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Table 1. Mean percentage (± SEM) o f  GnRH neurons in the POA and MBH receiving 
one or more NK3R-positive contact, mean number o f contacts per soma, and mean 
number o f  contacts per 10 pm cell surface analyzed. No significant differences (p values) 
were seen between GnRH cells in the POA and MBH.

| GnRH Neurons POA MBH P value

% Receiving one or more 
contacts

71.34 ± 8.12 79.05 ± 7.62 0.508

Total number of contacts 
on soma/animal

2.98 ±0.61 4.79 ± 0.99 0.158

Mean contacts/ 10 pm 
cell surtace

0.51 ±0.16 0.81 ±0.13 0.189
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Discussion:

In our first experiment, we analyzed the overall distribution and number o f 

NK3R-positive cells levels in various hypothalamic areas. Areas analyzed were those that 

had strong NK3R-IR according to our observations and which corresponded to the 

regional distribution o f NK3R-IR cells in the ewe as described by Amstalden et al (2009). 

The ARC, which is known to have the most prominent NK3R expression, was divided in 

to 3 rostral-caudal divisions for more detailed analysis in this study as done previously 

[24, 29]. Our preliminary observations revealed that the rostral ARC contained very few 

NK3R cells and fibers compared to the middle and the caudal ARC. Moreover, given that 

a vast majority o f  KNDy cells are found in the middle and caudal divisions [28, 29], we 

selected these sub-regions for detailed comparison between control and prenatal T 

animals.

We found that both mARC and cARC from prenatal-T treated ewes showed 

significantly diminished numbers o f  NK3R neurons compared to control animals. 

However, this trend was not seen in any other hypothalamic nuclei, even those regions 

which have been functionally implicated as being part o f reproductive neuroendocrine 

circuitry. For example, neither the mPOA, which contains more than half o f GnRH 

neurons [41 ], nor the lateral retrochiasmatic area, where local injections o f  NK3R agonist 

results in significant LH increase [8], demonstrated changes in NK3R expression with 

prenatal T treatment. However, these findings further emphasize the distinct and 

important role that the ARC plays in reproductive neuroendocrine function, and the 

neuroendocrine defects seen after prenatal T exposure.
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In the second experiment, we extended this finding by determining whether the 

changes in NK3R expression in the ARC occurred specifically in the KNDy cell 

populatioa As a marker for KNDy cells, we used kisspeptin immunoreactivity since 

previous work had shown that prenatal T decreases NKB and dynorphin, but not 

kisspeptin expression [29], and we wanted a marker for KNDy cells that would not be 

affected by the treatment itself. Using dual-label immunofluorescence for NK3R and 

kisspeptin, we found a significant decrease in the percentage of kisspeptin neurons in the 

ARC containing NK3R, suggesting that this decrease contributed to the overall decrease 

within the middle and caudal ARC seen in the first experiment. The feet that the 

converse, the percentage o f NK3R cells containing kisspeptin, showed no difference 

between control and prenatal T animals suggests that the overall decrease in ARC NK3R 

observed in the first experiment was largely due the loss o f NK3R expression in KNDy 

cells.

In contrast to the substantial degree o f  colocalization o f  NK3R seen in kisspeptin 

cells (47.13 ± 2.96 %) o f the ARC (KNDy cells), we found very little co localization 

(approximately 5%) o f NK3R in kisspeptin cells o f  the mPOA. Since, in Experiment 1, 

we had found no significant difference in NK3R cell number between control and 

prenatal T animals in mPOA, we decided not to compare NK3R expression in mPOA 

kisspeptin cells between control and prenatal T sheep.

Although importance ofbothkisspeptin/GPR54 and NKB/NK3R peptide-receptor 

signaling in the control o f GnRH secretion has been recognized, the relationship and 

interactions between the two systems with respect to overall reproductive neuroendocrine
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function has not been distinguished. Recent evidence from Ramaswamy and colleagues 

(2011) in male rhesus monkey, suggests that NKB acts upstream from the effects o f 

kisspeptin on GnRH secretion [42], This observation is consistent with the data from 

sheep, where GPR54, the kisspeptin receptor, is not found in KNDy cells, but are instead 

expressed in GnRH cells [34]. In addition, while there is evidence o f direct kisspeptin 

inputs onto GnRH neurons in sheep [35], the lack o f NK3R in GnRH neurons suggests 

that the effects o f  NKB on GnRH neurons is indirect, consistent with the notion that NKB 

action in the sheep is most likely upstream o f  kisspeptin receptor [24, 42]. The findings 

from our third experiment provide further support for this view.

In addition to confirming the absence o f NK3R expression in GnRH neurons, 

whether located in the POA or MBH, we found that >70% o f GnRH neurons possessed 

one or more contacts with NK3R-positive pre-synaptic terminals. The presence o f  these 

pre-synaptic NK3R terminals suggests NKB released from the same terminals may act in 

an autoregulatory, pre-synaptic manner to control the secretion o f  other 

neuropeptides/transmitters from KNDy inputs (e.g., kisspeptin, dynorphin). However, 

we would note that since we did not attempt to cofocalize other neuropeptide markers in 

NK3R-positive terminals contacting GnRH neurons, we cannot conclude unambiguously 

that these terminals arise only from KNDy cells.

As noted above, there is now strong evidence in a number o f species, including 

sheep, that NKB is stimulatory to GnRH and LH secretion [8-10, 13, 43-46] and that it 

may play a role in the generation o f  the preovulatory GnRH/LH surge [8]. Although
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KNDy cells have primarily been suggested to function as a component o f  the “GnRH 

pulse generator” [13, 24, 26, 30], there is also recent evidence suggesting that in the 

sheep, and perhaps other species, they may play a key role in the GnRH surge. 

Specifically, KNDy cells are activated during both the surge and pulsatile secretion [47], 

and estradiol implants in the vicinity o f  KNDy cells, but not elsewhere, are able to induce 

a GnRH/LH surge in the sheep [48]. In addition, micro injections o f senktide, a NK3R 

agonist, during the follicular phase in sheep results in an elevation o f  LH secretion very 

similar to that observed during normal preovulatory surge [8], and the combined infusion 

of senktide and kisspeptin results in greater LH release than infusions o f either by 

themselves [9]. From these observations, we can hypothesize how changes in 

NKB/NK3R in prenatal T animals, contribute to the defects seen in the timing and 

amplitude o f  the surge. Our working hypothesis (Fig. 10) is that a decrease in both NKB 

and NK3R in KNDy cells leads to an inability o f these cells to release kisspeptin in 

response to an estradiol positive feedback signal. The diminished kisspeptin, which 

serves as the stimulatory output signal o f  KNDy cells, accounts for the decreased 

GnRH/LH surge amplitude seen in prenatal T animals. Our observations o f  the 

localization o f  NK3R in terminals which are pre-synaptic to GnRH neurons, but not 

within GnRH neurons themselves, are consistent with a pre-synaptic site for NKB action 

and suggest that the stimulatory effects o f  NKB upon GnRH neurons are mediated by 

kisspeptin. The latter could be tested in future experiments (also see below) by 

determining whether kisspeptin antagonists are able to block the stimulatory effects o f

senktide.
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GnRH surge
Figure 10. Schematic diagram showing how decreased NKB/NK3R in KNDy cells may 
lead to an interruption of estradiol positive feedback. Consequently, this change will 
contribute to defects in timing and/or amplitude of the GnRH/LH surge.
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Another possible mediator for the stimulatory effects o f NKB on GnRH secretion 

is glutamate. KNDy neurons are glutamatergic [36], and glutamate is believed to play a 

important, stimulatory role in the GnRH surge [36, 47, 49, 50]. NKB could influence 

glutamatergic transmission onto GnRH neurons in two ways. The first is NKB may act 

as a glutamate sensitizing agent (GSA) affecting postsynaptic responsiveness; Severini et 

al (2003) showed that NK3R agonist resulted in increase in glutamate sensitivity in both a 

dose and time dependent manner, which could be abolished by administering NKB 

antagonist [52, 53]. The second possible mechanism of NKB’s influence on glutamate 

could be by increasing glutamate levels. This theory is based on observations by Stacey 

et al (2002) that senktide results in an increase in spontaneous release o f glutamate from 

neurons o f  hippocampus and entorhinal cortex [54], Both possibilities depend on 

NK3R/glutamate colocalization in terminals pre-synaptic to GnRH neurons, and this 

remains to be investigated.

There are several unanswered questions raised by our data. The first is the 

question o f  whether NK3R plays a role in the normal, physiological control o f  the GnRH 

surge during the estrous cycle, as well as in its dysfunction in prenatal T treated animals. 

A recent publication reported changes to level o f  NK3R mRNA throughout the estrous 

cycle in rodent, correlating how these changes may contribute to the LH surge [10], 

through similar studies in the sheep model, where hormonal dynamics across the cycle 

can be more accurately assessed, would be worthwhile. The control animals for the
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current study were sacrificed during late artificial follicular phase and hence, could serve 

as a baseline for comparisons across the entire estrous cycle.

I f  changes in NKB/NK3R signaling are important to the generation o f the normal 

GnRH/LH surge, as well as to the surge defects seen in prenatal T animals, then ICV 

administration o f  the NKB antagonist, SB222200, should block the surge in control 

animals. Conversely, administration o f  the NKB agonist, senktide, to prenatal T females 

should at least partially reverse the defects in GnRH surge timing and amplitude seen in 

prenatal T female sheep. These experiments would provide an important functional test 

of the role o f  NKB and NK3R in to control o f  the surge, and in the ability o f estradiol to 

exert its positive feedback influence on GnRH secretion.

In summary, we have shown that prenatal T results in permanent changes in 

expression o f the NKB receptor, NK3R, specifically in a brain region, the ARC, that 

plays important role in reproductive neuroendocrine functiou This change is due to a 

decrease in receptor expression in at least one identified neuronal population, KNDy 

cells, which in turn play an important role in the reproductive axis by contributing to 

control o f  pulsatile and surge GnRH sec ret io a  Finally, we have confirmed the absence 

ofpostsynaptic NK3R in GnRH neurons but have shown the presence o f  N O R  system in 

pre-synaptic terminals contacting them, suggesting a possible pre-synaptic site o f  action

for NKB in its influence on GnRH secretioa
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Chapter 3: Discussion

What is the functional impact of the changes in NK3R in prenatal T animals?

The findings from our first experiment suggest that prenatal T exposure 

diminished NK3R immunoreactivity in the ARC in a highly specific and confined 

manner. While both the middle and caudal divisions o f the ARC in prenatal- T treated 

sheep showed significantly decreased numbers o f NK3R cells compared to control ewes, 

changes were not seen in any other hypothalamic nuclei containing NK3R- 

immuno reactive cells. In our second experiment, we confirmed this effect o f  prenatal T in 

the ARC, and, using dual-label confbcal immunofluorescence, showed that this decrease 

was at least in part due to the loss o f  NK3R expression in KNDy cells. A major question 

remaining is whether the changes we observed have any relevance to the functional 

neuroendocrine deficits seen in this model o f  PCOS. We hypothesize based on current 

existing evidence, that decreased NKB-NK3R signaling seen in prenatal T animals may 

underlie functional defects in the timing and/or amplitude of the GnRH surge.
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Figure 1. Schematic diagram showing how decreased NKB/NK3Rin KNDy cells may lead to an interruption of 
estradiol positive feedback. Consequently, this change will contribute to defects in timing and/or amplitude of the 
GnRH/LH surge.

In the model proposed above (Fig. 1), increasing levels o f estradiol (E) during the 

early follicular phase lead to an activation o f KNDy cells, acting via ERa, and reflected 

by Fos expression in those cells at that time [1], Activation o f KNDy cells leads to 

increased release o f NKB within the reciprocal circuitry, stimulating additional KNDy 

neurons, and ultimately leading to increased kisspeptin release at presynaptic terminals 

on GnRH neurons. The combined actions of NKB and kisspeptin are responsible for the 

generation o f the GnRH, and thenLH, surge. This latter point is supported by evidence in 

the ewe [2] that intraventricular injections o f NK3R agonist during the follicular phase 

causes an LH elevation similar in duration and amplitude to preovulatory surge, as well 

as evidence in the rat that combined administration o f kisspeptin and NKB lead to greater 

LH release than either alone [3],
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In prenatal T females, there is a decrease in NKB and NK3R specifically within 

KNDy cells, although there may be decreased NK3R in other adjacent cells o f the ARC 

as well. The decrease in NKB/NK3R signaling represents a block in the cascade o f 

events following exposure to follicular phase levels o f E which prevents the increased 

NKB and kisspeptin release necessary for the full amplitude and/or timing o f the surge. 

It is conceivable that surge timing and amplitude may be affected independently: it may 

be, for example, that the time required for synchronized activation o f KNDy cells by 

NKB prior to the surge determines surge latency, while the release o f  kisspeptin and/or 

NKB at presynaptic terminals contacting GnRH neurons determines amplitude. If  so, 

local manipulations o f  NKB at the level o f the ARC in control, follicular phase animals, 

should alter timing o f  the surge, while delivery o f  agonists that affect kisspeptin/NKB at 

the level o f  GnRH neurons (which are broadly distributed in the POA and MBH) would 

affect surge amplitude. Conversely, reversal o f  prenatal T surge defects in amplitude 

and/or timing may depend on where and when the appropriate drugs are delivered during 

the follicular phase (see Future Directions below)

How does the influence of NKB ultimately reach GnRH neurons?

In our third experiment, we used triple-label immunocytochemistry to determine 

the possible sites o f  action o f NKB via NK3R on GnRH neurons. F irst, we confirmed the 

findings o f  Amstalden et al (2009) that there are, indeed, no postsynaptic NK3R present 

in GnRH neurons in sheep [4]. However, we did observe >70% GnRH neurons from both 

POA and MBH as having one or more contacts with NK3R presynaptic terminals, 

suggesting that NKB may play a functional auto regulatory role in KNDy terminals
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afferent to GnRH neurons. In this model, activation o f KNDy cells would lead to a 

release o f  both NKB and kisspeptin at presynaptic terminals, with NKB acting on the 

same terminals to either augment the release o f kisspeptin or other co-localized 

transmitters. One additional neurotransmitter colocalized in KNDy terminals, whose 

release could be influenced by presynaptic actions ofNKB, is glutamate. As described in 

Chapter 2, presynaptic NKB could affect glutamate release from KNDy terminals either 

by an influence on presynaptic release or postsynaptic responsiveness, and there is 

evidence from other neural systems for both possible actions [5-7]. However, these 

possibilities depend on demonstration that NK3R and glutamate are indeed co localized in 

terminals presynaptic to GnRH neurons, and that these terminals are those that arise 

specifically from the KNDy population (Le, contain NKB and kisspeptin).

If NKB acts to augment the presynaptic release of kisspeptin and/or glutamate, 

the functional effect at the level of synaptic inputs to the GnRH neuron would likely be 

increased amplitude of the GnRH surge, since both transmitters have been implicated as 

stimulatory signals in the generation of the GnRH/LH surge [1-4, 8-10]. The fact that 

administration of kisspeptin antagonists in sheep during the follicular phase diminishes 

surge amplitude without eliminating the surge itself suggests NKB and/or glutamate may 

play synergistic or additive roles in the control of the surge during the normal estrous 

cycle [10]. Conversely, the reduced surge amplitude or abolition seen in prenatal T sheep 

[11-13] may be due to the interruption of NKB/NK3R signaling, and diminished release 

of NKB and kisspeptin, as hypothesized above (Fig. 1).

There is also a possibility that NK3R presynaptic terminals seen in contact with 

GnRH neurons in Experiment 3 arise from neuronal population other than KNDy cells.
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Therefore, identification o f  neurons providing afferent NK3R-positive inputs onto GnRH 

neurons would be another important future study to pursue since GnRH neurons receive 

an impressive diversity o f  types o f  inputs and are regulated by both neutrotransmitters 

(e.g., GABA, glutamate, catecholamines, nitric oxide) and other neuropeptides 

(vasopressin, met-enkephalin, NPY, and POMC) [14].

Finally, it is possible that effects o f  NKB on GnRH secretion are conveyed 

indirectly by other populations o f neurons that express NK3R (Experiment 1), and which, 

in turn, provide inputs to GnRH neurons. For example, intracerebral microinjections o f 

senktide into the lateral retrochiasmatic area (RCh) by themselves are able to increase LH 

secretion [2]; it is unlikely that these effects are due to direct actions on GnRH neurons 

because very few GnRH neurons are located in close proximity to the RCh [15]. Thus, 

there may be multiple targets o f  NKB action in the mammalian hypothalamus, and 

dissecting the various functional contributions o f  these different sets o f NK3R-bearing 

neurons will be a major challenge for future work.

Possible species differences in the role of NKB

It is important to note with respect to animal studies o f NKB/NK3R, that there 

may be significant species differences in the functional roles o f the NKB/NK3R system 

and its anatomical organization. For example, although NKB or NK3R mutation results 

in hypogonadism in humans, NK3R specific knockout mice are fertile [16]. Further, 

while NK3R has stimulatory effects on LH release as observed in goat [17], sheep [2, 18, 

19] and in primates [20], experiments in rodents have shown inhibitory [3, 21, 22],
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stimulatory [3, 8, 23] or no effect [23, 24], There are also possible species differences in 

the sites o f  action o f  NKB on the reproductive neuroendocrine system since in the rat, 

16% o f GnRH neuron cells and at least some GnRH axons in median eminence 

colocalized NK3R immunoreactivity [25], whereas in the sheep, no colocalization was 

observed in this study or a previous one [4], Thus, there may well be important species 

differences in the roles and physiological importance o f  NKB in reproduction, and the 

sheep because o f  its similarity to the primate reproductive neuroendocrine system may be 

a more reliable animal model than rodents for investigations into the etiology o f 

reproductive diseases such as PCOS.

Future studies:

There are a number o f  avenues for future research that could address questions 

related to NKB/NK3R’s contribution to GnRH surge secretion in normal sheep, as well 

as its involvement in surge deficits as seen in prenatal T animals. We propose 3 future 

areas for study: 1) a detailed examination o f  the dynamics o f NKB and NK3R expression 

during estrus cycle; 2) investigation o f  NK3R internalization, as a marker o f endogenous 

NKB release, throughout the estrous cycle, and in comparisons between control and 

prenatal T animals; and 3) testing the role o f  NKB/NK3R signaling in neuroend o f 

pharmacological manipulation of the NKB/NK3R system in instances of infertility.

A recent publication reported changes in the level o f NK3R mRNA throughout 

the estrous cycle in rodent [8]. These changes may be related to the role o f  NKB/NK3R 

system in control o f  LH surge and the regulation o f NKB/NK3R gene expression only in
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narrow physiological range o f circulating steroid hormones [8]. Therefore, replicating the 

normal controls in our study throughout the estrous cycle in ewe at 5 different time points 

(early follicular phase, late follicular phase, pre-surge, surge and luteal phase) might help 

us elucidate how estradiol and progesterone interact to mediate the changes in mRNA 

and protein level o f  NKB and NK3R in KNDy cells. Since the timepoint respective to 

NK3R protein expression during the late follicular phase has been already completed in 

this study, this future study will make a nice addition to our current data.

NK3Ris a GPCR, and GPCR signal transduction profiles are different depending 

on cell type. In other words, the conventional knowledge that we have about Gq receptors 

might not accurately describe the dynamics as they occur specifically for NK3R in KNDy 

neurons. Therefore, it is imperative to understand the dynamics o f this receptor in relation 

to normal reproductive cycles. For example, the ability to use internalization o f GPCRs 

as a marker for endogenous release o f  ligand under physiological conditions [26] would 

provide us with a valuable tooL In feet, a preliminary NK3R internalization study 

conducted in control ewes, has shown a significant increased internalization o f  NK3R in 

the ARC during the early follicular phase [4] suggesting an increased endogenous release 

of NKB at that time. This approach could be extended by the use o f NK3R agonists and 

antagonists, which should mimic and block internalization, respectively, when 

microinjected into the ARC at the times of predicted endogenous release.

Finally, the significance o f  the NKB/NK3R system in the generation o f  the 

GnRH/LH surge may be directly tested by using pharmacological manipulations. A 

future study could test the hypothesis presented in Fig. 1, by determining whether NK3R 

agonist (senktide) injections can reverse the GnRH surge defects in either timing or
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amplitude seen in prenatal T female sheep in an artificial follicular phase model. IfNKB 

and NK3R play a normal physiological role in the surge, the converse should be true; that 

is, intraventricular delivery o f  the NK3R antagonist, SB222200, should either block the 

surge or diminish its amplitude in control animals during normal follicular phase. These 

experiments would solidity the role o f  NKB/NK3R signaling in estradiol positive 

feedback, and set the stage for potential clinical applications.

In summary, we have shown that prenatal T results in permanent changes in 

NK3R receptor expression, specifically in ARC. This change is in part due to the loss o f 

receptor expression in KNDy cells, a population which plays an important role in the 

reproductive axis by mediating steroid feedback o f  pulsatile and surge GnRH secretioa 

Finally, we have confirmed the lack o f  postsynaptic NK3R within GnRH neurons but 

have shown the presence o f  NK3R system within presynaptic terminals contacting GnRH 

neurons suggesting a presynaptic site o f  action for NKB in regulation o f the GnRH 

neuroendocrine system.
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Appendix

Physiological 
functions implicated

Area NKB NK3R Experiment

Emotional Cerebral cortex, amygdala, ISH'4’ ,3’ IS H  n7r NK3R antagonist
control/cognitive hippocampus, bed nucleus of 1 6 , 2 1  ) ICC/auto inhibits positive
mental process the stria terminalis, and ICC 03 radbgrap symptoms in

locus coeruleus 1 6 ) h f 6) Schizophrenia (n j9)
Learning & Hippocampus ISH*‘' lb- ISH11'1 NK3R KO mice

memory 2 1 )

ICC (I3’ 
16)

ICC/auto
radiograp
hy(16)

displayed delay in 
acquisition and impaired 
retention(18)

Reward circuitry Substantia nigra (striatal and ISH"' ,3' I S H ^ 1 ' . ^ ) NK3R agonist icv
nigral8) , hippocampus, 1 6 , 2 1 ) ICC (16) possess rewarding
midbrainb , amygdala,ventral ICC (13-15- autoradio properties in Michigan
tegmental area, diagonal 
band of Broca, frontal

1 6 ) graphy
( 1 6 , 2 0 , 2 2 )

Sardinian alcohol- 
preferring rats(5)

cortex, ventral pallidum
Sensory processing Olfactory tract, bulb and ISH03'21’ ISH (l7) Lesion study in PMV
areas -  Olfaction- associated areas, piriform (T ICC(13' 15) ICC/auto results in modification

reproductive olfactory) cortex , olfactory radiograp of olfactory modulatbn
system: pheromone 

detection
tubercle, glomerular and 
granule cell layers of the 
main olfactory bulb; 
glomerular and mitral cell 
layers of the accessory 
olfactory bulb

hy<16) of the reproductive 
behavbr (1,2>

Sensory processing Laminae dorsal horn, spinal ISH113'21' ISH(1/) NK3R mRNA increases
areas-Pain 
perception

cord ICC(1315) ICC/auto
radiograp
hy(16)

in rat spinal cord dorsal 
horn during adjuvant or 
formalin-induced 
nociception 041

Water and Paraventricular and I S H l3) ISH" 1 Agonist and antagonist
electrolyte supraoptic hypothalamic ICC(13) ICC/auto experiment Antagonist

homeostasis nuclei radiograp
hy(16)

( 7 - 9 )

Metabolism Arcuate nucleus, lateral i s h (4' U) ISH "" contain glucose-
(appetitive) hypothalamic area ic c (,3) ICC/auto

radbgrap
hy(16)

sensitive neurons (3,6,10,
. i 2 ) .... .................

Reproduction Hypothalamus: Arcuate 
nucleus, preoptic area

ISH" 131 
ICC<I3,15)

ISH 1171
ICC/auto
radbgrap
hy<16)

*See table 2 (Chapter 1)

Appendix 1. Comprehensive compilation showing NKB/NK3R distribution and 
functionality in physiology
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