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ABSTRACT

Pulsatile gonadotropin-releasing hormone (GnRH) release is essential to 

fertility and is modulated by gonadal steroids, most likely via steroid-sensitive 

afferents. Arcuate neurons coexpressing kisspeptin, neurokinin B (NKB), and 

dynorphin (KNDy neurons) are steroid-sensitive and have been postulated to 

both generate GnRH pulses and mediate steroid feedback on pulse frequency. 

KNDy neurons have been proposed to interact with one another via NKB and 

dynorphin to activate and inhibit the KNDy network, respectively, and thus alter 

kisspeptin output to GnRH neurons. To test the roles of NKB and dynorphin on 

KNDy neurons and the steroid sensitivity of these actions, targeted extracellular 

recordings were made of fluorescence-identified neurons from male mice that 

were either gonad-intact or castrate and otherwise untreated or treated in vivo 

with steroid receptor agonists. Senktide, an agonist for the high-affinity receptor 

for NKB (neurokinin-3 receptor, NK3R), increased action potential firing in KNDy 

neurons. Dynorphin reduced spontaneous KNDy neuron activity, but antagonism 

of kappa-opioid receptors (KOR) failed to induce firing in quiescent KNDy 

neurons. Senktide-induced activation was greater in KNDy neurons from castrate 

mice, whereas dynorphin-induced suppression was greater in those from intact 

mice. Similar to the intact condition, both estradiol and dihydrotestosterone 

suppressed NK3R agonist-induced KNDy neuron firing and enhanced the 

inhibition of firing rate caused by KOR activation. An estrogen receptor-alpha 
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agonist but not an estrogen receptor-beta agonist mimicked the effects of 

estradiol on NK3R activation. These observations support stimulation and 

inhibition of KNDy neuron firing by NK3R and KOR activation, respectively. 

Modulation of these responses by gonadal steroids may be a mechanism 

mediating steroid negative feedback. Overall, the work presented here supports 

contribution of KNDy neurons to steroid-sensitive elements of a GnRH pulse 

generator.
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CHAPTER 1 

Introduction 

 

A note from the author: The Introduction (Chapter 1) of this dissertation 

reviews the state of relevant knowledge in the field at the initiation of the 

dissertation (in 2011), while the Conclusion (Chapter 4) integrates the present 

work with data from more recent publications.

 

1.1 Significance 

Reproductive health is vital to individual quality of life as well as overall 

species survival. The reproductive system is responsible for proliferation of 

organisms via puberty onset, ovarian cyclicity, gametogenesis, fertilization, 

pregnancy, and lactation. Up to 20% of couples are infertile, and the cause in 

~20% of these cases is unexplained (1), demonstrating the importance of 

continued research in normal reproductive physiology and pathophysiology. 

Beyond reproduction, sex hormones impact other systems, including the 

nervous, skeletal, and cardiovascular systems. 
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1.2 The HPG axis and GnRH neurons 

Complex networks in the central nervous system regulate fertility. The final 

common pathway that integrates the output of all of these networks is the 

gonadotropin-releasing hormone (GnRH) neuronal population, which is located in 

the preoptic area (POA) of the hypothalamus and has projections to the median 

eminence (2). At the median eminence, GnRH neurons release GnRH into the 

hypothalamo-pituitary portal vasculature to stimulate the pituitary to release 

luteinizing hormone (LH) and follicle-stimulating hormone (FSH) (3-5). LH and 

FSH initiate gonadal production of testosterone, estradiol, and progesterone, and 

these steroids feed back to regulate GnRH output and the pituitary via androgen, 

estrogen, and progesterone receptors (6-8). However, GnRH neurons 

themselves have only been rarely shown to express progesterone receptors, and 

have not been shown to express androgen receptors, or the α-isoform of the 

estrogen receptor (ERα, Figure 1.1 A), which is more critical for estradiol 

feedback than the β-type estrogen receptors expressed by GnRH neurons (9-

17). These data implicate a critical role for steroid-sensitive afferents to mediate 

feedback to GnRH neurons, but knowledge of the identity and function of such 

inputs is incomplete. Understanding how steroids regulate these inputs will 

enhance our basic knowledge of normal neuroendocrine function and can help 

develop more effective strategies for the diagnosis, management, and prevention 

of central conditions that compromise fertility.
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Figure 1.1 ERα is not detected in most GnRH neurons but is present on most kisspeptin 
neurons. A: Micrograph (x 400) of the lack of immunohistochemical colocalization of GnRH 
(brown cytoplasm) and ERα (black nuclei) in the organum vaculosum of the lamina terminalis of 
an ovariectomized female rat (13). B and C: Photomicrographs showing coexpression of Kiss1 
(red) and ERα (silver grains) mRNA in brains from female (B (18)) and male (C (19)) mice. Scale 
bar = 20µm. 

 

 

Figure 1.2 The hypothalamo-pituitary-
gonadal axis. The mechanisms for gonadal 
steroid feedback in the brain are not well-
understood.

 
Patterns of GnRH release 

One crucial way that steroid feedback affects GnRH is by modulating its 

pattern of release. Normal GnRH release can be described in two fundamental 

patterns, pulses and surges (4,20-24), both of which are critical to reproduction. 

While the GnRH surge is only observed in females prior to ovulation, GnRH 

pulses are prevalent throughout the remainder of the female cycle and regularly 

in males. GnRH/LH pulses can be too frequent, as in polycystic ovary syndrome 

A C B 
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(25,26), too infrequent, as in hypogonadotropic hypogonadism (27), or can begin 

too early, as in precocious puberty (28). All of these can cause infertility and 

associate with other long-term health problems that have a profound impact on 

quality-of-life. 

In a test of the importance of GnRH pulses, hourly treatments, but not 

constant treatment, with GnRH maintained effective concentrations of circulating 

LH and FSH in ovariectomized monkeys with ablations of the mediobasal 

hypothalamus (MBH; Figure 1.3) (29). The ablations presumably interfered with 

the release of endogenous GnRH because they abolished LH and FSH release 

(29). Similar observations have been made with gonadotropin-specific subunit 

expression in vivo in ewes and rats and in vitro with cultured rat pituitary cells 

(30-36), suggesting that the pattern of GnRH release is critical for healthy release 

of gonadotropins. 

While both LH and FSH require pulsatile GnRH secretion, specific GnRH 

patterns differentially regulate each gonadotropin. A higher GnRH pulse 

frequency favors pituitary expression and release of LH, while a lower GnRH 

pulse frequency favors pituitary expression and release of FSH (33-36). Although 

GnRH pulses influence the release of both gonadotropins, LH release requires 

GnRH pulses, whereas FSH can be released constitutively (37,38). Therefore, 

LH but not FSH is commonly used as an indicator for GnRH release (5). 
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Figure 1.3 Suppression of plasma gonadotropin concentrations by continuous GnRH infusion in 
an ovariectomized monkey with lesioned hypothalamus. The levels of gonadotropins sustained by 
pulsatile (1 µg/min for 6 min once per hour) GnRH infusion were suppressed by continuous 
infusion of GnRH at the same rate (1 µg/min continuously) between days 0 and 20. Gonadotropin 
levels were recovered by re-establishing GnRH pulses beginning day 20. Dark circles = LH, open 
circles = FSH. (29) 

 
Gonadal steroid regulation on patterns of GnRH release 

In correspondence with the two patterns of GnRH release, gonadal steroid 

feedback also has two modes, negative and positive. In both males and females, 

negative gonadal steroid feedback corresponds with pulsatile GnRH release. In 

females only, positive steroid feedback is associated with the GnRH surge. The 

female reproductive cycle is known as the menstrual cycle in some mammals, 

including primates, and the estrous cycle in others, such as sheep and rodents. 

From mid-follicular phase, estradiol rises and becomes predominant, and, in 

sheep, there is roughly one GnRH pulse per hour (39). The amplitude of these 

pulses is inhibited by estradiol (40). Towards the end of the follicular phase the 

ovary produces substantially more estradiol, resulting in lower-amplitude GnRH 
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pulses that progressively increase in frequency until the mode of estradiol 

feedback switches from negative to positive (39,41,42). At this point, estradiol 

positive feedback causes a sudden high-concentration surge of GnRH (23,39), 

which causes a subsequent surge of LH that induces ovulation (23,39,43). 

Ovulation marks the beginning of the luteal phase, during which steroid negative 

feedback resumes. During this phase, estradiol is still present, but progesterone 

from the corpus luteum becomes dominant (44). The frequency of GnRH pulses 

during the follicular phase is reduced by progesterone to about one pulse every 

four hours (39,40,44). In the absence of pregnancy, progesterone and estrogen 

levels decrease, resulting in sloughing of the uterine endometrium, manifesting 

as menstruation in those species that have a menstrual cycle, and beginning the 

follicular phase of a new reproductive cycle (44). Similar steroid feedback on 

GnRH occurs in species such as mice that have estrous cycles, with positive 

steroid feedback happening during early proestrus and negative feedback 

occurring during the remainder of the cycle. Because of the vital nature of 

gonadal steroid feedback to GnRH, studying the mechanisms that may mediate 

this feedback is crucial to enhancing our understanding of reproductive function. 

 

 

1.3 Kisspeptin 

One candidate that has emerged as a potential mediator of gonadal 

steroid feedback onto GnRH neurons is the neuropeptide kisspeptin. Kisspeptin 

appears to be a key regulator of reproductive function. Mutations in the 
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kisspeptin receptor KISS1R can cause hypogonadotropic hypogonadism in 

humans (45,46), and knockout of the genes for kisspeptin (Kiss1) or its receptor 

(Kiss1r) reduces or eliminates reproductive function in mice (47,48), suggesting 

that kisspeptin plays a stimulatory role in the reproductive axis. Conversely, an 

activating mutation in KISS1R can lead to precocious puberty in humans (49). 

Consistent with these observations, the castration-induced rise in LH can be 

blocked by kisspeptin antagonists in the male rat and mouse (50), supporting 

kisspeptin as an intermediary to gonadal steroid feedback on gonadotropin 

release. 

There is functional and anatomical evidence that GnRH neurons receive 

kisspeptin signals both directly and indirectly. Functionally, kisspeptin depolarizes 

and increases action potential firing in GnRH neurons in vitro and ex vivo (51-

57), and it stimulates GnRH release in the median eminence in vitro and in vivo 

(3,58) (Figures 1.4 and 1.5). In rodents, higher Kiss1 mRNA expression in the 

hypothalamic arcuate nucleus accompanies increased secretion of GnRH and 

gonadotropins, and these effects are blocked by knockout of the kisspeptin 

receptor gene (Kiss1r) (19,59). 

 

 
Figure 1.4 Kisspeptin stimulates GnRH neuron action current firing. Extracellular 
electrophysiological recording from a GnRH neuron ex vivo in a brain slice preparation from an 
ovariectomized (OVX) adult mouse. 1) Currents recorded during an untreated control period. 2) 
Currents recorded during treatment with kisspeptin. Each vertical line is a trace of the current that 
corresponds to an action potential. (55) 
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Figure 1.5 Kisspeptin stimulates GnRH 
(LHRH) release in the median 
eminence. Perfusion through a dialysis 
membrane with 10nM of human 
kisspeptin-10 (kiss-10, second gray bar) 
markedly increases the levels of GnRH 
collected by microdialysis from the 
median eminence of a pubertal female 
monkey and measured by 
radioimmunoassay. (58)

 
Anatomically, the majority of GnRH neurons in mice, rats, and sheep 

express Kiss1r message or protein (Figure 1.6) (53,60-63), and Kiss1r mRNA 

has been found in both the MBH and POA of monkeys (64,65). Furthermore, 

kisspeptin neuron fibers have been found in apposition to GnRH neurons in 

rodents, ungulates (large, hoofed mammals including goats, pigs, sheep, and 

horses), and primates (Figure 1.7) (62,66-74), supporting direct action on GnRH 

neuronal cell bodies and/or projections. Kisspeptin may also signal GnRH 

neurons via indirect pathways, including GABAergic or glutamatergic 

interneurons (55,75) or nonsynaptic communication in the median eminence, 

such as paracrine action via portal capillaries (68-70,72,76). 
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Figure 1.6 Photomicrograph 
showing coexpression of GnRH 
(red) and Kiss1r (silver grains) 
mRNA in adult male rats. The 
majority (77 ± 2%) of all GnRH 
neurons coexpress Kiss1r. Arrows 
= GnRH neurons that coexpress 
Kiss1r; scale bar = 20 µm (61) 

 

 

Figure 1.7 GnRH (green) neurons and 
kisspeptin (red) neuronal fibers are 
apposed in adult female mice. A: 
Confocal stack of 75 images. a, b, and 
c: individual 370-nm thick optical 
sections of the regions indicated by the 
corresponding letters in panel A. Scale 
bar = 10 µm. (66) 

 
Kisspeptin neurons 

Kisspeptin likely originates from neurons in several locations throughout 

the brain. In rodents, kisspeptin-expressing (message and peptide) neurons have 

been found in the hypothalamic arcuate nucleus, anteroventral periventricular 
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nucleus (AVPV), periventricular nucleus (PeN), anterodorsal preoptic nucleus, 

paraventricular nuclei, ventromedial hypothalamic nucleus, posterior 

hypothalamus, caudoventrolateral reticular nucleus, lateral reticular nucleus, 

hippocampal dentate gyrus, medial amygdala, bed nucleus of the stria terminalis, 

nucleus of the solitary tract, spinal trigeminal tract, and cerebral cortex (66,67,77-

84). In ungulates, Kiss1-expressing somata have also been found in the arcuate 

nucleus, PeN, dorsomedial hypothalamus, medial preoptic area (mPOA), 

ventromedial hypothalamic nucleus, caudal paraventricular nucleus, and preoptic 

periventricular zone of the hypothalamus adjacent to the third ventricle (68-

70,85). The population of kisspeptin neurons that appears to be most highly 

conserved in primates including humans is in the infundibulum, the analog of the 

arcuate nucleus (64,72,86). Otherwise, humans only have a sparse distribution of 

kisspeptin cell bodies in the mPOA and do not appear to have any kisspeptin 

neurons in the rostral periventricular region of the third ventricle, and rhesus 

macaques do not show any kisspeptin neurons in the POA, including the AVPV 

(64,72,86). 

In rodents, the kisspeptin neuron populations that appear to be most 

directly involved in reproduction are those in the arcuate nucleus and the 

AVPV/PeN. Both populations extend projections to GnRH neurons (87), and both 

express gonadal steroid receptors (Figure 1.1) (18,19,88,89). Kisspeptin 

expression in both of these regions is affected by gonadal steroid feedback 

(18,19). However, the effects of gonadal steroids on kisspeptin neurons may 

differ between the arcuate vs AVPV, as supported by both anatomical and 
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functional evidence. While the number of kisspeptin neurons in the arcuate 

nucleus appears to be similar between males and females, the number of 

kisspeptin neurons in the AVPV is 10 to 25 times higher in female rodents than in 

the same region of male rodents (66,80). This sexual dimorphism in kisspeptin 

expression in the AVPV but not the arcuate mirrors the differentiation in positive 

but not negative gonadal steroid feedback. Functionally, ovariectomy increases 

and estradiol treatment restores low Kiss1 mRNA expression in the arcuate 

nucleus of female mice and rats, whereas these treatments have the opposite 

effect on Kiss1 in the murine AVPV (Figure 1.8) (18,19,90). In intact female rats, 

Kiss1 mRNA levels are their lowest in the arcuate nucleus and their highest in 

the AVPV during the preovulatory estradiol surge (91), consistent with negative 

estradiol feedback in the arcuate and positive feedback in the AVPV. These 

distinctions are further reflected by intracellular signaling mechanisms initiated by 

activation of ERα. Negative estradiol feedback on serum LH concentration via 

ERα is mediated by “non-classical” signaling that is independent of the estrogen 

response element (ERE) (92). Similarly, estradiol inhibition of Kiss1 expression in 

the arcuate nucleus is also mediated by ERE-independent mechanisms (92,93). 

In contrast, positive estradiol feedback on both LH release and AVPV Kiss1 gene 

expression utilize “classical,” ERE-dependent ERα pathways (92,93). 

Interestingly, both positive and negative estradiol-mediated feedback on 

spontaneous action potential firing rate of GnRH neurons requires ERE-

dependent ERα signaling (94), suggesting GnRH neuron firing uses different 

signaling mechanisms for ERα-mediated negative feedback than arcuate 
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kisspeptin neurons or the pituitary. GnRH neuron ERE-dependence 

notwithstanding, these observations support overall separate roles of arcuate 

kisspeptin neurons in negative estradiol feedback and AVPV kisspeptin neurons 

in positive estradiol feedback. 

 

 
Figure 1.8 Photomicrographs of cells in the arcuate nucleus (Arc, top) or AVPV (bottom) 
expressing Kiss1 mRNA (white clusters of silver grains) from female mice that are intact (left), 
ovariectomized (OVX, middle), or ovariectomized and estradiol-treated (OVX+E2, right). Estradiol 
inhibits Kiss1 expression in the arcuate nucleus, and stimulates Kiss1 expression in the AVPV. 
3V = third ventricle; Scale bars = 100µm. (18) 

 
Support for negative gonadal steroid feedback on arcuate kisspeptin 

neurons has also been observed in models other than female rodents. In male 

mice, rats, hamsters, and monkeys, castration increases Kiss1 mRNA in the 

MBH (which contains the arcuate/infundibulum), whereas replacement with 

estradiol, dihydrotestosterone (DHT), or testosterone restores lower Kiss1 mRNA 

(19,61,64,81,90). Estradiol replacement has also been found to inhibit 

ovariectomy-enhanced Kiss1 expression in sheep and monkeys (73,86,95). 
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Similarly, KISS mRNA is increased in the infundibulum of postmenopausal 

women, in whom estradiol levels are low (86). 

All kisspeptin neuron populations and their potential roles, especially in 

reproduction, must be acknowledged when interpreting observations about 

kisspeptin’s influence on GnRH/LH release. However, this dissertation 

investigates negative gonadal steroid feedback and potential mechanisms 

affecting GnRH pulsatility in adult male mice. Therefore kisspeptin neurons in the 

arcuate nucleus will be the focus of the remainder of the work presented here. 

 

 

1.4 GnRH pulse generator 

The mediator of gonadal steroid feedback onto GnRH pulses may or may 

not be the same as the originator of the GnRH pulses. The concept that a 

steroid-sensitive originator of pulses may be located in the central nervous 

system was first proposed after a study that took frequent blood samples from 

female monkeys. This study observed a peak (pulse) in LH concentration roughly 

once per hour in ovariectomized monkeys, and these peaks were suppressed in 

intact animals (20), suggesting gonadal steroid feedback. In addition, the 

fluctuation in concentration that occurred with LH was not observed with another 

pituitary hormone (20), suggesting that there was not a broad, nonspecific effect 

on pituitary hormone release. The term “GnRH pulse generator” emerged to 

describe the possible brain unit that initiates GnRH pulses when researchers 

performed studies recording in vivo electrical activity, referred to as multi-unit 
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activity (MUA), using an array of multiple electrodes implanted into the brain. 

MUA recorded in the MBH of monkeys (Figure 1.9) (96-98), rats (99), and goats 

(100-102) consistently correlates with circulating LH pulses. Adding to these 

observations, lesions of the arcuate nucleus within the MBH block LH pulses in 

rats, while complete deafferentiation of the entire hypothalamus does not affect 

LH pulsatility (103). These data suggest that the MBH and, more specifically, the 

arcuate nucleus is a critical source of GnRH pulse generation that can function 

independently of extra-hypothalamic inputs. Importantly, this same anatomical 

region may be responsible for both pulse generation and steroid feedback. MUA 

in the MBH is also sensitive to gonadal steroids (104-107), and site-specific 

gonadal steroid antagonism demonstrates that the arcuate nucleus is a region 

critical for steroid feedback on LH pulses (108). Together, these data are 

consistent with a GnRH pulse generator in the arcuate nucleus that is also 

steroid-sensitive. 
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Figure 1.9 Correlation between peaks of multi-unit electrical activity (MUA) and LH pulses in an 
ovariectomized monkey treated with thiopental anesthesia. Top plot indicates LH levels in 
peripheral circulation (open circles), bottom plot indicates MUA in the arcuate nucleus. (97) 

 
Within the arcuate nucleus, kisspeptin neurons may be key contributors to 

the GnRH pulse generator. Not only is Kiss1 mRNA expression steroid-sensitive, 

as outlined above, but pulsatile release of kisspeptin in female rhesus monkeys 

correlates with most GnRH pulses (58). Similar to GnRH, it appears the pattern 

of kisspeptin release is critical. Pulsatile treatment with kisspeptin maintains LH 

pulses in male rats and monkeys (109,110), whereas continuous kisspeptin 

decreases LH secretion in castrate male monkeys and testicular degeneration in 

male rats (111-113). It should be noted that some low-concentration GnRH 

release and low-amplitude LH pulses are possible with mutations in kisspeptin or 

its receptor, resulting in sub-optimal but present reproductive maturation 

(46,114). However, kisspeptin signaling is required for normal regulation of 
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GnRH neuron activity (measured by cFos)(89) and pulsatile LH release (59,115), 

supporting the importance of this peptide in healthy reproductive function. 

 

 

1.5 KNDy neuropeptides and the KNDy neuron working hypothesis 

In addition to their putative role in negative gonadal steroid feedback on 

GnRH pulse generation, arcuate kisspeptin neurons are unique for their co-

localization of neurokinin B (NKB) and dynorphin (102,116-121), two other 

neuropeptides that have been implicated in reproductive function. Mutations in a 

high-affinity receptor for NKB (neurokinin-3 receptor, NK3R), or NKB itself result 

in hypogonadotropic hypogonadism in humans (122,123), thus NKB may be 

stimulatory. In contrast, LH release is increased by antagonists for the κ-opioid 

receptor (KOR), which binds dynorphin (45,46,122,124), suggesting that 

dynorphin is inhibitory. Similar to their effects on expression of kisspeptin, 

gonadal steroids also inhibit expression of mRNA for NKB and dynorphin 

(93,120,125,126), and both NKB- and dynorphin-expressing arcuate neurons 

have been shown to express gonadal steroid receptors in single and dual label 

studies (88,119,127,128). Projections singly-labeled for neurokinin B or 

dynorphin have been located near GnRH somata and/or processes 

(118,129,130), and dual-labeling studies in sheep and rats have also shown co-

localization of KNDy neuropeptides in projections apposed to GnRH neurons 

(121,131), supporting the arcuate kisspeptin population as the origin of these 

projections. 
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Arcuate kisspeptin neurons may act on each other, as well. Not only do 

these neurons express NK3R and KOR (120,130,132), but arcuate cells with 

NKB and/or dynorphin appear to have projections in apposition to or directly 

synapsing on each other (119,128,130). Interestingly, kisspeptin receptor 

expression has not been found in the arcuate nucleus (63), suggesting that while 

NKB and dynorphin may act on these putatively interconnected neurons, 

kisspeptin may not. 

To reflect the key roles these peptides appear to play in reproduction, the 

Goodman lab has proposed that the arcuate kisspeptin-, NKB-, dynorphin-

expressing neurons be renamed “KNDy neurons” (133). This alternative name 

can be used interchangeably with “arcuate kisspeptin neurons” and will be used 

from this point on to describe this neuronal population. KNDy neurons are 

hypothesized to contribute to GnRH pulse generation in the following model 

(Figure 1.10) (117,120,131,134): They are proposed to act in a network that 

projects both to GnRH neurons and to other KNDy neurons. In this network, NKB 

acts on NK3R on KNDy neurons to stimulate and synchronize these cells and 

cause kisspeptin release, which increases GnRH neuron activity. Dynorphin then 

acts on KOR to inhibit KNDy neuron activity, which would decrease release of 

NKB and kisspeptin, and thus GnRH. Communication among KNDy neurons may 

also be mediated by fast synaptic transmission, as the vesicular glutamate 

transporter vGluT2 and glutamic acid decarboxylase GAD-67 are coexpressed 

with KNDy neuropeptides in arcuate neuron cell bodies and terminals (131,135). 
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To better understand KNDy neurons in the context of central control of 

reproduction, it is critical to understand what we know about NKB and dynorphin. 

 

 
Figure 1.10 KNDy working model. KNDy neurons are located in the arcuate nucleus and are 
hypothesized to mediate negative gonadal steroid feedback onto GnRH neurons through 
modulations of their neuropeptidergic output (more details in text). +, stimulatory; -, inhibitory. 
NKB, neurokinin B; DYN, dynorphin; KNDy neuron, neuron that colocalizes kisspeptin, NKB, and 
DYN; GnRH, gonadotropin releasing hormone; NK3R, neurokinin-3 receptor; KOR, κ-opioid 
receptor. 

 
Neurokinin B 

In many mammalian species, NKB appears to be stimulatory to GnRH 

release. For example, NK3R agonists increase both LH secretion and MBH 

electrical activity in ewes and goats, respectively (102,136). The NK3R-enhanced 

LH secretion is also observed in castrate male monkeys, and it is blunted by 

kisspeptin receptor desensitization, suggesting that action of NKB is upstream of 

kisspeptin in this model (137). In rodents, the role of NKB is less clear because 

stimulation of NK3R enhances, inhibits, or has no effect on LH secretion in rats 

and mice (120,125,138,139). A possible explanation for the disparity between the 
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results of the rodent studies compared with those from other mammals is that, in 

testing responses to NK3R activation, the rodent work only measures pituitary 

output. Despite the importance of LH, measuring it does not necessarily reflect 

central actions of NK3R. In this regard, NKB may act at various loci upstream of 

the pituitary. This is hinted by an increase in expression of cFos (an immediate 

early gene associated with increased firing activity) in arcuate kisspeptin neurons 

from female rats when treated with the NK3R agonist senktide (125). In addition 

to its action on KNDy neurons, NKB may also influence GnRH neurons. Despite 

observation of little to no NK3R on GnRH neuron cell bodies in sheep and rats 

(121,132,140), NK3R immunoreactivity has been found in apposition to GnRH 

nerve fibers in the rat median eminence (121,140), suggesting that NKB may still 

ultimately influence peptide release from GnRH neurons. 

 

Dynorphin 

Endogenous opioid peptides (EOPs) appear to mediate steroid negative 

feedback on GnRH secretion. EOPs are linked to progesterone negative 

feedback on LH release in human studies (141,142), and EOP receptor 

antagonists increase LH pulse frequency in intact luteal phase monkeys (143) 

and ewes (144) and pregnant rats (145), as well as ovariectomized and 

ovariectomized, steroid-treated ewes (144,146,147). These data support EOP 

inhibition of LH pulses. At the hypothalamic level, EOP receptor antagonism also 

increases the frequency of peaks of electrical activity in the MBH of 

ovariectomized rats (148) and increases both the amplitude and duration of each 



 20  

GnRH pulse in ovariectomized ewes (149), supporting EOP action at the 

hypothalamus that can also act independently from gonadal steroids. 

Furthermore, EOPs appear to decrease the frequency of hypothalamic electrical 

volleys. Treatment with morphine, which can act via multiple opioid receptors (δ, 

µ, and κ) decreases the frequency of MBH MUA associated with LH pulses in 

monkeys (150), while treatment with the opioid receptor antagonist naloxone 

increases MUA frequency in rats (99,148), further corroborating a potential 

inhibitory action of EOPs on the putative GnRH pulse generator. 

In most mammalian species, the specific EOP involved in steroid negative 

feedback seems to be dynorphin (124,151), and its relevant action appears to be 

localized to the arcuate nucleus (151). Preprodynorphin mRNA is decreased in 

the arcuate nucleus of ewes and the infundibulum of women by ovariectomy and 

menopause, respectively (151,152). Intracerebroventricular injection of dynorphin 

in goats inhibits the frequencies of both LH pulses and MUA peaks, whereas a 

KOR antagonist increases these frequencies (102). When tested more locally, 

KOR-specific antagonist treatment targeted to the MBH of ewes increases LH 

secretion during the luteal phase, when progesterone feedback is prevalent 

(124). This outcome is not replicable with antagonists specific to other EOP 

receptors (124), supporting a dynorphin-specific effect. At the cellular level, 

expression of KOR message is found on almost all KNDy but no GnRH neurons 

(120,153). These data support arcuate dynorphin as a major mediator of gonadal 

steroid negative feedback, at least in primates, goats, and sheep. 
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The role of EOPs in rodents is less clear. Pharmacologically, KOR-specific 

agonism in mice inhibits an ovariectomy-induced LH rise (120), and KOR 

antagonism in rats stimulates LH release (154), supporting an inhibitory role of 

dynorphin. However, knockout of KOR decreases LH secretion (120), and 

ovarian steroids inhibit preprodynorphin mRNA expression in ovariectomized 

mice (120) in an apparent contradiction of results. Much like the rodent NK3R 

studies, though, these KOR-specific studies do not directly test a functional 

response at the level of the brain, leaving an incomplete picture of dynorphin’s 

hypothalamic actions in rodents. It should be noted that one study that did take 

direct measurements from hypothalamic neurons supports another opioid 

receptor as influencing GnRH output. GnRH neurons from guinea pigs are 

hyperpolarized by agonism of the µ-opioid receptor (155), suggesting that 

multiple EOP receptors may be involved with regulation of GnRH in rodents. 

Together, the data discussed here provide mixed evidence for stimulation by 

NKB on GnRH pulse generation and inhibition by dynorphin. Studies of the 

actions of these peptides at the level of the KNDy neuron may help to clarify their 

roles in pulse generation and gonadal steroid feedback. 

 

 

1.6 Dissertation project preview 

Before the studies presented in this dissertation, most of the data on 

KNDy neurons as the putative pulse generator had tested mechanisms either up- 

or downstream of KNDy neurons. There had been no direct tests of KNDy 
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neuron function, particularly regarding modulation of their electrophysiological 

activity. Chapter 2 investigates how activation of NK3R and KOR affects KNDy 

neuron action potential firing and whether the responses to activation of these 

receptors are modulated by gonadal secretions in male mice. Chapter 3 expands 

these observations to test which specific gonadal steroids and gonadal steroid 

receptors are active in the responses observed in Chapter 2. Together these 

studies provide insight into potential mechanisms for negative gonadal steroid 

feedback on a potential contributor to the GnRH pulse generator.
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CHAPTER 2 

Regulation of arcuate neurons coexpressing kisspeptin, neurokinin B, and 

dynorphin by modulators of neurokinin 3 and κ-opioid receptors in adult male 

mice

 

The work in this chapter was originally published in 2013 in the journal 

Endocrinology (154:2761-71) 

 

Kristen A. Ruka, Laura L. Burger, and Suzanne M. Moenter 

 

2.1 Abstract 

Pulsatile GnRH release is essential to fertility and is modulated by gonadal 

steroids, most likely via steroid-sensitive afferents. Arcuate neurons 

coexpressing kisspeptin, neurokinin B (NKB), and dynorphin (KNDy neurons) are 

steroid-sensitive and have been postulated to both generate GnRH pulses and 

mediate steroid feedback on pulse frequency. KNDy neurons are proposed to 

interact with one another via NKB and dynorphin to activate and inhibit the KNDy 

network, respectively, and thus alter kisspeptin output to GnRH neurons. To test 

the roles of NKB and dynorphin on KNDy neurons and the steroid sensitivity of 

these actions, targeted extracellular recordings were made of Tac2(NKB)-GFP-

identified neurons from castrate and intact male mice. Single-cell PCR confirmed 
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most of these cells had a KNDy phenotype. The neurokinin 3 receptor (NK3R) 

agonist senktide increased action potential firing activity of KNDy neurons. 

Dynorphin reduced spontaneous KNDy neuron activity, but antagonism of κ-

opioid receptors (KOR) failed to induce firing activity in quiescent KNDy neurons. 

Senktide-induced activation was greater in KNDy neurons from castrate mice, 

whereas dynorphin-induced suppression was greater in KNDy neurons from 

intact mice. Interactions of dynorphin with senktide-induced activity were more 

complex; dynorphin treatment after senktide had no consistent inhibitory effect, 

whereas pretreatment with dynorphin only decreased senktide-induced activity in 

KNDy neurons from intact but not castrate mice. These data suggest dynorphin-

mediated inhibition of senktide-induced activity requires gonadal steroid 

feedback. Together, these observations support the hypotheses that activation of 

NK3R and KOR, respectively, excites and inhibits KNDy neurons and that 

gonadal steroids modulate these effects. 

 

 

2.2 Introduction 

GnRH neurons form the final common pathway for the central regulation 

of fertility. GnRH is secreted in a pulsatile pattern (4,156-159) that is essential for 

pituitary synthesis and release of LH and FSH (29,33,159-161), which activate 

steroidogenesis and gametogenesis. Although gonadal steroids feed back to 

regulate GnRH pulse pattern (7), detection of steroid receptors other than 
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estrogen receptor β is rare in native GnRH neurons (9,10,162,163), suggesting 

feedback is largely mediated via steroid-sensitive afferents (11,164). 

One steroid-sensitive afferent population is the arcuate neurons 

coexpressing kisspeptin, neurokinin B (NKB, aka Tac2), and dynorphin (KNDy 

neurons (18,19,69,88,119,127,128,131,134)). Several studies suggest these 

cells are important in reproductive neuroendocrine regulation; mutations in the 

kisspeptin receptor KISS1R, NKB, or the NKB receptor NK3R cause 

hypogonadotropic hypogonadism in humans (45,46,122), and knock out of the 

genes for kisspeptin (Kiss1) or KISS1R (Kiss1r) reduce or eliminate reproduction 

in mice (47,48). Furthermore, κ-opioid receptor (KOR, the dynorphin receptor) 

antagonists increase LH release (124). 

KNDy neurons have been hypothesized to regulate the pattern of GnRH 

release as a self-activating and self-inhibiting network (120,131). In this model, 

kisspeptin provides excitatory KNDy network output to GnRH neurons, which 

express Kiss1r (52,53,55,60,62,78,165). NKB is postulated to stimulate KNDy 

neurons (122,132,140), generating kisspeptin release onto GnRH neurons to 

initiate a pulse of GnRH secretion (131,136). NKB-induced activation of the 

KNDy network also putatively activates dynorphin release, and subsequent 

action of dynorphin is proposed to inhibit NKB-stimulated KNDy activation, stop 

kisspeptin output to GnRH neurons, and thus terminate the GnRH pulse 

(120,124,131,149). 

Functional studies of KNDy neurons are limited but have provided initial 

support for some elements of this model (124,166,167). Animal studies using the 
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NK3R agonist senktide, however, have produced variable results, with both 

increases and decreases in LH depending on steroid milieu and species 

(102,120,125,136,138,139,166,168-170). The present study examined how NKB 

and dynorphin interact to alter the activity of GFP-identified KNDy neurons in the 

arcuate nucleus from castrate and intact adult male mice directly at the central 

level. 

 

 

2.3 Materials and methods 

Animals 

Tac2-enhanced green fluorescent protein (GFP) BAC transgenic mice 

[015495-UCD/ STOCK Tg (Tac2-EGFP)381Gsat] were obtained from Mouse 

Mutant Regional Resource Center (http://www.mmrrc.org/). GnRH-GFP mice 

(171) were propagated in our colony. Mice were maintained under a 14h 

light:10h dark photoperiod with 2916 chow (Harlan, Indianapolis, IN) and water 

available ad libitum. Male mice age 38-120d were either left intact or were 

castrated under isoflurane anesthesia 3-7d before study; bupivacaine was 

provided as an analgesic. All procedures were approved by the University 

Committee on the Use and Care of Animals at the University of Michigan. 

 

Brain slice preparation 

Reagents were purchased from Sigma Chemical Company (St. Louis, 

MO) unless noted. Solutions were bubbled with 95%O2, 5%CO2 throughout 
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experiments and for ≥15 min before use. Brain slices were prepared with 

modifications (172) as previously described (173). Brains were rapidly removed 

and placed in ice-cold high-sucrose saline solution containing (in mM) 250 

sucrose, 3.5 KCl, 26 NaHCO3, 10 D-glucose, 1.25 Na2HPO4, 1.2 MgSO4, and 3.8 

MgCl2. Coronal (300µm) slices were cut with a Vibratome 3000 (Ted Pella, Inc., 

Redding, CA). Slices were incubated 30min at 30-32C in 50% high-sucrose 

saline and 50% artificial cerebrospinal fluid (ACSF) containing (in mM) 135 NaCl, 

3.5 KCl, 26 NaHCO3, 10 D-glucose, 1.25 Na2HPO4, 1.2 MgSO4, 2.5 CaCl2 (pH 

7.4), then transferred to 100% ACSF solution at room temperature for 0.5-7h 

before recording. 

 

Cell Harvest for single-cell PCR and cDNA synthesis  

Patch pipettes (2-3MΩ) were filled with 5-8µl of a solution containing (in 

mM): 140 K gluconate, 5 KCl, 10 HEPES, 5 EGTA, 4.0 MgATP, 0.4 NaGTP, 1.0 

CaCl2, pH 7.3, 305 mOsm. The whole-cell configuration was obtained and 

cytoplasm aspirated into the pipette. Pipette contents were expelled into a 

microcentrifuge tube containing 2X reverse transcription buffer, and volume 

adjusted to 20µl with molecular grade water (Invitrogen, Carsbad, California). 

Similarly-prepared pipettes (n=5) were lowered into the slice but positive 

pressure was maintained and no cell contents were intentionally harvested; these 

false harvests were processed as above and used to estimate background 

contamination (174). The components for the reverse transcription reaction were 

(in mM): 20 Tris (pH 8.4), 50 KCl, 5 MgCl2, 10 DTT, 10 dNTPs, plus 500ng oligo 
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dT (Invitrogen), 50ng random hexamers (Roche Life Sciences, Indianapolis, 

Indiana), 200U Superscript III (Invitrogen), and 40U RNase inhibitor (Roche). 

Mouse hypothalamic and liver RNA (10ng diluted in pipette solution) and pipette 

solution stock were also reverse transcribed as positive and negative controls, 

respectively. Additionally, a standard curve of mouse hypothalamic RNA (5, 0.5, 

0.05, 0.005ng/µl final concentration) was reverse transcribed. cDNA synthesis 

was performed as recommended. cDNA was stored at -80C until PCR reactions. 

 

Single-Cell PCR  

Single-cell cDNA, controls and the standard curve were preamplified using 

TaqMan PreAmp Master Mix (Invitrogen). TaqMan PrimeTime qPCR assays for 

mRNAs of Gapdh, Tac2, Kiss1, Pdyn, Oprk1, and Tac3r were purchased from 

Integrative DNA Technologies (Coralville, IA, Table 2.1). All assay primers span 

an intron to minimize amplification of genomic DNA. PrimeTime qPCR assays 

were reconstituted to 20X (5µM probe, 10µM each primer) in Tris-EDTA. The 

components for the preamplification reaction were: 5µl cDNA, 0.05X final 

concentration of each primer-probe, 10µl 2X preamplification buffer and water to 

a final volume of 20µl. cDNA was preamplified for 18 cycles according to the 

manufacturer’s recommended cycling conditions. The preamplified DNAs were 

then diluted 1:10 with Tris-EDTA; a second dilution to 1:50 was also created for 

more abundant transcripts (Gapdh, Tac2), both were stored at -20C until used for 

quantitative PCR. 
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Table 2.1 qPCR assays for single-cell PCR 

gene IDT Assay ID ref seq # exons amplicon (bp) 
amplicon 

location (bp) 

Kiss1 Mm.PT.45.16269514 NM_178260 1-2 105 66-170 

Pdyn Mm.PT.45.9486062 NM_018863 1-2 100 89-188 

Oprk1 Mm.PT.42.8829407 NM_001204371, v1 
NM_011011, v2 

2-3 
2a-3 

94 
94 

398-491 
368-461 

Tacr3 Mm.PT.51.8434948 NM_021382 4-5 114 1266-1379 

Gapdh Mm.PT.39.1 NM_008084 2-3 150 50-199 

PrimeTime® qPCR Assays from Integrated DNA Technologies, Coralville, IA. 
www.idtdna.com/pages/products/gene-expression/primetime-qpcr-assays-and-primers 

 

Quantitative PCR was performed utilizing 2-5µl of diluted preamplified 

DNA per reaction, in duplicate, for 40-50 cycles (TaqMan Gene Expression 

Master Mix; Invitrogen). PCR reaction efficiencies were calculated from the slope 

of the standard curve. To confirm the linearity and parallelism of the 

preamplification step, 2µl of non-preamplified standard curve cDNA was also 

amplified in singlicate. On average, the threshold cycle for preamplified 

standards was 10 cycles earlier than cDNA, but PCR efficiencies were nearly 

identical, indicating cDNAs were amplified linearly and without bias. Single cells 

were considered positive for a transcript if their threshold was a minimum of 4 

cycles earlier than the preamplification blank. Amplicon size was confirmed by 

agarose gel electrophoresis. 

 

Electrophysiological recordings 

Targeted single-unit extracellular recordings were used, as this 

configuration has minimal impact on the cell’s intrinsic properties, including 

response to fast synaptic transmission (175,176). Recording pipettes (1.5-3MΩ) 

were pulled from borosilicate glass (Schott #8250, World Precision Instruments, 

Sarasota, FL) with a P-97 puller (Sutter Instrument, Novato, CA). Pipettes were 
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filled with HEPES-buffered solution containing (in mM): 150 NaCl, 10 HEPES, 10 

glucose, 2.5 CaCl2, 1.3 MgCl2, 3.5 KCl, and low-resistance (23±3MΩ) seals were 

formed between the pipette and neuron. Recordings were made in voltage-clamp 

with a 0mV pipette holding potential and signals filtered at 10kHz using an EPC8 

amplifier and PatchMaster software (v2x42, HEKA Instruments Inc., Bellmore, 

NY). 

 

Experimental designs 

Slices were transferred to a recording chamber with constant perfusion of 

ACSF at 28-33C. All treatments were diluted in ACSF and administered by bath; 

vehicles had no effect on firing rate. After a ≥5min stabilization period, neuronal 

activity was recorded under control and treatment conditions as detailed below. 

At the end of each experiment, inactive cells were treated with high-potassium 

ACSF (20mM K+); cells that exhibited action currents in response were verified to 

be alive and all data, including quiescence, were used; for cells not responding to 

K+, data analysis was truncated at the last action current. 

 

Experiment 1 

To study effects of NKB on KNDy neurons and if steroid milieu modifies 

effects, the NK3R agonist senktide (Phoenix Pharmaceuticals, Inc., Burlingame, 

CA, in ≤0.1% dimethyl sulfoxide) was bath-applied to brain slices from castrate 

(1, 10, or 100nM) or intact adult male mice (10 or 100nM) for 5-7min. Senktide 

was used because it is more specific for NK3R than NKB (177); preliminary 
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studies indicated senktide has similar effects to NKB in KNDy neurons (n=3 cells 

from each castrate and intact males, not shown). Effects of 10nM senktide on 

GnRH neurons from castrate males were also determined and compared to 

untreated GnRH neurons. 

 

Experiment 2 

To examine if activation of NK3R in KNDy neurons from castrate males 

requires fast synaptic transmission, ionotropic GABA and glutamate receptors 

were blocked. Cells were first treated with 10nM senktide as above to verify 

response. In preliminary trials, repeated treatment of the same cell with 10nM 

senktide generated comparable responses under control conditions in KNDy 

neurons from both castrate and intact mice (n=3 each, not shown). Following 

washout (5-30min to allow for return towards basal firing rate), a cocktail of 

blockers of GABAA (100μM picrotoxin in 0.2% ethanol), α-amino-3-hydroxy-5-

methylisoxazole-4-propionic acid (40µM CNQX, 6-cyano-7-nitroquinoxaline-2,3-

dione in 0.2% dimethyl sulfoxide), and N-methyl-D-aspartic acid (20µM APV, 

D(−)2-amino-5-phosphonovaleric acid) receptors was applied for 5min before a 

second 5-7min treatment with 10nM senktide in the blocker cocktail. 

 

Experiment 3 

To study effects of dynorphin on KNDy neurons, 1μM dynorphin A 

(dynorphin, Tocris Bioscience, Ellisville, MO) was applied for 5min to 

spontaneously-active KNDy neurons from castrate and intact males. 
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Spontaneously-active neurons were used because we hypothesized dynorphin 

would inhibit KNDy neurons. Since extracellular recordings monitor firing activity, 

inhibition cannot be observed with this method in quiescent cells. 

 

Experiment 4 

To test the hypothesis that dynorphin reduces senktide-induced KNDy 

neuron activation in castrate males, senktide was applied for 5-7min, followed by 

senktide alone, senktide and dynorphin (1μM), or senktide and the KOR agonist 

U69593 (1μM, in 0.01% ethanol) for an additional 5-7min. To test if endogenous 

KOR activation affected the firing pattern in the presence of prolonged senktide, 

cells were treated for 10min with senktide and a KOR antagonist nor-

binaltorphimine (norBNI, 10µM, Tocris Bioscience). To determine if pretreatment 

with dynorphin blocked the ability of senktide to activate KNDy neurons, senktide 

was applied to confirm responsiveness (as in Experiment 2), and then after the 

wash period 1µM dynorphin was applied for 5min, followed by 5min of dynorphin 

plus 10nM senktide. 

 

Experiment 5 

To test the hypothesis that quiescent KNDy neurons are under 

suppression by endogenous dynorphin, 10µM norBNI was applied to quiescent 

KNDy neurons for 5-6min. The ability of 10µM norBNI to block 1µM dynorphin-

induced inhibition of firing was tested as a positive control. 
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Analyses  

Targeted extracellular recordings detect action currents, which are the 

currents underlying action potentials. Thus their frequency reflects action 

potential firing rate. Action currents were identified using custom software written 

in IgorPro (WaveMetrics, Inc., Lake Oswego, OR). Control action current 

frequency was averaged for the last 2min before treatment. The first 3min of 

treatment were not included in the analysis to allow time for solution exchange 

and drug penetration of the slice; the action current firing frequency was 

averaged during min 4 and 5 after initiating treatment. Cells with basal firing 

frequency ≤0.1Hz were considered quiescent. Cells that remained quiescent 

during treatment were considered non-responsive if they subsequently generated 

action currents in response to elevated K+. Spontaneously-active cells with a 

change in firing frequency of >20% were considered responsive. The percentage 

of responsive cells is reported, but for statistical rigor both responsive and non-

responsive cells were included in statistical analyses. No more than three cells 

from a given animal were included in the same experiment, and n indicates 

number of cells. 

Data are reported as mean±SEM. Non-parametric or parametric two-tailed 

comparisons were utilized as appropriate for data distribution. Responses to 

single treatments were analyzed by Wilcoxon matched pairs test or paired t-test. 

Data from cells exposed to multiple treatments were analyzed by one-way 

Friedman test, followed by a Dunn’s multiple-comparison test. Comparisons 

among groups were analyzed by Friedman two-way repeated-measures analysis 
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of variance, Mann-Whitney, or by unpaired t-test. All tests were two-tailed, 

significance was set at p<0.05. 

 

 

2.4 Results 

GFP expression driven by the Tac2 promoter identifies KNDy neurons in the 

arcuate nucleus 

Single-cell PCR was performed on Tac2-GFP-identified cells from the 

arcuate nucleus of castrate (23 cells) and intact (18 cells) males (Table 2.2). 

Single-cell cDNA was amplified for Gapdh to determine RNA quality; of 41 cells, 

3 did not amplify for Gapdh and were eliminated from further analysis. No 

transcripts of interest were amplified from false harvests (n=5). Tac2 mRNA was 

detected in 87% of all GFP-identified cells, indicating that GFP expression is 

highly correlated with endogenous Tac2 expression. The half-life of eGFP protein 

is ~26h (178). It is thus likely that GFP-identified cells in intact males not 

expressing Tac2 mRNA when harvested had expressed this mRNA within the 

previous few days. All cells from castrate and 71% of cells from intact mice 

expressed Tac2, indicating steroid negative feedback suppresses Tac2 

expression, consistent with earlier reports (120,166,179,180). Consistent with 

this, 16/17 Tac2-GFP-identified cells from intact mice expressed either kisspeptin 

(Kiss1) or prodynorphin (Pdyn) mRNA, indicating a KNDy phenotype (120,166). 

In contrast to a previous report (166), a substantial population of Tac2-GFP 

neurons that did not express Kiss1 was not observed (18% intact mice, 0% 
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castrate mice). This discrepancy may be due to relative sensitivity of methods 

utilized, or the mode of cell identification. The percentage of Pdyn mRNA positive 

cells was 90% in castrate and 76% in intact mice. With regard to G-protein 

coupled receptors, 19% of cells from castrate and 41% of cells from intact mice 

expressed transcript for the dynorphin receptor KOR (Oprk1). Most (86%) cells 

from castrate mice expressed mRNA for the NKB receptor NK3R (Tac3r) vs. 

35% of cells from intact mice. 

Table 2.2 Single-cell PCR results 
 intact 

(n=17) 
castrate 
(n=21) 

transcript 
# cells 

expressing 
transcript 

# cells 
expressing 
transcript 

Tac2 12 (71%) 21 (100%) 

Kiss1 14 (82%) 21 (100%) 

Pdyn 13 (76%) 19 (90%) 

Tac2 + 
Kiss1 

11 (65%) 21 (100%) 

Tac2 + Pdyn 10 (59%) 19 (90%) 

Pdyn + 
Kiss1 

11 (65%) 19 (90%) 

Tac2+Kiss1
+Pdyn 

10 (59%) 19 (90%) 

Kiss1 OR 
Pdyn 

16 (94%) 21 (100%) 

Oprk1 7 (41%) 4 (19%) 

Tac3r 6 (35%) 18 (86%) 

Number of cells expressing transcript (percent GFP-identified cells) 

 

Spontaneous activity of KNDy neurons from intact and castrate males  

Eighty percent of KNDy neurons from castrate mice (78/98) were 

quiescent during the control period (defined as a firing frequency of ≤ 0.1 Hz), 



 36  

whereas 57% (25/44) of KNDy neurons from intact mice were quiescent. The 

firing rate of spontaneously-active KNDy neurons was not different between 

castrate (2.0±0.3Hz, n=20 cells) and intact mice (1.9±0.5Hz, n=19 cells). 

 

The NK3R agonist senktide increases activity to a greater extent in KNDy 

neurons from castrate than those from intact males 

To study the effects of activation of NK3R on KNDy neurons, the NK3R 

agonist senktide was bath-applied to brain slices from castrate adult males 

during extracellular recordings. Figure 2.1A shows a representative response to 

10nM senktide in cells from castrate males. Senktide increased the frequency of 

action currents in a dose-dependent manner (1nM, p=0.0625, n=8; 10nM, 

p<0.05, n=11; 100 nM, p<0.05, n=6, Figure 2.1C). The proportion of cells 

responding with >20% change in firing rate also increased with dose (3 of 8 at 

1nM, 10 of 11 at 10nM, and 6 of 6 at 100nM). 
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Figure 2.1 The NK3R agonist senktide 
increases the activity of KNDy neurons 
and does not change firing activity of 
GnRH neurons. A & B. Representative 
extracellular recordings of a KNDy neuron 
from a castrate (A) or an intact (B, trace 
smoothed to reduce baseline drift) mouse 
during control (left) and 10nM senktide 
(right) conditions; variable current 
amplitudes reflect small changes in 
pipette position during the recording and 
do not provide information about changes 
in cell function. C. Action current 
frequency of KNDy neurons during control 
(c) and senktide treatment at doses 
indicated in castrate (left) and intact (right) 
mice. D. Representative extracellular 
recordings of a GnRH neuron from a 
castrate mouse during control (top) and 
10nM senktide (bottom) conditions. E. 
Action current frequency of GnRH 
neurons during control (c) and 10nM 
senktide (SK) treatment. Open circles 
show data from individual cells, filled 
circles show means: lines connect data 
from the same cell. *p<0.05.

 

To test if gonadal steroids affect the response to senktide in KNDy 

neurons, 10 or 100nM senktide was bath-applied to brain slices from intact male 

mice; Figure 2.1B shows a representative response to 10nM senktide. Firing 

frequency increased in all KNDy neurons from intact mice in response to both 

10nM (p<0.05, n=11, Figure 2.1C) and 100nM senktide (p<0.05, n=7, Figure 

2.1C). Senktide (10nM) caused a greater increase in KNDy neuron activity in 

cells from castrate mice versus those from intact mice (p<0.05, Figure 2.1C), 



 38  
 

whereas the response to 100nM senktide was similar between cells from castrate 

and intact mice (Figure 2.1C). These data indicate that KNDy neurons from both 

castrate and intact mice are stimulated by activation of the NK3R, but that 

neurons from castrate animals are more sensitive. For subsequent senktide 

experiments, 10nM was used because it was the lowest dose tested that 

consistently elicited a response, and this response was different between 

castrate and intact mice. 

 

Senktide does not alter firing of GnRH neurons 

To test if senktide alters GnRH neuron activity, senktide was bath-applied 

to coronal preoptic area brain slices from castrate GnRH-GFP mice. Senktide 

(10nM) had no consistent effect on firing frequency of GnRH neurons (n=10, 

Figure 2.1D, E), with senktide treatment either increasing (n=5), decreasing 

(n=2), or eliciting no change (n=3) in firing frequency. Additionally, we compared 

senktide-treated cells with untreated GnRH neurons recorded for the same 

duration. Changes in firing frequency pattern in the absence of treatment (n=5, 

not shown) were similar to those during senktide treatment. These data support 

the hypothesis that activation of NK3R within a coronal slice through the preoptic 

area does not consistently alter the activity of GnRH neurons at the level of the 

soma. 
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The senktide-induced response in KNDy neurons is independent of fast synaptic 

transmission 

The activation of KNDy neurons by senktide could be direct and/or via 

NK3R-expressing afferents that remain in the brain slice. To begin to differentiate 

between these possibilities, we asked whether the senktide-induced firing activity 

in KNDy neurons required and/or was modulated by fast synaptic transmission. 

Cells were first verified to respond to senktide (10nM), washed with ACSF, and 

then treated a second time with senktide in the presence of blockers of ionotropic 

GABA and glutamate receptors (Figure 2.2). Blocking these receptors after the 

wash period did not alter firing rate of KNDy neurons (0.6±0.4Hz wash vs. 

0.9±0.6Hz blocked, n=8), nor did it alter senktide-induced activity (8.5±2.4Hz 

unblocked vs. 13±3.0Hz blocked, n=8, Figure 2.2). These data suggest activation 

of NK3R excites KNDy neurons by a mechanism that does not require fast 

synaptic transmission. 

 

Figure 2.2 The senktide-induced 
activation of KNDy neurons is 
independent of fast synaptic 
transmission. A. Representative 
extracellular recordings from a cell 
during control and treatment periods. B. 
Action current frequency during various 
treatments. Open circles show data from 
individual cells, filled circles show 
means; lines connect data from the 
same cell, dashed lines indicate a 
variable wash period with ASCF after 
the first senktide treatment; c=control; 
SK=10nM senktide; block=blockers of 
ionotropic GABA and glutamate 
receptors (APV, CNQX, picrotoxin). 
*p<0.05.
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Spontaneous activity of KNDy neurons is inhibited by dynorphin to a greater 

extent in cells from intact than castrate mice 

To test the hypothesis that dynorphin decreases activity of KNDy neurons, 

we first examined spontaneously-active (>0.1Hz) KNDy neurons. Bath-applied 

dynorphin (1µM) decreased the firing frequency in 6/7 cells from castrate mice 

(n=7, p<0.05, Figure 2.3A) and in all cells examined from intact mice (n=6, 

p<0.05, Figure 2.3A). Dynorphin reduced the firing frequency of responsive cells 

from castrate mice by 50% and by 91% in cells from intact mice. The difference 

between the firing rate during dynorphin treatment vs. the control firing frequency 

was greater in KNDy neurons from intact than those from castrate mice (p<0.05, 

Figure 2.3B). The inhibitory effect of dynorphin was blocked by 10µM norBNI, a 

KOR antagonist, in all KNDy neurons from both castrate (4.5±1.1Hz norBNI vs. 

5.5±1.2Hz norBNI+dynorphin, n=5) and intact (1.1±0.6 Hz norBNI vs. 1.5±0.9Hz 

norBNI+dynorphin, n=3) mice. These data indicate endogenous activity of KNDy 

neurons is inhibited by dynorphin via KOR, and this inhibition is more 

pronounced in the presence of gonadal steroids.

 
 
 
 
 

Figure 2.3 Dynorphin attenuates 
spontaneous activity in KNDy neurons. 
A. Action current frequency during 
periods of control and treatment with 
1µM dynorphin in neurons from castrate 
(left) or intact (right) animals. Open 
circles show data from individual cells, 
filled circles show means; lines connect 
data from the same cell; c=control; 
dynA=1µM dynorphin. B. Difference 
between action current frequency during 
treatment and control periods in cells 
from castrate or intact mice. *p<0.05.
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The KOR antagonist norBNI does not induce activity in quiescent KNDy neurons 

Because the majority of KNDy neurons from castrate mice were quiescent during 

the control period, and because dynorphin inhibited spontaneous activity in most 

KNDy neurons, we hypothesized that activity in quiescent cells was inhibited by 

endogenous dynorphin. To test this, quiescent KNDy neurons were treated with 

the KOR antagonist norBNI (10µM). NorBNI did not induce activity (castrate: 

0.0±0.0Hz control vs. 0.0±0.0Hz treated, n=5; intact: 0.0±0.0Hz control vs. 

0.0±0.0Hz treated, n=5). 

 

The pattern of firing activity in KNDy neurons induced by prolonged senktide 

treatment does not change with subsequent addition of KOR agonists in cells 

from castrate mice 

We next tested the hypothesis that senktide-induced KNDy neuron 

activation is inhibited by dynorphin. KNDy neurons from castrate males were 

either treated with 10nM senktide for a full 10min (n=8) or were treated with 

senktide for 5min followed by senktide plus dynorphin (1µM, n=8) or senktide 

plus the KOR agonist U69593 (1µM, n=9) for an additional 5min. Neither 

dynorphin nor U69593 reduced the senktide-induced activation at the end of the 

second 5-min treatment compared with activity at the end of the 10min senktide-

only treatment (Figure 2.4). 

Examination of individual cells treated with dynorphin during the last 5min 

of the 10min senktide treatment reveals that all cells exhibited >20% decrease in 

firing frequency after addition of dynorphin compared to senktide treatment alone 
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(Figure 2.4). In contrast, only a subset of cells (4/8) treated with senktide alone 

for 10min showed >20% decrease in firing frequency during minutes similar time 

periods of recording (Figure 2.4). To test if the decrease in firing frequency in this 

subset of cells is due to senktide-induced dynorphin release, norBNI (10µM) was 

included during a 10min senktide treatment (Figure 2.4). Similar to the 

observations with senktide alone, norBNI failed to maintain firing rate throughout 

the 10min senktide treatment, with 5/9 cells exhibiting >20% decrease in firing 

frequency. 

 
Figure 2.4 Activation of KOR does not reduce ongoing senktide-induced activity in KNDy neurons 
from castrate mice. Action current frequency during various treatments, which are detailed in text. 
Open circles show data from individual cells, filled circles show means; lines connect data from 
the same cell. c=control; SK=10nM senktide, an NK3R agonist; dynA=1µM dynorphin; U69=1µM 
U69593, a KOR agonist; norB=10µM norBNI, a KOR antagonist. *p<0.05. 

 

Pretreatment with dynorphin blocks senktide-induced activation in KNDy neurons 

from intact but not castrate mice 

To test if treatment with dynorphin before, rather than during, senktide 

application is able to block senktide-induced activity, cells from both castrate and 

intact mice were first verified to respond to senktide (10nM), washed with ACSF, 

and then treated with dynorphin (1µM) followed by a second treatment with 

senktide in the presence of dynorphin (Figure 2.5). Senktide treatment increased 

firing frequency of KNDy neurons from castrate mice to the same extent 
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regardless of whether or not dynorphin was present (0.0±0.0Hz control vs. 

18.1±3.0Hz senktide, p<0.05; 2.1±1.2Hz dynorphin vs. 13.4±2.8Hz 

senktide+dynorphin, p<0.05, n=7, Figure 2.5). In contrast, pretreatment with 

dynorphin decreased the senktide-induced firing frequency in KNDy neurons 

from intact mice (0.0±0.0Hz control vs. 7.2±2.9Hz senktide, p<0.05; 0.0±0.0Hz 

dynorphin vs. 1.2±0.8Hz senktide+dynorphin, n=6, Figure 2.5). Spontaneous 

activity was suppressed in KNDy neurons (n=2 castrate, n=2 intact, not shown) 

throughout a 10-min treatment with dynorphin alone, confirming cells remained 

responsive to dynorphin throughout the duration tested. These data provide 

further support for enhancement of dynorphin-mediated inhibition by gonadal 

steroids.

 
 

Figure 2.5 Pretreatment with dynorphin A decreases 
senktide-induced activity in KNDy neurons from intact 
but not castrate mice. Action current frequency in 
KNDy neurons from castrate (left) or intact (right) 
animals during treatments with 1µM dynorphin (dynA) 
and dynorphin plus 10nM senktide (SK); treatments 
shown follow a previous treatment to confirm 
responsiveness to senktide (not shown). Open circles 
show data from individual cells, filled circles show 
means; lines connect data from the same cell. 
*p<0.05.

 

2.5 Discussion 

Targeted extracellular recordings revealed that the NK3R agonist senktide 

activates KNDy neurons by a mechanism that is independent of fast synaptic 

transmission and is attenuated in cells from intact compared to castrate males. In 

contrast, dynorphin inhibited spontaneous and senktide-induced activity of KNDy 

neurons to a greater extent in cells from intact than castrate mice. 
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Based on genetics studies in infertile patients (122) and the coexpression 

of NKB and NK3R in arcuate neurons (132,140), NKB has joined kisspeptin as a 

focus of studies of afferent control of GnRH release. Unlike the effect of 

kisspeptin, which consistently activates GnRH neurons, studies have yielded 

conflicting results concerning the role and site of NKB action. Peaks of multi-unit 

activity (MUA) recorded near the arcuate nucleus in the medial basal 

hypothalamus are highly correlated with LH pulses, an indirect marker of GnRH 

release. Senktide increased the frequency of MUA peaks in multiple steroid 

milieux (102). In castrate and gonad-intact male nonhuman primates and in 

follicular-phase but not luteal-phase ewes, activation of NK3R caused robust 

single discharges of LH (136,168). These data support a stimulatory role of NKB 

in several steroid conditions. 

Rodent studies have had less consistent outcomes. 

Intracerebroventricular (icv) treatment with senktide decreased serum LH in 

ovariectomized (OVX) mice (120) and rats (125,169) and in OVX rats replaced 

with estradiol in a model of negative feedback (139,169,170). Senktide (icv) also 

decreased the frequency of MUA peaks in OVX rats (169). In contrast, senktide 

(icv) increased serum LH in intact female rats and OVX female rats replaced with 

estradiol (AM vs. PM not indicated) (125). In intact males, senktide (icv) was 

reported to have either no effect (138) or to increase serum LH (166). The lack of 

consistent changes in LH in response to senktide even within a species, sex, or 

steroid model may be due to differences in response at many levels including the 

KNDy neuron, the GnRH neuron, and/or the pituitary. 
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To avoid the complexities of these intermediate systems influencing the 

response to activation of NK3R, we examined the response to senktide directly at 

KNDy or GnRH neurons using electrophysiology to record activity at the soma of 

these cells in acute brain slices from the male mouse. Males were chosen for 

study because they are not subject to the variability of steroid feedback that 

occurs during the ovarian cycle in intact females. Further, GnRH pulse 

generation is a feature of both sexes, and in males this is unencumbered by co-

existence of a surge mode of release. While the steroids involved in feedback 

regulation of pulse frequency could differ between sexes, we postulate that many 

core mechanisms of pulse generation itself are shared between males and 

females. Senktide induced a dose-dependent increase in firing rate of KNDy 

neurons from castrate males, but had no effect on GnRH neurons. These data 

are consistent with a recent electrophysiological study of kisspeptin-GFP-

identified neurons in slices from castrate and intact adult male mice (166). The 

present data further identify a role for gonadal steroids in modulating the 

response to senktide, as the activation induced in KNDy neurons from intact 

males was suppressed. This is contrary to the previous study, which found no 

evidence for steroid dependence of NK3R-mediated activation of KNDy neurons 

(166). This discrepancy may be attributable to recording configuration, as the 

previous study used whole-cell recordings, which alter the intracellular milieu 

unlike extracellular recordings. 

One possible mechanism for the reduced response to senktide observed 

in cells from intact males in the present study may be altered expression of 
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NK3R in KNDy neurons. The transcript for NK3R (Tac3r) was expressed in the 

majority of KNDy neurons from castrate animals but in less than a third of those 

from intact animals. Further, a stimulatory effect of NK3R activation may be 

amplified by positive feedback from other KNDy neurons that synapse on the 

recorded cell (119,128,130). 

In addition to possible network effects of NKB from other KNDy neurons, 

KNDy neurons receive other types of inputs, including those from non-KNDy cells 

that may be responsive to senktide. Some connections with such neurons could 

be maintained within the slice preparation, and thus the effects observed may be 

due to action of senktide that is not directly on the neuron targeted for recording. 

One mode of signaling from these putative upstream neurons to KNDy neurons 

is fast synaptic transmission mediated by GABA and glutamate. KNDy neurons 

receive spontaneous GABAergic and glutamatergic transmission (181,182), 

which may arise in part from KNDy neurons themselves because they express 

both the vesicular glutamate transporter 2 (vGLUT-2) (118,135) and glutamic 

acid decarboxylase (GAD), an enzyme involved in GABA synthesis (135). The 

present observations show that NK3R-mediated stimulation of KNDy neurons is 

independent of fast synaptic transmission mediated by ionotropic glutamatergic 

and GABAergic signaling. 

Gonadal steroids may have an effect on spontaneous activity in KNDy 

neurons. Eighty percent of cells from castrate mice vs. 57% of those from intact 

mice were quiescent. The latter is similar to that observed in whole-cell 

recordings of arcuate kisspeptin neurons from intact males (182). Previous 
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extracellular recordings of these neurons from intact males, however, reported 

only 10% were silent (183). This contrast may in part be due to a different 

definition of quiescence. Specifically, the present study considered cells to be 

quiescent if spontaneous firing frequency was <0.1 Hz, whereas the previous 

extracellular study only considered cells to be silent if the cell did not fire a single 

action potential throughout the recording duration, which would reduce the 

percentage of silent cells. Regardless, all datasets appear to challenge the 

hypothesis that gonadal steroids inhibit endogenous activity in KNDy neurons. It 

is important to point out that the present experiments were designed to examine 

the effects of neuromodulators on firing activity; recordings were thus of short 

duration. Changes in long-term firing pattern relevant to the frequency of GnRH 

release may well reveal effects of steroid feedback. It is nonetheless interesting 

to speculate that the regulation of mRNA expression and the regulation of firing 

activity by steroids in KNDy neurons may be different. 

A potential cause for the quiescence observed in most KNDy neurons is 

endogenous dynorphin within the slice. Antagonists of KOR, the high-affinity 

receptor for dynorphin, support an inhibitory effect of dynorphin on LH release in 

mice, rats, and sheep (120,124,154), and KOR antagonists increase multi-unit 

activity in the medial basal hypothalamus in goats (102). In the present study in 

acutely prepared brain slices, the KOR antagonist norBNI did not initiate activity 

in KNDy neurons from either intact or castrate mice, suggesting that under these 

conditions, endogenous dynorphin is not responsible for quiescence. 
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Unlike the lack of effect of a KOR antagonist on quiescent KNDy neurons, 

the KOR agonist dynorphin inhibited spontaneously-active KNDy neurons. 

Greater inhibition was observed in intact than castrate males, supporting the 

hypothesis that the inhibitory effect of dynorphin on KNDy neurons is greater in 

the presence of gonadal steroids. This may be due to higher responsiveness to 

dynorphin, as single-cell PCR revealed the percentage of KNDy neurons 

expressing KOR in intact mice was twice that in castrate mice in the present 

study. In contrast, in situ hybridization demonstrated no change in the 

percentage of cells expressing the transcript for KOR in castrate vs. 

testosterone-replaced males (166). This discrepancy may result from a difference 

in feedback in intact vs. testosterone-replaced mice or method of mRNA 

detection. 

Dynorphin has been hypothesized to inhibit KNDy neurons after 

stimulation by NKB (120,131,149,169,170). Interestingly, in KNDy neurons from 

castrate males, neither pretreatment with dynorphin nor treatment with dynorphin 

subsequent to senktide treatment altered the average firing frequency pattern 

relative to that of senktide alone. In contrast to KNDy neurons from castrate 

mice, pretreatment with dynorphin attenuated senktide-induced activity in cells 

from intact males. These data further support stronger dynorphin-mediated 

inhibition in the presence of gonadal steroids. The inhibitory effect may be further 

enhanced by the reduced effectiveness of senktide in cells from intact mice. 

Because spontaneous activity in cells from both castrate and intact males was 

reduced by dynorphin, the lack of effect of dynorphin on senktide-induced activity 
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in cells from castrate animals raises the question of what initiates spontaneous 

activity in KNDy neurons, since dynorphin cannot counteract activation of NK3R. 

Other transmitters, such as glutamate or GABA, may play a role in this regard 

(118,135). 

When senktide treatment was extended to ten minutes, some cells 

sustained or increased their firing frequency, whereas others decreased firing 

frequency. This raised the question of whether, in the latter subgroup, senktide 

stimulated release of endogenous dynorphin within the slice, thereby causing 

delayed inhibition of KNDy neuron activity during extended senktide treatment. In 

the presence of the KOR antagonist norBNI, however, a similar subpopulation of 

KNDy neurons decreased firing frequency after activation with senktide. This 

indicates activation of KOR by senktide-stimulated dynorphin release was not 

inhibiting the activity in this subpopulation. These observations suggest 

heterogeneity within the KNDy neuron population, in which some cells become 

desensitized to NK3R activation over time and others do not. 

Disruption of the pulsatile pattern of GnRH release results in infertility in 

diseases including polycystic ovary syndrome and idiopathic hypogonadotropic 

hypogonadism (26,29,184); understanding mechanisms of control of GnRH 

release by steroid feedback is thus crucial to developing treatments. Our work 

begins to elucidate the role of KNDy neurons in this critical role. We provide 

evidence for regulation of KNDy neurons in males by activation of both NK3R 

and KOR in a gonadal steroid-dependent manner, with steroids reducing overall 

activity of KNDy neurons in response to these treatments. The 
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electrophysiological recordings presented here used an extracellular 

configuration, which does not interfere with the intracellular environment, but 

does not allow for exploration of intracellular mechanisms. Future work will test 

the mechanisms linking activation of KOR or NK3R to changes in activity. 
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CHAPTER 3 

Both estrogen and androgen modify the response to activation of neurokinin-3 

and κ-opioid receptors in arcuate kisspeptin neurons from male mice

 

The work in this chapter was submitted for review to Endocrinology in August 

2015. 

 

Kristen A. Ruka, Laura L. Burger, and Suzanne M. Moenter 

 

3.1 Abstract 

Gonadal steroids regulate the pulsatile pattern of GnRH that is essential to 

reproduction, but GnRH neurons appear to lack most receptors necessary for 

this steroid feedback. The arcuate kisspeptin, or KNDy (kisspeptin, neurokinin B, 

dynorphin), neuron population may convey steroid feedback to GnRH neurons. 

KNDy neurons increase action potential firing upon activation of neurokinin B 

receptors (neurokinin-3 receptor, NK3R) and decrease firing upon activation of 

dynorphin receptors (κ-opioid receptor, KOR). In KNDy neurons from intact male 

mice, NK3R-mediated stimulation is attenuated and KOR-mediated inhibition 

enhanced compared to castrate mice, suggesting gonadal secretions are 

involved. Estradiol suppresses spontaneous GnRH neuron firing in male mice, 
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but the gonadal secretions that mediate effects on firing in KNDy neurons are 

unknown. To test the effects of gonadal steroids, targeted extracellular 

recordings were made from KNDy neurons in brain slices from castrate adult 

male mice that were treated in vivo with steroid receptor agonists or left 

untreated. Estradiol inhibited spontaneous firing in KNDy neurons; firing rate in 

DHT-treated mice was intermediate between castrate and estradiol-treated mice. 

Both estradiol and DHT, however, suppressed NK3R agonist-induced KNDy 

neuron firing and enhanced the inhibition of firing rate caused by KOR activation. 

An estrogen receptor α agonist but not an estrogen receptor β agonist mimicked 

the effects of estradiol on NK3R activation. These observations suggest 

modulation of responses to activation of NK3R and KOR as mechanisms for 

gonadal steroid negative feedback in KNDy neurons, supporting contribution of 

these neurons to steroid-sensitive elements of a GnRH pulse generator. 

 

 

3.2 Introduction 

GnRH neurons form the final common output from the central nervous 

system that integrates signals from the brain to control reproduction. These 

neurons release GnRH in a pulsatile pattern (4,156,158,159) to stimulate pituitary 

release of LH and FSH, which is essential for reproduction (29). Gonadal steroid 

hormones regulate GnRH pulse patterns (7), but only the β isoform of estrogen 

receptor (ERβ), which is not critical for fertility, has been consistently detected in 
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these cells (10,11,162,163). Steroid-sensitive afferent neurons thus likely convey 

feedback signals to GnRH neurons. 

Several observations support a steroid-sensitive “GnRH pulse generator” 

in the hypothalamic arcuate nucleus (97,102,148,169,185). A likely contributor to 

this pulse generator is the arcuate KNDy neuron population, which is named for 

its colocalization of the neuropeptides kisspeptin, neurokinin B, and dynorphin 

(131). KNDy neurons project to GnRH neurons (131), and all three KNDy 

neuropeptides are important for reproductive function. Mutations in the genes 

encoding kisspeptin receptor, neurokinin B, or the high-affinity receptor for 

neurokinin B (neurokinin-3 receptor, NK3R) have all been found in human 

patients with hypogonadotropic hypogonadism (45,46,122). Consistent with 

these observations, kisspeptin and NK3R agonists increase GnRH neuron 

activity and/or GnRH/LH release (55,62,166,186,187). In contrast, antagonism of 

the high-affinity receptor for dynorphin (κ-opioid receptor, KOR) in mice increases 

LH release (124). 

The neuropeptides made by KNDy neurons also regulate activity of these 

neurons. Activation of NK3R and KOR modifies frequency of action potential 

firing in KNDy neurons (188,189) and these modifications are sensitive to 

gonadal hormones (189). Specifically, NK3R-induced stimulation of action 

potentials is attenuated in KNDy neurons from intact vs. castrate males, whereas 

KOR-mediated inhibition of action potential firing is enhanced in KNDy neurons 

from intact compared to castrate males. Together, these data suggest potential 

mechanisms through which gonadal secretions have a negative feedback effect 
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on KNDy neurons and thus the GnRH pulse generator. However, the identity of 

the gonadal secretions involved remains unclear. 

Estrogens and androgens are both candidate mediators of the feedback 

effects on NK3R and KOR activation in KNDy neurons. KNDy neurons express 

both androgen receptor (AR) and estrogen receptors (19) and may also be 

regulated by steroid-sensitive afferents (190). The brain expresses aromatase, 

which converts testosterone to estradiol (191,192). Both androgens and 

estrogens inhibit arcuate kisspeptin mRNA expression (18,19), but steroidal 

modulation of mRNA expression may not necessarily reflect changes in 

kisspeptin protein levels (193), let alone KNDy neuron action potential firing rate 

and/or downstream GnRH neuron function. In this regard, some studies have 

shown that estradiol is a more potent suppressor of GnRH/LH release in males 

(194-197). To better understand the role of gonadal steroids in the neuropeptide-

mediated stimulation and inhibition of KNDy neurons, the present study tested 

the hypothesis that estradiol is the main steroid modifying action potential firing of 

individual KNDy neurons in male mice. 

 

 

3.3 Materials and methods 

Animals 

Tac2-enhanced GFP BAC transgenic mice (015495-UCD/STOCK Tg 

[Tac2-EGFP]381Gsat) were obtained from the Mouse Mutant Regional Resource 

Center (http://www.mmrrc.org/) and propagated in our colony. Mice were 
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maintained under a 14-hour light, 10-hour dark photoperiod (lights on 3AM EST) 

with 2916 chow (Harlan) and water available ad libitum. Male mice aged 79 to 

123 days were used either intact or following bilateral castration under 

isofluorane anesthesia (VetOne); Bupivacaine (0.25%, 8µl per site, Hospira) was 

provided as a postoperative analgesic. Silastic (Dow Corning) implants 

containing steroids (194) were placed subcutaneously in the scapular region at 

the time of surgery. Mice were used 4-7 days after castration. All procedures 

were approved by the University Committee on the Use and Care of Animals at 

the University of Michigan. 

 

Experimental design 

Reagents were purchased from Sigma Chemical Company unless 

otherwise noted. Intact and castrate (4-7 days post surgery) male mice were 

used. Treatments were administered beginning on the day of surgery. Mice were 

placed in one of six treatment groups: 1) castrate no further treatment, 2) 

castrate plus an implant containing 0.625µg estradiol suspended in sesame oil, 

3) castrate plus two implants containing 400µg DHT each in sesame oil (800µg 

total), 4) castrate plus daily subcutaneous injections of 1mg/kg of the ERα 

agonist 4,4',4''-(4-Propyl-[1H]-pyrazole-1,3,5-triyl)trisphenol (PPT; Tocris 

Bioscience), 5) castrate plus daily subcutaneous injections of 1mg/kg of the R 

enantiomer of the ERβ agonist (R)-2,3-bis(4-Hydroxyphenyl)-propionitrile (DPN, 

Tocris Bioscience), or 6) castrate plus daily subcutaneous injections of 2mg/kg 

DPN. All injected treatments were suspended in a vehicle of 5% 
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dimethylsulfoxide (DMSO), 95% sesame oil, administered between 9:30AM and 

12:00PM EST, and terminated the day before recording. All treatments were 

administered in vivo and were not present in recording solutions. 

 

Seminal vesicle mass 

To confirm endocrine status, the ratio of seminal vesicle to body mass was 

determined at the time of brain slice preparation. The ratios from castrate mice 

(2.3±0.2 mg/g, n=20 mice) were lower (p<0.05) than those from intact control 

males (7.0±0.7 mg/g, n=8 mice). Only the group with the DHT implants (8.0±0.4 

mg/g, n=12 mice) had a similar ratio to that from the intact control mice, whereas 

the remaining groups were similar to the castrate mice (PPT, 3.0±0.5 mg/g, n=5 

mice; 1mg DPN/kg, 2.8±0.3 mg/g, n=4 mice; 2mg DPN/kg, 4.0±0.4 mg/g, n=4 

mice). 

 

Determination of estrogen receptor agonist dose 

Groups of castrate or intact adult male mice were treated daily with 

vehicle, PPT, or DPN for 4-6 days. PPT was administered at 1mg/kg (198). DPN 

was administered 1, 2, or 4mg/kg. Injections began the day of surgery, and 

continued until the day before tissue harvest. Agonist concentration was devised 

to give a 50-100µL injection per 25g mouse and volume adjusted by mass. At the 

time of euthanasia, mice were anesthetized under isoflurane and decapitated. 

Pituitaries were collected and RNA extracted via RNeasy (Qiagen). 

Approximately 250ng pituitary RNA was reverse transcribed (20µL/reaction) as 



 57  
 

described (199) along with a standard curve of mouse pituitary RNA (5, 0.5, 0.05, 

0.005ng/µL final concentration). PrimeTime qPCR assays for mRNAs of prolactin 

(Prl), and the housekeeping genes Ppia, and Rps29 were purchased from 

Integrative DNA Technologies (Table 3.1). Quantitative PCR was performed 

using 10ng cDNA per reaction in duplicate. Relative expression of Prl was 

normalized to the average relative expression of Ppia and Rps29 via the ∆ ∆ Ct 

method. Amplicon size was confirmed by agarose gel electrophoresis. All assay 

primers span an intron to minimize amplification of genomic DNA. PCR reaction 

efficiencies were calculated from the slope of the standard curve. 

Castration reduced pituitary Prl expression and PPT treatment restored 

expression to the same level as that observed in pituitaries from intact animals 

(Supplementary Figure 3.1). While all doses of DPN resulted in reduced (p<0.05) 

pituitary Prl expression compared to intact animals, the highest DPN dose tested 

(4mg/kg) caused higher (p<0.05) Prl expression compared with the castrate 

group (Supplementary Figure 3.1). Based on these findings, only 1 and 2mg/kg 

DPN were tested in electrophysiological experiments. 

Table 3.1 qPCR Assays for PCRa 

Gene IDT Assay ID Accession No. Exons Amplicon, bp 
Amplicon 
Location, bp 

Prl Mm.PT.58.21865636 NM_011164 3-4 142 266-407 
Ppia Mm.PT.39a.2.gs NM_008907 4-5 85 355-439 
Rps29 custom NM_009093 1-2 127 119-245 
Ar Mm.PT.47.17416675 NM_013476 4-5 125 2065-2189 
Esr1 Mm.PT.47.16003033 NM_007956 6-7 100 1456-1555 
Esr2 Mm.PT.47.17681375 NM_207707 4-5 115 1036-1150 
aPrimeTime qPCR assays were from Integrated DNA Technologies, Coralville, Iowa 
(www.idtdna.com/pages/products/gene-expression/primetime-qpcr-assays-and-primers). 
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Cell harvest for cDNA synthesis and single-cell PCR for transcripts of gonadal 

steroid receptors 

Cells used for single-cell PCR were harvested from intact or castrate adult 

male mice as described (189). Briefly, the whole-cell patch-clamp configuration 

was achieved and cytoplasm aspirated into the pipette. False harvests in which a 

pipette was lowered into the tissue but no aspiration of cell contents occurred 

were used to estimate background contamination (174). Additionally, a standard 

curve of mouse hypothalamic RNA (5, 0.5, 0.05, 0.005ng/µL final concentration) 

was reverse transcribed. Single-cell cDNA, controls, and the standard curve were 

preamplified using TaqMan PreAmp Master Mix (Invitrogen) as described (189). 

TaqMan PrimeTime qPCR assays for mRNAs of Ar, Esr1, and Esr2 were 

purchased from Integrative DNA Technologies (Table 3.1). Quantitative PCR was 

performed utilizing 2-5µl of diluted preamplified DNA per reaction, in duplicate, 

for 40-50 cycles (TaqMan Gene Expression Master Mix; Invitrogen). Single cells 

were considered positive for a transcript if their threshold was a minimum of 4 

cycles earlier than the preamplification blank. 

 

Brain slice preparation 

Solutions were bubbled with 95% O2/5% CO2 throughout experiments and 

for ≥15min before use. Brain slices were prepared with modifications (172) as 

described (173). Brains were rapidly removed and placed in ice-cold high-

sucrose saline solution containing (in mM) 250 sucrose, 3.5 KCl, 26 NaHCO3, 10 

d-glucose, 1.25 Na2HPO4, 1.2 MgSO4, and 3.8 MgCl2. Coronal (300μm) slices 
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were cut with a VT1200 S (Leica Biosystems). Slices were incubated 30min at 

room temperature in 50% high-sucrose saline and 50% artificial cerebrospinal 

fluid (ACSF) containing (in mM) 135 NaCl, 3.5 KCl, 26 NaHCO3, 10 d-glucose, 

1.25 Na2HPO4, 1.2 MgSO4, and 2.5 CaCl2 (pH 7.4) and then transferred to 100% 

ACSF solution at room temperature for 1 to 6 hours before recording. 

 

Electrophysiological recordings 

Targeted single-unit extracellular recordings were used because this 

configuration has the least impact on the intrinsic properties of the recorded cell 

(175,176). Recording pipettes (2-4.5 MΩ) were pulled from borosilicate glass 

(Schott 8250; World Precision Instruments) with a P-97 puller (Sutter Instrument). 

Pipettes were filled with HEPES-buffered solution containing (in mM) 150 NaCl, 

10 HEPES, 10 glucose, 2.5 CaCl2, 1.3 MgCl2, and 3.5 KCl, and low-resistance 

(<25 MΩ) seals were formed between the pipette and neuron. Recordings were 

made in voltage clamp with a 0mV pipette holding potential and 2mV/pA gain and 

signals were filtered at 5kHz using an EPC8 amplifier and PatchMaster software 

(version 2x42; HEKA Instruments, Inc). 

Slices were transferred to a recording chamber with constant perfusion of 

ACSF at 29-33C and stabilized for ≥5min before recording from a cell. All acute 

treatments were diluted in ACSF and administered by bath. Vehicles were 

determined to have no effect on firing rate (189). After pipette seal formation and 

another ≥5-min stabilization period, neuron activity was recorded for a 5-min 

untreated control period, followed by 4-5min of treatment. At the end of each 
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experiment, inactive cells were treated with high-potassium ACSF (20mM K+). 

Cells that exhibited action currents in response were verified to be alive, and all 

data, including quiescence, were used. For cells not responding to K+, data 

analysis was truncated at the last action current. 

To test the effect of the in vivo treatments on NK3R-mediated responses 

in quiescent KNDy neurons, the NK3R agonist senktide (10nM, in ≤0.1% DMSO, 

Phoenix Pharmaceuticals, Inc) was bath-applied for 4-5min to brain slices from 

each in vivo treatment group. A cell was considered responsive if it exhibited 

>0.1Hz frequency of action potential firing during senktide treatment. 

To examine the effect of steroid hormones on KOR-mediated responses in 

KNDy neurons, dynorphin A (dynorphin; 1µM; Tocris Bioscience) was bath-

applied for 5min to brain slices from mice treated in vivo with either estradiol or 

DHT. Spontaneously active neurons were used because we hypothesized 

dynorphin would inhibit KNDy neurons. Because extracellular recordings monitor 

firing activity, inhibition of quiescent cells cannot be observed with this method. 

Percent change of firing frequency was used to compare dynorphin responses 

among hormonal treatment groups because of the range of pre-treatment 

spontaneous activity with different hormonal conditions (Figure 3.1). 

 

Analyses 

Results were unaffected by time of day, time from brain slice preparation, 

mouse age, duration of in vivo treatments, and location of the cell within the 

arcuate nucleus. Targeted extracellular recordings detect action currents, which 
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are the currents underlying action potentials. Their frequency thus reflects action 

potential firing rate. Action currents were identified using custom software written 

in IgorPro (WaveMetrics, Inc). Control action current frequency was averaged for 

the last 2min before treatment. The first 3min of treatment were not included in 

the analysis to allow time for solution exchange and drug penetration of the slice. 

Treatment action current firing frequency was determined during the next 2min. 

Cells with basal firing frequency ≤0.1 Hz were considered quiescent. Cells that 

remained quiescent during treatment were considered nonresponsive if they 

subsequently generated action currents in response to elevated K+. 

Spontaneously active cells with a change in firing frequency of >20% were 

considered responsive; quiescent cells that generated action currents at a 

frequency of >0.1Hz during treatment were also considered responsive. The 

percentage of responsive cells is reported, but for statistical rigor, both 

responsive and nonresponsive cells were included in statistical analyses. No 

more than two cells from a given animal and no fewer than four animals were 

included in the same experiment, and n indicates number of cells. 

A subset of cells was not treated because they did not have the firing 

required for an intended experiment (e.g., quiescent vs. active). In these cases, 

the final 1-2min recorded from cells that had stable recordings for ≥5min and 

were verified to be alive were included in analysis of spontaneously-firing vs. 

quiescent cells from different hormonal treatment groups. 

Data are reported as mean ± SEM. Nonparametric or parametric 

comparisons were used as appropriate for data distribution. Responses within 
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groups were analyzed by two-tailed Wilcoxon matched-pairs signed rank test. 

Comparisons among groups were analyzed by Friedman two-way repeated-

measures ANOVA with Bonferroni’s multiple comparisons test (senktide), 

Kruskal-Wallis test with Dunn’s multiple comparisons test (seminal vesicle mass, 

spontaneous firing, percent change with dynorphin), or one-way ANOVA with 

uncorrected Fisher’s least significant difference test (Prl expression). Significance 

was set at p<0.05. 

 

 

3.4 Results 

Spontaneous activity of KNDy neurons differs with in vivo treatment  

Spontaneous firing activity in KNDy neurons in brain slices is an indicator 

of the in vivo influences of treatments through various mechanisms and was 

evaluated for all cells. These data include the control periods of the cells 

presented in the experiments below, as well as stable recordings from cells that 

were not further studied because they did not have the firing rate required for the 

intended experiment. The proportion of cells that were spontaneously active is 

shown in Figure 3.1. Roughly half of the KNDy neurons recorded from the 

castrate (49%, 18/37 cells) and castrate plus DHT-treated (54%, 13/24 cells) 

groups and 38% (9/24) of cells from the estradiol-treated group exhibited 

spontaneous action potential firing (>0.1Hz firing frequency, Figure 3.1 A). 

Estradiol but not DHT lowered spontaneous firing frequency compared to that in 

cells from castrate mice (Figure 3.1 B, p<0.05). These observations suggest that 
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estradiol inhibits spontaneous action potential firing rate in KNDy neurons. The 

number of spontaneously firing cells from the other treatment groups was too low 

for statistical comparison (firing rate: PPT 0.3±0.1Hz 2 cells, 1mg/kg DPN 

0.4±0.3Hz 2 cells; 2mg/kg DPN 0.3Hz 1 cell).

 

Figure 3.1 Spontaneous activity in KNDy 
neurons is altered by in vivo treatment. A, 
Spontaneous firing in KNDy neurons from 
the indicated in vivo treatment groups; 
numbers in bars indicate total number of 
cells, % indicates proportion that were 
spontaneously active. B, Action potential 
firing rate in spontaneously-active KNDy 
neurons from indicated in vivo treatment 
groups. Data include control periods of cells 
from experiments below, plus cells that were 
not acutely treated. cas, castrate; E, 
estradiol; PPT, ERα agonist; DPN1, 1mg/kg 
ERβ agonist; DPN2, 2mg/kg ERβ agonist; 
different letters indicate statistical difference, 
p<0.05, Kruskal-Wallis test with Dunn’s 
multiple comparisons test.

 

Both estradiol and DHT attenuate the NK3R-mediated increase in action 

potential firing frequency in KNDy neurons 

To test the hypothesis that estradiol is the main steroid modifying the 

response of KNDy neurons to activation of NK3R, we compared the response in 

castrate adult males left otherwise untreated or treated with estradiol or DHT 

implants. The NK3R agonist senktide (10nM) was bath applied to brain slices 
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during targeted extracellular recordings of quiescent (≤0.1Hz firing frequency) 

KNDy neurons. Representative traces from these recordings are shown in Figure 

3.2 A-C. Senktide increased action potential firing in 100% (6/6) of cells recorded 

from castrate mice, similar to previous reports (189), and senktide increased 

firing in cells from estradiol-treated (70% 7/10 cells) and DHT-treated mice (75% 

6/8 of cells). Both responding and non-responding cells were included for 

statistical analyses. Senktide increased firing frequency (p<0.05 vs. pre-senktide 

control) in castrate and steroid treated mice (Figure 3.2 G). Contrary to our 

hypothesis, this increase in firing frequency was attenuated by either estradiol or 

DHT treatment (both p<0.05 vs. castrate only). 
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Figure 3.2 Estradiol (via ERα) and DHT attenuate the NK3R-induced increase in KNDy neuron 
firing frequency. A-F, Representative raw current traces from KNDy neurons before (left) and 
during (right) acute treatment with the NK3R agonist senktide (10nM) in the various groups as 
labeled. Variable current amplitudes reflect small changes in pipette position during the recording 
and do not provide information about changes in cell function. G, Firing frequency of individual 
KNDy neurons during control period (con) and senktide (SK) treatment. Open circles show data 
from individual cells, filled circles show means, and lines between open circles connect data from 
the same cell; *, p<0.05, comparisons within groups, Wilcoxon matched-pairs signed rank test; #, 
p<0.05, comparisons among groups, Friedman two-way repeated-measures ANOVA with 
Bonferroni’s multiple comparisons test. 
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Estradiol acts via ERα but not ERβ to inhibit the NK3R-mediated response in 

KNDy neurons 

We next tested if ERα or ERβ mediates the suppression of senktide-

induced firing rate. Because mice with kisspeptin-targeted knock out of ERα 

exhibit altered steroid feedback (200), we hypothesized that ERα, not ERβ, 

mediates the estrogen attenuation of the KNDy neuron response to activation of 

NK3R. Senktide was bath applied to brain slices from castrate adult male mice 

that had been treated with daily injections of either the ERα agonist PPT 

(1mg/kg) or the ERβ agonist DPN (1 or 2mg/kg). Representative traces are 

shown in Figure 3.2 D-F. Senktide increased firing frequency (p<0.05 compared 

to pre-senktide control) in cells from both estrogen receptor agonist groups 

(Figure 3.2 G). A response to senktide was observed in 100% of KNDy neurons 

from the groups treated with PPT (7/7) and 1mg/kg DPN (8/8) and in 86% (6/7) of 

cells from animals treated with 2mg/kg DPN. PPT attenuated the senktide-

induced increase in mean firing rate of KNDy neurons (p<0.05 compared to 

castrates). In contrast, DPN had no effect on the senktide-induced increase in 

firing frequency (1mg/kg, p>0.9; 2mg/kg, p>0.9 compared to castrates). 

Together, these data support the hypothesis that ERα mediates estradiol’s 

inhibition of the NK3R-mediated increase in action potential firing in KNDy 

neurons. 
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Both estradiol and DHT enhance the KOR-mediated decrease in action potential 

firing frequency in KNDy neurons 

Dynorphin inhibits KNDy neuron firing activity in a gonad-dependent 

manner, with inhibition being greater in intact than castrate males (189). The 

effect of dynorphin on firing rate of spontaneously-active KNDy neurons from 

castrate male mice treated with estradiol or DHT was examined to test the 

hypothesis that estradiol enhances dynorphin-mediated inhibition of KNDy 

neuron firing rate. Quiescent neurons were excluded from this experiment 

because inhibition of firing could not be observed. Representative traces from 

these recordings are shown in Figure 3.3 A-C. Dynorphin decreased firing (>20% 

decrease in frequency compared with pretreatment spontaneous activity) in 63% 

(5/8) of KNDy neurons from the castrate-only group and in 100% of cells from 

both the estradiol- (9/9) and DHT-treated (7/7) animals. One cell (12.5% of 8 

cells) in the castrate group increased firing frequency (>20% increase compared 

with pretreatment spontaneous activity) during dynorphin treatment. Statistical 

analyses within each in vivo treatment group indicated that dynorphin decreased 

action potential firing within each group (p<0.05 vs. pre-dynorphin control, Figure 

3.3 D). Because of the range of spontaneous firing frequency among groups 

(Figure 3.1), percent change of frequency before and during treatment was used 

to normalize the data for comparison among groups. The percent decrease in 

firing frequency during dynorphin treatment was greater (p<0.05) in cells from 

both estradiol- (92±6% decrease) and DHT- (91±6% decrease) treated mice 

compared to castrates (36±16% decrease). 



 68  
 

 

 
Figure 3.3 Estradiol and DHT enhance the KOR-induced inhibition of KNDy neuron firing 
frequency. A-C, Representative raw current traces from KNDy neurons before (left) and during 
(right) acute treatment with dynorphin (1µM) from the various groups as labeled. D, Firing 
frequency of individual KNDy neurons during control period (con) and dynorphin (dyn) treatment. 
Open circles show data from individual cells, filled circles show means, and lines between open 
circles connect data from the same cell; *, p<0.05, comparisons within groups, Wilcoxon 
matched-pairs signed rank test; #, p<0.05, comparisons among groups (percent change), 
Kruskal-Wallis test with Dunn’s multiple comparisons test. 

 

KNDy neurons from both castrate and intact male mice express AR and/or ERα 

but not ERβ message 

ERβ mRNA (Esr2) expression in KNDy neurons had not been examined in 

male mice. Single-cell PCR was performed on cell contents from fluorescently-

labeled arcuate neurons from intact or castrate Tac2-GFP adult male mice to 

determine expression of Esr2 as well as AR (Ar) and ERα (Esr1) mRNA. GFP 

reliably identifies KNDy neurons in these animals (189). Two cells did not amplify 
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for GAPDH and were thus eliminated from further analysis, leaving 17 cells from 

intact and 22 cells from castrate mice for analysis (Table 3.2). The expression of 

Esr1 and Ar detected by single-cell PCR was consistent with that reported using 

in situ hybridization (19). In contrast, Esr2 was not detected in the cells studied 

from either intact or castrate mice. Of interest, there was considerable overlap of 

Ar and Esr1 expression. Of the cells that expressed Ar, 10 cells (59%) from intact 

and 12 cells (55%) from castrate animals also expressed Esr1. 

 

Table 3.2 Single-Cell PCR Resultsa 

Transcript 

Intact (n=17) 
No. Cells 
Expressing 
Transcript, n (%) 

Castrate (n=22) 
No. Cells 
Expressing 
Transcript, n (%) 

Ar 11 (65) 15 (68) 

Esr1 15 (88) 16 (73) 

Esr2 0 (0) 0 (0) 

Ar + Esr1 10 (59) 12 (55) 

aResults are shown as the number of cells expressing 
transcript (percentage of GFP-identified cells). 

 

 

3.5 Discussion 

Pulsatile GnRH release is controlled by gonadal steroid feedback, but GnRH 

neurons typically lack most receptors critical for this feedback. Here, we show 

that contrary to our hypothesis, agonists of both ERα and AR modify response of 

KNDy neurons to activation of either NK3R or KOR in castrate adult male mice. 

This response is manifested as an attenuation of NK3R-induced stimulation and 

strengthening KOR-mediated inhibition of KNDy neuron action potential firing, 

both of which are consistent with steroid negative feedback to reduce overall 

reproductive neuroendocrine output. 
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Estradiol’s action on the response of KNDy neurons to activation of NK3R 

in males appears to be mediated by ERα. Estradiol-mediated inhibition of the 

NK3R-induced increase in KNDy neuron firing was mimicked by specific agonism 

of ERα but not ERβ. Single-cell PCR identified only ERα, suggesting KNDy 

neurons from male mice may lack ERβ in contrast to these cells in females (18). 

The apparent absence of ERβ in KNDy neurons in males agrees with previous 

work that showed little to no expression of ERβ in the arcuate nucleus of males 

(201-203). It is important to point out that in vivo steroid-induced changes in 

synaptic connectivity or cellular function anywhere within the brain slice could 

alter KNDy neuron activity, thus expression of the receptor within these cells is 

not a prerequisite for response. The present observations are, however, 

consistent with previous studies using global knockouts, which indicated that 

ERα but not ERβ is necessary for fertility in both males and females 

(14,204,205). Likewise, estradiol-induced down regulation of kisspeptin and 

neurokinin B mRNA expression in the female mouse arcuate nucleus is mediated 

via ERα (18,206). Further, kisspeptin-specific ERα knockout advanced pubertal 

onset, disrupted cyclicity, and diminished the ovariectomy-induced increase in LH 

secretion in female mice (200). 

One possible caveat to studies with the ERβ agonist is that we were 

unable to identify a reliable positive control for efficacy of DPN on a putative 

ERβ-specific target (207-210). This was despite using the pure active R-

enantiomer DPN at a molar concentration >3x higher than that of PPT. Our 

strategy was thus to use doses of DPN that did not increase pituitary prolactin 
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mRNA levels, an ERα-specific target, compared to the castrate only group (198). 

DPN has only ~70-fold selectivity for ERβ over ERα, compared with the 400-fold 

selectivity of PPT for ERα (211). Although neither tested dose of DPN attenuated 

the senktide-induced response compared to the castrate-only condition, cells 

from mice treated with the higher DPN dose (2mg/kg) had a distribution of 

senktide-induced responses resembling those of both the estradiol and PPT-

treated groups, in that all of these groups contained a subset of cells with low or 

no response to senktide. Such cells were absent from the castrate and lower 

DPN dose groups. This indicates the 2mg DPN/kg treatment may have some off-

target action on ERα to influence KNDy neuron action potential firing. This was 

also suggested by the small but significant difference between 1 and 2mg 

DPN/kg on pituitary prolactin expression, although neither dose elicited changes 

in prolactin expression compared castrate only. The failure of DPN to alter the 

response to senktide is of interest with regard to the receptor mediating the 

response to DHT. While DHT cannot be aromatized into estradiol, it can be 

metabolized into 5α-androstane-3β,17β-diol, which can act on some isoforms of 

ERβ (212). ERβ-specific agonism did not mimic the effects of DHT, indicating 

DHT action via AR rather than its metabolite’s action on ERβ expressed in other 

neurons that transsynaptically alter KNDy neuron response to senktide. 

In addition to the influence of gonadal steroids on NK3R- and KOR-

mediated responses, estradiol decreased the firing frequency of spontaneously 

active neurons, whereas the spontaneous firing frequency with DHT was 

intermediate to those in the estradiol and castrate-only groups. Previous studies 
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observed no change in spontaneous firing frequency of KNDy neurons between 

castrate and intact male or female mice (183,189). It should be noted that these 

past and the present comparisons were made from short duration recordings and 

may not reflect long-term patterns of activity of these cells. The present data may 

be biased towards spontaneously active neurons as some cells with no 

spontaneous firing activity were excluded from these analyses because 

verification of viability (high K+) was not done to permit subsequent studies on 

other cells in that slice. Despite these possible limitations, the present findings 

suggest that androgens and/or estrogens may influence spontaneous activity of 

KNDy neurons monitored over short duration. 

There are several mechanisms through which estradiol and DHT may 

influence spontaneous KNDy neuron firing activity and/or the response to 

senktide or dynorphin. First, firing activity could be altered by steroid-mediated 

changes in expression or modulation of ion channels and other molecules 

contributing to action potential firing in KNDy neurons. Second, inputs other than 

KNDy neuropeptides, such as fast synaptic transmission, may mediate steroid-

mediated inhibition of KNDy neuron activity (190,213). Third, estradiol and DHT 

may change expression levels of NK3R or KOR. Previous work using single-cell 

PCR found that half as many KNDy neurons from castrate mice expressed KOR 

mRNA and twice as many expressed NK3R mRNA than KNDy neurons from 

intact males (189). This differs from another study in male mice using in situ 

hybridization that found testosterone did not affect the percentage of arcuate 

kisspeptin neurons expressing either receptor message (166). Because these 
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studies focused on mRNA, tests of protein co-localization may ameliorate this 

apparent contradiction. Altered subcellular localization of either NK3R or KOR is 

another possible mechanism for steroid-induced changes in responsiveness. 

Finally, steroids may alter expression of KNDy neuropeptides, as both estradiol 

and DHT suppress arcuate expression of kisspeptin, neurokinin B, and/or 

dynorphin steady-state mRNA levels (18,19,166,206). The present studies 

cannot distinguish among these and other possible mechanisms, leaving this 

area open for further investigation. 

The present study focuses on KNDy neurons, which form an important 

input to GnRH neurons, but steroid feedback likely regulates GnRH release at 

multiple levels in the central nervous system. In this regard, the inhibitory actions 

of both estradiol and androgen at the KNDy neuron are not necessarily reflected 

by GnRH neurons. Inhibition of NK3R-mediated stimulation and enhancement of 

KOR-mediated inhibition in KNDy neurons by both estradiol and DHT would 

presumably decrease the amount of kisspeptin released to stimulate GnRH 

neurons, which express kisspeptin receptor and are directly depolarized by 

kisspeptin (52,53,55,60,61). In a study using the same experimental model used 

here, however, the increase in peaks of action potential firing observed in GnRH 

neurons after castration was inhibited by estradiol whereas DHT had no effect 

(194). Androgens only appear to inhibit GnRH neuron action potential frequency 

in male mice at pharmacologically high doses that mimic steroid abuse (214). 

The contrasting effect of DHT in KNDy vs. GnRH neurons supports past (215) 

and recent (185) evidence that additional central circuits beyond kisspeptin-
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expressing neurons alter GnRH output. Estradiol may also have a differential role 

in GnRH neurons via ERβ. Acute treatment with high physiological levels of 

estradiol excites GnRH neurons from female mice via ERβ (11,216). 

A candidate for non-kisspeptin relay of steroid feedback to GnRH neurons 

and for which some mechanistic evidence exists is γ-aminobutyric acid 

(GABA)ergic neurons. GABA excites GnRH neurons because of their intracellular 

chloride concentration (217-219). Estradiol inhibits GABAergic post-synaptic 

currents in GnRH neurons from males (220), consistent with its inhibitory effect 

on action potential firing rate of these cells (194); GABAergic currents in females 

vary with time of day but also correspond directly with changes in GnRH neuron 

firing activity (221,222). Interestingly, estradiol plus DHT increases GABAergic 

currents in GnRH neurons from female mice (223); this combination has not 

been tested in males. One source of GABAergic input to GnRH neurons may be 

KNDy neurons, as half of them coexpress mRNA for glutamic acid 

decarboxylase-67, an enzyme that synthesizes GABA (135). While inhibition of 

KNDy neurons is a plausible pathway to explain estradiol negative feedback via 

reduction of kisspeptin and/or GABA release, it does not account for the apparent 

stimulation of GnRH neurons by estradiol plus DHT. In this regard, there are 

GABAergic inputs to GnRH neurons that are independent of KNDy neurons and 

regulated by other factors (224-228) that may increase excitatory drive to GnRH 

neurons independent of kisspeptin. 

Based on the present observations and previous work highlighted here, 

we propose a model for gonadal steroid feedback on GnRH neurons via KNDy 
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neurons and other inputs (Figure 3.4). In males, estradiol plays an overall 

inhibitory role, attenuating NK3R-mediated stimulation and enhancing KOR-

mediated inhibition of KNDy neuron firing activity. This decreases the amount of 

stimulatory kisspeptin released to GnRH neurons. Estradiol also decreases 

GABAergic excitation of GnRH neurons, ultimately decreasing GnRH release. 

The effects of DHT on NK3R- and KOR-mediated responses in and kisspeptin 

release from KNDy neurons mirror those of estradiol. However, these effects are 

counteracted in the GnRH neuron by a DHT-mediated increase in GABAergic 

excitation, as well as by possible activation of ERβ by the diol metabolite of DHT. 

We propose that in the intact male, the excitatory central effects of androgens 

are outweighed by inhibitory actions of estradiol at the central level, and by 

androgen inhibition at the level of the pituitary (194,229). This is supported by 

high levels of aromatase in the hypothalamus to convert testosterone to estradiol 

(191), as well as the ultimate inhibition of LH release by both estradiol and 

androgen (166,194). 
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Figure 3.4 Proposed model for gonadal steroid feedback on KNDy, GnRH, and other neurons in 
male mice. Different pathways are activated by estradiol (A) and DHT (B) to differentially affect 
GnRH output (see text for details). We propose that in the brain of the intact male, estradiol 
negative feedback prevails. A, The low levels of estradiol in males do not act through ERβ to 
affect GnRH output. B, ERβ may be activated by a diol metabolite of DHT. A star surrounding a 
steroid receptor indicates activation; +, stimulation; -, inhibition. AR, androgen receptor; ERα, 
estrogen receptor α; ERβ, estrogen receptor β; GABAAR, GABAA receptor; Kiss1r, kisspeptin 
receptor; KOR, κ-opioid receptor; NK3R, neurokinin 3 receptor. 

 

The current studies demonstrate an inhibitory role of both estradiol and 

androgen on KNDy neurons via inhibition of action potential firing induced by 

NK3R activation and enhancement of inhibition of firing by KOR activation. These 

findings elucidate in part mechanisms of steroid feedback to a potential key 

component of the GnRH pulse generator. The present data also suggest that 

components beyond kisspeptin neurons are important for the overall regulation of 

GnRH release. 
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3.7 Supplementary material 
 

 

Supplementary Figure 3.1 
Determination of estrogen 
receptor agonist doses.  Fold 
change (compared to intact + 
vehicle) of relative normalized 
expression of prolactin (Prl) 
mRNA, determined by 
quantitative PCR. Vehicle, 
95% sesame oil, 5% DMSO; 
PPT, ERα agonist (1mg/kg); 
DPN, ERβ agonist; different 
letters indicate statistical 
difference; p<0.05, ordinary 
one-way ANOVA with 
uncorrected Fisher’s least 
significant difference test.



 78  
 

CHAPTER 4 

Conclusion

 

4.1 Contribution of the present work to the KNDy neuron model 

 The work presented in Chapters 2 and 3, as well as other recent studies 

demonstrate that action potential firing in KNDy neurons is stimulated by NK3R 

activation and inhibited by KOR activation (166,188,189,230), and these 

observations support the mechanisms for GnRH pulse initiation and cessation 

proposed in the KNDy model described in Chapter 1. In addition to a potential 

role as a contributor to the GnRH pulse generator, the work presented in this 

dissertation also supports KNDy neurons as mediators of negative gonadal 

steroid feedback. The effects on firing rate of NK3R agonism are attenuated, and 

the effects of KOR agonism are enhanced in KNDy neurons from intact 

compared with castrate male mice (Chapter 2) (189). The gonadal secretions 

mediating these changes appear to be both estradiol via ERα and androgen 

(Chapter 3) (230). Other work initiated since the beginning of this dissertation 

adds further detail to some aspects of the KNDy model while challenging others. 

This work has addressed several questions relevant to KNDy neurons, such as 

their electrophysiological properties, afferents, and output to GnRH neurons. 
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4.2 Electrophysiological mechanisms for modifying KNDy neuron 

activity/output 

 Recent studies have further tested electrophysiological properties of KNDy 

neurons, revealing possible mechanisms for their contribution to pulse generation 

and/or steroid feedback. These studies have characterized nascent pacemaker 

currents, tested membrane current modulation by neuropeptides, and examined 

GABAergic and glutamatergic currents. 

 

Pacemaker currents 

 If KNDy neurons are part of the GnRH pulse generator that controls the 

rate of pulses, then it would stand to reason that they would express pacemaker 

currents that could control periodic bursts of action potential firing. These types of 

currents and the ion channels that carry them have been identified in KNDy 

neurons from female guinea pigs and mice. Specifically, KNDy neurons exhibit a 

hyperpolarization-activated, nonselective cation current (Ih), and to varying 

degrees they express each of the four known subunits of hyperpolarization and 

cyclic nucleotide gated channels (HCN) associated with Ih (167,231). KNDy 

neurons also express mRNA for low-threshold voltage-gated calcium channels 

CaV3.1 and 3.2, and they exhibit the transient (T)-type calcium current (IT) 

mediated by these channels (167). In addition, both α and β subunits of sodium 

channels (NaV) associated with persistent sodium current (INaP) and INaP itself are 

present in KNDy neurons (232). Ih, IT, and INaP all contribute to rhythmic firing and 

burst activity (233-235). Regenerative patterns of action potential firing are not 
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only important for cells, like KNDy neurons, that are hypothesized to maintain a 

rhythmic pace of activity, but burst firing is also critical for release of 

neuropeptides (236-238). Thus, the pacemaker currents may be key components 

of KNDy neurons’ contribution to the GnRH pulse generator by controlling a 

rhythmic pattern of KNDy neuropeptide release. 

 Interestingly, there is not yet evidence that pacemaker currents in KNDy 

neurons play a role in sensitivity to gonadal steroid feedback. While both Ih and IT 

have been found to be regulated by estradiol in other cell types, including GnRH 

neurons (239-241), the response of these currents to gonadal steroids has yet to 

be tested in KNDy neurons. INaP is the only pacemaker current that has been 

tested in this regard, and estradiol affects neither INaP current density nor mRNA 

expression of NaV1.1α or NaVβ2 in KNDy neurons (232). Together these data 

suggest that, although pacemaker currents may contribute to KNDy neuron burst 

firing and neuropeptide release, there are likely other mechanisms through which 

gonadal steroid feedback directly modifies KNDy neuron activity or output. 

 

KNDy neuron membrane currents modified by activation of NK3R and KOR and 

modulation of these currents by gonadal secretions 

One possible site of steroid regulation of KNDy neuron action potential 

firing may be through the pathways stimulated by activation of KNDy 

neuropeptide receptors, in particular NK3R and KOR. However, the mechanisms 

through which activation of NK3R and KOR modify action potential firing in KNDy 

neurons are unknown. In non-hypothalamic cell types, NK3R activation has been 
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linked to various currents including those mediated by sodium, calcium, 

potassium, and non-specific cation channels (242-246). In AVPV kisspeptin 

neurons and other cell types, KOR agonism has been associated with alteration 

of potassium currents possibly via the G-protein coupled inward rectifying 

potassium (GIRK) channel Kir3.1 (247-249). Yet, these types of currents have not 

specifically been tested in KNDy neurons. 

In order to change firing activity in KNDy neurons, we hypothesize that 

activation of NK3R and/or KOR initiates pathways that modulate membrane 

currents to affect action potential firing rate. We further hypothesize that gonadal 

steroids modify these pathways to alter the receptor-modulated membrane 

currents. To begin to test these hypotheses, preliminary whole cell voltage-clamp 

recordings were made of KNDy neurons from intact and castrate male mice. 

Voltage-clamp recordings monitor changes in membrane current. Using a pipette 

solution mimicking the physiological intracellular milieu, we compared membrane 

current and conductance near resting membrane potential at -70 or -60mV under 

control conditions and during treatment with senktide or dynorphin. 

In KNDy neurons from intact and castrate mice, the NK3R agonist 

senktide induced a net inward current, but the current amplitude was markedly 

larger in cells from castrate mice (Figure 4.1). These data are consistent with 

Chapter 2’s observations that the senktide-induced increase in action potential 

firing frequency is greater in cells from castrate mice (189). A relative inward 

current is generated if the net flow, or flux, of positive ions into the cell increases 

with channels opening, or if the net flux of positive ions out of the cell decreases 
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with channels closing (or if net flux of negative ions out of the cell increases with 

channels opening, or if net flux of negative ions into the cell decreases with 

channels closing). An initial gauge of channel opening or closing is provided by 

membrane conductance (inverse of input resistance). Senktide increased input 

resistance (i.e., decreased conductance, Figure 4.1), suggesting NK3R activation 

closed channels. Together, these data indicate decreased conductance via 

channels that, when open, would normally allow net flux of positive ions out of 

the cell (i.e., the net inward current is the result of reducing an outward current). 

Because the membrane potential during the experiment was near the resting 

membrane potential of the cell, the channel would need to be open near this 

potential. Both A- and D-type transient potassium currents (IA and ID, 

respectively), which can be blocked by 4-aminopyridine (4AP), fit this description 

(250,251). 4AP decreased the response to senktide in a cell from a castrate 

mouse (Figure 4.1; for technical reasons the 4AP experiment was done with the 

voltage-gated sodium channel blocker tetrodotoxin, which did not independently 

alter current response, also shown in Figure 4.1), suggesting that senktide acts 

by blocking channels conducting transient potassium currents. In contrast to the 

inward current generated by senktide, dynorphin initiated an outward membrane 

current accompanied by a decrease in input resistance (increase in membrane 

conductance) in a subset of KNDy neurons from intact mice (Figure 4.2). 

Dynorphin’s effect on KNDy neurons from castrate mice has yet to be tested. 

These data demonstrate that intrinsic properties of KNDy neurons can be altered 

by NK3R and KOR activation and that, for at least the former, this response is 
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modulated by gonadal secretions. Modulation of the response to neuropeptides 

therefore remains a major candidate to control KNDy neuron firing, including the 

burst patterns required for release of KNDy neuropeptides. 

 

 
 
Figure 4.1 Senktide induces an inward membrane current (Imem) and increased input resistance 
(Rin) that are attenuated in KNDy neurons from intact vs. castrate male mice. A: Sample Imem 
(closed circles) and Rin (open circles) of KNDy neurons from the indicated treatment groups. Blue 
bars, senktide treatment; TTX, tetrodotoxin, votage-gated sodium channel antagonist; 4AP, 4-
aminopyridine, IA and ID blocker. B: Plots of Imem and Rin measured during the control period (con) 
and senktide (SK) treatment from the groups indicated at the top of “A.” To isolate signals intrinsic 
to the recorded cell, communication within all brain slices was reduced by treatment with blockers 
of receptors mediating fast-synaptic transmission (AMPA-KA, NMDA, and GABAA receptors: 
10μM CNQX, 20μM APV, 100μM picrotoxin, respectively)(220,226). Lines connect data from the 
same cell; points that are the same color in an Imem plot and the Rin plot below it indicate data from 
the same cell; black circles, means; *p<0.05. 
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Figure 4.2 Dynorphin induces an 
outward membrane current (Imem) 
and decreased input resistance (Rin) 
in a subset of KNDy neurons from 
intact male mice. A: Sample Imem 
(closed circles) and Rin (open circles) 
of KNDy neurons that appeared to 
respond (left) or not respond (right) 
to dynorphin treatment (magenta 
bars). B: Plots of Imem and Rin 
measured during the control period 
(con) and dynorphin (dyn) treatment 
from the groups indicated at the top 
of “A.” Lines connect data from the 
same cell; points that are the same 
color in an Imem plot and the Rin plot 
below it indicate data from the same 
cell; black circles, means.
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Figure 4.3 Changes (Δ) in membrane current (Imem) 
and input resistance (Rin) in response to treatment 
from all groups shown in Figures 4.1 and 4.2.

 
GABAergic and glutamatergic currents 

Other mechanisms that may mediate gonadal steroid feedback onto KNDy 

neuron firing are GABA and glutamate. KNDy neurons express ionotropic GABAA 

and glutamate receptors (167,182,231,248,252), and immunocytochemistry 

shows vGlut2-labeled varicosities apposed to the majority of KNDy neurons 

(185). Treatment of rodent arcuate brain slices with the glutamate receptor 

agonist N-methyl-D-aspartate (NMDA) stimulates burst firing in KNDy neurons 

(167,231), supporting activation by glutamate that may be released at the vGlut2-

positive varicosities in vivo. While this study tested exogenous agonism, another 

study in ewes indirectly tested whether glutamate action typically occurs in vivo 

by measuring cFos, an immediate early gene associated with increased firing 

activity. In this study, increased expression of cFos in arcuate glutamate neurons 

is temporally associated with naturally-occurring LH pulses (185), suggesting not 
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only that the arcuate nucleus is capable of exhibiting glutamatergic activity, but 

also that it is correlated with the LH pulse. This observation supports a possible 

non-peptidergic mechanism for pulse generation but does not reveal if this 

mechanism originates from KNDy neurons (131,135) or other glutamatergic 

afferents to KNDy neurons. While stimulation of arcuate glutamate neurons is 

associated with pulsatile LH, neither LH pulse frequency nor amplitude is 

affected by local arcuate microimplantation of an NMDA receptor antagonist in 

vivo (253), suggesting that action via these receptors is not necessary for 

maintenance of LH pulses. Still, the observation with NMDA receptor antagonism 

does not eliminate possible glutamate action via other ionotropic receptors, such 

as AMPA and kainate receptors, or via metabotropic glutamate receptors. 

In terms of GABA, estradiol blunts the frequency and amplitude of 

GABAergic postsynaptic currents in KNDy neurons (182,190), and the change in 

amplitude is mediated by kisspeptin neuron-specific ERα (182). The amplitude 

changes and mediation by ERα support postsynaptic modification of the KNDy 

neuron response to GABA by estradiol, and the changes in frequency suggest 

there are possible pre-synaptic modulations by estradiol, as well. The effect of 

bath-applied GABA is inhibitory to burst firing in KNDy neurons from rodent 

arcuate brain slices (167), but GABA has also been found to depolarize KNDy 

neuron membrane potential (190), an effect traditionally associated with 

activating action potential firing by bringing the membrane closer to firing 

threshold. While these observations appear to contradict one another, the GABA-

induced depolarization is sub-threshold and may be associated with inactivation 
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of ion channels to cause “depolarization inhibition” of KNDy neurons (190). As 

with glutamate, the origin of GABAergic inputs to KNDy neurons may be either 

KNDy neurons themselves (135) or other afferent populations, but these inputs 

have yet to be identified. Together, these observations suggest that both 

GABAergic and glutamatergic inputs to KNDy neurons may influence their ability 

to fire in bursts of activity to release neuropeptides, as well as mediate alterations 

of KNDy neuron firing by gonadal steroids. 

Modification of responses to activation of receptors for neuropeptides and 

amino acids may be key mechanisms for gonadal steroid feedback on action 

potential firing including burst activity. However, the bursts required for 

neuropeptide release act on a scale of seconds, while individual GnRH pulses 

last for minutes and occur at a frequency of minutes to hours. This difference in 

timing indicates that other mechanisms are required to control pulse generation. 

It is possible these mechanisms integrate the electrophysiological properties 

discussed here, perhaps via a coordinated network effect, to achieve the timing 

appropriate for pulse generation. 

 

 

4.3 Afferents to KNDy neurons 

KNDy neuron network 

As discussed in Chapter 1, KNDy neurons are likely inputs for each other 

as part of a putative KNDy neuron network, and recent work has provided more 

support for KNDy neuron fibers within the arcuate nucleus (254-256), as well as 
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bilateral NKB connectivity and synchronized bilateral arcuate electrical activity 

(257). 

 

KNDy neuron network: NKB may act via multiple tachykinin receptors 

Within the KNDy neuron network, new studies have revealed possible 

mechanisms for neurokinin B action besides activating NK3R. While NK3R is the 

highest affinity receptor for NKB, NKB can act with lower affinity on the other 

tachkykinin receptors NK1R and NK2R (258,259). Interestingly, blocking NK1R, 

NK2R, or NK3R alone does not prevent the stimulatory effects of NKB on KNDy 

neuron potential firing, but a cocktail of antagonists for all three tachykinin 

receptors does (188). In terms of mRNA, expression of the message for NK1R 

and NK3R, but not NK2R, is found in at least a subset of KNDy neurons (260). 

NKB may therefore act directly on KNDy neurons via NK1R and NK3R and 

possibly indirectly through NK2R-expressing afferents. 

Besides NKB, the endogenous high-affinity ligands for NK1R and NK2R, 

substance P and neurokinin A, respectively (258,259), may also influence 

reproduction. Intracerebroventricular injection of agonists specific for NK1R or 

NK2R increases LH secretion in male mice and in ovariectomized, estradiol-

replaced female mice. In addition, arcuate expression of the common gene for 

both substance P and neurokinin A (Tac1) is suppressed by estradiol 

replacement in ovariectomized mice (260). Whether the Tac1 mRNA splice 

variants specific to each peptide are differentially affected is unknown. In a test of 

how substance P or neurokinin A affects KNDy neuron membrane potential, an 
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acute localized puff of either peptide depolarizes KNDy neurons in arcuate brain 

slices (188). The treatment paradigm in this test minimizes intercellular 

communication by using tetrodotoxin plus blockade of ionotropic GABA and 

glutamate receptors, suggesting the effects are direct on KNDy neurons rather 

than via afferents. It is unclear, though, whether the observed depolarizations are 

a result of the different tachykinins acting with lower affinity on NK3R or even 

NK1R. If substance P and neurokinin A do affect KNDy neuron activity, the 

sources of substance P and neurokinin A are unlikely to be KNDy neurons 

themselves because Tac1 expression does not overlap with Kiss1 expression in 

the arcuate (260). Furthermore, the physiological significance of activating the 

high affinity receptors for these peptides may be minimal. A peak in arcuate MUA 

accompanied by a pulse of LH release is readily stimulated by intravenous 

treatment of low concentrations of senktide in goats (261), supporting stimulation 

via NK3R. However, agonists for NK1R and NK2R in the same study are only 

able to mimic the responses to senktide in a subset of animals when used in 

concentrations 100x that used for senktide (261). These observations suggest 

that the impact on GnRH pulse generation by NK1R and NK2R activation in 

goats may be limited. Together these data support possible NKB action via all 

three tachykinin receptors to affect KNDy neuron activity. They also suggest that 

substance P and neurokinin A may affect KNDy neurons, but that the impact of 

this action on the reproductive axis may be minimal. 
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KNDy neuron network: Kisspeptin and/or RFRP-3 may modify the KNDy neuron 

network 

 In addition to the influence of NKB and dynorphin on KNDy neuron activity 

supported in Chapters 2 and 3 (189,230), we must consider the possibility that 

the KNDy neuron network is affected by kisspeptin. As discussed in Chapter 1, 

KNDy neurons appear to lack kisspeptin receptor (63), and, not surprisingly, 

kisspeptin has no effect on KNDy neuron action potential firing (188). However, 

several recent studies have forced researchers to revisit the possibility that 

kisspeptin may still play a role in the arcuate nucleus. LH secretion is increased 

by treatment with a kisspeptin agonist targeted to the arcuate nucleus in rats 

(262), and it is suppressed by kisspeptin antagonism targeted to the same 

hypothalamic region in ewes (253), suggesting that the arcuate nucleus may be 

responsive to stimulation by kisspeptin. The kisspeptin receptor agonists and 

antagonists in these studies were administered by localized microimplants or 

microinjections to the arcuate region. Therefore, the area affected by the 

treatment may not be perfectly limited to the arcuate nucleus, and the strategy for 

treatment may damage the targeted tissue. Therefore, other studies are needed 

to further test the possible involvement of kisspeptin in this region. One such 

study uses a kisspeptin receptor knockout mouse, and finds that kisspeptin-

induced changes action potential firing rate are unaltered in unidentified arcuate 

neurons from this knockout mouse (263), suggesting that the effects observed in 

this study as well as those with microimplants and microinjections may be 

independent of the kisspeptin receptor. One possible explanation is that 
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kisspeptin may act through another receptor type, in particular neuropeptide FF 

(NPFF) receptors (264-266), which have been found on KNDy neurons (267). 

NPFF receptors are primarily known for being receptive to RFamide-related 

peptide-3 (RFRP-3), also known as gonadotropin-inhibiting hormone for inhibiting 

gonadotropin release (268,269). RFRP-3 immunoreactive fibers have been found 

in apposition to KNDy neurons (267). Despite opposing effects of kisspeptin and 

RFRP-3 on GnRH release and neuronal excitability (51-53,55,57,199,270-272), 

the effects of these two peptides on electrical activity in unidentified arcuate 

neurons appear to be similar to each other (263). Future work is needed to 

identify whether these arcuate neurons are KNDy neurons or other cell types. 

The proportion of KNDy neurons expressing mRNA for NPFF receptors is not 

changed by gonadectomy in male and female mice, suggesting that the 

availability of these receptors is unaltered by gonadal steroids (267). Still, it has 

yet to be tested whether steroids affect other NPFF receptor-induced factors, 

such as intracellular signaling. While kisspeptin may not act directly on the KNDy 

neuron network, it may act indirectly, and both kisspeptin and RFRP-3 may act 

through NPFF receptor-expressing afferents to influence KNDy neuron activity. 

 

Other inputs to KNDy neurons 

KNDy neuron activity and output may be modulated by other afferents, 

from neuronal areas associated with regulation of fertility regulation as well as 

other functions. Regarding regions of the brain associated with reproduction, 

KNDy neurons may receive inputs from GnRH neurons and AVPV kisspeptin 
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neurons. Tract tracing and immunoreactivity studies have shown GnRH 

varicosities and terminals in apposition to KNDy neurons (273,274), and GnRH 

neurons make asymmetric synaptic contacts with KNDy neurons, suggesting that 

these are excitatory connections (274). LH release is unaffected by GnRH 

antagonism in the arcuate nucleus (253), but the input from GnRH neurons 

indicates that there may be reciprocal communication between GnRH neurons 

and KNDy neurons, perhaps serving to amplify signals initiated by either 

population to affect the other. Another neuronal population linked to reproduction, 

the AVPV kisspeptin population, projects to KNDy neurons (87), suggesting 

possible communication with mechanisms for positive gonadal steroid feedback, 

as well (275,276). 

Other types of inputs to KNDy neurons that have been identified include 

those that relay messages of metabolism and energy balance. Leptin stimulates 

KNDy neurons by activating TRPC channels (231), and cocaine- and 

amphetamine-regulated transcript has been shown to directly stimulate KNDy 

neuron activity (277). KNDy neurons may also receive inputs from pro-

opiomelanocortin and neuropeptide Y neurons (277,278), but whether and how 

these inputs influence KNDy neuron electrical activity or neuropeptide output is 

unknown. It is possible that any of the putative afferents to KNDy neurons, 

including GnRH neurons, AVPV kisspeptin neurons, and other KNDy neurons, as 

well as neuronal populations involved with non-reproductive functions can 

ultimately influence KNDy neuron activity and its influence on the rest of the 

reproductive axis. 
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4.4 KNDy neuron output to GnRH neurons 

 While it is important to consider regulation at the KNDy neuron level, as 

well as inputs to KNDy neurons, it is especially important to consider how 

efferents from KNDy neurons act downstream, particularly in the context of their 

possible contribution to a gonadal steroid-sensitive GnRH pulse generator. There 

is compelling support for KNDy neuron projections to and synapses on GnRH 

neurons (279-281), but the understanding of the locus of KNDy action on GnRH 

neurons has been shifted since the original KNDy neuron hypothesis was 

proposed. Despite the strong stimulation of GnRH neuron firing by kisspeptin that 

was mentioned in Chapter 1 (51-57), studies in both rodents and ungulates have 

found only rare kisspeptin projections to GnRH cell bodies in the POA 

(87,131,255,273,282). Rather, much more evidence has illustrated kisspeptin- 

and/or NKB-expressing fibers projecting to GnRH neuron fibers in the median 

eminence (255,256,273,282-284), suggesting that KNDy neuron action on GnRH 

neurons may be localized mostly to GnRH neuron projections rather than cell 

bodies. 

The limited KNDy connectivity with the GnRH neuron cell bodies does not 

eliminate the relevance of KNDy neurons to the control of GnRH release. Indeed, 

GnRH neuron activity initiated near the soma may not even be necessary for 

GnRH release. One study in ewes found that expression of cFos is increased in 

GnRH neurons by treatment with opioid antagonists, which increases LH 
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pulsatility (285). However, in other work that studied naturally-occurring LH 

pulses, cFos expression in GnRH neurons did not increase near the time of a 

natural LH pulse, although cFos did increase in arcuate kisspeptin neurons at 

this time (185). These data suggest via gene expression that an LH pulse may be 

temporally associated with increased firing activity in KNDy neurons, but that this 

increase in activity in KNDy neurons may not necessarily coincide with increased 

activity in GnRH neurons. The output from these more active KNDy neurons may 

elicit GnRH release by acting at the level of GnRH neuron projections, as 

kisspeptin treatment targeted to the median eminence by microinjection elicits a 

pulse of LH (185). This possibility is further supported by measurements of 

GnRH using fast scan cyclic voltammetry (FSCV) in mouse brain slices, which 

find that local kisspeptin treatment can evoke GnRH release in the median 

eminence whether or not action potentials are blocked (187), demonstrating 

kisspeptin-stimulated release of GnRH in the presence and absence of GnRH 

neuron activity. 

Kisspeptin is not necessarily the only KNDy neuropeptide that modulates 

GnRH release; NKB may play a similar role at the median eminence. As 

mentioned in Chapter 1, little to no NK3R has been detected on GnRH neuron 

somata (121,132,140,166), but NK3R immunoreactivity has been found in 

apposition to GnRH nerve fibers in the median eminence (121,140). This 

difference in NK3R expression is reflected by recent functional studies, which 

show that GnRH neuron action potential firing is not altered by senktide or NKB 

(166,189) and that GnRH release measured by FSCV is induced by local 



 95  
 

senktide treatment to the median eminence (186). Importantly, the senktide-

induced GnRH release is still observable in kisspeptin knockout mice (186). 

Together, these data suggest that NKB can act in the median eminence to evoke 

GnRH release independent of kisspeptin. 

 

 

4.5 Further support and challenges to the KNDy neuron model 

 Besides the observations relevant to the KNDy neuron model that have 

already been discussed, there is additional recent work that either supports or 

contradicts different components of the model. Anatomically, in situ hybridization 

has corroborated coexpression of mRNA for kisspeptin, NKB, and dynorphin in 

the arcuate of male mice (166,189), and immunohistochemistry has confirmed 

that the majority of kisspeptin neurons also express NKB in ewes (286). It should 

be noted, though, that another study using immunoreactivity in the arcuate 

nucleus of male rats found a substantial number of NKB neurons that did not 

colocalize kisspeptin (287), potentially challenging the view of consistent 

colocalization of all three KNDy neuropeptides in the arcuate nucleus of all 

mammals. 

Some studies have also tested the contribution of KNDy neurons to the 

control of gonadotropin levels by using targeted knockdown or ablation of arcuate 

neurons expressing kisspeptin or NK3R in adult rodents (275,288,289). Two of 

the studies knock down arcuate kisspeptin using microinjections of recombinant 

adeno-associated virus encoding a kisspeptin antisense targeted to the arcuate 



 96  
 

nuclei of adult female rats (275,289). Although these studies only achieve 

roughly 30% decrease of arcuate kisspeptin neurons compared to untreated 

controls, they still demonstrate decreased LH pulse frequency and abnormal 

estrous cyclicity (275,289), suggesting that a fully-intact KNDy population is 

required for the combination of consistently normal LH pulsatility with normal 

cyclicity. Another study achieves high levels (93-98%) of ablation of KNDy 

neurons by injecting an NK3R agonist conjugated to saporin (a ribosome 

inactivating toxin) into the arcuate nuclei of female rats (288). This study does not 

report on cycles, but it does show that KNDy neuron ablation causes overall 

lower serum gonadotropin concentrations (288), further supporting the necessity 

of KNDy neurons to sustain normal gonadotropin levels. These data are 

consistent with an important role for KNDy neurons in normal LH pulsatility and 

overall secretion. 

 In addition to testing their role in pulse generation, recent studies have 

also tested KNDy neurons’ contribution to gonadal steroid feedback. The initially-

hypothesized role in negative feedback was largely based on studies showing 

steroid-mediated downregulation of expression of the genes for KNDy 

neuropeptides (18,19,90,91,93,120,125,126). This effect is corroborated in many 

recent mammalian studies testing mRNA expression for kisspeptin, NKB, and 

dynorphin (166,254,290,291), including the single-cell PCR studies in Chapter 2 

(189). The mechanisms for regulation of the expression of KNDy mRNA were 

largely unknown until two recent studies that revealed that estrogen regulation of 

arcuate kisspeptin expression is mediated by epigenetic mechanisms interacting 



 97  
 

with the 5’ promoter region of kisspeptin (292,293). Future investigation is 

needed to build on these findings for kisspeptin, as well as to test mechanisms of 

steroid regulation of NKB and dynorphin mRNA expression. 

In further investigation of steroid feedback, a recent tracing study in 

female mice found that all arcuate kisspeptin neurons shown to connect with 

GnRH neurons also express ERα (281). In addition, estradiol is unable to inhibit 

kisspeptin mRNA expression in female mice with kisspeptin-specific ERα 

knockout (294). One of the previously-mentioned ablation studies also examined 

KNDy neurons’ contribution to gonadal steroid feedback. While arcuate NK3R 

cell ablation prevents the rise in LH normally observed with ovariectomy, it does 

not block the inhibitory effects of estradiol on gonadotropin secretion (288). In 

support of this observation, estradiol can still inhibit LH secretion in kisspeptin 

cell-specific knockout of ERα female mice (294). These data suggest that 

negative estradiol feedback to GnRH release can bypass KNDy neurons. 

 There are two major caveats to the conclusions made based on 

kisspeptin-specific knockout of ERα. First, the knockout is effective in these 

animals from the moment the Kiss1 promoter activates Cre recombinase (294), 

leaving open the possibility for compensatory mechanisms to occur throughout 

development. This concern is partially addressed in the arcuate NK3R and 

kisspeptin ablation studies because these are performed after birth during 

adulthood. Yet, these experiments do not study knockout of ERα specifically in 

KNDy neurons. The second caveat is that ERα knockout would indeed affect 

kisspeptin neurons in the arcuate nucleus, but it would also cause ERα knockout 
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in other kisspeptin neurons, including those in the AVPV, making it difficult to 

distinguish effects specifically on the arcuate. Future work could address this 

challenge by utilizing mice with Tac2-specific knockout of ERα (Tac cre x ERα 

floxed; TERKO) produced by the Myers lab. This knockout will affect the arcuate 

kisspeptin population rather than all kisspeptin neurons, as well as a small 

number of cells in other brain regions not typically associated with reproductive 

neuroendocrine function (Greenwald-Yarnell, unpublished). The TERKO mice 

would also help to determine if the ERα-mediated change in the KNDy neuron 

response to NK3R activation shown in Chapter 3 is mediated directly at the 

KNDy neuron or by estrogen-sensitive afferents. Similarly, a Tac2-specific 

knockout of AR would also help to elucidate the locus of action of androgens in 

KNDy neuron responses. 

 

 

4.6 Conclusions and future directions 

 Much of the work discussed here supports KNDy neurons as components 

of the GnRH pulse generator that may also help to relay negative gonadal steroid 

feedback to GnRH release. However, we propose modifications to the KNDy 

neuron model. Much of the evidence still supports an interconnected network of 

KNDy neurons in the arcuate nucleus that is stimulated by NKB and inhibited by 

dynorphin. However, NKB may act by receptors other than NK3R, such as 

NK1R, and dynorphin’s actions may be relatively weak and largely dependent on 

gonadal steroids. In addition, other factors like glutamate, GABA, GnRH, RFRP-
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3, and kisspeptin itself, not to mention inputs from other systems including 

metabolism, may contribute to the ultimate activity and output of KNDy neurons. 

Regarding output, there may only be scarce KNDy neuron projections to GnRH 

neuron cell bodies in the POA, while their biggest impact on GnRH release is at 

the GnRH terminals in the median eminence. It is possible that stimulation of 

GnRH neurons near their projection terminals may initiate action potentials that 

propagate towards the GnRH soma, but the importance of KNDy neurons in 

stimulation of GnRH action potential firing may be minimal. Instead, KNDy 

neuron influence on vesicular release of GnRH may be much more 

physiologically relevant. In addition to kisspeptin, KNDy neurons may also 

release NKB at the median eminence to induce GnRH release. In terms of 

gonadal steroid feedback, evidence still exists for KNDy neurons as partial 

mediators of negative gonadal steroid feedback, in part by modulation of their 

responses to activation of NK3R and KOR. Gonadal steroids may also influence 

endogenous currents in KNDy neurons, as well as KNDy neuron morphology. 

With the modified model in mind, though, KNDy neurons appear to be 

neither the entire GnRH pulse generator nor the only mechanism for negative 

gonadal steroid feedback onto GnRH release. A great deal of work still needs to 

be done to determine exactly how KNDy neurons fit into the larger framework of 

a negative-feedback mediating GnRH pulse generator. While there is support for 

a KNDy network, there is limited evidence for synchronized activity within the 

network. One preliminary study from our lab started to test possible synchrony 

using dual simultaneous long-term extracellular recordings of KNDy neurons in 
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brain slices from adult male mice (295). It found limited synchrony in firing 

between pairs of KNDy neurons (295), contrary to a hypothesized KNDy neuron 

network with coordinated activity. Future studies using similar strategies to record 

multiple KNDy neurons will be needed to expand these data and further test the 

proposed synchrony in firing activity. In addition, if the state of the art permits, the 

relationship, if any, between KNDy neuron firing and the release of 

neurotransmitters and peptides from KNDy neurons needs to be tested. Further 

investigation is also necessary to identify the currents and ion channels relevant 

to KNDy neuron firing patterns and steroidal regulation, particularly those 

affected by activation of NK3R and KOR. 

KNDy neurons appear to interact with other areas of the brain besides 

GnRH neurons and each other (281). Regarding areas directly implicated in 

reproduction, KNDy neurons may project to AVPV kisspeptin neurons and the 

ependymal layer of the third ventricle (256,273). Outside of a direct reproductive 

role, KNDy neurons may also influence POA regions involved in temperature 

regulation (296). In terms of afferents, KNDy neurons may receive inputs from 

neuronal areas implicated in circadian/diurnal rhythms, limbic responses, and, as 

mentioned earlier, energy balance (190,231,277,278,297). Recent studies have 

also suggested that KNDy neurons may even be involved in positive gonadal 

steroid feedback in some species (275,276), emphasizing the need for future 

studies in both females and males. Understanding how all of these systems may 

influence reproduction will require determining how KNDy neurons interact with 

each system and integrating this knowledge to reflect the complexity of the 
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organism as a whole. To achieve this goal, there are many more avenues of 

future work that have yet to be explored. 

 

 

4.7 Impact 

 The work presented in this dissertation advances the field of reproductive 

neuroendocrinology. In particular, it elucidates mechanisms through which KNDy 

neurons may contribute to the GnRH neuron pulse generator as well as mediate 

negative gonadal steroid feedback onto GnRH release. It opens many questions 

for future investigation to study hypothalamic influence on reproductive function.



 102  
 

BIBLIOGRAPHY 

1. Frey KA, Patel KS. Initial Evaluation and Management of Infertility by the 

Primary Care Physician. Mayo Clinic Proceedings 2004; 79:1439-1443 

2. Silverman AJ, ed. The gonadotropin-releasing hormone (GnRH) neuronal 

systems:  immunocytochemistry and in situ hybridization. 2 ed: Raven 

Press, Ltd, New York, NY; 1994. E Knobil JN, ed. The Physiology of 

Reproduction; No. 1 

3. Rasmussen DD. Episodic gonadotropin-releasing hormone release from 

the rat isolated median eminence in vitro. Neuroendocrinology 1993; 

58:511-518 

4. Clarke IJ, Cummins JT. The temporal relationship between gonadotropin 

releasing hormone (GnRH) and luteinizing hormone (LH) secretion in 

ovariectomized ewes. Endocrinology 1982; 111:1737-1739 

5. Schally AV, Arimura A, Kastin AJ, Matsuo H, Baba Y, Redding TW, Nair 

RM, Debeljuk L, White WF. Gonadotropin-releasing hormone: one 

polypeptide regulates secretion of luteinizing and follicle-stimulating 

hormones. Science 1971; 173:1036-1038 

6. Clarke IJ, Cummins JT. Direct pituitary effects of estrogen and 

progesterone on gonadotropin secretion in the ovariectomized ewe. 

Neuroendocrinology 1984; 39:267-274 



 103  
 

7. Karsch FJ, Cummins JT, Thomas GB, Clarke IJ. Steroid feedback 

inhibition of pulsatile secretion of gonadotropin-releasing hormone in the 

ewe. Biology of reproduction 1987; 36:1207-1218 

8. Tilbrook AJ, Clarke IJ. Negative feedback regulation of the secretion and 

actions of gonadotropin-releasing hormone in males. Biology of 

reproduction 2001; 64:735-742 

9. Huang X, Harlan RE. Absence of androgen receptors in LHRH 

immunoreactive neurons. Brain Res 1993; 624:309-311 

10. Herbison AE, Skinner DC, Robinson JE, King IS. Androgen receptor-

immunoreactive cells in ram hypothalamus: distribution and co-localization 

patterns with gonadotropin-releasing hormone, somatostatin and tyrosine 

hydroxylase. Neuroendocrinology 1996; 63:120-131 

11. Wintermantel TM, Campbell RE, Porteous R, Bock D, Grone H-J, Todman 

MG, Korach KS, Greiner E, Perez CA, Schutz G, Herbison AE. Definition 

of estrogen receptor pathway critical for estrogen positive feedback to 

gonadotropin-releasing hormone neurons and fertility. Neuron 2006; 

52:271-280 

12. Abraham IM, Todman MG, Korach KS, Herbison AE. Critical in vivo roles 

for classical estrogen receptors in rapid estrogen actions on intracellular 

signaling in mouse brain. Endocrinology 2004; 145:3055-3061 

13. Legan SJ, Tsai HW. Oestrogen receptor-alpha and -beta immunoreactivity 

in gonadotropin-releasing hormone neurones after ovariectomy and 

chronic exposure to oestradiol. J Neuroendocrinol 2003; 15:1164-1170 



 104  
 

14. Ogawa S, Chan J, Chester AE, Gustafsson JA, Korach KS, Pfaff DW. 

Survival of reproductive behaviors in estrogen receptor beta gene-

deficient (betaERKO) male and female mice. Proceedings of the National 

Academy of Sciences of the United States of America 1999; 96:12887-

12892 

15. King JC, Tai DW, Hanna IK, Pfeiffer A, Haas P, Ronsheim PM, Mitchell 

SC, Turcotte JC, Blaustein JD. A subgroup of LHRH neurons in guinea 

pigs with progestin receptors is centrally positioned within the total 

population of LHRH neurons. Neuroendocrinology 1995; 61:265-275 

16. Fox SR, Harlan RE, Shivers BD, Pfaff DW. Chemical characterization of 

neuroendocrine targets for progesterone in the female rat brain and 

pituitary. Neuroendocrinology 1990; 51:276-283 

17. Herbison AE, Theodosis DT. Localization of oestrogen receptors in 

preoptic neurons containing neurotensin but not tyrosine hydroxylase, 

cholecystokinin or luteinizing hormone-releasing hormone in the male and 

female rat. Neuroscience 1992; 50:283-298 

18. Smith JT, Cunningham MJ, Rissman EF, Clifton DK, Steiner RA. 

Regulation of Kiss1 gene expression in the brain of the female mouse. 

Endocrinology 2005; 146:3686-3692 

19. Smith JT, Dungan HM, Stoll EA, Gottsch ML, Braun RE, Eacker SM, 

Clifton DK, Steiner RA. Differential regulation of KiSS-1 mRNA expression 

by sex steroids in the brain of the male mouse. Endocrinology 2005; 

146:2976-2984 



 105  
 

20. Dierschke DJ, Bhattacharya AN, Atkinson LE, Knobil E. Circhoral 

oscillations of plasma LH levels in the ovariectomized rhesus monkey. 

Endocrinology 1970; 87:850-853 

21. Levine JE, Ramirez VD. Luteinizing hormone-releasing hormone release 

during the rat estrous cycle and after ovariectomy, as estimated with push-

pull cannulae. Endocrinology 1982; 111:1439-1448 

22. Moenter SM, Caraty A, Karsch FJ. The estradiol-induced surge of 

gonadotropin-releasing hormone in the ewe. Endocrinology 1990; 

127:1375-1384 

23. Moenter SM, Caraty A, Locatelli A, Karsch FJ. Pattern of gonadotropin-

releasing hormone (GnRH) secretion leading up to ovulation in the ewe: 

existence of a preovulatory GnRH surge. Endocrinology 1991; 129:1175-

1182 

24. Sarkar DK, Chiappa SA, Fink G, Sherwood NM. Gonadotropin-releasing 

hormone surge in pro-oestrous rats. Nature 1976; 264:461-463 

25. Waldstreicher J, Santoro NF, Hall JE, Filicori M, Crowley WF, Jr. 

Hyperfunction of the hypothalamic-pituitary axis in women with polycystic 

ovarian disease: indirect evidence for partial gonadotroph desensitization. 

Journal of Clinical Endocrinology & Metabolism 1988; 66:165-172 

26. Blank SK, McCartney CR, Marshall JC. The origins and sequelae of 

abnormal neuroendocrine function in polycystic ovary syndrome. Hum 

Reprod Update 2006; 12:351-361 



 106  
 

27. Seminara SB, Hayes FJ, Crowley WF, Jr. Gonadotropin-releasing 

hormone deficiency in the human (idiopathic hypogonadotropic 

hypogonadism and Kallmann's syndrome): pathophysiological and genetic 

considerations. Endocrine Reviews 1998; 19:521-539 

28. Comite F, Cutler GB, Jr., Rivier J, Vale WW, Loriaux DL, Crowley WF, Jr. 

Short-term treatment of idiopathic precocious puberty with a long-acting 

analogue of luteinizing hormone-releasing hormone. A preliminary report. 

New England Journal of Medicine 1981; 305:1546-1550 

29. Belchetz P, Plant TM, Nakai Y, Keogh EJ, Knobil E. Hypophysial 

responses to continuous and intermittent delivery of hypothalamic 

gonadotropin-releasing hormone. Science 1978; 202:631-633 

30. Hamernik DL, Nett TM. Gonadotropin-releasing hormone increases the 

amount of messenger ribonucleic acid for gonadotropins in ovariectomized 

ewes after hypothalamic-pituitary disconnection. Endocrinology 1988; 

122:959-966 

31. Wierman ME, Rivier JE, Wang C. Gonadotropin-releasing hormone-

dependent regulation of gonadotropin subunit messenger ribonucleic acid 

levels in the rat. Endocrinology 1989; 124:272-278 

32. Weiss J, Jameson JL, Burrin JM, Crowley WF, Jr. Divergent responses of 

gonadotropin subunit messenger RNAs to continuous versus pulsatile 

gonadotropin-releasing hormone in vitro. Molecular Endocrinology 1990; 

4:557-564 



 107  
 

33. Kaiser UB, Jakubowiak A, Steinberger A, Chin WW. Differential effects of 

gonadotropin-releasing hormone (GnRH) pulse frequency on 

gonadotropin subunit and GnRH receptor messenger ribonucleic acid 

levels in vitro. Endocrinology 1997; 138:1224-1231 

34. Savoy-Moore RT, Swartz KH. Several GnRH stimulation frequencies 

differentially release FSH and LH from isolated, perfused rat anterior 

pituitary cells. Adv Exp Med Biol 1987; 219:641-645 

35. Dalkin AC, Haisenleder DJ, Ortolano GA, Ellis TR, Marshall JC. The 

frequency of gonadotropin-releasing-hormone stimulation differentially 

regulates gonadotropin subunit messenger ribonucleic acid expression. 

Endocrinology 1989; 125:917-924 

36. Haisenleder DJ, Dalkin AC, Ortolano GA, Marshall JC, Shupnik MA. A 

pulsatile gonadotropin-releasing hormone stimulus is required to increase 

transcription of the gonadotropin subunit genes: evidence for differential 

regulation of transcription by pulse frequency in vivo. Endocrinology 1991; 

128:509-517 

37. Clarke IJ, Burman KJ, Doughton BW, Cummins JT. Effects of constant 

infusion of gonadotrophin-releasing hormone in ovariectomized ewes with 

hypothalamo-pituitary disconnection: further evidence for differential 

control of LH and FSH secretion and the lack of a priming effect. Journal 

of Endocrinology 1986; 111:43-49 



 108  
 

38. Jablonka-Shariff A, Pearl CA, Comstock A, Boime I. A carboxyl-terminal 

sequence in the lutropin beta subunit contributes to the sorting of lutropin 

to the regulated pathway. J Biol Chem 2008; 283:11485-11492 

39. Karsch FJ, Evans NP. Feedback actions of estradiol on GnRH secretion 

during the follicular phase of the estrous cycle. Acta Neurobiologiae 

Experimentalis 1996; 56:715-725 

40. Goodman RL, Karsch FJ. Pulsatile secretion of luteinizing hormone: 

differential suppression by ovarian steroids. Endocrinology 1980; 

107:1286-1290 

41. Karsch FJ, Foster DL, Bittman EL, Goodman RL. A role for estradiol in 

enhancing luteinizing hormone pulse frequency during the follicular phase 

of the estrous cycle of sheep. Endocrinology 1983; 113:1333-1339 

42. Kaynard AH, Follett BK, Karsch FJ. Feedback regulation of pulsatile LH 

secretion in the ewe: stimulation of frequency by estradiol. 

Neuroendocrinology 1988; 48:81-86 

43. Kaynard AH, Malpaux B, Robinson JE, Wayne NL, Karsch FJ. Importance 

of pituitary and neural actions of estradiol in induction of the luteinizing 

hormone surge in the ewe. Neuroendocrinology 1988; 48:296-303 

44. Marshall JC, Eagleson CA. Neuroendocrine aspects of polycystic ovary 

syndrome. Endocrinology & Metabolism Clinics of North America 1999; 

28:295-324 

45. de Roux N, Genin E, Carel J-C, matsuda F, Chaussain J-L, Milgrom E. 

Hypogonadotropic hypogonadism due to loss of function of the Kiss1-



 109  
 

derived peptide receptor GPR54. Proc Natl Acad Sci U S A 2003; 

100:10972-10976 

46. Seminara SB, Messager S, Chatzidaki EE, Thresher RR, Acierno JS, Jr., 

Shagoury JK, Bo-Abbas Y, Kuohung W, Schwinof KM, Hendrick AG, Zahn 

D, Dixon J, Kaiser UB, Slaugenhaupt SA, Gusella JF, O'Rahilly S, Carlton 

MB, Crowley WF, Jr., Aparicio SA, Colledge WH. The GPR54 gene as a 

regulator of puberty. New England Journal of Medicine 2003; 349:1614-

1627 

47. d'Anglemont de Tassigny X, Fagg LA, Dixon JP, Day K, Leitch HG, 

Hendrick AG, Zahn D, Franceschini I, Caraty A, Carlton MB, Aparicio SA, 

Colledge WH. Hypogonadotropic hypogonadism in mice lacking a 

functional Kiss1 gene. Proc Natl Acad Sci U S A 2007; 104:10714-10719 

48. Chan YM, Broder-Fingert S, Paraschos S, Lapatto R, Au M, Hughes V, 

Bianco SD, Min L, Plummer L, Cerrato F, De Guillebon A, Wu IH, Wahab 

F, Dwyer A, Kirsch S, Quinton R, Cheetham T, Ozata M, Ten S, Chanoine 

JP, Pitteloud N, Crowley WF, Jr., Martin KA, Schiffmann R, Van der Kamp 

HJ, Nader S, Hall JE, Kaiser UB, Seminara SB. GnRH-Deficient 

Phenotypes in Humans and Mice with Heterozygous Variants in 

KISS1/Kiss1. J Clin Endocrinol Metab 2011;  

49. Teles MG, Bianco SD, Brito VN, Trarbach EB, Kuohung W, Xu S, 

Seminara SB, Mendonca BB, Kaiser UB, Latronico AC. A GPR54-

activating mutation in a patient with central precocious puberty. N Engl J 

Med 2008; 358:709-715 



 110  
 

50. Roseweir AK, Kauffman AS, Smith JT, Guerriero KA, Morgan K, Pielecka-

Fortuna J, Pineda R, Gottsch ML, Tena-Sempere M, Moenter SM, 

Terasawa E, Clarke IJ, Steiner RA, Millar RP. Discovery of potent 

kisspeptin antagonists delineate physiological mechanisms of 

gonadotropin regulation. J Neurosci 2009; 29:3920-3929 

51. Liu X, Lee K, Herbison AE. Kisspeptin Excites Gonadotropin-Releasing 

Hormone Neurons through a Phospholipase C/Calcium-Dependent 

Pathway Regulating Multiple Ion Channels. Endocrinology 2008; 

149:4605-4614 

52. Zhang C, Roepke TA, Kelly MJ, Ronnekleiv OK. Kisspeptin Depolarizes 

Gonadotropin-Releasing Hormone Neurons through Activation of TRPC-

Like Cationic Channels. J Neurosci 2008; 28:4423-4434 

53. Han S-K, Gottsch ML, Lee KJ, Popa SM, Smith JT, Jakawich SK, Clifton 

DK, Steiner RA, Herbison AE. Activation of Gonadotropin-Releasing 

Hormone Neurons by Kisspeptin as a Neuroendocrine Switch for the 

Onset of Puberty. J Neurosci 2005; 25:11349-11356 

54. Liu X, Herbison AE. Small-Conductance Calcium-Activated Potassium 

Channels Control Excitability and Firing Dynamics in Gonadotropin-

Releasing Hormone (GnRH) Neurons. Endocrinology 2008; 149:3598-

3604 

55. Pielecka-Fortuna J, Chu Z, Moenter SM. Kisspeptin Acts Directly and 

Indirectly to Increase Gonadotropin-Releasing Hormone Neuron Activity 



 111  
 

and Its Effects Are Modulated by Estradiol. Endocrinology 2008; 

149:1979-1986 

56. Quaynor S, Hu L, Leung PK, Feng H, Mores N, Krsmanovic LZ, Catt KJ. 

Expression of a functional g protein-coupled receptor 54-kisspeptin 

autoregulatory system in hypothalamic gonadotropin-releasing hormone 

neurons. Mol Endocrinol 2007; 21:3062-3070 

57. Dumalska I, Wu M, Morozova E, Liu R, van den Pol A, Alreja M. Excitatory 

Effects of the Puberty-Initiating Peptide Kisspeptin and Group I 

Metabotropic Glutamate Receptor Agonists Differentiate Two Distinct 

Subpopulations of Gonadotropin-Releasing Hormone Neurons. J Neurosci 

2008; 28:8003-8013 

58. Keen KL, Wegner FH, Bloom SR, Ghatei MA, Terasawa E. An Increase in 

Kisspeptin-54 Release Occurs with the Pubertal Increase in Luteinizing 

Hormone-Releasing Hormone-1 Release in the Stalk-Median Eminence of 

Female Rhesus Monkeys in Vivo. Endocrinology 2008; 149:4151-4157 

59. Dungan HM, Gottsch ML, Zeng H, Gragerov A, Bergmann JE, Vassilatis 

DK, Clifton DK, Steiner RA. The role of kisspeptin-GPR54 signaling in the 

tonic regulation and surge release of gonadotropin-releasing 

hormone/luteinizing hormone. J Neurosci 2007; 27:12088-12095 

60. Messager S, Chatzidaki EE, Ma D, Hendrick AG, Zahn D, Dixon J, 

Thresher RR, Malinge I, Lomet D, Carlton MB, Colledge WH, Caraty A, 

Aparicio SA. Kisspeptin directly stimulates gonadotropin-releasing 

hormone release via G protein-coupled receptor 54. Proceedings of the 



 112  
 

National Academy of Sciences of the United States of America 2005; 

102:1761-1766 

61. Irwig MS, Fraley GS, Smith JT, Acohido BV, Popa SM, Cunningham MJ, 

Gottsch ML, Clifton DK, Steiner RA. Kisspeptin activation of gonadotropin 

releasing hormone neurons and regulation of KiSS-1 mRNA in the male 

rat. Neuroendocrinology 2004; 80:264-272 

62. Smith JT, Li Q, Yap KS, Shahab M, Roseweir AK, Millar RP, Clarke IJ. 

Kisspeptin is essential for the full preovulatory LH surge and stimulates 

GnRH release from the isolated ovine median eminence. Endocrinology 

2011; 152:1001-1012 

63. Herbison AE, de Tassigny X, Doran J, Colledge WH. Distribution and 

postnatal development of Gpr54 gene expression in mouse brain and 

gonadotropin-releasing hormone neurons. Endocrinology 2010; 151:312-

321 

64. Shibata M, Friedman RL, Ramaswamy S, Plant TM. Evidence that down 

regulation of hypothalamic KiSS-1 expression is involved in the negative 

feedback action of testosterone to regulate luteinising hormone secretion 

in the adult male rhesus monkey (Macaca mulatta). J Neuroendocrinol 

2007; 19:432-438 

65. Shahab M, Mastronardi C, Seminara SB, Crowley WF, Ojeda SR, Plant 

TM. Increased hypothalamic GPR54 signaling: a potential mechanism for 

initiation of puberty in primates. Proceedings of the National Academy of 

Sciences of the United States of America 2005; 102:2129-2134 



 113  
 

66. Clarkson J, Herbison AE. Postnatal Development of Kisspeptin Neurons in 

Mouse Hypothalamus; Sexual Dimorphism and Projections to 

Gonadotropin-Releasing Hormone Neurons. Endocrinology 2006; 

147:5817-5825 

67. Brailoiu GC, Dun SL, Ohsawa M, Yin D, Yang J, Chang JK, Brailoiu E, 

Dun NJ. KiSS-1 expression and metastin-like immunoreactivity in the rat 

brain. J Comp Neurol 2005; 481:314-329 

68. Pompolo S, Pereira A, Estrada KM, Clarke IJ. Colocalization of kisspeptin 

and gonadotropin-releasing hormone in the ovine brain. Endocrinology 

2006; 147:804-810 

69. Franceschini I, Lomet D, Cateau M, Delsol G, Tillet Y, Caraty A. 

Kisspeptin immunoreactive cells of the ovine preoptic area and arcuate 

nucleus co-express estrogen receptor alpha. Neurosci Lett 2006; 401:225-

230 

70. Decourt C, Tillet Y, Caraty A, Franceschini I, Briant C. Kisspeptin 

immunoreactive neurons in the equine hypothalamus Interactions with 

GnRH neuronal system. J Chem Neuroanat 2008; 36:131-137 

71. Magee C, Foradori CD, Bruemmer JE, Arreguin-Arevalo JA, McCue PM, 

Handa RJ, Squires EL, Clay CM. Biological and anatomical evidence for 

kisspeptin regulation of the hypothalamic-pituitary-gonadal axis of estrous 

horse mares. Endocrinology 2009; 150:2813-2821 

72. Ramaswamy S, Guerriero KA, Gibbs RB, Plant TM. Structural interactions 

between kisspeptin and GnRH neurons in the mediobasal hypothalamus 



 114  
 

of the male rhesus monkey (Macaca mulatta) as revealed by double 

immunofluorescence and confocal microscopy. Endocrinology 2008; 

149:4387-4395 

73. Smith JT, Coolen LM, Kriegsfeld LJ, Sari IP, Jaafarzadehshirazi MR, 

Maltby M, Bateman K, Goodman RL, Tilbrook AJ, Ubuka T, Bentley GE, 

Clarke IJ, Lehman MN. Variation in kisspeptin and RFamide-related 

peptide (RFRP) expression and terminal connections to gonadotropin-

releasing hormone neurons in the brain: a novel medium for seasonal 

breeding in the sheep. Endocrinology 2008; 149:5770-5782 

74. Hrabovszky E, Ciofi P, Vida B, Horvath MC, Keller E, Caraty A, Bloom SR, 

Ghatei MA, Dhillo WS, Liposits Z, Kallo I. The kisspeptin system of the 

human hypothalamus: sexual dimorphism and relationship with 

gonadotropin-releasing hormone and neurokinin B neurons. Eur J 

Neurosci 2010; 31:1984-1998 

75. Zhang C, Bosch MA, Ronnekleiv OK, Kelly MJ. {gamma}-Aminobutyric 

Acid B Receptor Mediated Inhibition of Gonadotropin-Releasing Hormone 

Neurons Is Suppressed by Kisspeptin-G Protein-Coupled Receptor 54 

Signaling. Endocrinology 2009; 150:2388-2394 

76. d'Anglemont de Tassigny X, Fagg LA, Carlton MBL, Colledge WH. 

Kisspeptin Can Stimulate Gonadotropin-Releasing Hormone (GnRH) 

Release by a Direct Action at GnRH Nerve Terminals. Endocrinology 

2008; 149:3926-3932 



 115  
 

77. Arai AC, Xia YF, Suzuki E, Kessler M, Civelli O, Nothacker HP. Cancer 

metastasis-suppressing peptide metastin upregulates excitatory synaptic 

transmission in hippocampal dentate granule cells. J Neurophysiol 2005; 

94:3648-3652 

78. Gottsch ML, Cunningham MJ, Smith JT, Popa SM, Acohido BV, Crowley 

WF, Seminara S, Clifton DK, Steiner RA. A role for kisspeptins in the 

regulation of gonadotropin secretion in the mouse. Endocrinology 2004; 

145:4073-4077 

79. 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; 21:673-682 

80. Kauffman AS, Gottsch ML, Roa J, Byquist AC, Crown A, Clifton DK, 

Hoffman GE, Steiner RA, Tena-Sempere M. Sexual differentiation of Kiss1 

gene expression in the brain of the rat. Endocrinology 2007; 148:1774-

1783 

81. Revel FG, Saboureau M, Masson-Pevet M, Pevet P, Mikkelsen JD, 

Simonneaux V. Kisspeptin mediates the photoperiodic control of 

reproduction in hamsters. Curr Biol 2006; 16:1730-1735 

82. Mason AO, Greives TJ, Scotti MA, Levine J, Frommeyer S, Ketterson ED, 

Demas GE, Kriegsfeld LJ. Suppression of kisspeptin expression and 

gonadotropic axis sensitivity following exposure to inhibitory day lengths in 

female Siberian hamsters. Horm Behav 2007; 52:492-498 



 116  
 

83. Greives TJ, Mason AO, Scotti MA, Levine J, Ketterson ED, Kriegsfeld LJ, 

Demas GE. Environmental control of kisspeptin: implications for seasonal 

reproduction. Endocrinology 2007; 148:1158-1166 

84. Dun SL, Brailoiu GC, Parsons A, Yang J, Zeng Q, Chen X, Chang JK, Dun 

NJ. Metastin-like immunoreactivity in the rat medulla oblongata and spinal 

cord. Neurosci Lett 2003; 335:197-201 

85. Ohkura S, Takase K, Matsuyama S, Mogi K, Ichimaru T, Wakabayashi Y, 

Uenoyama Y, Mori Y, Steiner RA, Tsukamura H, Maeda KI, Okamura H. 

Gonadotrophin-releasing hormone pulse generator activity in the 

hypothalamus of the goat. J Neuroendocrinol 2009; 21:813-821 

86. Rometo AM, Krajewski SJ, Voytko ML, Rance NE. Hypertrophy and 

increased kisspeptin gene expression in the hypothalamic infundibular 

nucleus of postmenopausal women and ovariectomized monkeys. J Clin 

Endocrinol Metab 2007; 92:2744-2750 

87. Yeo SH, Herbison AE. Projections of arcuate nucleus and rostral 

periventricular kisspeptin neurons in the adult female mouse brain. 

Endocrinology 2011; 152:2387-2399 

88. Ciofi P, Krause JE, Prins GS, Mazzuca M. Presence of nuclear androgen 

receptor-like immunoreactivity in neurokinin B-containing neurons of the 

hypothalamic arcuate nucleus of the adult male rat. Neurosci Lett 1994; 

182:193-196 

89. Clarkson J, d'Anglemont de Tassigny X, Moreno AS, Colledge WH, 

Herbison AE. Kisspeptin-GPR54 Signaling Is Essential for Preovulatory 



 117  
 

Gonadotropin-Releasing Hormone Neuron Activation and the Luteinizing 

Hormone Surge. J Neurosci 2008; 28:8691-8697 

90. Navarro VM, Castellano JM, Fernandez-Fernandez R, Barreiro ML, Roa J, 

Sanchez-Criado JE, Aguilar E, Dieguez C, Pinilla L, Tena-Sempere M. 

Developmental and hormonally regulated messenger ribonucleic acid 

expression of KiSS-1 and its putative receptor, GPR54, in rat 

hypothalamus and potent luteinizing hormone-releasing activity of KiSS-1 

peptide. Endocrinology 2004; 145:4565-4574 

91. Smith JT, Popa SM, Clifton DK, Hoffman GE, Steiner RA. Kiss1 neurons 

in the forebrain as central processors for generating the preovulatory 

luteinizing hormone surge. J Neurosci 2006; 26:6687-6694 

92. Glidewell-Kenney C, Hurley LA, Pfaff L, Weiss J, Levine JE, Jameson JL. 

Nonclassical estrogen receptor alpha signaling mediates negative 

feedback in the female mouse reproductive axis. Proc Natl Acad Sci USA 

2007; 104 

93. Gottsch ML, Navarro VM, Zhao Z, Glidewell-Kenney C, Weiss J, Jameson 

JL, Clifton DK, Levine JE, Steiner RA. Regulation of Kiss1 and dynorphin 

gene expression in the murine brain by classical and nonclassical 

estrogen receptor pathways. J Neurosci 2009; 29:9390-9395 

94. Christian CA, Glidewell-Kenney C, Jameson JL, Moenter SM. Classical 

estrogen receptor alpha signaling mediates negative and positive 

feedback on gonadotropin-releasing hormone neuron firing. Endocrinology 

2008; 149:5328-5334 



 118  
 

95. Smith JT, Clay CM, Caraty A, Clarke IJ. KiSS-1 messenger ribonucleic 

acid expression in the hypothalamus of the ewe is regulated by sex 

steroids and season. Endocrinology 2007; 148:1150-1157 

96. Knobil E. Patterns of hypophysiotropic signals and gonadotropin secretion 

in the rhesus monkey. Biology of reproduction 1981; 24:44-49 

97. Wilson RC, Kesner JS, Kaufman JM, Uemura T, Akema T, Knobil E. 

Central electrophysiologic correlates of pulsatile luteinizing hormone 

secretion in the rhesus monkey. Neuroendocrinology 1984; 39:256-260 

98. O'Byrne KT, Thalabard JC, Grosser PM, Wilson RC, Williams CL, Chen 

MD, Ladendorf D, Hotchkiss J, Knobil E. Radiotelemetric monitoring of 

hypothalamic gonadotropin-releasing hormone pulse generator activity 

throughout the menstrual cycle of the rhesus monkey. Endocrinology 

1991; 129:1207-1214 

99. Kimura F, Nishihara M, Hiruma H, Funabashi T. Naloxone increases the 

frequency of the electrical activity of luteinizing hormone-releasing 

hormone pulse generator in long-term ovariectomized rats. 

Neuroendocrinology 1991; 53:97-102 

100. Mori Y, Nishihara M, Tanaka T, Shimizu T, Yamaguchi M, Takeuchi Y, 

Hoshino K. Chronic recording of electrophysiological manifestation of the 

hypothalamic gonadotropin-releasing hormone pulse generator activity in 

the goat. Neuroendocrinology 1991; 53:392-395 



 119  
 

101. Tanaka T, Ozawa T, Hoshino K, Mori Y. Changes in the gonadotropin-

releasing hormone pulse generator activity during the estrous cycle in the 

goat. Neuroendocrinology 1995; 62:553-561 

102. Wakabayashi Y, Nakada T, Murata K, Ohkura S, Mogi K, Navarro VM, 

Clifton DK, Mori Y, Tsukamura H, Maeda K, Steiner RA, Okamura H. 

Neurokinin B and dynorphin A in kisspeptin neurons of the arcuate 

nucleus participate in generation of periodic oscillation of neural activity 

driving pulsatile gonadotropin-releasing hormone secretion in the goat. J 

Neurosci 2010; 30:3124-3132 

103. Soper BD, Weick RF. Hypothalamic and extrahypothalamic mediation of 

pulsatile discharges of luteinizing hormone in the ovariectomized rat. 

Endocrinology 1980; 106:348-355 

104. Kesner JS, Wilson RC, Kaufman JM, Hotchkiss J, Chen Y, Yamamoto H, 

Pardo RR, Knobil E. Unexpected responses of the hypothalamic 

gonadotropin-releasing hormone "pulse generator" to physiological 

estradiol inputs in the absence of the ovary. Proceedings of the National 

Academy of Sciences of the United States of America 1987; 84:8745-8749 

105. Tanaka T, Mori Y, Hoshino K. Long-term recording of hypothalamic GnRH 

pulse generator activity during programmed administration of 

progesterone and estradiol in the ovariectomized goat. Journal of 

Reproduction and Development 1994; 40:183-188 

106. Nishihara M, Sano A, Kimura F. Cessation of the electrical activity of 

gonadotropin-releasing hormone pulse generator during the steroid-



 120  
 

induced surge of luteinizing hormone in the rat. Neuroendocrinology 1994; 

59:513-519 

107. Ordog T, Knobil E. Estradiol and the inhibition of hypothalamic 

gonadotropin-releasing hormone pulse generator activity in the rhesus 

monkey. Proceedings of the National Academy of Sciences of the United 

States of America 1995; 92:5813-5816 

108. Goodman RL, Holaskova I, Nestor CC, Connors JM, Billings HJ, Valent M, 

Lehman MN, Hileman SM. Evidence that the arcuate nucleus is an 

important site of progesterone negative feedback in the ewe. 

Endocrinology 2011; 152:3451-3460 

109. Tovar S, Vazquez MJ, Navarro VM, Fernandez-Fernandez R, Castellano 

JM, Vigo E, Roa J, Casanueva FF, Aguilar E, Pinilla L, Dieguez C, Tena-

Sempere M. Effects of single or repeated intravenous administration of 

kisspeptin upon dynamic LH secretion in conscious male rats. 

Endocrinology 2006; 147:2696-2704 

110. Plant TM, Ramaswamy S, Dipietro MJ. Repetitive activation of 

hypothalamic G protein-coupled receptor 54 with intravenous pulses of 

kisspeptin in the juvenile monkey (Macaca mulatta) elicits a sustained 

train of gonadotropin-releasing hormone discharges. Endocrinology 2006; 

147:1007-1013 

111. Seminara SB, Dipietro MJ, Ramaswamy S, Crowley WF, Jr., Plant TM. 

Continuous human metastin 45-54 infusion desensitizes G protein-

coupled receptor 54-induced gonadotropin-releasing hormone release 



 121  
 

monitored indirectly in the juvenile male Rhesus monkey (Macaca 

mulatta): a finding with therapeutic implications. Endocrinology 2006; 

147:2122-2126 

112. Ramaswamy S, Seminara SB, Pohl CR, DiPietro MJ, Crowley WF, Jr., 

Plant TM. Effect of continuous intravenous administration of human 

metastin 45-54 on the neuroendocrine activity of the hypothalamic-

pituitary-testicular axis in the adult male rhesus monkey (Macaca mulatta). 

Endocrinology 2007; 148:3364-3370 

113. Thompson EL, Murphy KG, Patterson M, Bewick GA, Stamp GW, Curtis 

AE, Cooke JH, Jethwa PH, Todd JF, Ghatei MA, Bloom SR. Chronic 

subcutaneous administration of kisspeptin-54 causes testicular 

degeneration in adult male rats. Am J Physiol Endocrinol Metab 2006; 

291:E1074-1082 

114. Chan YM, Broder-Fingert S, Wong KM, Seminara SB. Kisspeptin/Gpr54-

independent gonadotrophin-releasing hormone activity in Kiss1 and Gpr54 

mutant mice. J Neuroendocrinol 2009; 21:1015-1023 

115. Li XF, Kinsey-Jones JS, Cheng Y, Knox AM, Lin Y, Petrou NA, Roseweir 

A, Lightman SL, Milligan SR, Millar RP, O'Byrne KT. Kisspeptin signalling 

in the hypothalamic arcuate nucleus regulates GnRH pulse generator 

frequency in the rat. PLoS One 2009; 4:e8334 

116. Foradori CD, Amstalden M, Goodman RL, Lehman MN. Colocalisation of 

dynorphin a and neurokinin B immunoreactivity in the arcuate nucleus and 

median eminence of the sheep. J Neuroendocrinol 2006; 18:534-541 



 122  
 

117. Goodman RL, Lehman MN, Smith JT, Coolen LM, de Oliveira CV, 

Jafarzadehshirazi MR, Pereira A, Iqbal J, Caraty A, Ciofi P, Clarke IJ. 

Kisspeptin neurons in the arcuate nucleus of the ewe express both 

dynorphin A and neurokinin B. Endocrinology 2007; 148:5752-5760 

118. Ciofi P, Leroy D, Tramu G. Sexual dimorphism in the organization of the 

rat hypothalamic infundibular area. Neuroscience 2006; 141:1731-1745 

119. Burke MC, Letts PA, Krajewski SJ, Rance NE. Coexpression of dynorphin 

and neurokinin B immunoreactivity in the rat hypothalamus: Morphologic 

evidence of interrelated function within the arcuate nucleus. J Comp 

Neurol 2006; 498:712-726 

120. Navarro VM, Gottsch ML, Chavkin C, Okamura H, Clifton DK, Steiner RA. 

Regulation of gonadotropin-releasing hormone secretion by 

kisspeptin/dynorphin/neurokinin B neurons in the arcuate nucleus of the 

mouse. J Neurosci 2009; 29:11859-11866 

121. True C, Kirigiti M, Ciofi P, Grove KL, Smith MS. Characterisation of 

arcuate nucleus kisspeptin/neurokinin B neuronal projections and 

regulation during lactation in the rat. J Neuroendocrinol 2011; 23:52-64 

122. Topaloglu AK, Reimann F, Guclu M, Yalin AS, Kotan LD, Porter KM, Serin 

A, Mungan NO, Cook JR, Ozbek MN, Imamoglu S, Akalin NS, Yuksel B, 

O'Rahilly S, Semple RK. TAC3 and TACR3 mutations in familial 

hypogonadotropic hypogonadism reveal a key role for Neurokinin B in the 

central control of reproduction. Nat Genet 2009; 41:354-358 



 123  
 

123. Guran T, Tolhurst G, Bereket A, Rocha N, Porter K, Turan S, Gribble FM, 

Kotan LD, Akcay T, Atay Z, Canan H, Serin A, O'Rahilly S, Reimann F, 

Semple RK, Topaloglu AK. Hypogonadotropic hypogonadism due to a 

novel missense mutation in the first extracellular loop of the neurokinin B 

receptor. J Clin Endocrinol Metab 2009; 94:3633-3639 

124. Goodman RL, Coolen LM, Anderson GM, Hardy SL, Valent M, Connors 

JM, Fitzgerald ME, Lehman MN. Evidence that dynorphin plays a major 

role in mediating progesterone negative feedback on gonadotropin-

releasing hormone neurons in sheep. Endocrinology 2004; 145:2959-2967 

125. Navarro VM, Castellano JM, McConkey SM, Pineda R, Ruiz-Pino F, Pinilla 

L, Clifton DK, Tena-Sempere M, Steiner RA. Interactions between 

kisspeptin and neurokinin B in the control of GnRH secretion in the female 

rat. Am J Physiol Endocrinol Metab 2011; 300:E202-210 

126. Eghlidi DH, Haley GE, Noriega NC, Kohama SG, Urbanski HF. Influence 

of age and 17beta-estradiol on kisspeptin, neurokinin B, and prodynorphin 

gene expression in the arcuate-median eminence of female rhesus 

macaques. Endocrinology 2010; 151:3783-3794 

127. Goubillon ML, Forsdike RA, Robinson JE, Ciofi P, Caraty A, Herbison AE. 

Identification of neurokinin B-expressing neurons as an highly estrogen-

receptive, sexually dimorphic cell group in the ovine arcuate nucleus. 

Endocrinology 2000; 141:4218-4225 

128. Foradori CD, Coolen LM, Fitzgerald ME, Skinner DC, Goodman RL, 

Lehman MN. Colocalization of progesterone receptors in parvicellular 



 124  
 

dynorphin neurons of the ovine preoptic area and hypothalamus. 

Endocrinology 2002; 143:4366-4374 

129. Dahl SK, Amstalden M, Coolen L, Fitzgerald M, Lehman M. Dynorphin 

immunoreactive fibers contact GnRH neurons in the human 

hypothalamus. Reprod Sci 2009; 16:781-787 

130. Krajewski SJ, Burke MC, Anderson MJ, McMullen NT, Rance NE. 

Forebrain projections of arcuate neurokinin B neurons demonstrated by 

anterograde tract-tracing and monosodium glutamate lesions in the rat. 

Neuroscience 2010; 166:680-697 

131. Lehman MN, Coolen LM, Goodman RL. Minireview: kisspeptin/neurokinin 

B/dynorphin (KNDy) cells of the arcuate nucleus: a central node in the 

control of gonadotropin-releasing hormone secretion. Endocrinology 2010; 

151:3479-3489 

132. Amstalden M, Coolen LM, Hemmerle AM, Billings HJ, Connors JM, 

Goodman RL, Lehman MN. Neurokinin 3 receptor immunoreactivity in the 

septal region, preoptic area and hypothalamus of the female sheep: 

colocalisation in neurokinin B cells of the arcuate nucleus but not in 

gonadotrophin-releasing hormone neurones. J Neuroendocrinol 2010; 

22:1-12 

133. Cheng G, Coolen LM, Padmanabhan V, Goodman RL, Lehman MN. The 

kisspeptin/neurokinin B/dynorphin (KNDy) cell population of the arcuate 

nucleus: sex differences and effects of prenatal testosterone in sheep. 

Endocrinology 2010; 151:301-311 



 125  
 

134. Oakley AE, Clifton DK, Steiner RA. Kisspeptin signaling in the brain. 

Endocr Rev 2009; 30:713-743 

135. Cravo RM, Margatho LO, Osborne-Lawrence S, Donato J, Jr., Atkin S, 

Bookout AL, Rovinsky S, Frazao R, Lee CE, Gautron L, Zigman JM, Elias 

CF. Characterization of Kiss1 neurons using transgenic mouse models. 

Neuroscience 2011; 173:37-56 

136. Billings HJ, Connors JM, Altman SN, Hileman SM, Holaskova I, Lehman 

MN, McManus CJ, Nestor CC, Jacobs BH, Goodman RL. Neurokinin B 

acts via the neurokinin-3 receptor in the retrochiasmatic area to stimulate 

luteinizing hormone secretion in sheep. Endocrinology 2010; 151:3836-

3846 

137. Ramaswamy S, Seminara SB, Plant TM. Evidence from the agonadal 

juvenile male rhesus monkey (Macaca mulatta) for the view that the action 

of neurokinin B to trigger gonadotropin-releasing hormone release is 

upstream from the kisspeptin receptor. Neuroendocrinology 2011; 94:237-

245 

138. Corander MP, Challis BG, Thompson EL, Jovanovic Z, Loraine Tung YC, 

Rimmington D, Huhtaniemi IT, Murphy KG, Topaloglu AK, Yeo GS, 

O'Rahilly S, Dhillo WS, Semple RK, Coll AP. The effects of neurokinin B 

upon gonadotrophin release in male rodents. J Neuroendocrinol 2010; 

22:181-187 

139. Sandoval-Guzman T, Rance NE. Central injection of senktide, an NK3 

receptor agonist, or neuropeptide Y inhibits LH secretion and induces 



 126  
 

different patterns of Fos expression in the rat hypothalamus. BRAIN RES 

2004; 1026:307-312 

140. Krajewski SJ, Anderson MJ, Iles-Shih L, Chen KJ, Urbanski HF, Rance 

NE. Morphologic evidence that neurokinin B modulates gonadotropin-

releasing hormone secretion via neurokinin 3 receptors in the rat median 

eminence. J Comp Neurol 2005; 489:372-386 

141. Quigley ME, Yen SS. The role of endogenous opiates in LH secretion 

during the menstrual cycle. J Clin Endocrinol Metab 1980; 51:179-181 

142. Reid RL, Quigley ME, Yen SS. The disappearance of opioidergic 

regulation of gonadotropin secretion in postmenopausal women. J Clin 

Endocrinol Metab 1983; 57:1107-1110 

143. Van Vugt DA, Lam NY, Ferin M. Reduced frequency of pulsatile LH 

secretion in the luteal phase in the rhesus monkey:  involvement of 

endogenous opiates. Endocrinology 1984; 115:1095-1101 

144. Whisnant CS, Goodman RL. Effects of an opioid antagonist on pulsatile 

luteinizing hormone secretion in the ewe vary with changes in steroid 

negative feedback. Biology of reproduction 1988; 39:1032-1038 

145. Devorshak-Harvey E, Bona-Gallo A, Gallo RV. Endogenous opioid peptide 

regulation of pulsatile luteinizing hormone secretion during pregnancy in 

the rat. Neuroendocrinology 1987; 46:369-378 

146. Yang K, Haynes NB, Lamming GE, Brooks AN. Ovarian steroid hormone 

involvement in endogenous opioid modulation of LH secretion in mature 



 127  
 

ewes during the breeding and non-breeding seasons. J Reprod Fertil 

1988; 83:129-139 

147. Goodman RL, Gibson M, Skinner DC, Lehman MN. Neuroendocrine 

control of pulsatile GnRH secretion during the ovarian cycle: evidence 

from the ewe. Reprod Suppl 2002; 59:41-56 

148. Nishihara M, Hiruma H, Kimura F. Interactions between the noradrenergic 

and opioid peptidergic systems in controlling the electrical activity of 

luteinizing hormone-releasing hormone pulse generator in ovariectomized 

rats. Neuroendocrinology 1991; 54:321-326 

149. Goodman RL, Parfitt DB, Evans NP, Dahl GE, Karsch FJ. Endogenous 

opioid peptides control the amplitude and shape of gonadotropin-releasing 

hormone pulses in the ewe. Endocrinology 1995; 136:2412-2420 

150. Williams CL, Nishihara M, Thalabard JC, O'Byrne KT, Grosser PM, 

Hotchkiss J, Knobil E. Duration and frequency of multiunit electrical 

activity associated with the hypothalamic gonadotropin releasing hormone 

pulse generator in the rhesus monkey: differential effects of morphine. 

Neuroendocrinology 1990; 52:225-228 

151. Foradori CD, Goodman RL, Adams VL, Valent M, Lehman MN. 

Progesterone increases dynorphin a concentrations in cerebrospinal fluid 

and preprodynorphin messenger ribonucleic Acid levels in a subset of 

dynorphin neurons in the sheep. Endocrinology 2005; 146:1835-1842 



 128  
 

152. Rometo AM, Rance NE. Changes in prodynorphin gene expression and 

neuronal morphology in the hypothalamus of postmenopausal women. J 

Neuroendocrinol 2008; 20:1376-1381 

153. Sannella MI, Petersen SL. Dual label in situ hybridization studies provide 

evidence that luteinizing hormone-releasing hormone neurons do not 

synthesize messenger ribonucleic acid for mu, kappa, or delta opiate 

receptors. Endocrinology 1997; 138:1667-1672 

154. Gallo RV. Kappa-opioid receptor involvement in the regulation of pulsatile 

luteinizing hormone release during early pregnancy in the rat. J 

Neuroendocrinol 1990; 2:685-691 

155. Lagrange AH, Ronnekleiv OK, Kelly MJ. Estradiol-17 beta and mu-opioid 

peptides rapidly hyperpolarize GnRH neurons: a cellular mechanism of 

negative feedback? Endocrinology 1995; 136:2341-2344 

156. Carmel PW, Araki S, Ferin M. Pituitary stalk portal blood collection in 

rhesus monkeys: evidence for pulsatile release of gonadotropin-releasing 

hormone (GnRH). Endocrinology 1976; 99:243-248 

157. Levine JE, Pau KY, Ramirez VD, Jackson GL. Simultaneous 

measurement of luteinizing hormone-releasing hormone and luteinizing 

hormone release in unanesthetized, ovariectomized sheep. Endocrinology 

1982; 111:1449-1455 

158. Moenter SM, Brand RM, Midgley AR, Karsch FJ. Dynamics of 

gonadotropin-releasing hormone release during a pulse. Endocrinology 

1992; 130:503-510 



 129  
 

159. Levine JE, Duffy MT. Simultaneous measurement of luteinizing hormone 

(LH)-releasing hormone, LH, and follicle-stimulating hormone release in 

intact and short-term castrate rats. Endocrinology 1988; 122:2211-2221 

160. Haisenleder DJ, Katt JA, Ortolano GA, el-Gewely MR, Duncan JA, Dee C, 

Marshall JC. Influence of gonadotropin-releasing hormone pulse 

amplitude, frequency, and treatment duration on the regulation of 

luteinizing hormone (LH) subunit messenger ribonucleic acids and LH 

secretion. Molecular Endocrinology 1988; 2:338-343 

161. Shupnik MA. Effects of gonadotropin-releasing hormone on rat 

gonadotropin gene transcription in vitro: requirement for pulsatile 

administration for luteinizing hormone-beta gene stimulation. Molecular 

Endocrinology 1990; 4:1444-1450 

162. Hrabovszky E, Steinhauser A, Barabas K, Shughrue PJ, Petersen SL, 

Merchenthaler I, Liposits Z. Estrogen receptor-beta immunoreactivity in 

luteinizing hormone-releasing hormone neurons of the rat brain. 

Endocrinology 2001; 142:3261-3264 

163. Lehman MN, Karsch FJ. Do gonadotropin-releasing hormone, tyrosine 

hydroxylase-, and beta-endorphin-immunoreactive neurons contain 

estrogen receptors? A double-label immunocytochemical study in the 

Suffolk ewe. Endocrinology 1993; 133:887-895 

164. Mayer C, Acosta-Martinez M, Dubois SL, Wolfe A, Radovick S, Boehm U, 

Levine JE. Timing and completion of puberty in female mice depend on 



 130  
 

estrogen receptor Œ±-signaling in kisspeptin neurons. Proceedings of the 

National Academy of Sciences 2010; 107:22693-22698 

165. Thompson EL, Patterson M, Murphy KG, Smith KL, Dhillo WS, Todd JF, 

Ghatei MA, Bloom SR. Central and peripheral administration of kisspeptin-

10 stimulates the hypothalamic-pituitary-gonadal axis. Journal of 

Neuroendocrinology 2004; 16:850-858 

166. Navarro VM, Gottsch ML, Wu M, Garcia-Galiano D, Hobbs SJ, Bosch MA, 

Pinilla L, Clifton DK, Dearth A, Ronnekleiv OK, Braun RE, Palmiter RD, 

Tena-Sempere M, Alreja M, Steiner RA. Regulation of NKB pathways and 

their roles in the control of Kiss1 neurons in the arcuate nucleus of the 

male mouse. Endocrinology 2011; 152:4265-4275 

167. Gottsch ML, Popa SM, Lawhorn JK, Qiu J, Tonsfeldt KJ, Bosch MA, Kelly 

MJ, Ronnekleiv OK, Sanz E, McKnight GS, Clifton DK, Palmiter RD, 

Steiner RA. Molecular properties of Kiss1 neurons in the arcuate nucleus 

of the mouse. Endocrinology 2011; 152:4298-4309 

168. Ramaswamy S, Seminara SB, Ali B, Ciofi P, Amin NA, Plant TM. 

Neurokinin B Stimulates GnRH Release in the Male Monkey (Macaca 

mulatta) and Is Colocalized with Kisspeptin in the Arcuate Nucleus. 

Endocrinology 2010; 151:4494-4503 

169. Kinsey-Jones JS, Grachev P, Li XF, Lin YS, Milligan SR, Lightman SL, 

O'Byrne KT. The inhibitory effects of neurokinin B on GnRH pulse 

generator frequency in the female rat. Endocrinology 2012; 153:307-315 



 131  
 

170. Grachev P, Li XF, Kinsey-Jones JS, di Domenico AL, Millar RP, Lightman 

SL, O'Byrne KT. Suppression of the GnRH pulse generator by neurokinin 

B involves a kappa-opioid receptor-dependent mechanism. Endocrinology 

2012; 153:4894-4904 

171. Suter KJ, Song WJ, Sampson TL, Wuarin JP, Saunders JT, Dudek FE, 

Moenter SM. Genetic targeting of green fluorescent protein to 

gonadotropin-releasing hormone neurons: characterization of whole-cell 

electrophysiological properties and morphology. Endocrinology 2000; 

141:412-419 

172. Chu Z, Moenter SM. Endogenous activation of metabotropic glutamate 

receptors modulates GABAergic transmission to gonadotropin-releasing 

hormone neurons and alters their firing rate:  a possible local feedback 

circuit. J Neurosci 2005; 25:5740-5749 

173. Nunemaker CS, DeFazio RA, Moenter SM. Estradiol-sensitive afferents 

modulate long-term episodic firing patterns of GnRH neurons. 

Endocrinology 2002; 143:2284-2292 

174. Xu C, Xu XZ, Nunemaker CS, Moenter SM. Dose-dependent switch in 

response of gonadotropin-releasing hormone (GnRH) neurons to GnRH 

mediated through the type I GnRH receptor. Endocrinology 2004; 

145:728-735 

175. Nunemaker CS, DeFazio RA, Moenter SM. A targeted extracellular 

approach for recording long-term firing patterns of excitable cells:  a 

practical guide. Biol Proc Online 2003; 5:53-62 



 132  
 

176. Alcami P, Franconville R, Llano I, Marty A. Measuring the firing rate of 

high-resistance neurons with cell-attached recording. J Neurosci 2012; 

32:3118-3130 

177. Wormser U, Laufer R, Hart Y, Chorev M, Gilon C, Selinger Z. Highly 

selective agonists for substance P receptor subtypes. EMBO J 1986; 

5:2805-2808 

178. Corish P, Tyler-Smith C. Attenuation of green fluorescent protein half-life 

in mammalian cells. Protein Eng 1999; 12:1035-1040 

179. Danzer SC, McMullen NT, Rance NE. Dendritic growth of arcuate 

neuroendocrine neurons following orchidectomy in adult rats. J Comp 

Neurol 1998; 390:234-246 

180. Rance NE, Bruce TR. Neurokinin B gene expression is increased in the 

arcuate nucleus of ovariectomized rats. Neuroendocrinology 1994; 

60:337-345 

181. DeFazio RA, Elias C, Moenter SM. 2012 Chloride homeostasis and 

response to GABA in kisspeptin neurons of the AVPV and arcuate 

nucleus. 2012 Neuroscience Meeting Planner; 2012; New Orleans, LA. 

182. Frazao R, Cravo RM, Donato J, Jr., Ratra DV, Clegg DJ, Elmquist JK, 

Zigman JM, Williams KW, Elias CF. Shift in Kiss1 Cell Activity Requires 

Estrogen Receptor alpha. J Neurosci 2013; 33:2807-2820 

183. de Croft S, Piet R, Mayer C, Mai O, Boehm U, Herbison AE. Spontaneous 

kisspeptin neuron firing in the adult mouse reveals marked sex and brain 



 133  
 

region differences but no support for a direct role in negative feedback. 

Endocrinology 2012; 153:5384-5393 

184. Raivio T, Falardeau J, Dwyer A, Quinton R, Hayes FJ, Hughes VA, Cole 

LW, Pearce SH, Lee H, Boepple P, Crowley WF, Pitteloud N. Reversal of 

Idiopathic Hypogonadotropic Hypogonadism. New England Journal of 

Medicine 2007; 357:863-873 

185. Ezzat A, Pereira A, Clarke IJ. Kisspeptin is a component of the pulse 

generator for GnRH secretion in female sheep but not the pulse generator. 

Endocrinology 2015; 156:1828-1837 

186. Gaskins GT, Glanowska KM, Moenter SM. Activation of neurokinin 3 

receptors stimulates GnRH release in a location-dependent but kisspeptin-

independent manner in adult mice. Endocrinology 2013; 154:3984-3989 

187. Glanowska KM, Moenter SM. Differential regulation of GnRH secretion in 

the preoptic area (POA) and the median eminence (ME) in male mice. 

Endocrinology 2015; 156:231-241 

188. de Croft S, Boehm U, Herbison AE. Neurokinin B activates arcuate 

kisspeptin neurons through multiple tachykinin receptors in the male 

mouse. Endocrinology 2013; 154:2750-2760 

189. Ruka KA, Burger LL, Moenter SM. Regulation of Arcuate Neurons 

Coexpressing Kisspeptin, Neurokinin B, and Dynorphin by Modulators of 

Neurokinin 3 and kappa-Opioid Receptors in Adult Male Mice. 

Endocrinology 2013; 154:2761-2771 



 134  
 

190. DeFazio RA, Elias CF, Moenter SM. GABAergic transmission to kisspeptin 

neurons is differentially regulated by time of day and estradiol in female 

mice. J Neurosci 2014; 34:16296-16308 

191. Naftolin F, Ryan KJ, Petro Z. Aromatization of androstenedione by the 

anterior hypothalamus of adult male and female rats. Endocrinology 1972; 

90:295-298 

192. Ryan KJ, Naftolin F, Reddy V, Flores F, Petro Z. Estrogen formation in the 

brain. Am J Obstet Gynecol 1972; 114:454-460 

193. Brock O, Bakker J. The two kisspeptin neuronal populations are 

differentially organized and activated by estradiol in mice. Endocrinology 

2013; 154:2739-2749 

194. Pielecka J, Moenter SM. Effect of steroid milieu on gonadotropin-releasing 

hormone-1 neuron firing pattern and luteinizing hormone levels in male 

mice. Biology of reproduction 2006; 74:931-937 

195. Scott CJ, Kuehl DE, Ferreira SA, Jackson GL. Hypothalamic sites of 

action for testosterone, dihydrotestosterone, and estrogen in the 

regulation of luteinizing hormone secretion in male sheep. Endocrinology 

1997; 138:3686-3694 

196. McManus CJ, Goodman RL, Llanza NV, Miroslav V, Dobbins AB, Connors 

JM, Hileman SM. Inhibition of luteinizing hormone secretion by localized 

administration of estrogen, but not dihydrotestosterone, is enhanced in the 

ventromedial hypothalamus during feed restriction in the young wether. 

Biology of reproduction 2005; 73:781-789 



 135  
 

197. Santen RJ. Is aromatization of testosterone to estradiol required for 

inhibition of luteinizing hormone secretion in men? J Clin Invest 1975; 

56:1555-1563 

198. Avtanski D, Novaira HJ, Wu S, Romero CJ, Kineman R, Luque RM, 

Wondisford F, Radovick S. Both estrogen receptor alpha and beta 

stimulate pituitary GH gene expression. Mol Endocrinol 2014; 28:40-52 

199. Glanowska KM, Burger LL, Moenter SM. Development of gonadotropin-

releasing hormone secretion and pituitary response. J Neurosci 2014; 

34:15060-15069 

200. Mayer C, Acosta-Martinez M, Dubois SL, Wolfe A, Radovick S, Boehm U, 

Levine JE. Timing and completion of puberty in female mice depend on 

estrogen receptor alpha-signaling in kisspeptin neurons. Proc Natl Acad 

Sci U S A 2010; 107:22693-22698 

201. Shughrue PJ, Lane MV, Merchenthaler I. Comparative distribution of 

estrogen receptor-alpha and -beta mRNA in the rat central nervous 

system. J Comp Neurol 1997; 388:507-525 

202. Mitra SW, Hoskin E, Yudkovitz J, Pear L, Wilkinson HA, Hayashi S, Pfaff 

DW, Ogawa S, Rohrer SP, Schaeffer JM, McEwen BS, Alves SE. 

Immunolocalization of estrogen receptor beta in the mouse brain: 

comparison with estrogen receptor alpha. Endocrinology 2003; 144:2055-

2067 



 136  
 

203. Osterlund M, Kuiper GG, Gustafsson JA, Hurd YL. Differential distribution 

and regulation of estrogen receptor-alpha and -beta mRNA within the 

female rat brain. Brain Res Mol Brain Res 1998; 54:175-180 

204. Couse JF, Yates MM, Walker VR, Korach KS. Characterization of the 

hypothalamic-pituitary-gonadal axis in estrogen receptor (ER) null mice 

reveals hypergonadism and endocrine sex reversal in females lacking 

ERalpha but not ERbeta. Mol Endocrinol 2003; 17:1039-1053 

205. Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, Smithies O. 

Alteration of reproductive function but not prenatal sexual development 

after insertional disruption of the mouse estrogen receptor gene. Proc Natl 

Acad Sci U S A 1993; 90:11162-11166 

206. Dellovade TL, Merchenthaler I. Estrogen regulation of neurokinin B gene 

expression in the mouse arcuate nucleus is mediated by estrogen 

receptor alpha. Endocrinology 2004; 145:736-742 

207. Nomura M, McKenna E, Korach KS, Pfaff DW, Ogawa S. Estrogen 

receptor-beta regulates transcript levels for oxytocin and arginine 

vasopressin in the hypothalamic paraventricular nucleus of male mice. 

Brain research Molecular brain research 2002; 109:84-94 

208. Waters EM, Mitterling K, Spencer JL, Mazid S, McEwen BS, Milner TA. 

Estrogen receptor alpha and beta specific agonists regulate expression of 

synaptic proteins in rat hippocampus. Brain research 2009; 1290:1-11 



 137  
 

209. Muir JL, Pfister HP. Time course of the corticosterone and prolactin 

response following predictable and unpredictable novelty stress in Rattus 

norvegicus. Physiology & behavior 1987; 40:103-107 

210. Otsuki M, Gao H, Dahlman-Wright K, Ohlsson C, Eguchi N, Urade Y, 

Gustafsson J. Specific regulation of lipocalin-type prostaglandin D 

synthase in mouse heart by estrogen receptor beta. Molecular 

Endocrinology 2003; 17:1844–1855 

211. Harrington WR, Sheng S, Barnett DH, Petz LN, Katzenellenbogen JA, 

Katzenellenbogen BS. Activites of estrogen receptor alpha- and beta-

selective ligands at diverse estrogen responsive gene sites mediating 

transactivation or transrepression. Mol Cell Endocrinol 2003; 206:13-22 

212. Lund TD, Munson DJ, Haldy ME, Handa RJ. Dihydrotestosterone may 

inhibit hypothalamo-pituitary-adrenal activity by acting through estrogen 

receptor in the male mouse. Neurosci Lett 2004; 365:43-47 

213. Wang L, Moenter SM. Fast glutamatergic transmission to hypothalamic 

kisspeptin neurons is regulated in an estrous cycle-dependent manner. 

Paper presented at: Society for Neuroscience Annual Meeting2014; 

Washington, D.C. 

214. Penatti CAA, Davis MC, Porter DM, Henderson LP. Altered GABAA 

Receptor-Mediated Synaptic Transmission Disrupts the Firing of 

Gonadotropin-Releasing Hormone Neurons in Male Mice under 

Conditions That Mimic Steroid Abuse. J Neurosci 2010; 30:6497-6506 



 138  
 

215. Gore AC. GnRH: The Master Molecule of Reproduction. Norwell, MA: 

Kluwer Academic Publishers. 

216. Chu Z, Andrade J, Shupnik MA, Moenter SM. Differential Regulation of 

Gonadotropin-Releasing Hormone Neuron Activity and Membrane 

Properties by Acutely Applied Estradiol: Dependence on Dose and 

Estrogen Receptor Subtype. J Neurosci 2009; 29:5616-5627 

217. Herbison AE, Moenter SM. Depolarising and hyperpolarising actions of 

GABA(A) receptor activation on gonadotrophin-releasing hormone 

neurones: towards an emerging consensus. J Neuroendocrinol 2011; 

23:557-569 

218. Liu X, Porteous R, d'Anglemont de Tassigny X, Colledge WH, Millar R, 

Petersen SL, Herbison AE. Frequency-Dependent Recruitment of Fast 

Amino Acid and Slow Neuropeptide Neurotransmitter Release Controls 

Gonadotropin-Releasing Hormone Neuron Excitability. J Neurosci 2011; 

31:2421-2430 

219. DeFazio RA, Heger S, Ojeda SR, Moenter SM. Activation of A-Type 

{gamma}-Aminobutyric Acid Receptors Excites Gonadotropin-Releasing 

Hormone Neurons. Mol Endocrinol 2002; 16:2872-2891 

220. Chen P, Moenter SM. GABAergic Transmission to Gonadotropin-

Releasing Hormone (GnRH) Neurons Is Regulated by GnRH in a 

Concentration-Dependent Manner Engaging Multiple Signaling Pathways. 

J Neurosci 2009; 29:9809-9818 



 139  
 

221. Christian CA, Moenter SM. Estradiol induces diurnal shifts in GABA 

transmission to gonadotropin-releasing hormone neurons to provide a 

neural signal for ovulation. J Neurosci 2007; 27:1913-1921 

222. Christian CA, Mobley JL, Moenter SM. Diurnal and estradiol-dependent 

changes in gonadotropin-releasing hormone neuron firing activity. Proc 

Natl Acad Sci USA 2005; 102:15682-15687 

223. Sullivan SD, Moenter SM. GABAergic integration of progesterone and 

androgen feedback to gonadotropin-releasing hormone neurons. Biology 

of reproduction 2005; 72:33-41 

224. Jansen HT, Cutter C, Hardy S, Lehman MN, Goodman RL. Seasonal 

Plasticity within the GnRH System of the Ewe: Changes in Identified 

GnRH Inputs and in Glial Association. Endocrinology 2003; 144:3663-

3676 

225. Pompolo S, Pereira A, Kaneko T, Clarke IJ. Seasonal changes in the 

inputs to gonadotropin-releasing hormone neurones in the ewe brain: an 

assessment by conventional fluorescence and confocal microscopy. J 

Neuroendocrinology 2003; 15:538-545 

226. Sullivan SD, DeFazio RA, Moenter SM. Metabolic regulation of fertility 

through presynaptic and postsynaptic signaling to gonadotropin-releasing 

hormone neurons. J Neurosci 2003; 23:8578-8585 

227. Flugge G, Oertel WH, Wuttke W. Evidence for estrogen-receptive 

GABAergic neurons in the preoptic/anterior hypothalamic area of the rat 

brain. Neuroendocrinology 1986; 43:1-5 



 140  
 

228. Turi GF, Liposits Z, Moenter SM, Fekete C, Hrabovszky E. Origin of 

neuropeptide Y-containing afferents to gonadotropin-releasing hormone 

neurons in male mice. Endocrinology 2003; 144:4967-4974 

229. Thackray VG, Mellon PL, Coss D. Hormones in synergy: regulation of the 

pituitary gonadotropin genes. Mol Cell Endocrinol 2010; 314:192-203 

230. Ruka KA, Burger LL, Moenter SM. Both estrogen and androgen modify 

the response to activation of neurokinin-3 and κ-opioid receptors in 

arcuate kisspeptin neurons from male mice. Endocrinology 2015; under 

review 

231. Qiu J, Fang Y, Bosch MA, Ronnekleiv OK, Kelly MJ. Guinea pig kisspeptin 

neurons are depolarized by leptin via activation of TRPC channels. 

Endocrinology 2011; 152:1503-1514 

232. Zhang C, Bosch MA, Qiu J, Ronnekleiv OK, Kelly MJ. 17beta-Estradiol 

increases persistent Na(+) current and excitability of AVPV/PeN Kiss1 

neurons in female mice. Mol Endocrinol 2015; 29:518-527 

233. Zagotta WN, Siegelbaum SA. Structure and function of cyclic nucleotide-

gated channels. Annu Rev Neurosci 1996; 19:235-263 

234. Perez-Reyes E. Molecular physiology of low-voltage-activated T-type 

calcium channels. Physiol Rev 2003; 83:117-161 

235. Crill WE. Persistent sodium current in mammalian central neurons. Ann 

Rev Physiol 1996; 58:349-362 

236. Bicknell RJ. Optimizing release from peptide hormone secretory nerve 

terminals. J Exp Biol 1988; 139:51-65 



 141  
 

237. Shakiryanova D, Tully A, Hewes RS, Deitcher DL, Levitan ES. Activity-

dependent liberation of synaptic neuropeptide vesicles. Nat Neurosci 

2005; 8:173-178 

238. Masterson SP, Li J, Bickford ME. Frequency-dependent release of 

substance P mediates heterosynaptic potentiation of glutamatergic 

synaptic responses in the rat visual thalamus. J Neurophysiol 2010; 

104:1758-1767 

239. Zhang C, Bosch MA, Levine JE, Ronnekleiv OK, Kelly MJ. Gonadotropin-

releasing hormone neurons express K(ATP) channels that are regulated 

by estrogen and responsive to glucose and metabolic inhibition. J 

Neurosci 2007; 27:10153-10164 

240. Zhang C, Bosch MA, Rick EA, Kelly MJ, Ronnekleiv OK. 17{beta}-

Estradiol Regulation of T-Type Calcium Channels in Gonadotropin-

Releasing Hormone Neurons. J Neurosci 2009; 29:10552-10562 

241. Chu Z, Takagi H, Moenter SM. Hyperpolarization-activated currents in 

gonadotropin-releasing hormone (GnRH) neurons contribute to intrinsic 

excitability and are regulated by gonadal steroid feedback. J Neurosci 

2010; 30:13373-13383 

242. Copel C, Osorio N, Crest M, Gola M, Delmas P, Clerc N. Activation of 

neurokinin 3 receptor increases Na(v)1.9 current in enteric neurons. J 

Physiol 2009; 587:1461-1479 



 142  
 

243. Inoue K, Nakazawa K, Inoue K, Fujimori K. Nonselective cation channels 

coupled with tachykinin receptors in rat sensory neurons. J Neurophysiol 

1995; 73:736-742 

244. Pieri M, Severini C, Amadoro G, Carunchio I, Barbato C, Ciotti MT, Zona 

C. AMPA receptors are modulated by tachykinins in rat cerebellum 

neurons. J Neurophysiol 2005; 94:2484-2490 

245. Sculptoreanu A, de Groat WC. Protein kinase C is involved in neurokinin 

receptor modulation of N- and L-type Ca2+ channels in DRG neurons of 

the adult rat. J Neurophysiol 2003; 90:21-31 

246. Yamada T, Endoh T, Suzuki T. Tachykinin-depolarizations mediated by 

neurokinin-3 receptors in the hamster submandibular ganglion cells. Bull 

Tokyo Dent Coll 1998; 39:123-126 

247. Clayton CC, Xu M, Chavkin C. Tyrosine phosphorylation of Kir3 following 

kappa-opioid receptor activation of p38 MAPK causes heterologous 

desensitization. J Biol Chem 2009; 284:31872-31881 

248. Zhang C, Tonsfeldt KJ, Qiu J, Bosch MA, Kobayashi K, Steiner RA, Kelly 

MJ, Ronnekleiv OK. Molecular mechanisms that drive estradiol-dependent 

burst firing of Kiss1 neurons in the rostral periventricular preoptic area. Am 

J Physiol Endocrinol Metab 2013; 305:E1384-1397 

249. Lemos JC, Roth CA, Chavkin C. Signaling events initiated by kappa opioid 

receptor activation: quantification and immunocolocalization using 

phospho-selective KOR, p38 MAPK, and K(IR) 3.1 antibodies. Methods 

Mol Biol 2011; 717:197-219 



 143  
 

250. Coetzee WA, Amarillo Y, Chiu J, Chow A, Lau D, McCormack T, Moreno 

H, Nadal MS, Ozaita A, Pountney D, Saganich M, Vega-Saenz de Miera 

E, Rudy B. Molecular diversity of K+ channels. Annals of the New York 

Academy of Sciences 1999; 868:233-285 

251. DeFazio RA, Moenter SM. Estradiol Feedback Alters Potassium Currents 

and Firing Properties of Gonadotropin-Releasing Hormone Neurons. Mol 

Endocrinol 2002; 16:2255-2265 

252. Piet R, Boehm U, Herbison AE. Estrous cycle plasticity in the 

hyperpolarization-activated current ih is mediated by circulating 17beta-

estradiol in preoptic area kisspeptin neurons. J Neurosci 2013; 33:10828-

10839 

253. Goodman RL, Hileman SM, Nestor CC, Porter KL, Connors JM, Hardy SL, 

Millar RP, Cernea M, Coolen LM, Lehman MN. Kisspeptin, neurokinin B, 

and dynorphin act in the arcuate nucleus to control activity of the GnRH 

pulse generator in ewes. Endocrinology 2013; 154:4259-4269 

254. Alcin E, Sahu A, Ramaswamy S, Hutz ED, Keen KL, Terasawa E, Bethea 

CL, Plant TM. Ovarian regulation of kisspeptin neurones in the arcuate 

nucleus of the rhesus monkey (macaca mulatta). J Neuroendocrinol 2013; 

25:488-496 

255. Xu Z, Kaga S, Mochiduki A, Tsubomizu J, Adachi S, Sakai T, Inoue K, 

Adachi AA. Immunocytochemical localization of kisspeptin neurons in the 

rat forebrain with special reference to sexual dimorphism and interaction 

with GnRH neurons. Endocr J 2012; 59:161-171 



 144  
 

256. Cholanian M, Krajewski-Hall SJ, McMullen NT, Rance NE. Chronic 

oestradiol reduces the dendritic spine density of KNDy 

(kisspeptin/neurokinin B/dynorphin) neurones in the arcuate nucleus of 

ovariectomised Tac2-enhanced green fluorescent protein transgenic mice. 

J Neuroendocrinol 2015; 27:253-263 

257. Wakabayashi Y, Yamamura T, Sakamoto K, Mori Y, Okamura H. 

Electrophysiological and morphological evidence for synchronized GnRH 

pulse generator activity among Kisspeptin/neurokinin B/dynorphin A 

(KNDy) neurons in goats. J Reprod Dev 2013; 59:40-48 

258. Shigemoto R, Yokota Y, Tsuchida K, Nakanishi S. Cloning and expression 

of a rat neuromedin K receptor cDNA. J Biol Chem 1990; 265:623-628 

259. Maggi CA, Patacchini R, Rovero P, Giachetti A. Tachykinin receptors and 

tachykinin receptor antagonists. J Auton Pharmacol 1993; 13:23-93 

260. Navarro VM, Bosch MA, Leon S, Simavli S, True C, Pinilla L, Carroll RS, 

Seminara SB, Tena-Sempere M, Ronnekleiv OK, Kaiser UB. The 

integrated hypothalamic tachykinin-kisspeptin system as a central 

coordinator for reproduction. Endocrinology 2015; 156:627-637 

261. Yamamura T, Wakabayashi Y, Ohkura S, Navarro VM, Okamura H. 

Effects of intravenous administration of neurokinin receptor subtype-

selective agonists on gonadotropin-releasing hormone pulse generator 

activity and luteinizing hormone secretion in goats. J Reprod Dev 2015; 

61:20-29 



 145  
 

262. Xue H, Yang C, Ge X, Sun W, Li C, Qi M. Kisspeptin regulates 

gonadotropin-releasing hormone secretion in gonadotropin-releasing 

hormone/enhanced green fluorescent protein transgenic rats. Neural 

Regen Res 2013; 8:162-168 

263. Liu X, Herbison A. Kisspeptin regulation of arcuate neuron excitability in 

kisspeptin receptor knockout mice. Endocrinology 2015; 156:1815-1827 

264. Oishi S, Misu R, Tomita K, Setsuda S, Masuda R, Ohno H, Naniwa Y, 

Ieda N, Inoue N, Ohkura S, Uenoyama Y, Tsukamura H, Maeda K, 

Hirasawa A, Tsujimoto G, Fujii N. Activation of Neuropeptide FF 

Receptors by Kisspeptin Receptor Ligands. ACS Med Chem Lett 2011; 

2:53-57 

265. Lyubimov Y, Engstrom M, Wurster S, Savola JM, Korpi ER, Panula P. 

Human kisspeptins activate neuropeptide FF2 receptor. Neuroscience 

2010; 170:117-122 

266. Elhabazi K, Humbert JP, Bertin I, Schmitt M, Bihel F, Bourguignon JJ, 

Bucher B, Becker JA, Sorg T, Meziane H, Petit-Demouliere B, Ilien B, 

Simonin F. Endogenous mammalian RF-amide peptides, including PrRP, 

kisspeptin and 26RFa, modulate nociception and morphine analgesia via 

NPFF receptors. Neuropharmacology 2013; 75:164-171 

267. Poling MC, Quennell JH, Anderson GM, Kauffman AS. Kisspeptin 

neurones do not directly signal to RFRP-3 neurones but RFRP-3 may 

directly modulate a subset of hypothalamic kisspeptin cells in mice. J 

Neuroendocrinol 2013; 25:876-886 



 146  
 

268. Tsutsui K, Saigoh E, Ukena K, Teranishi H, Fujisawa Y, Kikuchi M, Ishii S, 

Sharp PJ. A novel avian hypothalamic peptide inhibiting gonadotropin 

release. Biochem Biophys Res Commun 2000; 275:661-667 

269. Ubuka T, Son YL, Tobari Y, Tsutsui K. Gonadotropin-inhibitory hormone 

action in the brain and pituitary. Front Endocrinol (Lausanne) 2012; 3:148 

270. Constantin S, Iremonger KJ, Herbison AE. In vivo recordings of GnRH 

neuron firing reveal heterogeneity and dependence upon GABAA receptor 

signaling. J Neurosci 2013; 33:9394-9401 

271. Wu M, Dumalska I, Morozova E, van den Pol AN, Alreja M. Gonadotropin 

inhibitory hormone inhibits basal forebrain vGluT2-gonadotropin-releasing 

hormone neurons via a direct postsynaptic mechanism. J Physiol 2009; 

587:1401-1411 

272. Ducret E, Anderson GM, Herbison AE. RFamide-Related Peptide-3, a 

Mammalian Gonadotropin-Inhibitory Hormone Ortholog, Regulates 

Gonadotropin-Releasing Hormone Neuron Firing in the Mouse. 

Endocrinology 2009; 150:2799-2804 

273. Yip SH, Boehm U, Herbison AE, Campbell RE. Conditional Viral Tract 

Tracing Delineates the Projections of the Distinct Kisspeptin Neuron 

Populations to Gonadotropin-Releasing Hormone (GnRH) Neurons in the 

Mouse. Endocrinology 2015; 156:2582-2594 

274. Kallo I, Vida B, Bardoczi Z, Szilvasy-Szabo A, Rabi F, Molnar T, Farkas I, 

Caraty A, Mikkelsen J, Coen CW, Hrabovszky E, Liposits Z. 



 147  
 

Gonadotropin-releasing hormone neurones innervate kisspeptin neurones 

in the female mouse brain. Neuroendocrinology 2013; 98:281-289 

275. Hu MH, Li XF, McCausland B, Li SY, Gresham R, Kinsey-Jones JS, 

Gardiner JV, Sam AH, Bloom SR, Poston L, Lightman SL, Murphy KG, 

O'Byrne KT. Relative Importance of the Arcuate and Anteroventral 

Periventricular Kisspeptin Neurons in Control of Puberty and Reproductive 

Function in Female Rats. Endocrinology 2015; 156:2619-2631 

276. Merkley CM, Coolen LM, Goodman RL, Lehman MN. Evidence for 

Changes in Numbers of Synaptic Inputs onto KNDy and GnRH Neurones 

during the Preovulatory LH Surge in the Ewe. J Neuroendocrinol 2015; 

27:624-635 

277. True C, Verma S, Grove KL, Smith MS. Cocaine- and amphetamine-

regulated transcript is a potent stimulator of GnRH and kisspeptin cells 

and may contribute to negative energy balance-induced reproductive 

inhibition in females. Endocrinology 2013; 154:2821-2832 

278. Backholer K, Smith JT, Rao A, Pereira A, Iqbal J, Ogawa S, Li Q, Clarke 

IJ. Kisspeptin cells in the ewe brain respond to leptin and communicate 

with neuropeptide Y and proopiomelanocortin cells. Endocrinology 2010; 

151:2233-2243 

279. Kumar D, Periasamy V, Freese M, Voigt A, Boehm U. In Utero 

Development of Kisspeptin/GnRH Neural Circuitry in Male Mice. 

Endocrinology 2015; 156:3084-3090 



 148  
 

280. Kumar D, Freese M, Drexler D, Hermans-Borgmeyer I, Marquardt A, 

Boehm U. Murine arcuate nucleus kisspeptin neurons communicate with 

GnRH neurons in utero. J Neurosci 2014; 34:3756-3766 

281. Kumar D, Candlish M, Periasamy V, Avcu N, Mayer C, Boehm U. 

Specialized subpopulations of kisspeptin neurons communicate with 

GnRH neurons in female mice. Endocrinology 2015; 156:32-38 

282. Matsuyama S, Ohkura S, Mogi K, Wakabayashi Y, Mori Y, Tsukamura H, 

Maeda K, Ichikawa M, Okamura H. Morphological evidence for direct 

interaction between kisspeptin and gonadotropin-releasing hormone 

neurons at the median eminence of the male goat: an immunoelectron 

microscopic study. Neuroendocrinology 2011; 94:323-332 

283. Uenoyama Y, Inoue N, Pheng V, Homma T, Takase K, Yamada S, Ajiki K, 

Ichikawa M, Okamura H, Maeda KI, Tsukamura H. Ultrastructural 

evidence of kisspeptin-gonadotrophin-releasing hormone (GnRH) 

interaction in the median eminence of female rats: implication of axo-

axonal regulation of GnRH release. J Neuroendocrinol 2011; 23:863-870 

284. Kallo I, Vida B, Deli L, Molnar CS, Hrabovszky E, Caraty A, Ciofi P, Coen 

CW, Liposits Z. Co-localisation of kisspeptin with galanin or neurokinin B 

in afferents to mouse GnRH neurones. J Neuroendocrinol 2012; 24:464-

476 

285. Boukhliq R, Goodman RL, Berriman SJ, Adrian B, Lehman MN. A subset 

of gonadotropin-releasing hormone neurons in the ovine medial basal 



 149  
 

hypothalamus is activated during increased pulsatile luteinizing hormone 

secretion. Endocrinology 1999; 140:5929-5936 

286. Sakamoto K, Murata K, Wakabayashi Y, Yayou K, Ohkura S, Takeuchi Y, 

Mori Y, Okamura H. Central administration of neurokinin B activates 

kisspeptin/NKB neurons in the arcuate nucleus and stimulates luteinizing 

hormone secretion in ewes during the non-breeding season. J Reprod 

Dev 2012; 58:700-706 

287. Overgaard A, Ruiz-Pino F, Castellano JM, Tena-Sempere M, Mikkelsen 

JD. Disparate changes in kisspeptin and neurokinin B expression in the 

arcuate nucleus after sex steroid manipulation reveal differential regulation 

of the two KNDy peptides in rats. Endocrinology 2014; 155:3945-3955 

288. Mittelman-Smith MA, Williams H, Krajewski-Hall SJ, Lai J, Ciofi P, 

McMullen NT, Rance NE. Arcuate kisspeptin/neurokinin B/dynorphin 

(KNDy) neurons mediate the estrogen suppression of gonadotropin 

secretion and body weight. Endocrinology 2012; 153:2800-2812 

289. Beale KE, Kinsey-Jones JS, Gardiner JV, Harrison EK, Thompson EL, Hu 

MH, Sleeth ML, Sam AH, Greenwood HC, McGavigan AK, Dhillo WS, 

Mora JM, Li XF, Franks S, Bloom SR, O'Byrne KT, Murphy KG. The 

physiological role of arcuate kisspeptin neurons in the control of 

reproductive function in female rats. Endocrinology 2014; 155:1091-1098 

290. Ruiz-Pino F, Navarro VM, Bentsen AH, Garcia-Galiano D, Sanchez-

Garrido MA, Ciofi P, Steiner RA, Mikkelsen JD, Pinilla L, Tena-Sempere 

M. Neurokinin B and the control of the gonadotropic axis in the rat: 



 150  
 

developmental changes, sexual dimorphism, and regulation by gonadal 

steroids. Endocrinology 2012; 153:4818-4829 

291. Cholanian M, Krajewski-Hall SJ, Levine RB, McMullen NT, Rance NE. 

Electrophysiology of arcuate neurokinin B neurons in female Tac2-EGFP 

transgenic mice. Endocrinology 2014; 155:2555-2565 

292. Tomikawa J, Uenoyama Y, Ozawa M, Fukanuma T, Takase K, Goto T, 

Abe H, Ieda N, Minabe S, Deura C, Inoue N, Sanbo M, Tomita K, 

Hirabayashi M, Tanaka S, Imamura T, Okamura H, Maeda K, Tsukamura 

H. Epigenetic regulation of Kiss1 gene expression mediating estrogen-

positive feedback action in the mouse brain. Proc Natl Acad Sci U S A 

2012; 109:E1294-1301 

293. Goto T, Tomikawa J, Ikegami K, Minabe S, Abe H, Fukanuma T, Imamura 

T, Takase K, Sanbo M, Tomita K, Hirabayashi M, Maeda K, Tsukamura H, 

Uenoyama Y. Identification of hypothalamic arcuate nucleus-specific 

enhancer region of Kiss1 gene in mice. Mol Endocrinol 2015; 29:121-129 

294. Dubois SL, Acosta-Martinez M, DeJoseph MR, Wolfe A, Radovick S, 

Boehm U, Urban JH, Levine JE. Positive, but not negative feedback 

actions of estradiol in adult female mice require estrogen receptor alpha in 

kisspeptin neurons. Endocrinology 2015; 156:1111-1120 

295. Ricu MA, Moenter SM. Long-term simultaneous recordings of action 

potential firing activity of arcuate kisspeptin-expressing neurons and 

gonadotropin-releasing hormone (GnRH) release reveal limited 



 151  
 

coordination. Paper presented at: Society for the Study of Reproduction, 

47th Annual Meeting2014; Grand Rapids, MI 

296. Dacks PA, Krajewski SJ, Rance NE. Activation of neurokinin 3 receptors 

in the median preoptic nucleus decreases core temperature in the rat. 

Endocrinology 2011; 152:4894-4905 

297. Sakamoto K, Wakabayashi Y, Yamamura T, Tanaka T, Takeuchi Y, Mori 

Y, Okamura H. A population of kisspeptin/neurokinin B neurons in the 

arcuate nucleus may be the central target of the male effect phenomenon 

in goats. PLoS One 2013; 8:e81017 

 


