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The kisspeptin family of neuropeptides (encoded by the KISS1/
kiss1 gene) is now a well-established orchestrator of the
hypothalamic–pituitary–gonadal (HPG) reproductive axis. In
humans and mice, inactivating mutations of the genes encod-
ing kisspeptin or its cognate receptor result in failed puberty
and infertility,1–3 whereas conversely activating mutations of
the kisspeptin receptor cause central precocious puberty.4

Together, these seminal findings testify to the functional
significance of kisspeptin-mediated pathways in regulating
normal reproductive function.

The majority of kisspeptin neurons reside in two major
hypothalamic populations: the anteroventral periventricular
nucleus (AVPV) and thearcuate nucleus (ARC, equivalent to the
human infundibular nucleus).5–9 Given this, hypothalamic
kisspeptin signaling has received considerable research atten-
tion with its role in modulating gonadotrophin-releasing

hormone (GnRH) secretion now well characterized. However,
smaller extra-hypothalamic kisspeptin and kisspeptin recep-
tor populations also exist in key limbic and paralimbic brain
regions, including the amygdala. Kiss1 mRNA has been
detected in the mouse amygdala,6,10,11 kiss1r mRNA in the
rat amygdala,8,12 and KISS1 and KISS1R mRNA in the human
amygdala.13,14

The amygdala is a paired almond-shaped group of nuclei
located deep within each temporal lobe of the brain. The
nuclei of the amygdaloid complex can be subdivided into
three groups: the basolateral, the cortical, and the centro-
medial (composed of themedial amygdala [MeA] and central
nuclei).15 Evidence from animal and human research points
to the amygdala playing a fundamental role in regulating an
array of physiological and behavioral processes, including
arousal, reward, fear, anxiety, and social behavior.16–20
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Abstract The hypothalamic hormone kisspeptin (encoded by the KISS1/kiss1 gene) is the master
regulator of the reproductive axis with its role in controlling gonadotrophin hormone
secretion now well characterized. However, identification of kisspeptin and its cognate
receptor expression within the amygdala, a key limbic brain region whose functions
contribute to a broad range of physiological and behavioral processes, has heightened
interest concerning kisspeptins’ role in the broader aspects of reproductive physiology.
In this review, we detail the important developments and key studies examining the
emerging functions of this kisspeptin population. These studies provide novel advances
in our understanding of the mechanisms controlling reproductive neuroendocrinology
by defining the crucial role of the amygdala kisspeptin system in modulating pubertal
timing, reproductive hormone secretion, and pulsatility, as well as its influence in
governing-related behaviors. To this end, the role of the amygdala kisspeptin system in
integrating reproductive hormone secretion with behavior sheds new light onto the
potential use of kisspeptin-based therapeutics for reproductive and related psychosex-
ual disorders.
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However, the underlying neural mechanisms which govern
many of these processes—especially related to kisspeptin
signaling—were largely elusive until recently.

A plethora of studies have demonstrated thatmanipulation
of kisspeptin-mediated pathwaysmay deliver potential thera-
peutic strategies for individuals suffering from reproductive
disorders, including hypothalamic amenorrhea,21 hyperpro-
lactinemia,22 and hypogonadism in men23 and as a trigger for
oocyte maturation in an in vitro fertilization setting.24 In
addition, there are emerging roles for the influence of kiss-
peptin in sexual and emotional behavior.25–27 It is curious to
note thatmany of the processes regulated by the amygdala are
also under the control of kisspeptin signaling, suggesting that
some of these processes are indeed governed by the amygdala
kisspeptin system.

In this review, we detail the current literature regarding the
role of the amygdala kisspeptin system. English published
articles indexed in PubMedwere retrieved bymeans of a series
ofmanual literaturesearches including thefollowingkeywords:
kisspeptin, KISS1/kiss1, KISS1R/kiss1r, amygdala, distribution,
puberty, pulsatility, and reproductive/sexual behavior. Refer-
ence lists of selected studies and hand searches were also
performed. Searcheswere conducted till June 1, 2019, to ensure
inclusion of the most current data.

Neuroanatomical Connections

Understanding the neuronal inputs and where amygdala
kisspeptin neurons project fibers to provides valuable mecha-
nistic insight to their functional significance. In male rats,
amygdala kisspeptin neuronsmaintain reciprocal connections
with the accessory olfactory bulb,12 which has an established
role in conveying pheromonal cues,28 with evidence demon-
strating these kisspeptin neurons are targeted directly by
pheromonal pathways.29 In addition, approximately 15% of
GnRH neurons in the hypothalamic preoptic area receive
inputs from amygdala kisspeptin neurons,12 suggesting they
act as a plausible relay between pheromonal inputs and the
HPG axis. It is interesting to note that thesefindings in rats are
in close agreementwith aneuroanatomical study inKiss1-CRE
transgenic mice which revealed fibers projecting from amyg-
dala kisspeptin neurons through the medial forebrain bundle
to the preoptic area, as well as extending further into the
accessoryolfactorybulb.30Taken together, thesefindings from
male rats and transgenic mice provide an anatomical frame-
work for amygdala kisspeptin neurons to transmit sexually
relevant olfactory cues to modulate the HPG axis.

Additionally, in male rats amygdala kisspeptin neurons
are located in close apposition and receive innervation from
vasopressinergic and dopaminergic neurons,12 with these
neurotransmitter systems recognized to play a key role in the
control of social behavior.31,32 This implies functional inter-
play between the amygdala kisspeptin system and other
neurotransmitter systems to modulate the necessary behav-
iors required to optimize reproductive success.

A further physiologically relevant communication has been
mapped in rodents demonstrating that kisspeptin neurons
in the MeA form projections directly onto kisspeptin neurons

in the ARC.33 These data match the results of a previous study
in ovariectomized goats where an anterograde tracer was
injected into the MeA, revealing direct efferent projections
into a subset of ARC kisspeptin/neurokinin B (NKB) neurons.34

Given that the MeA contributes to regulating a broad range of
physiological and behavioral responses, these data signify that
some aspects of these responses are likely processed via the
MeA to ARC kisspeptin neurons to modulate reproductive
function. Along these lines, it is notable that the median
eminence lacks direct projections from the MeA in male
rodents.29 This raises the possibility that in male rodents,
rather than direct GnRH release at GnRH nerve terminals,
the amygdala kisspeptin system influences the HPG axis
through complex interplay with other neurotransmitter sys-
tems (such as GABA12) or via interneuronal pathways.29

However, this remains to be fully explored and studied in
female rodents.

Collectively, through a combination of neuronal tracing and
immunohistochemical techniques, these studies demonstrate
important neuroanatomical populations and connections
involving amygdala kisspeptin neurons and receptors (summa-
rized in ►Table 1). Hence, these findings have generated
interest concerning the role of the amygdala kisspeptin system
as a pivotal candidate in the control of the HPG axis and
reproductive behavior.

Kisspeptin and Kisspeptin Receptor
Expression within the Amygdala

The amygdala has received substantial recent attention for
its role in regulating social and reproductive behaviors in a
sexually dimorphic manner to influence reproductive func-
tion.35,36 Therefore, understanding patterns of amygdala
kisspeptin system expression may provide valuable mecha-
nistic insight to explain changes in sexually differentiated
behaviors observed across the lifespan.

Kisspeptin expression in the rodent amygdala is restricted
to the MeA and prominently the posterodorsal subnucleus of
the MeA (MePD; but not observed in other amygdaloid
regions),11 an areawhose functions contribute to awide range
of social, emotional, and sexual behaviors.37,38 In gonad-intact
rodents, this expression is sexually dimorphic with higher
levels in males than in diestrus females.11 In addition, MeA
kisspeptin expression is positively modulated by circulating
gonadal sex steroids,11 supported by findings that kisspeptin
expression is absent in the neonatal and early prepubertal
amygdala of rodents.39 Consistent with this, although MeA
kisspeptin expression is undetectable in juvenile male rats, it
significantly increases during late puberty mirroring the
pubertal increase in circulating gonadal sex steroids.40

Further evidence for the influence of circulating gonadal sex
steroids on the amygdala kisspeptin system comes from data
demonstrating that MeA kisspeptin expression is robustly
reduced in gonadectomized rodents of both sexes, but becomes
significantly upregulated by estradiol or testosterone supple-
mentation.11 It is also interesting to note that dihydrotestoster-
one (a nonaromatizable androgen) treatment does not affect
MeAkisspeptin levels,highlighting that inthisregionkisspeptin
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expression is modulated via the estradiol-receptor(ER; rather
than androgen receptor) pathway.11 Specifically, this estradiol-
inducedupregulation has been shown to bemodulatedprimar-
ily via the ERα signaling pathway (rather than the ERβ)40 with
approximately half of MeA kisspeptin neurons expressing ERα
in both gonadally intact male mice and female mice in
diestrus.41

In addition to modulation by oestradiol, kisspeptin expres-
sion in the MeA is also regulated by γ-aminobutyric acid
(GABA), theprinciple inhibitoryneurotransmitter in thecentral
nervous system of adult mammals.42 Indeed, most MeA kiss-
peptin neurons coexpress the GABAB1 subunit.43 Hence, in
global GABABR knockout (KO) mice of both sexes, removal of
GABABR signaling robustly upregulatesMeA kisspeptin expres-
sion, suggesting that endogenous GABA normally acts via
GABABR to downregulate MeA kisspeptin expression.43 Nota-
bly, kisspeptin expression does not differ between wild-type
and GABABR knockout mice in the AVPV and the ARC demon-
strating that this GABABR regulation of kisspeptin expression is
limited to extrahypothalamic kisspeptin populations.43

A recent study explored the interaction between estradiol
and GABA using GABABR KO mice revealing that although
estradiol normally increases MeA kisspeptin levels, expres-
sion was further upregulated by estradiol treatment in
GABABR KO mice.44 This suggests that stimulatory estradiol
and inhibitory GABABR signaling are able to independently
regulate kisspeptin expression in the MeA. Furthermore,
removal of circulating gonadal sex steroids by gonadectomy
in these mice did not abolish kisspeptin expression signify-
ing that it is not exclusively dependent on estradiol stimula-
tion, but also on additional as yet unknown factors.44

Collectively, these studies provide new advances in our
understanding of the mechanisms which modulate the
amygdala kisspeptin system. How changes in kisspeptin
expression affect resultant sexually differentiated behaviors
remains to be fully studied.

Reproductive Hormone Secretion and
Pulsatility

Although the arcuate nucleus has emerged as the likely
intrinsic source of the Kisspeptin-GnRH pulse generator in
rodents,45 there is increasing evidence that the amygdala
kisspeptin system also exerts a pivotal influence over gonado-
trophin hormone secretion and reproductive neuroendocrine
physiology.

In a study employing manganese-enhanced magnetic
resonance imaging (MRI) in adult male mice, peripheral
administration of kisspeptin resulted in a marked decrease
in neuronal activity in the MeA (indicative of an overall
inhibitory effect) and was temporally associated with
increased LH secretion.46 Furthermore, direct injection of
kisspeptin into the MeA of adult female rats also dose
dependently increased circulating levels of LH, whereas
blocking the endogenous amygdala kisspeptin system by
intra-MeA administration of a kisspeptin receptor antagonist
(peptide-234) decreased pulsatile and overall LH secretion.46

A similar response has been observed by direct injection of
kisspeptin into the MeA of male rats, resulting in increased
plasma LH levels.47 These findings support the notion that
the amygdala kisspeptin system plays an important role in
modulating gonadotrophin secretion and pulsatility.

Table 1 Summary of the influence of the amygdala kisspeptin (KP) system on reproductive function in goats (G), humans (H), and
rodents (R)

Reproductive
function

Influence of kisspeptin

Reproductive
hormone secretion

• Intra-MeA KP administration dose dependently " LH in female R46

• Intra-MeA KP receptor antagonist administration ↓ LH in female R46

• Intra-MeA KP administration " LH in male R47

Reproductive
hormone pulsatility

• Intra-MeA KP receptor antagonist administration ↓ LH pulsatility in female R46

• Continuous optogenetic stimulation of MePD KP neurons " LH pulse frequency in female R48

Pubertal timing • Intra-MePD KP receptor antagonist administration delays puberty, disrupts estrous cyclicity,
and ↓ preovulatory LH surge in female R52

Olfaction • Exposure to female urine " MeA KP neuronal activity and " LH in male R29

• Reciprocal connections between AOB and amygdala KP neurons, with subset GnRH neurons
in POA receiving input from amygdala in male R12

• Kisspeptin olfactory anatomical framework in female G34

Reproductive
behavior

• Intra-MeA KP administration dose dependently " excopula erections and " LH release in male R47

• DREADDs activation of MePD kisspeptin neurons augments sexual partner preference and
attenuates anxiety in male R56

Human brain
processing

• Peripheral KP administration enhances fMRI amygdala activity in response to sexual and
nonsexual bonding images in male H57

• Peripheral KP administration enhances fMRI resting connectivity in the amygdala–cingulate
network in male H60

Abbreviations: AOB, accessory olfactory bulb; DREADDs, designer receptors exclusively activated by designer drugs; fMRI, functional magnetic
resonance imaging; GnRH, gonadotrophin-releasing hormone; Kiss1r, kisspeptin receptor; LH, luteinizing hormone; MeA, medial nucleus of the
amygdala; MePD, posterodorsal subnucleus of the medial amygdala.
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To furtherexaminethe influenceof the amygdala kisspeptin
system on pulsatile LH secretion, a recent study used
an optogenetic approach to selectively stimulate MePD
kisspeptin neurons in fully conscious adult female mice.48

Continuous stimulation using 5Hz (but not lower frequencies
of 0.5 and 2Hz) resulted in an increased LH pulse frequency,
suggesting that MePD kisspeptin neuronal activity can modu-
late the hypothalamic GnRH pulse generator once a minimal
activational requirement has been reached.48

Taken together, these data demonstrate that the amygdala
kisspeptin systemacts asanupstreamregulatorand interplays
with the HPG axis to modulate reproductive hormone secre-
tionand itspulsatility (summarized in►Table 1). Todate,most
studies have been undertaken in female rodents; therefore, it
will be of interest to examine the effect of the amygdala
kisspeptin system on reproductive hormone pulsatility in
male species.

Pubertal Timing

The MeA undoubtedly plays a key role in regulating pubertal
timing as evidenced by advancing pubertal onset by amyg-
dala lesioning in macaques49 and rats,50 whereas conversely
stimulating the amygdala delays onset in rats.51 Given the
importance of kisspeptin as the crucial regulator of pubertal
timing,1,2,4 the influence of the amygdala kisspeptin system
has been assessed. In post-weaning and young adult female
rats, blocking the endogenous amygdala kisspeptin system
by direct injection of a kisspeptin receptor antagonist (pep-
tide-234) into theMePD has been observed to delay pubertal
onset, disrupt estrous cyclicity, and reduce the occurrence of
preovulatory LH surges.52 These findings lend support to the
MePD playing a central role in pubertal timing and ovulation
(summarized in ►Table 1).

Furthermore, given the association betweenmaternal obe-
sity and precocious puberty in girls53 and boys,54 a study has
been undertaken to understand the mechanism by which
intrauterine obesogenic environments disrupt reproductive
function in offspring. Maternal obesity in rats (achieved
following a 6-week energy-dense diet prior to mating and
throughout pregnancy and lactation) resulted in upregulation
of kisspeptin expression in theMePD of prepubertal male and
female offspring, but unaffected expression in the ARC and
AVPV.52 It is intriguing to note that at 3 months, female
offspring demonstrated reduced kisspeptin expression in all
three brain regions, whereas this was observed only in the
MePD of males suggesting sexual dimorphism.52 Collectively,
these data reveal that maternal obesity may act via the
amygdala kisspeptin system to modulate the reproductive
function of offspring.

Reproductive Behavior

Across an assortment of species, olfactory cues from species-
and gender-specific pheromones are an important means of
communicating information about the social and sexual status
of an animal and act as key precursors tomediating reproduc-
tive behavior.28 A recent study has provided evidence for the

importance of the amygdala kisspeptin system in olfactory-
reproductive pathways. Male mice exposed to female urine
demonstrated a twofold increase in MeA kisspeptin neuronal
activity (determined by c-Fos) with a concomitant LH surge.29

Interestingly, 71% of MeA kisspeptin neurons expressed the
GABAergic marker Vgat and 29% expressed the glutamatergic
marker Vglut2.29 These findings highlight a crucial role for the
amygdala kisspeptin system as a mediator which integrates
opposite-sex olfactory stimuli to modulate the HPG axis,
potentially through interplay with GABAergic and glutama-
tergic neurotransmitter systems which themselves have
established effects on the HPG axis and related behaviors.55

It is interesting to consider the mechanisms by which
pheromonal cues are conveyed from the amygdala tomodulate
the HPG axis and whether species differences exist. As previ-
ously mentioned, in rodents reciprocal connections exist
between the accessory olfactory bulb and amygdala kisspeptin
neurons, and a subset of GnRH neurons in the hypothalamic
preoptic area receive inputs from amygdala kisspeptin neu-
rons.12 This provides an anatomical framework for amygdala
kisspeptin neurons to process olfactory cues to influence the
HPG axis. Consistent with this, efferent projections from the
MeA have been detected terminating in a subset of ARC
kisspeptin/NKB neurons in ovariectomized goats.34 In this
study, a recording electrode was implanted and aimed at the
ARC kisspeptin/NKB neuronal population. Notably, treatment
with an NKB receptor antagonist completely suppressedmulti-
ple-unit activity (indicative of GnRH pulse generator activity)
and LH responses to male pheromones.34 This implies that in
female goats, processing of male pheromones occurs via the
MeA to ARC kisspeptin/NKB neurons tomodulate the HPG axis.

For reproduction to fully function, the HPG axis must be
accompanied by appropriate related behaviors, including the
establishmentofpartnerpreferenceandsexualarousal. Studies
in rodentsprovide evidence for the importanceof the amygdala
kisspeptin system in governing these sociosexual behaviors. In
male rats, direct injection of kisspeptin into the MeA has been
shown to dose dependently elicit multiple excopula erections,
an effect whichwas blocked by pretreatment with a kisspeptin
receptor antagonist (peptide-234).47 Direct injection of kiss-
peptin into theMeA also increased plasma LH levels, highlight-
ing thatMeA kisspeptin signalingmodulates GnRH release and
gonadotrophichormonesecretionwhilegoverningmalesexual
behavior. It is intriguing to note that when kisspeptin was
infused into the lateral cerebroventricle, there were no
observed erections (despite comparable rise in circulating LH
levels), demonstrating LH independence and site specificity of
the MePD for kisspeptin’s role in regulating erections.47

In addition, different experimental paradigms have been
employed to assess reproductive behavior. In adult malemice,
activation of MePD kisspeptin neurons using the pharmaco-
syntheticDREADDs (designer receptorexclusivelyactivatedby
designer drugs) technology augmented sexual partner prefer-
ence as indicated by double the amount of time spent bymale
mice investigating an estrous female.56 Stimulating MePD
kisspeptin neurons using this approach also resulted in
increased social interaction and exploratory duration in the
open arms of an elevated plus maze suggesting attenuated
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anxiety behavior.56 Collectively, these data support an essen-
tial role for the amygdala kisspeptin system in modulating
sexual motivation and social behavior to facilitate maximal
reproductive success (summarized in ►Table 1).

Human Brain Processing

Translating the behavioral findings from animals into human
studies requires less invasive techniques. To this end, advan-
ces in neuroimaging offer a unique opportunity to explore
the intricacies of kisspeptin and behavior in more detail.

In a functional MRI (fMRI) study of healthy heterosexual
men, peripheral administration of kisspeptin enhanced neu-
ronal activity in the amygdala in response to both sexual and
nonsexual couple-bonding images.57 It is intriguing to note
that this enhancementof the amygdala to bonding images also
correlated with improvements in positive mood. In addition,
on viewing sexual images, kisspeptin activated the amygdala
more in participants with lower baseline behavioral drive and
reward traits. This may indicate that by modulating amygdala
neuronal activity, kisspeptin is able to drive a desire for
reproduction in people who are less responsive to reward.57

These findings are also of potential therapeutic significance,
given desire for sexual stimulation and desire to bond are key
prerequisites for successful reproduction, and the amygdala
has been implicated in both processes.58,59

Given kisspeptin’s important role in human sexual and
emotional brain processing during stimulatory tasks, it is
interesting to consider its effects on resting brain amygdala
connectivity. In a second fMRI study of healthy heterosexual
men,peripheral administrationofkisspeptinenhancedresting
global connectivity in the amygdala–cingulate network.60

Crucially, this established network has important roles in
controlling emotions and bonding.61–63

It is salient to note that in both of these studies, kisspeptin
administration had no effect on other relevant hormones
(testosterone, oxytocin, and cortisol). This suggests that the
observed fMRI effects were derived from kisspeptin and
independent from the influence of these hormones that
could affect amygdala neuronal activity. Collectively, these
studies provide strong evidence for the amygdala as a central
component in kisspeptin’s role as a neuroendocrine mod-
ulator of human sexual and emotional brain activity. Future
studies may seek to investigate women and patients with
psychosexual disorders to examine the effect of kisspeptin
administration further on sexual and emotional brain
processing.

Conclusion and Future Directions

The relationship between hypothalamic kisspeptin signaling
and its regulation of gonadotrophin hormone secretion has
received considerable attention. However, the identification
of amygdala kisspeptin and receptor expression, an impor-
tant neural site implicated in regulating an array of physio-
logical and behavioral processes, has heightened interest
regarding their role in reproductive function. In this review,
we have detailed the important developments and key

studies examining the functions of this elusive kisspeptin
population. Through various experimental paradigms, the
amygdala kisspeptin system has emerged as crucial for
modulating pubertal timing, reproductive hormone
secretion, and pulsatility. This indicates the importance of
these kisspeptin neurons as essential gatekeepers and an
upstream regulator of the central control mechanisms
governing reproductive physiology. In addition, for success-
ful reproduction, the HPG axis must usually be accompanied
by appropriate related behaviors. Indeed, recent studies have
begun to uncover the positive facilitatory role which the
amygdala kisspeptin system plays in controlling sexual
behavior, including processing pheromonal cues, determin-
ing partner preference, andmediating sexual arousal, as well
as its pivotal role in human sexual and bonding brain
processing. These novel findings underscore the emerging
role of the amygdala in integrating reproductive behaviors to
modulate the HPG axis. Importantly, these findings will help
drive future studies examining for sexual dimorphisms and
exploring other species to provide new advances in our
understanding of the mechanisms controlling reproductive
neuroendocrinology. To this end, the role of the amygdala
kisspeptin system in governing pubertal timing, reproduc-
tive hormone secretion and pulsatility, and reproductive
behavior sheds new light into the possibility of using kiss-
peptin-based therapeutics for reproductive and related psy-
chosexual disorders.

Conflict of Interest
None declared.

Acknowledgments
The Section of Investigative Medicine is funded by grants
from the MRC and BBSRC and is supported by the NIHR
Imperial Biomedical Research Centre Funding Scheme.
E.G.A.M. is supported by Imperial College BRC funding.
A.N.C. is supported by the BRC and NHS. The views
expressed are those of the authors and not necessarily
those of the aforementioned funders, the NHS, the NIHR,
or the Department of Health.

References
1 de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL, Milgrom E.

Hypogonadotropic hypogonadism due to loss of function of the
KiSS1-derived peptide receptor GPR54. Proc Natl Acad Sci U S A
2003;100(19):10972–10976

2 Seminara SB,Messager S, Chatzidaki EE, et al. The GPR54 gene as a
regulator of puberty. N Engl J Med 2003;349(17):1614–1627

3 Topaloglu AK, Tello JA, Kotan LD, et al. Inactivating KISS1mutation
and hypogonadotropic hypogonadism. N Engl J Med 2012;366
(07):629–635

4 Teles MG, Bianco SDC, Brito VN, et al. A GPR54-activating muta-
tion in a patient with central precocious puberty. N Engl J Med
2008;358(07):709–715

5 Clarkson J, d’Anglemont de Tassigny X, Colledge WH, Caraty A,
Herbison AE. Distribution of kisspeptin neurones in the adult
female mouse brain. J Neuroendocrinol 2009;21(08):673–682

6 GottschML, CunninghamMJ, Smith JT, et al. A role for kisspeptins
in the regulation of gonadotropin secretion in the mouse. Endo-
crinology 2004;145(09):4073–4077

Seminars in Reproductive Medicine Vol. 37 No. 2/2019

The Roles of the Amygdala Kisspeptin System Mills et al.68

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



7 Irwig MS, Fraley GS, Smith JT, et al. Kisspeptin activation of
gonadotropin releasing hormone neurons and regulation of
KiSS-1 mRNA in the male rat. Neuroendocrinology 2004;80
(04):264–272

8 Lee DK, Nguyen T, O’Neill GP, et al. Discovery of a receptor related
to the galanin receptors. FEBS Lett 1999;446(01):103–107

9 Kauffman AS, Gottsch ML, Roa J, et al. Sexual differentiation of
Kiss1 gene expression in the brain of the rat. Endocrinology 2007;
148(04):1774–1783

10 Cravo RM, Margatho LO, Osborne-Lawrence S, et al. Characteri-
zation of Kiss1 neurons using transgenic mouse models. Neuro-
science 2011;173:37–56

11 Kim J, Semaan SJ, Clifton DK, Steiner RA, Dhamija S, Kauffman AS.
Regulation of Kiss1 expression by sex steroids in the amygdala of
the rat and mouse. Endocrinology 2011;152(05):2020–2030

12 Pineda R, Plaisier F, Millar RP, Ludwig M. Amygdala kisspeptin
neurons: putative mediators of olfactory control of the gonado-
tropic axis. Neuroendocrinology 2017;104(03):223–238

13 Muir AI, Chamberlain L, Elshourbagy NA, et al. AXOR12, a novel
humanGprotein-coupled receptor, activated by the peptide KiSS-
1. J Biol Chem 2001;276(31):28969–28975

14 Kotani M, Detheux M, Vandenbogaerde A, et al. The metastasis
suppressor gene KiSS-1 encodes kisspeptins, the natural ligands
of the orphan G protein-coupled receptor GPR54. J Biol Chem
2001;276(37):34631–34636

15 Sah P, Faber ESL, Lopez De Armentia M, Power J. The amygdaloid
complex:anatomyandphysiology.PhysiolRev2003;83(03):803–834

16 Janak PH, Tye KM. From circuits to behaviour in the amygdala.
Nature 2015;517(7534):284–292

17 Baxter MG, Murray EA. The amygdala and reward. Nat Rev
Neurosci 2002;3(07):563–573

18 Roozendaal B, McEwen BS, Chattarji S. Stress, memory and the
amygdala. Nat Rev Neurosci 2009;10(06):423–433

19 Feinstein JS, Adolphs R, Damasio A, TranelD. Thehuman amygdala
and the induction and experience of fear. Curr Biol 2011;21(01):
34–38

20 Phelps EA, LeDoux JE. Contributions of the amygdala to emotion
processing: from animal models to human behavior. Neuron
2005;48(02):175–187

21 Jayasena CN, Abbara A, Veldhuis JD, et al. Increasing LH pulsatility
in women with hypothalamic amenorrhoea using intravenous
infusion of Kisspeptin-54. J Clin Endocrinol Metab 2014;99(06):
E953–E961

22 Sonigo C, Bouilly J, Carré N, et al. Hyperprolactinemia-induced
ovarian acyclicity is reversed by kisspeptin administration. J Clin
Invest 2012;122(10):3791–3795

23 George JT, Veldhuis JD, Tena-Sempere M, Millar RP, Anderson RA.
Exploring the pathophysiology of hypogonadism in men with
type 2 diabetes: kisspeptin-10 stimulates serum testosterone and
LH secretion in men with type 2 diabetes and mild biochemical
hypogonadism. Clin Endocrinol (Oxf) 2013;79(01):100–104

24 Jayasena CN, Abbara A, Comninos AN, et al. Kisspeptin-54 triggers
egg maturation in women undergoing in vitro fertilization. J Clin
Invest 2014;124(08):3667–3677

25 Mills EGA, DhilloWS, Comninos AN. Kisspeptin and the control of
emotions, mood and reproductive behaviour. J Endocrinol 2018;
239(01):R1–R12

26 Comninos AN, Dhillo WS. Emerging roles of kisspeptin in sexual
and emotional brain processing. Neuroendocrinology 2018;106
(02):195–202

27 YangL,ComninosAN,DhilloWS. Intrinsic links amongsex, emotion,
and reproduction. Cell Mol Life Sci 2018;75(12):2197–2210

28 Dulac C, Torello AT. Molecular detection of pheromone signals in
mammals: from genes to behaviour. Nat Rev Neurosci 2003;4(07):
551–562

29 Aggarwal S, Tang C, Sing K, Kim HW, Millar RP, Tello JA. Medial
amygdala Kiss1 neurons mediate female pheromone stimulation
of LH in male mice. Neuroendocrinology 2019;108(03):172–189

30 Yeo SH, Kyle V, Morris PG, et al. Visualisation of Kiss1 neurone
distribution using a Kiss1-CRE transgenic mouse. J Neuro-
endocrinol 2016;28(11):

31 Insel TR. The challenge of translation in social neuroscience: a
review of oxytocin, vasopressin, and affiliative behavior. Neuron
2010;65(06):768–779

32 Bromberg-Martin ES, Matsumoto M, Hikosaka O. Dopamine in
motivational control: rewarding, aversive, and alerting. Neuron
2010;68(05):815–834

33 Yeo SH, Kyle V, Blouet C, Jones S, ColledgeWH. Mapping neuronal
inputs to Kiss1 neurons in the arcuate nucleus of the mouse. PLoS
One 2019;14(03):e0213927

34 Sakamoto K, Wakabayashi Y, Yamamura T, et al. A population of
kisspeptin/neurokinin B neurons in the arcuate nucleusmay be the
central target of the male effect phenomenon in goats. PLoS One
2013;8(11):e81017

35 Dulac C, Kimchi T. Neural mechanisms underlying sex-specific
behaviors invertebrates.CurrOpinNeurobiol 2007;17(06):675–683

36 Mhaouty-Kodja S, Naulé L, Capela D. Sexual behavior: from hor-
monal regulation to endocrine disruption. Neuroendocrinology
2018;107(04):400–416

37 Newman SW. The medial extended amygdala in male reproduc-
tive behavior. A node in the mammalian social behavior network.
Ann N Y Acad Sci 1999;877:242–257

38 Rasia-Filho AA, Londero RG, Achaval M. Functional activities of the
amygdala: an overview. J Psychiatry Neurosci 2000;25(01):14–23

39 Cao J, Patisaul HB. Sex-specific expression of estrogen receptors α
and β and Kiss1 in the postnatal rat amygdala. J Comp Neurol
2013;521(02):465–478

40 Stephens SBZ, Chahal N, Munaganuru N, Parra RA, Kauffman AS.
Estrogen stimulation of Kiss1 expression in the medial amygdala
involves estrogen receptor-α but not estrogen receptor-β. Endo-
crinology 2016;157(10):4021–4031

41 Lima LB, Haubenthal FT, Silveira MA, et al. Conspecific odor
exposure predominantly activates non-kisspeptin cells in the
medial nucleus of the amygdala. Neurosci Lett 2018;681:12–16

42 Somogyi P, Tamás G, Lujan R, Buhl EH. Salient features of synaptic
organisation in the cerebral cortex. Brain Res Brain Res Rev 1998;
26(2-3):113–135

43 Di Giorgio NP, Semaan SJ, Kim J, et al. Impaired GABAB receptor
signaling dramatically up-regulates Kiss1 expression selectively
in nonhypothalamic brain regions of adult but not prepubertal
mice. Endocrinology 2014;155(03):1033–1044

44 Stephens SBZ, Di Giorgio NP, Liaw RB, et al. Estradiol-dependent and
-independent stimulationof KIss1 expression in the amygdala, BNST,
and lateral septumofmice. Endocrinology2018;159(09):3389–3402

45 Clarkson J, Han SY, Piet R, et al. Definition of the hypothalamic
GnRH pulse generator in mice. Proc Natl Acad Sci U S A 2017;114
(47):E10216–E10223

46 Comninos AN, Anastasovska J, Sahuri-ArisoyluM, et al. Kisspeptin
signaling in the amygdala modulates reproductive hormone
secretion. Brain Struct Funct 2016;221(04):2035–2047

47 Gresham R, Li S, Adekunbi DA, HuM, Li XF, O’Byrne KT. Kisspeptin
in themedial amygdala and sexual behavior inmale rats. Neurosci
Lett 2016;627:13–17

48 Lass G, Li XF, de Burgh RA, et al. Optogenetic stimulation of
kisspeptin neurones within the posterodorsal medial amygdala
increases LH pulse frequency in female mice. bioRxiv 2018. Doi:
https://doi.org/10.1101/497164

49 Stephens SBZ, Raper J, Bachevalier J, Wallen K. Neonatal amygdala
lesions advance pubertal timing in female rhesus macaques.
Psychoneuroendocrinology 2015;51:307–317

50 Li XF, HuMH, Hanley BP, et al. The posterodorsal medial amygdala
regulates the timing of puberty onset in female rats. Endocrinol-
ogy 2015;156(10):3725–3736

51 Bar-Sela M, Critchlow V. Delayed puberty following electrical
stimulation of amygdala in female rats. Am J Physiol 1966;211
(05):1103–1107

Seminars in Reproductive Medicine Vol. 37 No. 2/2019

The Roles of the Amygdala Kisspeptin System Mills et al. 69

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.



52 Adekunbi DA, Li XF, Li S, et al. Role of amygdala kisspeptin in
pubertal timing in female rats. PLoS One 2017;12(08):e0183596

53 Deardorff J, Berry-Millett R, Rehkopf D, Luecke E, LahiffM, Abrams
B. Maternal pre-pregnancy BMI, gestational weight gain, and age
at menarche in daughters. Matern Child Health J 2013;17(08):
1391–1398

54 Hounsgaard ML, Håkonsen LB, Vested A, et al. Maternal pre-
pregnancy body mass index and pubertal development among
sons. Andrology 2014;2(02):198–204

55 Hrabovszky E, Molnár CS, Nagy R, et al. Glutamatergic and
GABAergic innervation of human gonadotropin-releasing hor-
mone-I neurons. Endocrinology 2012;153(06):2766–2776

56 Adekunbi DA, Li XF, Lass G, et al. Kisspeptin neurones in the poster-
odorsal medial amygdala modulate sexual partner preference and
anxiety in male mice. J Neuroendocrinol 2018;30(03):e12572

57 Comninos AN, Wall MB, Demetriou L, et al. Kisspeptin modulates
sexual and emotional brain processing in humans. J Clin Invest
2017;127(02):709–719

58 Young LJ, Wang Z. The neurobiology of pair bonding. Nat Neurosci
2004;7(10):1048–1054

59 Hamann S, Herman RA, Nolan CL, Wallen K. Men and women
differ in amygdala response to visual sexual stimuli. Nat Neurosci
2004;7(04):411–416

60 Comninos AN, Demetriou L,Wall MB, et al. Modulations of human
resting brain connectivity by kisspeptin enhance sexual and
emotional functions. JCI Insight 2018;3(20):121958

61 Banks SJ, Eddy KT, Angstadt M, Nathan PJ, Phan KL. Amygdala-
frontal connectivity during emotion regulation. Soc Cogn Affect
Neurosci 2007;2(04):303–312

62 Chase HW, Moses-Kolko EL, Zevallos C, Wisner KL, Phillips ML.
Disrupted posterior cingulate-amygdala connectivity in postpar-
tum depressed women as measured with resting BOLD fMRI. Soc
Cogn Affect Neurosci 2014;9(08):1069–1075

63 Sander K, Frome Y, Scheich H. FMRI activations of amygdala,
cingulate cortex, and auditory cortex by infant laughing and
crying. Hum Brain Mapp 2007;28(10):1007–1022

Seminars in Reproductive Medicine Vol. 37 No. 2/2019

The Roles of the Amygdala Kisspeptin System Mills et al.70

T
hi

s 
do

cu
m

en
t w

as
 d

ow
nl

oa
de

d 
fo

r 
pe

rs
on

al
 u

se
 o

nl
y.

 U
na

ut
ho

riz
ed

 d
is

tr
ib

ut
io

n 
is

 s
tr

ic
tly

 p
ro

hi
bi

te
d.


