resul-
tant ARC KissI KO rate was evaluated based on the
number of ARC KissI-expressing cells in AAV-Cre-
treated Kiss/-floxed rats. Since the KO rate differed
individually, the animals were classified into two
groups : >90% (highly) ARC KissI KO and 60-80%
(moderately) ARC KissI KO rats. As a result, LH
pulses were profoundly suppressed in the highly ARC
Kissl KO rats, whereas apparent LH pulses were found
in the moderately ARC Kissl KO rats, similar to AAV-
EGFP-treated Kissl-floxed control rats. Thus, the
results obtained from the “ARC-specific KissI KO"
experiment also provided direct evidence that ARC
kisspeptin neurons play a role as the GnRH pulse gener-
ator in female rats.

It was notable that the highly ARC KissI KO rats
exhibited a smaller amplitude of estrogen-induced
surge-like LH increase compared to AAV-EGFP-
treated KissI-floxed control rats, indicating that the
GnRH surge generator functioned in the highly ARC
KissI KO rats. Indeed, preovulatory levels of estra-
diol-17p8 evoked Kissl expression in the AVPV of the

@ Kiss1 KO cell

v Kiss1-expressing cell
ARC Kiss1 KO
60-80%

>90%

Fig. 2 Suppression of LH pulses in ARC-specific Kiss7 KO female rats. (A) AAV vectors carrying CAG-promoter-driven Cre cDNA
were injected into the ARC of Kiss1-floxed rats. (B) LH pulses were profoundly suppressed in the > 90% Kiss1 KO rats,
whereas apparent LH pulses were found in the 60-80% Kiss7 KO rats.
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highly ARC KissI KO rats. The smaller amplitude of the
LH surge in the highly ARC Kiss/ KO rats could be
caused by a decrease in LH content and Lhb mRNA
expression in the pituitary gland in the highly ARC
KissI KO rats with a lack of GnRH pulse generation.

Mechanisms underlying GnRH pulse generation in ARC
KNDy neurons

Most ARC KNDy neurons also express the Gg-coupled
(stimulatory) neurokinin-3 receptor (NKS3R, known as
neurokinin B receptor) in mice® % goats®, and
In addition, (inhibitory)
k—opioid receptor (KOR, known as dynorphin A recep-

sheep®. the Gi-coupled

tor) was found in the majority of ARC KNDy neurons in

rats64, 65) 66)

and sheep™. Therefore, it was postulated that
ARC KNDy neurons could synchronize with each other
by stimulatory neurokinin B-NK3R and inhibitory
dynorphin A-KOR signaling pathways in an autocrine/

06789 Indeed, the frequency of the

paracrine manner
MUA volleys was increased by central administration of
neurokinin B, senktide (an NK3R agonist), or nor-binal-
torphimine (nor-BNI, a KOR antagonist) in female
goats™ %% In addition, the MUA volley frequency was
decreased by central administration of dynorphin A in
female goats™®. Furthermore, neurokinin B, senktide,
or KOR antagonists (nor-BNI and PF-4455242) stimu-

lated LH release in various mammals, such as ewes™ ™,

7 and male mice®. Taken

female goats™, female rats
together, it is most plausible that neurokinin B acts as an
accelerator for ARC KNDy neurons, while dynorphin A
serves as a brake for the neurons, leading to the syn-
chronized pulsatile KNDy neuronal activity to generate
GnRH pulses. In addition, glutamate stimulated LH
release in wild-type female rats, but not Kiss/ KO
rats', and Ca®* increase of ARC KNDy neurons in male
KissI-Cre mice, using GCaMP fiber photometry™.
Furthermore, ionotropic glutamate receptor antagonists
(6-Cyano-7-nitroquinoxaline-2,3-dione and D-2-
Amino-5-phosphonovaleric acid) blocked basal Ca*
increase and, at least in part, neurokinin B-induced Ca*
increase of ARC KNDy neurons in male mice™, sug-
gesting that glutamate-ionotropic glutamate receptor
signaling also drives synchronized pulsatile KNDy neu-
ronal activity in rodents.

Recently, we generated KOR-expressing cell-specific
Kissl KO rats by crossing KissI-floxed rats and Oprkl
(encoding KOR in rats)-Cre rats to clarify whether
KOR-negative KNDy neurons could maintain fertility
and whether KOR-positive KNDy neurons are required
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for GnRH/LH pulses®™. OprkI-Cre rats were generated
by gene targeting using AAV and CRISPR/Cas9 system
in rat embryos™, in which Cre cDNA was inserted into
the 3-end of the Oprkl gene. KissI-floxed/OprkI-Cre
rats, in which KissI was deleted in more than 90% ARC
KNDy neurons, showed normal puberty onset, as did
KissI-floxed control rats. On the other hand, KissI-
floxed/Oprk1-Cre rats showed a one-day longer estrous
cycle compared to KissI-floxed controls. Besides,
Kiss1-floxed/OprkI-Cre rats were fertile, whereas the
animals had fewer pups than Kiss/-floxed controls.
Furthermore, the OVX KissI-floxed/Oprkl-Cre rats
exhibited apparent LH pulses, whereas diestrous levels
of estradiol-17/-treated OVX KissI-floxed/Oprkl-Cre
rats showed profound LH pulse disruption. Collectively,
these results suggest that KOR-expressing KNDy neu-
rons have a role in maintaining normal GnRH pulse
generation, normal length of estrous cycle, and normal
pup number in female rats. We envision that the
remaining KOR-negative KNDy neurons may synchro-
nize with KOR-positive “KissI-deficient NDy" neurons
in Kissl-floxed/Oprkl-Cre rats via mutual contact
among KNDy and “KissI-deficient NDy  neurons
through neurokinin B-NK3R signaling, gap junctions,
and/or glial connections. This is because Ikegami et al>
showed that gap junction inhibitors blocked the senk-
tide-induced synchronized activities among mouse
KissI-GFP cells and the neighboring glial cells.

Conclusion and perspective

Our previous studies using gene-modified rats pro-
vided direct evidence that ARC KNDy neurons serve as
the GnRH pulse generator in female rats. It is plausible
that ARC KNDy neurons synchronize with each other
through stimulatory neurokinin B-NK3R and gluta-
mate-ionotropic glutamate receptors signaling, and
inhibitory dynorphin A-KOR signaling in an autocrine/
paracrine manner. The resultant kisspeptin released
from KNDy neurons stimulates GnRH release in a pulsa-
tile manner (Fig.3). NK3R agonists or KOR antago-
nists may enhance GnRH/gonadotropin pulses in live-
stock with central reproductive dysfunction. Importantly,
our studies using gene-modified rats have suggested
functional redundancy of KNDy neurons : a small num-
ber of KNDy neurons is sufficient to generate GnRH/
gonadotropin pulses” and fertility®™ in female rats.
Therefore, full restoration of KNDy neurons is not
necessarily required to restore GnRH pulse generation,

tonic gonadotropin section, and consequent follicular
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KNDy neurons

Schematic illustration showing the possible mechanism underlying GnRH/LH pulse generation in rats. It is plausible that

ARC KNDy neurons synchronize with each other through the stimulatory neurokinin B-neurokinin-3 receptor (NK3R) and
glutamate-ionotropic glutamate receptor signaling, and the inhibitory dynorphin A- k -opioid receptor (KOR) signaling in an
autocrine/paracrine manner. The resultant kisspeptin released by KNDy neurons stimulates GnRH release in a pulsatile

manner.

development in livestock with reproductive dysfunction.

The knowledge obtained from the gene-modified rat
models should be clinically important and could be
adapted as a new set of tools for improving reproduc-
tive performance in livestock by stimulating the GnRH/

gonadotropin pulse generation.
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