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Abstract

Work during the last decade has led to a novel hypothesis for a question that is half a century old: 

how is the secretory activity of GnRH neurons synchronized to produce episodic GnRH secretion. 

This hypothesis posits that a group of neurons in the arcuate nucleus (ARC) that contain 

kisspeptin, neurokinin B (NKB), and dynorphin (known as KNDy neurons) fire simultaneously to 

drive each GnRH pulse. Kisspeptin is proposed to be the output signal to GnRH neurons with 

NKB and dynorphin acting within the KNDy network to initiate and terminate each pulse, 

respectively. This review will focus on the importance of neuroanatomical studies in general and, 

more specifically, on the work of Dr. Marcel Amstalden during his post-doctoral fellowship with 

the authors, to the development and testing of this hypothesis. Critical studies in sheep that laid the 

foundation for much of the KNDy hypothesis included the report that a group of neurons in the 

ARC contain both NKB and dynorphin and appear to form an interconnected network capable of 

firing synchronously, and Marcel’s observations that the NKB receptor is found in most KNDy 

neurons, but not in any GnRH neurons. Moreover, reports that almost all dynorphin-NKB neurons 

and kisspeptin neurons in the ARC contained steroid receptors led directly to their common 

identification as “KNDy” neurons. Subsequent anatomical work demonstrating that KNDy 

neurons project to GnRH somas and terminals, and that the kisspeptin receptors are found in 

GnRH, but not KNDy, neurons provided important tests of this hypothesis. Recent work has 

explored the time course of dynorphin release onto KNDy neurons, and begun to apply new 

approaches, such as RNAscope in situ hybridization, and the use of whole tissue optical clearing 

with light sheet microscopy. Together with other approaches, these anatomical techniques will 

allow continued exploration of the functions of the KNDy population as well as the possible role 

of other ARC neurons in generation of GnRH pulses.
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1. Introduction

It has now been 50 years since the episodic nature of tonic LH secretion was first described 

(1), which led to the hypothesis that GnRH release also occurred episodically. This 

hypothesis was directly verified by measurements of GnRH in hypophysial portal blood (2) 

and push-pull perfusates of the median eminence (3). These observations raised the 

intriguing question of how the activity of the anatomically-dispersed population of GnRH 

neurons (4) was synchronized to produce brief bursts of release. The neural elements 

responsible became known as the GnRH pulse generator and, as reviewed elsewhere (5,6) 

several mechanisms have been proposed to account for this phenomenon. However, it is only 

in the last decade that the current hypothesis for GnRH pulse generation was developed and 

tested.

This hypothesis, in its most basic form, proposes that a group of neurons in the arcuate 

nucleus (ARC) that contain kisspeptin, neurokinin B (NKB), and dynorphin (now known as 

KNDy neurons) form an interconnected network that fires synchronously to drive GnRH 

release during a pulse (7–10). The hypothesis also proposed that kisspeptin was the output 

signal from KNDy neurons that drives GnRH secretion and NKB and dynorphin act as start 

and stop signals, respectively, within the KNDy network. A variety of different approaches 

in a number of species provided vital support for the development and testing of this 

hypothesis. These include genetic studies in humans (11–13), knock-out (14) and 

optogenetic (15,16) work in rodents, electrophysiological recordings of single-cell activity in 

murine slices (17,18) and multi-unit activity in goats (19), use of receptor antagonists (20–

22), and neuroanatomical data (23) from rodents (7), ruminants (19,24) and primates 

(25,26).

This review will focus on the neuroanatomical data from domestic animals (primarily sheep) 

that contributed to this hypothesis. We chose this topic for a review honoring the life and 

work of Dr. Marcel Amstalden for two reasons. First, Marcel recognized the importance of 

neuroanatomical studies and large animal models to understanding the physiological role of 

different systems within the hypothalamic-hypophysial unit and contributed to some of the 

work described here. Second, neuroanatomical studies in domestic animals and other 

species, that some might consider “descriptive in nature”, played a critical role in the 

development of the KNDy hypothesis for GnRH pulse generation. We will first describe 

early work that led to the discovery of KNDy neurons and provided key information on their 

characteristics. We will next describe neuroanatomical information that was important for 

the test of this hypothesis. Finally, we will briefly consider current work and possible future 

directions. It is important to note that this the work in domestic animals complemented 

similar studies in rodents and non-human primates. While we will not describe these in 

detail due to space limitations, we have included references to this literature where 
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appropriate. These constraints also preclude a consideration of the limitations of 

neuroanatomical approaches, which are described in detail elsewhere (27).

2. Early work that laid the groundwork for the KNDy hypothesis

The discovery of KNDy neurons represented the integration of three largely independent 

lines of study. The earliest of these were studies on the role of endogenous opioid peptides 

(EOP) in the control of pulsatile LH secretion. The EOP can be considered the kisspeptin of 

the 1980s: they were first identified (28) as important for other physiological systems (e.g., 

pain perception) and work in humans (with an EOP receptor antagonist) was the first to 

indicate that they were involved in the control of episodic GnRH secretion (29). Early 

studies in humans (30), primates (31), and sheep (32,33) implicated EOP in the negative 

feedback actions of progesterone, so our initial work focused on which of the three EOP (β-

endorphin, dynorphin, and/or enkephalin) mediated the inhibitory actions of progesterone in 

sheep. We first tested the effects of local administration of antagonists to the three different 

EOP receptors (κ, μ, and δ) into the ovine medial basal hypothalamus (MBH), where the 

GnRH neurons that drive LH pulses are located (34). Because the antagonist to the 

dynorphin receptor (the κ-EOP receptor [KOR]), but not antagonists to μ- or δ-EOP 

receptors, increased LH pulse frequency in luteal phase ewes (35), subsequent studies 

concentrated on MBH dynorphin neurons that are found largely in the ARC. This study also 

found that almost all GnRH neurons in the MBH received synaptic input (based on 

correlative light microscopic and electron microscopic analyses) from dynorphin neurons 

(35), which was the first evidence that these ARC neurons projected to GnRH cells. Another 

important neuroanatomical observation on ovine ARC dynorphin neurons was that over 90% 

of them contained progesterone receptors (PR) (36). This not only supported their proposed 

role in progesterone negative feedback, but was also the first of three specific data sets that 

led to the identification of KNDy neurons.

The second line of study focused on NKB neurons in the ARC. The initial work in sheep 

was also based on work in humans, specifically the report that expression of mRNA for 

NKB in the human ARC increased in post-menopausal women (37). This led Goubillon et 

al., to characterize NKB-ir neurons in the ovine ARC (38). They observed that this 

population was sexually dimorphic, with more cells in females than males, and that 97% of 

them contained estrogen receptor-α (ERα). The very high levels of steroid receptors in ARC 

NKB and dynorphin neurons contrasted with the fairly low (10–20%) co-localization of 

these receptors in other ARC neurons (i.e., β-endorphin (39), neuropeptide Y (40), and 

dopaminergic (39) cells). This led Marcel and Chad Foradori to hypothesize that there was a 

single population of neurons that contained both NKB and dynorphin in the ovine ARC. 

They tested this hypothesis using dual-immunohistochemistry (IHC) and demonstrated that 

85% of NKB-positive ARC neurons also contained dynorphin and 88% of dynorphin-ir cells 

contained NKB (41). Similar, but not as extensive, co-localization of NKB and dynorphin in 

the ARC of rats was reported at the same time as this work in sheep (42,43), suggesting this 

might be seen across many species. Foradori et al., and one of the rodent studies (42), also 

observed that almost all of these neurons were contacted by vesicles that contained both 

dynorphin and NKB (Fig. 1A), which provided the initial evidence that these neurons form 

an interconnected network. Marcel then followed-up this study by examining expression of 
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the NKB receptor (NK3R) in both NKB and GnRH neurons (44). This study found no 

instance of co-localization of NK3R with GnRH in either the preoptic area or median 

eminence, even though NK3R-ir cells and fibers were evident in the same section (Fig 1B). 

In contrast, 64% of ARC NKB neurons also contained NK3R-ir (Fig 1C). These anatomical 

observations were the primary evidence that led to the hypothesis that NKB acts within the 

KNDy network, and not directly on GnRH neurons. A similar co-localization of NK3R and 

NKB was observed in rats (42), but in contrast to sheep, extensive co-localization of NK3R-

ir and GnRH was found in fiber tracts in this species and 16% of GnRH cell bodies also 

contained NK3R (45).

The final line of study began, of course, with the observations that loss-of-function 

mutations in the gene for the kisspeptin receptor disrupted GnRH secretion and thus 

produced infertility in humans (11,12). Neuroanatomical studies soon demonstrated that 

99% of murine ARC kisspeptin cells contained mRNA for ERα (46)and 93% of ovine ARC 

kisspeptin-ir neurons expressed ERα (47). Applying the same logic as was used to develop 

the hypothesis of NKB-dynorphin co-localization led to our report that 94% of ovine ARC 

kisspeptin neurons contained dynorphin and 80% of them contained NKB (24). Given the 

major focus of reproductive neuroendocrinologists on kisspeptin, this observation, which has 

been confirmed in mice (7), rats (48), and goats (19), generated considerable interest in the 

other two peptides, and particularly NKB. This interest was soon reinforced by the report 

that mutations disrupting NKB-NK3R signaling in humans produced infertility (13). The 

evidence that: 1) all three KNDy peptides played a major role in the control of GnRH pulses, 

2) two of them were necessary for fertility in humans, 3) KNDy neurons formed an 

interconnected network, 4) recording sites of the bursts in MUA that correlated with LH 

pulses were adjacent to KNDy neurons in goats (49), and 5) the known cellular distribution 

of NK3R and Kiss1r led four groups, working largely independently, to propose the KNDy 

hypothesis for pulse generation in 2009 (7) and 2010 (8–10).

3. Testing the KNDy hypothesis

The results of neuroanatomical studies also provided useful support for this hypothesis. 

Specifically, two lines of evidence tested the proposal that kisspeptin was the output signal 

from KNDy neurons to GnRH cells. One took advantage of previous work demonstrating 

that close contacts observed using confocal microscopy are synapses based on electron 

microscopy (50) and data that the three KNDy peptides and vGLUT (as a marker for 

glutamate (43)) represent a unique combination of transmitters found only in KNDy neurons 

(51). Thus triple-label IHC for GnRH and two of the KNDy peptides identified closed 

contacts on GnRH cell bodies in both the POA and MBH, as well as KNDy fibers in close 

proximity to GnRH fibers the median eminence in sheep (51). The latter have been 

confirmed by tract tracing studies in sheep (52), and dual immunoelectron microscopic 

analysis of tissue from goats indicated that kisspeptin-ir terminals contacted GnRH-

containing nerve terminals in this region (53). The second important observation was that 

mRNA for Kiss1r was found in almost all GnRH neurons, but not in any KNDy neurons in 

sheep (52) and mice (54,55). It should be noted that other ARC neurons contained Kiss1r 
(52,54), and there is some pharmacological evidence that they may be involved in the 
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generation of GnRH pulses (21,22). However, what role if any these non-KNDy ARC 

neurons have in episodic GnRH secretion remains to be resolved.

Tract-tracing work has also provided convincing evidence that KNDy neurons on each side 

of the third ventricle project to each other via axons that run under the ventricle in the 

internal zone of the median eminence (56). This anatomical study also received important 

functional support from evidence that MUA was synchronized between the two halves of the 

ARC (56). Taken together these data, which have been replicated in rodents (16,57), provide 

a simple explanation on how KNDy neural activity in each half of the ARC can be 

synchronized.

A final anatomical tool that has been used to test this hypothesis relies on use of c-Fos as an 

index of an increase in neural activity. Thus, the report that Fos expression in KNDy, but not 

POA kisspeptin, neurons increased in parallel with LH pulse frequency following OVX of 

ewes (58) is consistent with the KNDy hypothesis. Interestingly, an increase in Fos 

expression in KNDy cells was also seen in luteal phase ewes, but only if tissue was collected 

shortly after an endogenous pulse (59). Thus, Fos expression, and presumably KNDy neural 

activity, correlates specifically with the occurrence of a GnRH/LH pulse. Finally, the 

observation that an icv NKB treatment that induced an LH pulse also increased Fos 

expression in ovine KNDy neurons, supports (60) the proposed role for NKB in pulse 

initiation.

While neuroanatomical data was a foundation for the KNDy hypothesis and a useful initial 

test of it, pharmacological approaches in domestic animals provided stronger support for it 

as well as insights into possible underlying mechanisms. For example, icv administration of 

either a KISS1R (61) or a NK3R (62) antagonist inhibited LH pulses in OVX ewes, as did 

local administration of these to the ARC (22). In contrast, antagonists to KOR increased LH 

pulse frequency when given either icv (19) or into the ARC (22). Not surprisingly, the 

opposite effects were observed with agonists to NK3R and KOR (19).

Although they are beyond the scope of this review, it is important to point out that 

pharmacological, genetic, and optogenetic studies in rodents have also produced strong 

support for the KNDy hypothesis, with one study providing a definitive test that KNDy 

neurons are the GnRH pulse generator (15). However, this work has also raised the 

possibility of significant species differences. For example, there appears to be considerable 

redundancy in tachykinin signaling in rodents so that neurokinin A and/or substance P can 

compensate for the loss of NKB-NK3R signaling (63). In contrast, anatomical and 

pharmacological data indicate that similar redundancy does not occur in sheep (64). The role 

of dynorphin in pulse termination has also been questioned in other species (26). These 

species differences are beyond the scope of this discussion and interested readers are 

directed to other recent reviews (63,65).

4. Current work and future directions

One of the key components of the KNDy hypothesis of pulse generation has been the role of 

dynorphin as the stop signal responsible for terminating each GnRH/LH pulse, acting via 
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KOR in the MBH. Although the presumption was that this occurred directly via KOR in 

KNDy neurons, initial in situ hybridization (ISH) studies in mouse suggested that only a 

small percentage of KNDy neurons co-expressed KOR mRNA (7). Marcel carried out early 

preliminary work examining the question of KOR localization in the sheep hypothalamus, 

successfully using single-label ISH with radiolabeled probes to determine the distribution of 

KOR in the ovine preoptic area and hypothalamus (66). However, the low abundance of 

KOR mRNA, together with long times of exposure to photographic emulsion solutions 

required for this procedure, made detection of KNDy peptide immunoreactivity in the same 

sections problematic. However, these ISH data provided valuable information that was used 

for the validation of a polyclonal antibody which allowed reliable, multiple-label IHC 

localization of KOR in KNDy and other neurons in the sheep brain (67). Using this 

antibody, KOR was found co-localized in a large majority (94%) of KNDy neurons and 

surprisingly, also in a majority (75%) of GnRH neurons in the sheep as well as in the rat 

(67). The unexpected presence of KOR in GnRH neurons provided provocative evidence 

that, in addition to acting upon KNDy cells in sheep, and perhaps other species, dynorphin 

may be acting directly at the level of GnRH neurons to influence neuroendocrine release.

An added benefit of the ability to detect KOR with IHC was that it could be used to visualize 

receptor both at the cell surface and internalized in the cytosol (67). Internalization of G-

protein coupled receptors, such as KOR, occurs rapidly following ligand binding and 

receptor phosphorylation, and can be used as a marker for endogenous release of ligand 

upon the surface of individual neurons during behavioral and physiological events (68,69). 

For example, visualization of internalization of the μ-opioid receptor had been used to 

examine EOP release onto preoptic neurons during components of male sexual behavior in 

rats (69). Using this marker, we then addressed the question of when is dynorphin released 

upon KNDy neurons during a GnRH pulse. In this study, we used a sheep model in which 

NKB was delivered icv to induce a single GnRH/LH pulse, and within the discrete time 

period of that pulse, analyzed KOR internalization using IHC at both pulse onset and 

termination (70). The results showed striking internalization of KOR in the cytoplasm of 

KNDy neurons at both pulse onset (Fig. 1D, E) and termination, suggesting that dynorphin 

is released at, or very soon, after pulse onset and continues to be released for its duration. 

This time course of dynorphin action is consistent with an earlier report that iv infusion of 

the non-specific EOP receptor antagonist, naloxone, increased the amount of GnRH secreted 

during each pulse (71). Interesting, we found that KOR was also internalized in MBH GnRH 

neurons during an individual pulse; however, in contrast to the timing of internalization in 

KNDy neurons, KOR was internalized only at the end of a pulse and not during its onset 

(70). This evidence provided further support for the possibility that dynorphin acts upon 

both GnRH and KNDy neurons to terminate each pulse, and has led us to slightly modify the 

original KNDy hypothesis to incorporate this potential, additional site of action in the 

regulation of GnRH pulses (65).

Ongoing work has continued to incorporate innovative, new techniques and approaches into 

anatomical studies of the sheep reproductive neuroendocrine system responsible for GnRH 

pulses. One example is the use of newly developed, highly sensitive techniques for ISH such 

as RNAscope; using this technique, we have been able to simultaneously visualize mRNAs 

for kisspeptin, NKB and dynorphin in individual KNDy neurons (Fig. 2). This new 
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technique allows for quantitative measurement of multiple transcripts in response to steroid 

treatments or other protocols at a high level of anatomical detail. In addition to the ease of 

multiplex mRNA detection, RNAscope ISH also has the advantage of being able to process 

sections within a single day, as opposed to the weeks or months required for probe 

incubation in conventional ISH protocols. Another new technique recently incorporated into 

studies in the sheep is that of whole tissue optical clearing in conjunction with multiple-label 

IHC and light sheet microscopy to visualize the complete KNDy neuron population in the 

intact 3D hypothalamus (72). Whole brain optical clearing (modified iDISCO) allows us to 

map out and analyze the entire distribution of KNDy neurons in the sheep hypothalamus in 

the intact brain. Our initial use of this technique, in fact, revealed a previously undescribed 

kisspeptin cell population in the ventrolateral hypothalamus; this small population of cells 

had been previously missed using analysis of sectioned material due to the few numbers of 

cells in it (72). The use of whole brain optical clearing with multiple-label IHC and light 

sheet microscopy can potentially include detection of markers of cell activation, such as Fos, 

to identify functional sets of KNDy and other neurons in the intact brain active during 

episodic GnRH secretion. One major limitation to important anatomical studies in sheep, 

and other large animals, is the absence of models with Cre-drivers in specific neuronal 

populations. We hope that in the future, generation of transgenic sheep incorporating KNDy 

cell specific Cre-drivers will allow for the use of transgenic trans-synaptic tracing 

techniques, which combined with whole brain optical clearing and light sheet microscopy, 

could extend these analyses to examination of the synaptic connectivity of specific sets of 

neurons regulating neuroendocrine function (73).

Notwithstanding continued technical advances, several important theoretical questions 

remain concerning the KNDy hypothesis in the sheep with relevance to other species 

including humans. One of these is the functional role of Kiss1R neurons in the ARC. As 

noted above, Kiss1R neurons are a subset of ARC cells distinct from KNDy neurons, and 

delivery of Kiss1R antagonists into the ovine ARC significantly reduces LH pulse frequency 

(22), suggesting these cells may function as part of the local ARC circuitry regulating KNDy 

activity and thus the output signal to GnRH neurons. Additionally, observations that 

kisspeptin can reset the human GnRH/LH pulse generator (74) suggest this subpopulation 

may be functionally important for pulse generation in human health and disease. Another 

question related to the specific roles of KNDy peptides, and complementing our studies of 

KOR described above, is when does NK3R internalization occur during an endogenous 

GnRH/LH pulse? As the start signal hypothesized to be responsible for synchronization of 

KNDy neurons on both sides of the hypothalamus, we expect that NK3R will be internalized 

at the start of each pulse but it may be that, as is the case for KOR, the sites of action are 

more complex and wider than anticipated. Supporting this possibility are observations that 

non-KNDy cells containing both NK3R and KOR are numerous in the sheep ARC (75), and 

may serve as either an additional, intrinsic component of the GnRH pulse generator or as 

outputs for other functions associated with KNDy neurons (73).

5. Summary

Neuroanatomical work in sheep, and other species, even before the discovery of KNDy 

neurons, provided critical evidence that laid the foundation for the development of the 
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KNDy hypothesis for GnRH pulse generation. Subsequent studies, together with 

complementary pharmacological and electrophysiological approaches, not only provided 

important tests of this hypothesis, but also identified species variations in some aspects of it 

and led to proposed modifications of the original hypothesis. The latter included a possible 

role for non-KNDy neurons within the ARC and recent technical innovations will enable 

workers to assess the importance of the anatomical organization of KNDy cells and the 

functional role of local circuitry within the ARC. We would like to close by emphasizing the 

important contributions that Marcel Amstalden made to the early development of this 

hypothesis. He played a major role contributing to the demonstration that dynorphin and 

NKB are found in the same cells in the ovine ARC and form an interconnected network, and 

his description of the distribution of NK3R expression in the ovine hypothalamus, including 

its colocalization in NKB cells of the ARC, was key to the proposed role of NKB in pulse 

initiation as foundation for the KNDy hypothesis.
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Highlights

• Discovery of ARC NKB-dynorphin cells set stage for identification of KNDy 

neurons

• NK3R distribution suggested that NKB acts on interconnected KNDy neurons

• KNDy neurons project to GnRH soma and terminals

• Dynorphin acts during pulse on KNDy cells, but only at end of pulse on 

GnRH cells

• RNAscope and whole tissue optical clearing are important new approaches
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Fig. 1. 
Key anatomical observations supporting the KNDy hypothesis. A) Dual-immunolabelling in 

the sheep ARC showing an NKB (green)/dynorphin (red) terminal in direct contact with a 

NKB/dynorphin cell body, i.e., evidence for reciprocal contacts among KNDy cells (from 

Foradori et al. [40]); B, C) Dual-immunolabeled sections showing the lack of co-localization 

of NK3R (red) and GnRH (green) in the sheep POA but striking co-localization of NK3R 

and NKB (yellow) in the ARC (from Amstalden et al., 2010 [41]); D, E) internalization of 

KOR (red) in a kisspeptin-labeled (green) ovine KNDy neuron during onset of a GnRH/LH 

pulse. DAPI-labelled nuclei are blue in D and E. Green channel is removed in E to show 

cytoplasmic localization of internalized KOR-positive particles (from Weems et al. [62]).
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Fig. 2. 
Multiple-label fluorescent ISH using RNAscope demonstrating co-localization of mRNAs 

for kisspeptin (blue), NKB (green), and dynorphin (red) in KNDy neurons in the sheep. 

Neuron in box, Panel A, is shown in more detail in Panel B (from Moore at al. [57]).
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