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1. INTRODUCTION

1. 1. Neuroendocrine regulation of mammalian reproduction

Mammalian reproduction is regulated by the hypothalamic-pituitary-gonadal (HPG)
axis. The menstrual and estrous cycles depend upon complex inter-communication
between the three levels of the HPG axis. A key element of this axis is the hypothalamic
gonadotropin-releasing hormone (GnRH) neuronal system which serves as the final
output component of a neuronal network that integrates multiple environmental and
internal factors to regulate reproductive hormone secretion. GnRH neurons release GnRH
in an episodic manner into the pituitary portal circulation to generate distinct pulses of
the two gonadotropins, luteinizing hormone (LH) and follicle-stimulating hormone (FSH)
from the anterior pituitary gonadotropes. The gonadotropins regulate gametogenesis and
steroidogenesis in the gonads of both males and females. The levels of the HPG axis are
bidirectionally linked to each other. In addition to regulating reproductive functions in
the peripheral tissues, the gonadal sex steroid hormones (estradiol and progesterone from
the ovary, testosterone from the testicle) feed back to the hypothalamus to regulate GnRH
secretion, and to the pituitary to modulate the responsiveness of gonadotropes to GnRH
(Fig. 1). Each level of the HPG axis represents an important site in the regulation of
reproductive status [1-4].

The topography of GnRH neurons, the mechanisms of the GnRH pulse and surge
generation, factors influencing pulsatile hormone secretion (especially the roles of
estrogens) and neurons that play a crucial role in afferent regulation of GnRH cells and

in mediating estrogen action on GnRH cells will be described in the upcoming chapters.
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Figure 1. The communication between the levels of the hypothalamic-pituitary-gonadal axis.
Gonadotropin-releasing hormone (GnRH) is secreted form the hypothalamus by GnRH neurons
into the pituitary portal circulation. GnRH promotes the production and release of luteinizing
hormone (LH) and follicle-stimulating hormone (FSH) from the gonadotropic cells in the anterior
pituitary. The secreted gonadotropins (LH and FSH) are responsible for gametogenesis and sex
steroid synthesis of the gonads. Gonadal steroids feed back to the hypothalamus to regulate GnRH
secretion, and to the anterior pituitary to modulate the responsiveness of gonadotropes to GnRH.

1. 2. GnRH neurons

1. 2. 1. The development, topography and projections of GhRH neurons

GnRH neurons are born in the medial part of the nasal placode and enter the brain
along a migratory route formed by the vomeronasal/terminal nerve during vertebrate
embryogenesis [5-8]. GnRH neurons follow two different migratory streams. The ventral
migratory pathway is directed towards to presumptive hypothalamic regions, whereas the
dorsal migratory pathway leads developing GnRH cells towards pallial and subpallial
telencephalic regions. The number of GnRH neurons in mice is higher during
embryogenesis (1000-1200) and declines at adulthood [9, 10]. About 10 000 GnRH

neurons were counted in the developing brain in humans [8]. Given that the number of
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GnRH neurons in the adult brain is similar, the majority of migrating GnRH neurons may
survive through adulthood [11].

The undisrupted migration of GnRH neurons is critical for the onset of puberty and
subsequent sexual maturation. Kallmann syndrome is a form of congenital
hypogonadotropic hypogonadism, a rare reproductive disorder that is due to the
dysregulation of GnRH neuron migration and is characterized by low plasma levels of
LH, FSH and circulating sex steroids, leading to the failure of pubertal development [12,
13].

While species differences exist in the topographic distribution of postmigratory GnRH
neurons, these cells are not concentrated in defined hypothalamic nuclei in any species
[14]. For example, GnRH cell bodies are located in the septal-preoptic regions in
laboratory rodents [15, 16], whereas they show wider distribution in the septal-preoptic
regions, the ventrolateral anterior hypothalamus, the lateral hypothalamus and in the
arcuate nucleus (ARC; called infundibular nucleus in humans, INF) of the mediobasal
hypothalamus (MBH) in ewes [17]. In primates including humans, GnRH neurons are
widely scattered from the septal-preoptic region to the retromammillary area, with high
cell numbers in the infundibular nucleus within MBH [18, 19].

Comparative analysis of the GnRH neuronal system in a series of mammals revealed
prominent species differences in the path of GnRH axon projections [20]. However, in all
species the majority of hypophysiotropic GnRH fibers enter the median eminence (ME)
(also called postinfundibular eminence in the human) which is the functional link between
the hypothalamus and the anterior pituitary gland. The ME is composed of extensive
arrays of blood vessels and nerve endings. Small capillary loops extend into the internal
and external zones of the ME. The axons of the hypohysiotropic neurons, including GnRH
cells, target the external layer where neurons secreting hypothalamic releasing and
release-inhibiting factors release their neurohormone products into the pituitary portal
vessels [21].

1.2.2.,,GnRH pulse generator”
The ,,GnRH pulse generator” is a neural ensemble generating episodic GnRH release
which is ultimately responsible for pulsatile LH secretion from the pituitary [22]. In

rodents, GnRH fibers projecting to the ME function simultaneously as dendrites and
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axons, giving rise to the recently introduced “dendron” terminology [23]. The pulse
generator may regulate GnRH neuron’s perikarya, dendrons and/or terminals to control
episodic GNRH/LH secretion [24].

The frequency and amplitude of GnRH pulses direct the secretion pattern of the
gonadotropins. Accordingly, the profile of pulsatile GnRH release maps closely to that of
pulsatile LH secretion. In rodents, GhRH/LH pulses appear with a relatively constant
frequency of approximately one pulse per hour in the follicular phase of the ovarian cycle
and then slows in the luteal phase (one pulse every 3-4 hours) as pulse amplitude increases
[1, 22]. The changing patterns of pulsatile GnRH release across the ovarian cycle
differentially regulate pituitary gonadotropin biosynthesis and secretion. Pulsatility is a
prerequisite for reproduction, and indeed, constant GnRH receptor activation suppresses,
instead of activating the pituitary-gonadal axis [24].

At least a subpopulation of GnRH neurons must be synchronized to generate episodic
GnRH release. Two models of GnRH cell synchronization exist in the literature.

The initial concept of an intrinsic pulse generator (Fig. 2a) came from studies of the
immortalized GnRH-secreting GT1 cells and fetal GnRH cells which were able to
generate pulsatile GnRH release without an extrinsic signal with an interpulse interval of
20-40 minutes. These observations suggested that GnRH neurons alone can synchronize
their secretion and thus the GnRH system per se is the pulse generator [25, 26]. The main
difficulty in translating results from these cell lines to adult GnRH neurons in vivo was
the lack of knowledge how individual GnRH cells may intercommunicate with each other
under physiological conditions. Because GnRH neurons are widely scattered within the
hypothalamus, gap junctions and humoral communication reported in the in vitro
preparations are unlikely to exist in vivo [22]. The extrinsic pulse generation is based on
the concept that an entirely separate group of neurons direct the generation of GhnRH
pulses (Fig. 2b). There is growing evidence that GnRH neurons have no substantial direct
interactions with each other. Therefore, it is possible that the synchronized activity of
GnRH cells during in vivo pulses is mostly regulated by afferent neuronal signals [23, 27-
29]. According to Herbison [24], it seems most likely that GnRH pulse generation
emerges from the combination of the intrinsic interconnectedness of GnRH cells and the
external pulse generator function. Now it is known that multiple afferent systems

converge on GnRH neurons producing a dynamic and finely tuned reproductive control
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system. GnRH itself is also involved in regulating the activity of GnRH neurons through

autocrine signaling [2, 22].

a b Extrinsic

Intrinsic .
pulse generation pulse generation

W E—

Pulse
generator

Figure 2. Two potential models of gonadotropin-releasing hormone (GnhRH) neuron
synchronization. Intrinsic model (a): GnRH neurons alone are inter-connected with each other
and, therefore, they are capable of generating synchronized pulsatile secretory patterns by
themselves. The episodic activity of the neurons might be driven by a special subset of GhnRH
neurons (red). Extrinsic model (b): a separate group of neurons (the actual pulse generator
neurons) might synchronize the activity of GnRH neurons via providing afferent inputs to the
latter ([24]; modified).

The extrinsic pulse generator might be located within the hypothalamic arcuate

nucleus [30-32], as suggested by studies in several species [33-38].

1. 2. 3. GnRH surge

In the middle of the cycle the pattern of GnRH secretion changes from a strictly
episodic to a nonepisodic one. This relatively sudden and prolonged elevation (>24h) of
GnRH release into the portal vasculature that is caused by increased GnRH pulse
frequency generates a preovulatory LH surge in female mammals [39-43]. Exceptions
although, may exist in this respect: in rats minor alteration of GnRH pulse frequency can
be measured during LH surge but an obvious increase in GnRH pulse amplitude occurs
[44].
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1. 2. 4. Effects of sex steroids on the ,,GNRH pulse generator”

Gonadal sex steroids, especially 17B-estradiol (E2), can feed back negatively or
positively to the hypothalamus to regulate GnRH secretion according to the actual phase
of the reproductive cycle. Two types of nuclear receptors — ER-a and ER-3 — acting as
ligand-dependent transcription factors are responsible for the mediation of these feedback
effects [45-47]. Upon estrogen binding, the receptors dimerize and bind to DNA
sequences known as estrogen response elements (ERESs). This changes the gene
expression of estrogen-dependent genes. This mechanism is responsible for the classical
genomic effects of estrogens which may be involved in the regulation of GnRH
biosynthesis and release [2, 48]. Non-genomic estrogen signaling — mediated by plasma
membrane-associated ERs — can lead to fast activation of intracellular secondary
messengers and signaling pathway elements. This fast action of estrogens can modulate
the electrical activity of GnRH neurons [49, 50].

Regulation through feedback mechanisms of sex steroids varies among the sexes. Due to
the organizational and activational effects of gonadal steroids sex differences in brain
structure and function — thus in the GnRH network — emerge during development. The
organizational effect of a perinatal testosterone exposure from the male gonads in the
mice accounts for the inability of adult males to mount estrogen-induced LH surges [51,
52]. In the rat, the masculinization is due to estrogens produced by aromatization of
testosterone [53, 54]. As a result of this neonatal imprinting regulating neuronal
connections in the male hypothalamus (organizational effects), testosterone and estrogen
continuously inhibit the function of GnRH neurons in adults.

In females estrogen level fluctuates across the ovarian cycle. Low-dose estrogen in the
follicular and luteal phase exhibit inhibitory actions on ,,GnRH pulse generator” and thus
on GnRH secretion (negative feedback). The mid-cycle GhnRH/LH surge is induced by
the positive feedback effects of rising serum estrogen levels and plays a crucial role in
triggering ovulation. While positive feedback involves both hypophysial [55] and
hypothalamic [56] components, the relative importance of each and the
preoptic/hypothalamic sites where feedback actions take place, may differ considerably
among species [29].

In women, the menstrual periods stop permanently during menopause (at an average

of 50 years of age). The prominent decrease of ovarian hormone secretion overlaps with

~11 ~
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the menopausal transition. The lack of estrogens leads to physiological alterations in
estrogen target organs, including the central nervous system, among others [57].

1. 2. 5. Interneurons influencing GNRH neuronal functions

One major discovery in reproductive neurobiology has been the observation by Shivers
and co-workers [58] which showed that GnRH neurons are not able to concentrate
estradiol. This result was confirmed with immunocytochemical methods in several
species proving the absence of ER-a in GNRH neurons [59-64]. Therefore, the feedback
effects of estrogen on GnRH neurons do not occur through a classic ER-mediated process,
but instead, must be mediated by estrogen sensitive (inter)neurons. Later studies provided
evidence that a second estrogen receptor isoform — ER-B3 — is expressed by GnRH neurons
[65-69]. This observation reopened the questions whether estrogens may directly
influence the function of GnRH cells. Currently, it is generally accepted that neurons
expressing ER-o are essential for estrogen negative and positive feedback mechanism and
ER-B expressing cells are not key components of feedback signaling [70]. In accordance
with this concept, ER-a receptor knockout animals are infertile [71].

Common features of estrogen sensitive interneurons that mediate estrogenic signals to
GnRH cells include (1) the expression of ER-a receptor, (2) neuronal connection with
GnRH neurons and (3) communication through specific postsynaptic receptors to
classical neurotransmitters (e.g. GABA, glutamate), neuromodulators (e.g. histamine) or
neuropeptides (e.g. NPY) [2, 72]. Among these estrogen-sensitive interneurons, those
synthesizing the neuropeptide kisspeptin (KP) play a central role in the afferent regulation of

GnRH neurons.

1. 3. Kisspeptin

The preprokisspeptin protein is derived from the KISS1 gene. Its proteolytic cleavage
results in 54-, 14-, 13- and 10-amino acid long peptides (KP-54; KP-14, KP-13 and KP-
10). The decapeptide form represents the minimal length which can fully stimulate the
kisspeptin receptor [73-75]. The kisspeptin peptide products of KISS1 are commonly
referred to as “kisspeptins”. These peptides possess a conserved RF-amide C terminus
core sequence [76]. Kisspeptin was initially identified as a tumor metastasis suppressor

[77]. It has been several years after that its essential role in the regulation of reproduction
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and puberty was also discovered [78, 79]. In 1999, an orphan G protein coupled receptor
(GPR54) was isolated [80] and in 2001, two independent groups revealed that kisspeptin
is the natural ligand of this receptor. Therefore, the receptor was renamed KISS1R [73,
74, 81]. Mutations in KISS1 or KISS1R cause hypogonadotropic hypogonadism in
humans and laboratory animals [82-85], whereas activating mutations can lead to
precocious puberty [86, 87]. These clinical phenotypes clearly demonstrate the crucial
role of KISS1/KISS1R system in reproduction.

1. 3. 1. Main functions of kisspeptin

Evidence accumulated over the recent years indicates that neurons in the ARC/INF
expressing kisspeptin play a crucial role in the episodic GhRH/LH secretion. KP, indeed,
stimulates LH release [88-91] via direct activation of GnRH neurons, which express KP
receptor mMRNA (Kiss1r) [90, 92, 93]. GnRH neurons show c-Fos expression [92, 94] and
depolarization [93, 95, 96] in response to KP. KP influences the function of many other
cell types but it is suggested that the only effect fundamental for reproduction is exerted
directly on GnRH neurons. Accordingly, specific deletion of Kisslr from GnRH cells
causes infertility and this phenotype can be restored via selective reinsertion of the Kisslr
into GnRH neurons of mice bearing a global deletion of Kisslr [97], serving as proof of
the necessity of KP signaling at GnRH cells.

1. 3. 2. Distribution of kisspeptin neurons in the hypothalamus

KP expressing neurons in mammals have been localized to the preoptic area
(POA)/rostral hypothalamus and to the arcuate nucleus of the mediobasal hypothalamus
[98]. The MBH contains the largest population of KP neurons in rodents [99], sheep
[100], goat [101] and primates [102-104].

1. 4. The roles and neurochemical characteristics of kisspeptin neurons

1. 4. 1. KP neurons in negative feedback

MBH KP neurons are commonly referred to as ,,KNDy” neurons because of their
neurokinin B (NKB) and dynorphin (Dyn) co-contents [105]. Irrespective of species,
these neurons have been implicated in negative sex steroid feedback [106] and the

generation of pulsatile GnRH/LH secretion [107]. KNDy neurons are reciprocally

~13 ~
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connected and communicate with each other autosynaptically, forming a critical
component of the GnRH/LH pulse generator (KNDy hypothesis; [108]). Accordingly,
NKB activates and Dyn inhibits KNDy neurons via NK3 receptor and k-opioid receptor,
respectively, while KP serves as the output signal driving GnRH secretion. Indeed, NKB
stimulates the firing frequency of KNDy neurons in mice [109, 110] and goat [101].
Likewise, Dyn also appears to play an important role in the regulation of GnRH/LH pulses
and in the KNDy neuron activity, respectively, in both rodents and ruminants [29].
Moreover, administration of the opioid receptor antagonist naltrexone increases LH
pulsatility in healthy male volunteers [111], suggesting a similar role of Dyn (or other
opioid peptides) in pulse generation in human. Interestingly, however, Dyn presented in
virtually all KP cells of sheep [100] and mice [108] can be visualized very rarely with
immunohistochemistry in human KP cells [112-114]. Similarly, galanin (Gal) colocalized
with KP in mice, but not in human [113]. On the other hand, substance P (SP) was
detectable in human KP and NKB neurons [115], a phenomenon not reported earlier in
any other species [116], and these cells also expressed cocaine- and amphetamine-
regulated transcript (CART) in nonhuman primates [117] and humans [118] but not in

rodents and ruminants (Fig. 3).

GnRH neurons GnRH neurons

Figure 3. Comparative neurochemistry of Kkisspeptin neurons in the arcuate
nucleus/infundibular nucleus of mice versus humans [119]. The neurochemistry of KP neurons

~14 ~
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differs considerably in these species. KP neurons of the mouse ARC contain neurokinin B (NKB),
dynorphin (Dyn) and galanin (Gal), while human INF KP neurons contain NKB but show no Gal
and only rarely Dyn expression. In contrast to mouse KNDy neurons, human KP cells contain
substance P (SP), cocaine- and amphetamine-regulated transcript (CART) and sometimes,
enkephalin (Enk) as well. Presence of SP and CART and absence of Dyn and Gal represent
species-specific neurochemical characteristics of KP neurons in the MBH.

The species-specific neurochemistry of KP neurons questions the validity of the
popular ,,GnRH/LH pulse generator” models based on the interactions of the above-
mentioned three neuropeptides (KP, NKB, and Dyn) and their receptors for all
mammalian species. Accordingly, the comparison of KP neurons of poorly investigated
non-rodent mammals (e.g. carnivorous domestic animals) with the KP neurons of
laboratory rodents and humans may help to determine which peptides are obligatory or

optional in the function of pulse generator (KNDy) neurons.

1. 4. 3. KP neurons in positive feedback

In laboratory rodents, surgical lesions between the preoptic area and the mediobasal
hypothalamus block ovulation [30], indicating the critical importance of the
preoptic/rostral hypothalamic area in positive feedback. Much of this feedback is
mediated to GnRH neurons by kisspeptin neurons located in the rostral periventricular
region of the third ventricle (RP3V). Accordingly, KP neuron-specific deletion of ER-a
disrupts positive feedback in mice [56]. The rodent RP3V is sexually dimorphic, with 10
times as many KP neurons in adult females compared with males. This sex difference is
due to the organizational effect of a perinatal testosterone exposure from the male gonads
and accounts for the inability of adult males to mount estrogen-induced LH surges [52,
120, 121]. KP neurons in the rodent RP3V also contain other neurotransmitters/
neuromodulators; they express galanin [122, 123], met-enkephalin (Enk) [122], and
markers for dopamine synthesis/release [124], GABA [125] and glutamate [125].

In contrast, the MBH has long been considered to be the major positive feedback site
for estrogens in primates [1]. While controversial [126, 127], surgical isolation of this
region in some studies did not interfere with the spontaneous ovulation and estrogen-
induced LH surges of rhesus monkeys [1, 128, 129], providing basis for the prevailing
view that the MBH contains all neuronal elements required for positive feedback. In sheep

and primates, KP neurons of the MBH may also mediate positive feedback to GnRH
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neurons. Kissl expression in the MBH increases prior to the LH surge in sheep and
primates [130, 131] and KP neurons in the caudal and mid-ARC of the sheep express c-
Fos in response to estrogen [131]. However, these observations do not exclude the
important contribution of preoptic/rostral hypothalamic KP neurons to positive estrogen
feedback. Accordingly, preoptic KP neurons show increased Kiss1 and c-Fos expression
during the LH surge in both sheep [131, 132] and monkeys [133, 134].

Previous immunohistochemical studies of human post mortem tissues have thoroughly
characterized the topographic distribution, network connectivity, neurochemistry, sexual
dimorphism and aging-dependent morphological plasticity of KP neurons in the MBH
[135]. In contrast, to date only a single pilot study addressed whether KP neurons also
occur in the human rostral hypothalamus [104]; if such neurons exist in the human as in
monkeys [133, 134], they could be homologous anatomically and possibly, also
functionally to KP neurons of the rodent RP3V which are implicated in positive estrogen
feedback. Recent availability of newly developed highly specific preproKP antibodies
[114] and hypothalamic tissue samples from a large number of human subjects now
allowed us to more thoroughly characterize KP neurons in the human rostral
hypothalamus and thus answer the questions whether this neuron population exhibits sex

differences and whether it is regulated by estrogens.
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2. OBJECTIVES

In contrast to rodent KP neurons which express NKB, Dyn and Gal, the KP neurons
of the human infundibular nucleus do not synthetize Gal and Dyn, but co-express NKB,
CART and SP. These species differences question the validity of the popular ,,GnRH/LH
pulse generator” models based on the interactions of the three peptides (KP, NKB, and
Dyn) and their receptors for all mammalian species. Studying the neurochemistry of KP
neurons in the MBH of other species may provide critical information about the
obligatory and facultative neuropeptide players in the mechanism acting upstream from
GnRH cells which generate pulsatile GnRH/LH secretion.

In addition, a second critical question relates to the mechanism of positive feedback in
primates, including humans. The prevailing view over the past decades has been the lack
of importance of the rostral hypothalamic/preoptic region, which left the MBH as the only
site that might play a role in positive feedback. Putative existence and estrogen
dependence of a rostral hypothalamic KP cell population in the human brain, which would
be homologous with KP neurons of the rodent RP3V, would put a challenge to this
prevailing view.

The aims of the present study were to investigate further the species-specific and the

general characteristics of the two kisspeptin neuronal systems.

2. 1. Characterization of carnivore KP neurons within the infundibular
nucleus

According to our hypothesis, comparison of KP neurons of poorly investigated non-
rodent mammals (e.g. carnivorous domestic animals) with the much better characterized
KP neurons of laboratory rodents and the human could help us determine which
neuropeptides are obligatory versus optional in the pulse generator function of (KNDy)
neurons.

Therefore, the first aim of our studies was to characterize KP neurons of the feline and
canine hypothalamic infundibular nuclei. In addition to describe the neuropeptide
neurochemistry of these cells, we planned to map the distribution of KP and GnRH

neurons in the canine and feline hypothalamus and to investigate the connection between
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KP and GnRH neurons, via examining KP fiber appositions on the somatic and dendritic

compartment of the GnRH cells.

2. 2. ldentification and characterization of KP neurons in the human
rostral hypothalamus

The second aim of our study was to identify a KP cell group that could homologous to
the rodent RP3V KP neuron population. We investigated
1) the topography,
2) sex- and age dependence,
3) the neuropeptide/neurotransmitter phenotype and
4) neuronal interactions
of this presumptive KP cell population in the human rostral hypothalamus.
Identification and positive estrogenic regulation of KP neurons in the human rostral
hypothalamus could challenge the long-held view that positive estrogen feedback may be

restricted to the mediobasal part of the hypothalamus in humans.
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3. RESULTS

3. 1. Anatomy and neurochemistry of Kisspeptin neurons in the
infundibular nucleus of ovariectomized dogs and cats

3. 1. 1. Topography of canine and feline kisspeptin neurons and GnRH cells
3. 1. 1. 1. Distribution of kisspeptin-immunoreactive neurons in the infundibular nucleus
Immunohistochemical studies of tissue sections from different rostro-caudal levels of
the hypothalamus (Fig. 4a-i) visualized numerous heavily labeled KP-immunoreactive
(IR) perikarya in the canine and feline MBH (Fig. 4e-i). The majority of these neurons
were concentrated in the caudal part of the INF in both dogs (Fig. 4g”) and cats (Fig. 4h’).
In OVX cats, fewer perikarya also occurred in the rostral INF and occasionally, in the
periventricular nucleus. In both species, KP-IR fibers formed dense plexuses in the septal-
preoptic region, the periventricular nucleus, the INF, the ventromedial and dorsomedial
hypothalamic nuclei and the median eminence (ME).

3. 1. 1. 2. Differential distribution of canine and feline GhnRH neurons

While KP cells displayed similar basic topography in the canine and feline mediobasal
hypothalami with relatively minor species differences, the distribution of GnRH neurons
considerably differed between the two species (Fig. 4a-h). Accordingly, the distribution
of canine GnRH neurons covered wide areas from the preoptic region to the mediobasal
hypothalamus (Fig. 4b-h), including the supraoptic nucleus, the medial preoptic area, the
ventrolateral preoptic nucleus, the lateroanterior hypothalamic nucleus (Fig. 4d’), the
area of the tuber cinereum-lateral hypothalamic area continuum, the medial tuberal
nucleus and the INF. In contrast, GnRH cells of the cat exhibited a much more restricted
distribution in the septal-preoptic area (Fig. 4a, b), including the medial septal nucleus
(Fig. 4a’) and the periventricular complex of the hypothalamus; only few scattered
neurons were observed in the INF. The bulk of GnRH-IR fibers targeted the ME in both

species.
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Figure 4. Topography of gonadotropin-releasing hormone and Kkisspeptin neurons in
ovariectomized dogs and cats. Gonadotropin-releasing hormone (GnRH) neurons (green
triangles) are scattered throughout the hypothalamus in ovariectomized (OVX) dogs and
restricted to the septal-preoptic region in OV X cats. While kisspeptin-immunoreactive (KP-IR)
neurons (red dots) are concentrated in the caudal infundibular nucleus in OV X cats as well as
dogs, they also occur somewhat more rostrally in the feline mediobasal hypothalamus. Serial
coronal schemas (a-i) were obtained from BrainMaps: An Interactive Multiresolution Brain Atlas
(BrainMaps.org) [136]. Each green triangle corresponds to a single GnRH neuron and each red
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dot represents 10 KP-IR somata from two representative animals (D#2 and C#6). Representative
photomicrographs at the bottom display immunolabeled GnRH and KP neurons from OV X cats
(a’, ) and dogs (d’, g’), respectively. Abbreviations: ac, anterior commissure; AH, anterior
hypothalamic nucleus; DMH, dorsomedial hypothalamic nucleus; f, fornix; HAA, anterior
hypothalamic area; HLA, lateral hypothalamic area; INF, infundibular nucleus; mt,
mammillothalamic tract; oc, optic chiasm; ot, optic tract; PAH, paraventricular nucleus of the
hypothalamus; PEH, periventricular complex of the hypothalamus; SCH, suprachiasmatic
nucleus; SMN, medial septal nucleus; SON, supraoptic nucleus; TCA, area of the tuber cinereum;
v3, third cerebral ventricle; VMH, ventromedial hypothalamic nucleus. Scale bar: 100 pm.

3. 1. 2. Neuropeptide phenotype of canine and feline kisspeptin neurons
3. 1. 2. 1. Partial overlap of neurokinin B and dynorphin neurons with kisspeptin neurons
Triple-immunofluorescent studies provided evidence for the presence of both NKB
and Dyn in canine and feline KP neurons (Fig. 5a, b). The quantitative analysis of 833
immunoreactive cell bodies from two OVX dogs and 931 immunoreactive somata from
four OVX cats identified Dyn signal in ~60% of KP neurons in both species (55.7+£5.2%
in dogs, Fig. 5a, upper column; 64.4+7.3% in cats, Fig. 5b, upper column), in 36.9+3.8%
of NKB neurons in dogs (Fig. 5a, bottom column) and in 56.6+9.6% of NKB neurons in
cats (Fig. 2b, bottom column). 66.8+2.4% of KP perikarya contained NKB (Fig. 5D,
upper column) and 84.0+£3.0% of NKB neurons contained KP in cats (Fig. 5b, bottom
column), whereas virtually all (98.8+0.8%) KP neurons expressed NKB (Fig. 5a, upper
column) and 49.3+5.3% of NKB neurons expressed KP (Fig. 5a, bottom column) in dogs.
Triple-labeled (KNDy) somata contributed to 25.9+1.4% and 22.3+£2.5% of the labeled
neurons in dogs and cats, respectively (white slices of pie charts in Figs. 5a and b).
Interestingly, the most frequently encountered phenotypes were NKB-only neurons in
dogs (38.9+0.7%; Fig. 5a, green slice of pie chart), and Dyn-only neurons in cats
(38.2+1.8%; Fig. 5b, blue slice of pie chart).

3.1. 2. 2. Substance P synthesis in canine and feline kisspeptin and neurokinin B neurons

The putative expression of SP in KP and NKB neurons was addressed in additional
triple-immunofluorescent experiments. Only two out of the four OV X dogs contained SP
signal in KP and NKB cells and SP was present in less than 2% of these cells. In contrast,
guantitative analysis of 189 immunolabeled perikarya from a gonadally-intact male dog

revealed SP signal in 25.6% of KP neurons (Fig. 5c, upper column) and 24.3% of NKB
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neurons (Fig. 5c, bottom column); 11.1% of the labeled neurons were triple-labeled
(white slice of the pie chart in Fig. 5¢). As opposed to OV X dogs, OVX cats contained
SP signal in 20.0+3.4% of KP perikarya (Fig. 5d, upper column) and 28.843.7 of NKB
perikarya (Fig. 5d, bottom column); 8.9+2.2% of the 695 immunolabeled neurons were
KP/NKB/SP-positive (white slice of pie chart in Fig. 5d).

3. 1. 2. 3. Cocaine- and amphetamine regulated transcript in kisspeptin and neurokinin
B neurons of cats but not dogs

Analysis of sections triple-labeled for KP, NKB and CART provided evidence that
subpopulation of feline KP and NKB neurons also synthesize CART. The quantitative
analysis of 838 cell bodies from four OVX cats provided evidence for the presence of
CART in 22.9£2.0% of KP-IR (Fig. 5f, upper column) and 7.4+2.9% of NKB-IR (Fig.
5f, bottom column) neurons; triple-labeled somata contributed to 2.4+0.9% of the IR
perikarya (white slice of pie chart in Fig. 5f). CART was not detectable in canine KP or
NKB neurons (Fig. 5e).

3. 1. 2. 4. Absence of galanin in kisspeptin and neurokinin B cells
Galanin, which was previously detected in KP neurons of mice [122, 123] but not
humans [113], was not present in KP and NKB cells of OV X dogs or cats (Figs. 5g, h).
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Figure 5. Neurochemistry of canine and feline Kisspeptin and neurokinin B cells.
Representative photomicrographs illustrate the neuropeptide phenotype of canine and feline
kisspeptin (KP; red) and neurokinin B (NKB; green) neurons. Cells framed in the three-color
figures are shown in separate color channels on the right side of each panel. KP and NKB
immunoreactivities overlap considerably but incompletely in the infundibular nucleus of dogs
(a, c, e, g) and ovariectomized (OVX) cats (b, d, f, h). Pie charts illustrate the percent
distribution of distinct neuronal phenotypes from triple-immunofluorescence experiments
addressing dynorphin (Dyn; a), substance P (SP; b) and cocaine- and amphetamine-regulated
transcript (CART,; c) co-expression in KP and NKB neurons. Bar graphs show percentages of
neuropeptide colocalization in KP neurons (upper columns) and NKB neurons (bottom
columns). Dynorphin signal (blue) occurs in large subsets of canine (a) and feline (b) KP and
NKB cells; ~25% of the immunolabeled infundibular neurons are triple-labeled (,,KNDy”)
cells in both dogs and cats. SP (blue) is detectable in 26% of KP and 24% of NKB neurons in
an intact male dog (c) as well as in 20% of KP and 29% of NKB cells in OV X cats (d). CART
(blue) is also present in 23% of KP and 7% of NKB neurons in OV X cats (f), but no CART
signal is detectable in canine KP and NKB cells (e). Galanin (Gal) is not expressed in KP and
NKB neurons of either species (g, h). Abbreviations: “KNCART?”, kisspeptin/neurokinin B/
cocaine- and amphetamine regulated transcript-positive cells; “KNSP”, kisspeptin/neurokinin
B/substance P-positive cells. Scale bar: 50 pm.
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3. 1. 3. Kisspeptin innervation of GnRH cells
3.1.3.1. Kisspeptin inputs to the somatodendritic compartment of GhnRH neurons

In OVX cats, KP neurons sent dense projections to the septal-preoptic region where
GnRH neurons were located. Virtually all (94.4+5.6%) GnRH neurons received at least
one KP-IR input; appositions were observed on both the somatic (6.9+0.2 inputs/soma,
Fig. 6¢) and the dendritic (7.5+1.4 contacts/100 um dendrite, Fig. 6¢”) compartments.
The feline hypothalamus showed very poor axonal labeling for INF KP neuron markers
NKB or Dyn, making it impossible to assess whether and to what extent, KP afferents to
GnRH neurons arise from the INF. In OVX dogs 77.6+17.6% of GnRH neurons
(75.8+£18.3% in the preoptic region and 83.3+16.7% in the INF) were innervated by at
least one KP fiber and GnRH neurons in the INF also received more KP-IR contacts than
those located in more rostral hypothalamic regions [6.3+1.0 (Fig. 6a’) vs. 2.0+0.7
inputs/soma and 7.945.5 (Fig. 6a”) vs. 0.940.6 inputs/100 um dendrite]. 57.6+14.1% of
inputs (93.3£1.5% in the INF) targeting the somatodendritic compartment were also
immunopositive for NKB, indicating that more than half of these KP afferents arise from
the INF (Fig. 6a).

3.1.3.2. Axo-axonal communication between kisspeptin and GnRH neurons in the median
eminence

The distribution of hypophysiotropic GnRH fibers in the ME overlapped with a dense
KP-IR fiber plexus in both dogs and cats (Fig. 6b, d). Contacts suggesting axo-axonal
interactions were often detected between the juxtaposed GnRH and KP profiles. In dogs,
many KP fibers contained NKB signal as well, indicating their mediobasal hypothalamic
origin (Fig. 6b).
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Figure 6. Kisspeptin innervation of canine and feline gonadotropin-releasing hormone
neurons. Results of triple- and dual-immunofluorescent studies on ovariectomized dogs (a,
b) and cats (c, d), respectively, reveal that kisspeptin (KP) fibers (red) establish axo-somatic
(a’, ¢), axo-dendritic (a’’, ¢*°) and axo-axonal (b’, d’) contacts with gonadotropin-releasing
hormone-immunoreactive (green) neurons. Successful detection of neurokinin B (NKB) in
fibers of the canine hypothalamus allows the identification of KP fibers that arise from
KP/NKB dual-phenotype neurons of the infundibular nucleus. High-power images of framed
regions show absence of gaps between the juxtaposed profiles in orthogonal side-views of
contacts. Abbreviations: INF, infundibular nucleus; ME, median eminence; PEH, periventricular
complex of the hypothalamus; Scale bar: 20 um in a, ¢ (4 um in insets), 16 umin b, d (3 pm in
insets).
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3. 2. Characterization of kisspeptin neurons in the human rostral
hypothalamus

3. 2. 1. Mapping of KP immunoreactivity in the human rostral hypothalamic region

Immunohistochemical studies using the GQ2 KP-54 antibodies visualized numerous
IR cell bodies in rostral hypothalamic sections. The topography of these perikarya is
illustrated schematically in Fig. 7, and a representative photomicrograph is shown in Fig.
7al. Most rostrally and corresponding to atlas plates 20-21 of Mai et al. (Mai et al., 1997)
(Fig. 7a and b, respectively), KP neurons occurred in the anterior parvocellular
paraventricular nucleus (PaAP). These levels contained the highest number of labeled
cells per section (mean+SEM) in each group (young women: 36.2+6.2; aged women:
12.2+2.8; young men: 33.8+6.8; aged men: 45.8+7.8). More caudally at the level of atlas
plate 22 (Fig. 7c), labeled neurons were observed in the dorsal (PaD) and magnocellular
(PaMC) parts of the paraventricular nucleus. Level 23 contained labeled neurons in both
the parvocellular (PaPC) and magnocellular (PaMC) subdivisions of the paraventricular
nucleus (Fig. 7d).

a b c d ;
ac ac ac
PaAP MPO
+ _PaAP HLA
MRO i PaD PaPC
S - ~
&/ . .
20 mfb : "/PaMC
.l
~“=SON AVPe T=PaMC o
< SON “+SON SON
v3
v3 v3 ot
ocC
oc 0oC
InfS InfS

Figure 7. Topographic distribution of kisspeptin-immunoreactive perikarya in the human
rostral hypothalamus. The green dots in the schematic diagrams illustrate the topographic
distribution of kisspeptin-immunoreactive cell bodies at different rostrocaudal levels of the rostral
hypothalamus. Panels a-d correspond to atlas plates 20-23, respectively, of Mai et al. (Mai et al.,
1997). Labeled neurons occur in highest numbers in the anterior parvocellular (PaAP), dorsal
(PaD), magnocellular (PaMC) and parvocellular (PaPC) subnuclei of the hypothalamic
paraventricular nucleus. ac, anterior commissure; AVPe, anteroventral periventricular
hypothalamic nucleus; f, fornix; InfS, infundibular stalk; HLA, lateral hypothalamic area; mfb,
medial forebrain bundle; MPO, medial preoptic nucleus; ot, optic tract; oc, optic chiasm; SON,
supraoptic nucleus; v3, third cerebral ventricle.
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3. 2. 2. Demonstration of KP labeling specificity

The sheep KP-54 (GQ2) and the mouse preproKP (BG#01) antibodies visualized
similarly distributed KP neurons in the rostral hypothalamus (Fig. 8al, a2), making it
unlikely that KP-54 immunolabeling is due to nonspecific antibody binding to unwanted
RF-amide peptides. In addition, dual-immunofluorescence studies combining the GQ2
with the rabbit AAS26420C (against preproKP) antibodies mostly revealed an
overlapping signal in cell bodies and fibers, providing compelling evidence for the

detection of authentic KP signals in the human rostral hypothalamus (Fig. 8b1-3).
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Figure 8. Demonstration of a kisspeptin (KP) cell group in the human rostral hypothalamus.
a: Somewhat dispersed KP-immunoreactive neurons occur in the paraventricular nucleus (Pa) of
the rostral hypothalamus. Neurons with this topography are labeled in adjacent sections with the
GQ2 antiserum against the full-length KP-54 (aa 68-121 of NP_002247.3) (al) as well as with
the polyclonal BG#01 control antibodies against preproKP (a2). Note that BG#01 has been raised
in a mouse against aa 70-93 of NP_002247.3. This sequence does not contain the conserved C-
terminal RF-amide motif of KP-54 to rule out possible cross-reactions with unwanted members
of the RF-amide peptide family. The dashed frames in al and a2 contain the same blood vessels
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(bv 1-3) serving as reference points. The asterisks designate the 3" cerebral ventricle. b: Dual-
immunofluorescence experiments with the combined use of the reference sheep GQ2 KP-54
antiserum (green) and a rabbit polyclonal control antiserum (AAS26420C; magenta) targeting aa
21-80 of preproKP (NP_002247.3) detect mostly double-labeled perikarya (arrowheads) and
fibers (arrows) in the Pa. These control experiments prove authentic KP synthesis in the rostral
hypothalamus of the human brain. The Photomicrographs are representative images from
immunolabeled samples of young women. Scale bar: 100 um in (a) and 20 pm in (b).

3. 2. 3. Absence of known KP neuron markers within rostral hypothalamic KP cells

A series of dual-immunofluorescence experiments with well-characterized primary
antibodies found no evidence for Enk, TH, Gal or SST synthesis in KP neurons in the
rostral hypothalamus (Fig. 9). Furthermore, KP neurons of the rostral hypothalamus were
also devoid of NKB, SP and CART, three known markers of KP neurons in the human
MBH (Fig. 10a-c).

3. 2. 4. Detection of afferent input from KP neurons of the mediobasal hypothalamus

Triple-immunofluorescence studies established that KP/SP/NKB triple-labeled axons
formed occasional contacts with KP neurons of the rostral hypothalamus (Fig. 11).
Reciprocity of this innervation could not be addressed in the absence of distinctive

markers for fibers originating from the rostral hypothalamic KP cell population.
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Figure 9. Immunofluorescence experiments to address the synthesis of rodent kisspeptin
(KP) neuron markers and somatostatin (SST) in the rostral hypothalamic kisspeptin cell
population. a-c: Dual-label immunofluorescence experiments aimed to determine whether
enkephalins (Enk; a), the dopaminergic marker enzyme tyrosine hydroxylase (TH; b) or galanin
(Gal; c) occur in human rostral hypothalamic KP neurons. These three well-established markers
of murine KP neurons of the rostral periventricular region of the third ventricle are undetectable
in the homologous human cell group. d: Human KP neurons are similarly devoid of SST
immunolabeling, although SST is abundant in perikarya and neuronal fibers surrounding KP
neurons. Scale bar: 50 um.
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Figure 10. Colocalization studies of marker neuropeptides identified previously in
mediobasal hypothalamic kisspeptin (KP) neurons. a-c: Further immunofluorescence
experiments addressed whether rostral hypothalamic KP neurons contain the neuropeptide
markers (shown in magenta) of the human mediobasal hypothalamic KP neuron population.
Neurokinin B (NKB; a), substance P (SP; b), and cocaine- and amphetamine-regulated transcript
(CART; c) are all absent from KP neurons (green) of the rostral hypothalamus. Scale bar: 50 pm
in (a-c).
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Figure 11. Detection of afferent inputs from KP cells of the infundibular nucleus. a: Fibers
co-containing KP (green) with NKB (blue) and/or SP (red) in the rostral hypothalamus likely
originate in the mediobasal hypothalamus. The images from confocal Z-stacks illustrate an
axosomatic apposition between a KP/NKB/SP-triple-labeled axon (arrow in a’1-4) and a KP
perikaryon. Note the absence of a gap between the juxtaposed profiles in the orthogonal side
views (z axis) of the neuronal contact (a). The existence of these contacts reveals that KP neurons
of the mediobasal hypothalamus communicate with the rostral hypothalamic KP cell population.
Scale bar: 12 um in (&) and 6 pm in (a’1-4).

3. 2. 5. Significant reduction of KP cell numbers after menopause but no sex difference
between young males and females

While an earlier pilot study revealed rostral hypothalamic KP neurons only in
histological samples of young women [104], here we were able to detect KP-IR neurons
in both males and females and their arbitrarily defined “young” and “aged” subgroups.
The highest number of labeled perikarya found in a single section was recorded for each
individual and used for statistical comparisons (average cell number/section = SEM:
young female — 36.2+6.15; aged female — 12.17+2.82; young male — 33.83+6.78; aged
male —45.83+7.82). Two-way ANOVA identified a significant effect of sex (F(1,19=6.30,
p<0.05) but not age (F19=0.97, p=0.34) on KP cell numbers, and a significant
interaction between sex and age (F(,19=8.55, p<0.01). A comparison of the four groups
with a Newman-Keuls post hoc test showed that aged (postmenopausal) women had
significantly lower cell numbers than the other groups (p<0.05), including young women
likely in their fertile years (p<0.05, Fig. 12). The 66.4% postmenopausal reduction was
likely attributed to the loss of estrogens. The cell numbers in young males and females
did not differ (p=0.77), indicating a species difference from rodents, which display much

higher cell numbers in females.
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Figure 12. Assessment of effects of age and sex on kisspeptin (KP) cell numbers. Each human
individual was characterized semi-quantitatively with the maximal number of KP perikarya found
in a single section to address putative age and sex effects. The group of aged (postmenopausal)
women (>55 years) shows a 66.4 % reduction in labeled cell numbers in comparison with young
females (<45 years), and it differed significantly from the arbitrarily defined young (<50 years)
and aged (>50 years) male groups as well. The reduced number of KP neurons after menopause
is likely caused by the loss of estrogens. The cell numbers in the other three groups did not differ.
The similar cell numbers in young men and young women suggest a lack of robust sexual
dimorphism and a species difference from rodents, which have more neurons in females than in
males. *p<0.05; **p<0.01 (2-way ANOVA followed by Newman-Keuls test).
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4. DISCUSSION

4. 1. The topography and neurochemistry of infundibular kisspeptin
neurons and their connectivity to GnRH cells

The topography of GnRH and KP neurons and the peptide neurochemistry of the
putative pulse generator KP neurons within the mediobasal hypothalamus differ
substantially between the most widely studied laboratory rodent species and humans.
Although the GnRH/LH pulse generator function seems to be highly conserved across
mammals, species differences, especially in the neurochemistry of MBH KP neurons,
indicate that the anatomical basis and molecular mechanisms of episodic GnRH secretion
can vary between species. Here we carried out the neuroanatomical characterization of
KP and GnRH neurons in OVX dogs and cats. Information about the pulse generator
network of these two poorly studied carnivore species may provide important insight into

evolutionarily conserved vs. variable mechanisms of episodic GhnRH/LH secretion.

4. 1. 1. Distribution of GnRH and kisspeptin neurons in dogs and cats

GnRH neurons are not concentrated within distinct hypothalamic nuclei and their
distribution varies considerably between species [20]. For example, while GnRH cell
bodies are located exclusively within the septal-preoptic region in laboratory rodents [16],
in humans they are scattered quite widely from the septo-preoptic region to the
retromammillary area [137, 138]. Similarly to human, OVX dogs used in our study
contained GnRH-IR perikarya throughout the hypothalamus, including the INF. The
functional difference between the rostral and the caudal GnRH cell groups of this species
requires clarification. In sheep, both the preoptic and the mediobasal hypothalamic GnRH
neuron populations express Fos during the LH surge [139], whereas Fos only occurs in
GnRH neurons of the ARC at times of enhanced pulsatile GnRH/LH secretion [140].

In contrast with dogs, OV X cats contained the majority of GnRH neurons in the septal-
preoptic region. This observation is in line with the previously reported distribution of
GnRH-immunopositive perikarya in cats [141-143], except that in one study adult male
[143] cats also contained GnRH cell bodies in the INF.

A variety of mammals contain two major KP cell populations in the preoptic region

and in the ARC/INF of the mediobasal hypothalamus, respectively [98]. An additional
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small group of KP neurons has been identified recently in the medial amygdala of rodents
[144]. In rats and mice, preoptic KP neurons play important roles in positive estrogen
feedback and the mid-cycle GnRH/LH surge [145]. Kissl expression in these cells is
regulated positively by estrogens [120]. The largest KP cell group in all species studied
so far has been localized to the ARC/INF of the mediobasal hypothalamus [98]; these
neurons have been implicated in negative sex steroid feedback [106] and their Kissl
expression is inhibited by gonadal sex steroid hormones [146]. There is accumulating
evidence that KP neurons of the ARC/INF play a critical role in the generation of
GnRH/LH pulses [107].

Our mapping experiments localized the majority of KP neurons to the INF of OVX
dogs and cats. In addition, the feline, but not the canine hypothalamus contained scattered
IR neurons in the periventricular nucleus, in line with results of a recent
immunohistochemical study by Amelkina et al. [147]. These authors studied intact female
cats and identified two additional KP cell populations in the anterior periventricular
nucleus and the amygdaloid complex, respectively [147]. From these, the first population
may be homologous with KP neurons of the rodent anteroventral periventricular nucleus
which are activated during positive feedback [145]. On the other hand, the role of KP
neurons in the cat amygdala is less clear and it was proposed that these KP neurons do
not correspond to KP cells described in the medial amygdala in rodents [147].

KP neurons of the anterior periventricular nucleus and the amygdaloid complex
remained undetected in our present study. This is most likely explained by the use of
OVX animals, in view that the expression of Kissl is positively regulated by estrogens
both in the preoptic region [120] and the amygdala [144]. In the context of ovulation, it
Is important to note that the cat is a reflex ovulator species in which the preovulatory
GnRH/LH surge is induced by the receipt of genital somatosensory stimuli during mating.
In such species, activation of brainstem noradrenergic neurons is thought to act in the
mediobasal hypothalamus to promote GnRH release from nerve terminals in the median
eminence [148]. While induced ovulating species generally do not show steroid-induced
preovulatory LH surges, the cat seems to be an exception in this respect because group-
housed females are capable of ovulating spontaneously [149]. It remains to be clarified
how the hypothalamic KP and GnRH neuronal systems of the cat are integrated into the

neuronal networks regulating spontaneous vs. reflex ovulation.
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4. 1. 2. Connections between kisspeptin cells and GnRH neurons in dogs and cats

KP input to GnRH neurons is critical for reproduction in mice [97] and humans [79,
82], and unlikely to be less important in other mammals like dogs and cats. KP fibers in
different species innervate the somatodendritic compartment of GnRH neurons [52, 103,
104, 150, 151]. In mice, these inputs tend to arise from the preoptic region because most
of them are devoid of the arcuate nucleus marker NKB [152]. The excitatory responses
of GnRH neurons to KP [93, 95, 96] are likely mediated by somatodendritic Kiss1r during
positive estrogen feedback. Humans whose GnRH neurons are rather scattered within the
hypothalamus [137] differ from mice in that at least 10-30% of their KP afferents contain
the INF marker NKB [153, 154]. In our present study on OV X dogs and cats, the cell
bodies and dendrites of GnRH neurons received abundant innervation from KP axons. In
dogs, successful detection of NKB signal in over 90% of KP-IR afferents also allowed us
to conclude that a higher number of these KP inputs originate in the INF. In contrast, lack
of sufficient axonal signal for NKB and Dyn within KP axons of the cat did not allow us
to firmly establish the importance of KP inputs arising from the INF in this species.

It is known that KP-IR neurons of the mediobasal hypothalamus also establish axo-
axonal contacts with hypophysiotropic GnRH fiber varicosities in the ME of various
species [103, 155-157]. KP likely binds to Kisslr on these GnRH fibers when inducing
GnRH release from mediobasal hypothalamic explants (which contain only a few GnRH
cell bodies in rodents) in an action potential-independent manner [84]. Systemic KP
injection is also thought to stimulate LH secretion via acting on these processes [89, 94,
158, 159]. Finally, axo-axonal contacts may also play a paramount role in the
communication between the putative pulse generator KNDy neurons and the GnRH
neurosecretory system. Temporal correlation between the pulsatile KP output and GnRH
secretory pulses in the ME of monkeys provide strong support for this notion [160].
Results of our present study established that, similarly to other species, dogs and cats also
contain axo-axonal appositions between GnRH-IR and KP-IR fibers in the ME. In
addition to these bona fide axo-axonal appositions, it remains possible that KP axons also
innervate more proximal segments of GnRH fibers before they spray into terminal axon
branches. In mice, GnRH fibers bear mixed dendritic and axonal properties (called
“dendrons”) and at the border of the median eminence they receive a particularly high

density of synaptic inputs. This connectivity may represent an important anatomical
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pathway in the regulation of episodic GnRH/LH secretion [29]. The existence of such
GnRH dendrons and their synaptic regulation in other species, including cats and dogs,

will require clarification.

4. 1. 3. Species differences in the neurochemistry of kisspeptin cells

The most important message of our present study is the unique neurochemistry of
canine and feline mediobasal hypothalamic KP neurons, with both similarities to and
differences from the KP system of other species.

Similarities to rodents [108] and the sheep [100] include the co-expression of the three
KNDy neuropeptides in the same cells. This evolutionarily conserved phenomenon
suggests that all three neuropeptides play obligate roles in the generation of GnRH/LH
pulses. However, it is worth to note that KP neurons in the INF of postmortem human
brains only shows partial overlap between the KNDy neuropeptides which also varies
considerably with sex and age. For example, only ~36% of NKB neurons express KP
immunoreactivity in young human males [112, 154]. In addition, Dyn immunoreactivity
can only be detected very rarely in human KP and NKB neurons and their processes [112-
114], in contrast with much higher degrees of co-expression in sheep [100] and mice
[108]. An interesting similarity between dogs and cats and the human is the relatively
high abundance of NKB neurons without KP signal, whereas most KP neurons in all three
species contain NKB signal. Our immunofluorescence results on OVX dogs and cats
indicate that about ~25% of labeled neurons in the canine and feline INF are triple-labeled
(KNDy) neurons, supporting the notion that the overlap of the three KNDy peptides might
be functionally important, although far from being complete. It will be important to more
thoroughly investigate the relationship between the reproductive status and the co-
synthesis/co-secretion of each KNDy peptide in different species.

In addition to identifying the above species similarities, we also observed clear
differences between OVX cats and dogs and the more extensively studied rodent and
primate species. As opposed to mice [161] and similarly to humans [115, 118], OV X cats
showed a considerable co-expression of CART and SP in KP and NKB neurons.
Interestingly, the two carnivores differed from each other in this context; canine KP and
NKB neurons did not co-contain CART signal, whereas feline KP and NKB neurons did.

Similarly, we did not observe SP signal in KP and NKB neurons in OV X dogs. Despite
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this negative finding, SP co-synthesis likely plays some role in the physiology of these
neurons in this species because a gonadally intact male dog included in our study showed
SP signal in many KP and NKB neurons. This finding raises the possibility that sex and/or
gonadal status exerts critical effects on the SP synthesis of KP neurons. Finally, galanin,
which has only been observed in murine KP neurons [122, 152], was absent from KP
cells of both dogs and cats which is similar to our earlier observation on human KP
neurons [113]. Neurochemical differences and common features of different species
suggest that some neuropeptides play facultative roles in the generation or fine-tuning of
GnRH/LH pulses, whereas the role of others is evolutionarily more conserved. One
should keep in mind that colocalization results from different species were obtained using
different antibodies and different immunohistochemical techniques. Therefore,

comparison of the exact colocalization percentages has innate pitfalls.

4. 2. Characterization of Kisspeptin neurons in the human rostral
hypothalamus

4. 2. 1. Preoptic/rostral hypothalamic kisspeptin neurons are detectable in a variety of
mammalian species, including primates

With somewhat variable topography, preoptic/rostral hypothalamic KP neurons are
detectable in various mammalian species, including rodents [88, 146, 162, 163], sheep
[100, 164], pigs [165] and nonhuman primates [133, 134, 166]. In rats and mice, this cell
population is located in the RP3V and includes two subsets within the anteroventral
periventricular and the periventricular preoptic nuclei, respectively [145, 167]. In naked
mole-rats, additional KP neurons have also been reported more caudally in the anterior
periventricular nucleus [168], and in pigs, the rostral-most KP neurons have been
described in the periventricular nucleus [165]. The rostral KP cell group has been
localized to the preoptic area in both sheep [164, 169] and nonhuman primates [133, 134,
166]. Somewhat unexpectedly, a careful distribution analysis of the homologous KP
neurons in the present study found the largest overlap with four distinct subdivisions of

the paraventricular nucleus in humans.
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The functional significance and putative contribution of preoptic/rostral hypothalamic
KP neurons to positive sex steroid feedback may considerably vary from species to

species.

4. 2. 2. Positive feedback and the LH surge in primates may involve both rostral and
caudal hypothalamic sites

In spontaneous ovulators, rising concentrations of circulating estradiol in the late
follicular phase of the estrous cycle provide a key trigger for the mid-cycle GhnRH/LH
surge. KP neurons in the rodent RP3V play a critical role in positive estrogen feedback
to GnRH neurons [145]. These cells innervate GnRH neurons [52, 123, 150] and express
c-Fos during the LH surge [120, 167]. Further, KP neuron-specific deletion of estrogen
receptor-a disrupts positive feedback, as expected [56]. The rodent RP3V is sexually
dimorphic, with many more KP neurons in females than in males [52, 120, 121]. This
perinatally established sex difference is in accordance with the inability of adult male
rodents to mount an LH surge in response to estrogens [170].

The site/s and mechanisms of positive estrogen feedback may differ substantially
among species. Relatively few and scattered KP neurons can be detected in the ovine
preoptic region [100, 164]. In this species, both the preoptic area and the MBH have been
implicated in positive feedback. Frontal hypothalamic deafferentation in female sheep did
not prevent estrous cycles but reduced the estrogen-induced LH surges, indicating that
the input from the rostral hypothalamus to the MBH is required for a normal LH surge
but not for ovulation [171]. Accordingly, the percentage of KP neurons expressing c-Fos
is significantly higher during the LH surge in both the ARC and the preoptic area [132],
and both sites also exhibit enhanced Kissl expression during the estrogen-induced LH
surge [131].

Although KP neurons occur both in the preoptic area/rostral hypothalamus and the
ARC/INF of primates [104, 133, 134, 166], the primary sites of positive estrogen
feedback is considered to be the MBH [1]. Surgical isolation of the MBH in rhesus
monkeys did not interfere with spontaneous ovulation and the estrogen-induced LH surge
[128, 129], providing a basis for the prevailing view that the MBH contains all neuronal
elements necessary for positive feedback. While these data also argue against the

reproductive significance of the preoptic/anterior hypothalamic region, other

~ 38 ~



DOI:10.14753/SE.2021.2512

investigators found that bilateral destruction of the ventral preoptic area/anterior
hypothalamic area actually did block the spontaneous ovulation in rhesus monkeys and
also compromised the ability of the hypothalamic-hypophysial axis to release LH in
response to estrogens [126]. Along the same line, monkeys with bilateral anterior
hypothalamic disconnection ceased to have cyclic gonadotropin release and ovulation
after surgery and estrogen-induced release of LH [127]. A follow-up examination of
lesioned animals 4-7 months after surgery showed spontaneous resumption of menstrual
cyclicity and gonadotropin responsiveness to estrogen. Although these observations make
it likely that cycles can be maintained by an anatomically isolated MBH-pituitary unit,
they also indicate that the preoptic area/anterior hypothalamus plays important
modulatory roles in normal menstrual cyclicity [127]. In further support of a putative
preoptic/rostral hypothalamic involvement in positive feedback, preoptic KP neurons of
the rhesus monkey show increased Kiss1 mRNA expression in response to a surge-
inducing estradiol regimen [166]. Moreover, in Japanese monkeys, estradiol only
activates c-Fos expression in the preoptic, but not in the ARC KP cell population [133].
The above data from nonhuman primates make it likely that the KP neurons of the human
rostral hypothalamus that we characterize in this study may also be recruited during the
positive estrogen feedback.

4. 2. 3. Immunohistochemistry using different preproKP antibodies reveals authentic
KP neurons in the human rostral hypothalamus

A pilot study from our laboratory [104] which used the GQ2 sheep antiserum against
the full-length human KP-54 sequence revealed a group of KP neurons in the rostral
hypothalamus of human females, in addition to the bulk of KP-IR neurons in the MBH.
This antiserum reacts with human KP-54, KP-14 and KP-10 and shows virtually no in
vitro cross-reactivity (<0.01%) with other related human RF amide peptides, including
prolactin releasing peptide, neuropeptide FF, neuropeptide AF and RF amide-related
peptides (RFRP1, RFRP2, RFRP3) [89]. To exclude the possibility that we mistakenly
detect unwanted RF-amide peptides in the rostral hypothalamus, here we used additional
polyclonal antibodies against different preproKP peptide segments which did not contain
the conserved RF-amide motif. Mapping studies including these strong positive controls
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have established that authentic KP neurons occur in the PaAP, PaD, PaMC and PaPC
subnuclei of the hypothalamic paraventricular nucleus, as defined by Mai et al. [172].

4.2. 4. KP neurons in the human rostral hypothalamus are devoid of known KP neuron
markers

In rodents, the RP3V KP cell population contains a series of additional
neurotransmitters/neuromodulators, including Gal [122, 123], Enk [122] and the
dopaminergic marker TH [124]. Expression of GABAergic and glutamatergic markers
[125] indicates that these cells also use classic amino acid neurotransmitters to
communicate with GnRH neurons and/or other cell types.

Here, based on the rodent RP3V studies [122-124], we made an attempt to detect Enk,
Gal and TH in KP neurons of the human rostral hypothalamus. Additional experiments
also addressed the possible co-expression of neuropeptides that have been detected
previously in human INF KP neurons, including NKB [104], SP [115] and CART [118].
None of the above immunofluorescent double-labeling experiments was able to reveal
other neurotransmitters in human KP neurons. These observations suggest considerable
species differences and also indicate that KP neurons in the INF and those in the human
rostral hypothalamus differ in their neurochemistry and, likely, in their functions. As
mentioned above, NKB which is an accepted topographic marker of ARC KP neurons,
can only be found rarely within KP fibers that establish neuronal contacts with the GnRH
neurons of mice [123], indicating that the major KP input to the somatodendritic cellular
compartment of preoptic GnRH neurons arises from the RP3V KP neurons in this species.
In contrast, at least 10-25% of the KP-IR afferent contacts observed previously on human
GnRH cells also contain NKB [112]. This suggests that, unlike in rodents, the major KP
cell group of the human MBH directly innervates the somatodendritic compartment of
GnRH neurons, in addition to forming numerous contacts with the hypophysiotropic
GnRH processes within the infundibular region [157]. The identification of a unique
topographic marker would greatly facilitate the identification of the projections fields and

target cells of KP neurons in the human rostral hypothalamus.
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4. 2. 5. KISS1 expression in the rostral hypothalamus is regulated positively by
estrogens

In the absence of information about post mortem hormone levels in our study, the
estrogenic regulation of KISS1 expression by rostral hypothalamic KP neurons was
assessed from the comparison of young (below the expected age of menopause) to aged
(postmenopausal) samples. We found that the rostral hypothalamus had significantly
reduced KP cell numbers in aged subjects. The postmenopausal involution of the KP
system likely results from the loss of estrogens in view that estrogens positively regulate
KISS1 expression in the preoptic area/rostral hypothalamus of rodent [162, 169], ovine
[173], porcine [165], and nonhuman primate [133, 134, 166] species.

4. 2. 6. Absence of sexual dimorphism in KP cell numbers of young individuals
represents a species difference from rodents

KP neurons in the rodent RP3V (which includes the anteroventral periventricular
nucleus and the rostral periventricular nucleus) play a critical role in LH surge triggered
by positive estrogen feedback [145]. Male rodents are unable to mount spontaneous or
estrogen-induced LH surges in adulthood [170], which can be correlated with their much
lower KP cell number at this site [52, 120, 121].

In the present study, we sought to find sex differences between the staining patterns of
male and female human subjects being in their fertile years. Maximal numbers of KP
neurons/section were compared between young males and females, assuming that sex
steroids upregulate KISS1 expression similarly in both sexes and that, therefore, any
differences we might see partly reflect organizational effects of sex steroids during early
development. Our post hoc analysis did not reveal significant sex difference in KP cell
numbers in the rostral hypothalamus of young individuals. In the functional context, the
key neuronal elements of positive feedback may not necessarily differ between sexes so
much in primates compared to rodents. Likewise, a single estrogen injection into
gonadectomized monkeys can induce an LH surge [170] and c-Fos activation in preoptic
KP neurons [133] of both sexes. Similarly, estrogen [174, 175] or estrogen plus
progesterone [176] administration to castrate human males is capable of inducing positive
feedback on LH levels.
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4. 2. 7. Connections between the two main KP cell populations

In this study, we showed that KP/NKB/SP-triple-IR axon varicosities form contacts
on rostral hypothalamic KP neurons. Together with presence of SP and NKB in large
subsets of KP neurons in the MBH [104, 115] but not in the rostral hypothalamus (present
study), this observation provides evidence that the two KP cell populations communicate
with each other. It would be difficult to study the quantitative aspects of this
communication, because not all MBH KP neurons co-contain NKB [154] or SP [115] and
even lower percentages of their fibers may co-contain the marker neuropeptides [154].
We made an effort here to find some selective neuropeptide marker for KP neurons of the
rostral hypothalamus. As we were not able to identify such a marker, it is currently
impossible to determine if these neurons also provide neuronal inputs to KP neurons of
the MBH.

The interaction between the two KP cell populations likely exists in rodents as well.
At least, the KNDy neurons of the MBH also send projections to the RP3V region in rats
[177] and mice [177, 178]. Moreover, the KP connection between the ARC and the RP3V

regions are reciprocal [177].
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5. CONCLUSIONS

The aim of the two studies underlying this thesis was to deepen our understanding
about the mechanisms whereby the two KP systems regulate mammalian fertility. (1) In
our first study, we characterized the neuroanatomy of the KP system in two carnivores,
the dogs and the cats.

We described the distribution of GnRH and KP neurons in the hypothalamus of
OVX dogs and cats and identified conspicuous anatomical similarities to and
differences from laboratory rodents and primates. We showed that the majority of
GnRH neurons receive input from KP neurons. The vast majority of these inputs, at
least in OVX dogs, originated from KP neurons of the INF. Finally, we determined
the unique neurochemistry of KP and NKB neurons in the INF of OV X dogs and cats.
Results of immunofluorescent colocalization studies indicated that the three KNDy
peptides show partial co-expression, with ~25% of neurons expressing all three
substances. Anatomical and neurochemical similarities to and differences from
homologous and more extensively investigated rodent, domestic and primate KP cells
will contribute to our understanding of obligate and facultative players in the
molecular mechanisms underlying episodic GhnRH/LH secretion in mammals.

(2) In the second study, we addressed the existence and studied the neurochemistry of
KP neurons in the human rostral hypothalamus.

We reported that human KP neurons in the human rostral hypothalamus differ from
the homologous KP neurons of the rodent RP3V; they did not contain the same
cotransmitters and did not exhibit an obvious sexual dimorphism, unlike their rodent
counterparts. On the other hand, their reduced number after menopause suggested that
estrogen positively regulates KISS1 expression in these neurons in humans, similarly to
rodents. These new anatomical data from the human hypothalamus challenged the long-
held view that positive estrogen feedback may be restricted to the mediobasal part of the
hypothalamus in primates and raised the intriguing possibility that the contribution of the
rostral hypothalamus to the regulation of positive estrogen feedback and reproduction
might be currently underestimated thus pointed to the need of further anatomical,

molecular and functional studies of rostral hypothalamic KP neurons.

~43 ~



DOI:10.14753/SE.2021.2512

6. SUMMARY

The two KP systems of the mediobasal hypothalamus MBH and rostral
hypothalamus, play crucial roles in negative and positive estrogen feedback mechanisms,
respectively.

Neurons co-synthesizing KP, NKB, and Dyn (,,KNDy” neurons) in the MBH form
a crucial component of the GnRH/LH ,,pulse generator” and mediate negative estrogen
feedback. One of our studies aimed to characterize the neuroanatomy of the KP system
of two carnivore species, the dog and the cat. Studies of MBH sections from OVX
animals, established that the KP and NKB cell populations overlapped substantially. Dyn
was detected in large subsets of canine KP (56%) and NKB (37%) cells and feline KP
(64%) and NKB (57%) cells; triple-labeled (KNDy) somata formed ~25% of all
immunolabeled neurons. SP was present in subsets of KP and NKB neurons in OVX
cats but not in OV X dogs, although KP and NKB neurons of a gonadally intact male
dog also synthesized SP. Only in cats, CART was also colocalized with KP (23%) and
NKB (7%). In contrast with reports from mice, KP neurons did not express Gal in
either carnivore. Finally, KP neurons innervated virtually all GhnRH neurons in both
species. Although the role of MBH KP neurons in pulse generation is conserved in
mammals, results of our studies indicate that peptidergic signaling mechanisms used
by these cells exhibit surprising species differences.

We identified the KP neurons in the paraventricular nucleus of the human rostral
hypothalamus. These cells seem to be homologous with the rodent KP neurons in the
RP3V which account for the regulation of positive estrogen feedback. Cell numbers here
decreased after menopause, indicating that estrogens positively regulate KP gene
expression in the human rostral hypothalamus, as reported in other species. Young adult
women and men had similar cell numbers, as opposed to rodents having more KP neurons
in the RP3V of females. Human KP neurons differed neurochemically from the
homologous rodent cells in that they were devoid of Enk, Gal and TH. Further, they did
not contain known KP neuron markers of the human infundibular nucleus, NKB, SP and
CART but received afferent input from these KP neurons. Detection of KP neurons in the
human rostral hypothalamus challenges the long-held view that positive feedback in the

human is restricted to the MBH.
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