
ABSTRACT 

SHUPING, SYDNEY LYNNE. Advancing Neuroendocrinology with New Technology in 
Sheep: RNAscope and Cell-Specific Vectors.  (Under the direction of Dr. Casey Nestor). 
 

Reproduction is a multifaceted physiological process that is regulated by several internal 

and external cues, which ultimately impart reproductive capacity through the hypothalamic-

pituitary-gonad axis.  As the final common output from the central nervous system controlling 

reproduction, neurons that synthesize and secrete gonadotropin-releasing hormone (GnRH) act as 

the primary stimulatory drivers of luteinizing hormone (LH) secretion from the anterior pituitary. 

Research using sheep as an animal model has revealed that with every pulse of GnRH secreted 

into the hypophyseal portal circulation there is a subsequent pulse of LH secretion in the peripheral 

circulation.  While the pulsatile nature of GnRH/LH secretion varies depending on sex steroid 

negative feedback (internal cue) and nutrition (external cue), the central mechanisms whereby 

these cues control GnRH/LH secretion remain to be fully elucidated.  In recent years, a unique 

population of neurons located in the arcuate nucleus (ARC) of the hypothalamus which express 

kisspeptin, neurokinin B (NKB), and dynorphin (termed KNDy neurons) have been proposed to 

be an important component of “GnRH pulse generator”.  Chapter I is a review of relevant literature 

on 1) tonic GnRH/LH secretion, 2) central control of GnRH neurons, 3) the role of KNDy neurons 

in reproduction, and 4) how sex steroids and undernutrition influence GnRH/LH secretion.  

Furthermore, while several technological advances in neuroscience (e.g. RNAscope and 

optogenetics) have been made within the last decade, the use of this technology is limited and/or 

lacking in non-rodent animal models such as sheep.  Thus, Chapter I will also include discussion 

of two innovative techniques in animal science that have the potential to dramatically change our 

understanding of the neuroendocrine control of reproduction.  Chapter II focuses on the use of 

RNAscope to assess changes in mRNA for kisspeptin and NKB within the ARC that arise with 



feed restriction.  Using a relatively new fluorescent in situ hybridization technique, RNAscope, 

that I incorporated and optimized for use in sheep for our lab we found significantly fewer cells 

expressing mRNA for kisspeptin and NKB in feed restricted wethers compared to fed to maintain 

controls.  Chapter III focuses on two in vivo experiments we conducted to develop a cell-specific 

viral vector to drive cre-recombinase expression in the ovine hypothalamus.  Therein, we discuss 

how recombinant technology is commonly applied within the field of neuroscience, we report 

immunohistochemical analysis of the specificity of our viral vector, and conclude the chapter with 

a discussion of our results.  In the final chapter, Chapter IV, I discuss potential future directions 

using RNAscope and propose potential impact, changes that could be made to improve viral vector 

specificity in sheep, and future use of a genetic approach such as optogenetics in a non-transgenic 

animal model.   
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CHAPTER 1 – LITERATURE REVIEW 

The Reproductive Axis  

Reproduction is a complex physiological process that is critical for preservation of 

mammalian species.  The hypothalamus, which is located deep in the brain, is an important region 

of the central nervous system serving as a gatekeeper for the production and secretion of 

reproductive hormones.  First isolated from porcine hypothalami (Baba et al., 1971), gonadotropin-

releasing hormone (GnRH) is one essential reproductive neuropeptide that is produced by neurons 

with cell bodies located primarily within the preoptic area in rats (King and Anthony, 1984), mice 

(Glanowska et al., 2012), and sheep (Lehman et al., 1986).  There is also a population of GnRH 

perikarya within the mediobasal hypothalamus of sheep and primates (Goldsmith et al., 1990).  

While cell bodies are located in multiple regions, GnRH is released from nerve terminals into the 

external zone of the median eminence (Herbison, 2006) and travels via the hypophyseal portal 

circulation to stimulate synthesis and secretion of luteinizing hormone (LH) from the anterior 

pituitary (Belchetz et al., 1978).  While originally termed luteinizing hormone-releasing hormone, 

GnRH was renamed given that it stimulates gonadotropes to synthesize and secrete both LH and 

follicle stimulating hormone (FSH) (Schally et al., 1971).  Once released from the anterior 

pituitary, LH and FSH act at the level of the gonads (ovaries in females and testes in males) to 

stimulate the production of gonadal sex steroids, which in turn feedback at the level of the 

hypothalamus and pituitary to ultimately regulate GnRH and LH secretion, respectively.  Taken 

together, this system is collectively referred to as the hypothalamic-pituitary-gonadal (HPG) axis 

and acts in concert to enable the capacity for reproduction.   

Gonadotropin-releasing hormone (GnRH) secretion 

Reproductive success depends on proper GnRH secretion.  During early embryonic stages 
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of development, GnRH neurons migrate from the nasal placode and cell bodies reach their final 

locations in two primary areas:  in the preoptic area (POA) and the arcuate nucleus 

(ARC)/infundibular nucleus of the hypothalamus (Schwanzel-Fukuda and Pfaff, 1989).  Failure to 

migrate to these anatomical destinations within the hypothalamus has led to various endocrine 

disorders, termed hypogonadotropic hypogonadism characterized by irregular GnRH secretion 

(Maggi et al., 2016).  Specifically, failed migration of GnRH neurons has been shown to lead to 

the development Kallman syndrome in adults (Cho et al., 2019)   Symptoms of Kallman syndrome 

include delayed puberty thereby highlighting the clinical importance of GnRH development.  With 

nerve terminals in the external zone of the median eminence, GnRH release was initially reported 

in studies using ovariectomized (OVX) female rhesus monkeys whereby collection of portal blood 

from the hypophyseal portal vasculature, which functionally connects the hypothalamus to the 

anterior pituitary, revealed pulsatile GnRH secretion (Carmel et al.,1976).  Given the short half-

life of GnRH (Redding and Schally, 1973) and relatively small amount of GnRH that is released 

with each pulse (Wildt et al., 1981), the combined rapid degradation and dilution effect lead to the 

inability to detect GnRH in the peripheral circulation (e.g. jugular vein).  As such, LH is commonly 

used as an index of pulsatile GnRH release.  Evidence of that GnRH secretion is coupled to LH 

release was first shown in sheep by surgically placing two cannula to sit atop the anterior pituitary 

in order to lesion and collect hypophyseal portal blood for detection of GnRH while 

simultaneously collecting jugular blood for the detection of LH (Clarke and Cummins, 1982), 

which clearly demonstrated that each pulse of GnRH is accompanied by a pulse of LH.  In addition, 

the use of LH as a marker of GnRH release has been validated by cessation of LH pulses following 

administration of GnRH antibodies (Lincoln and Fraser, 1979) and LH secretion is re-established 

following administration of GnRH analogues (Belchetz et al., 1978), thereby supporting the idea 
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that LH pulses are driven by upstream GnRH release. 

It is well accepted that LH and FSH release is dependent upon GnRH release into the 

hypophyseal portal.  As previously stated, LH and FSH travel through the peripheral blood to act 

on the gonads resulting in a feedback loop within the hypothalamus. During the pubertal transition, 

there is a decrease in the sensitivity to the negative feedback action of estradiol and testosterone 

allowing for a marked increase in GnRH/LH release first described in rats (Ramirez and McCann, 

1963).  In adulthood, the secretion of GnRH is regulated by positive and negative feedback actions 

of gonadal sex steroids. It has been shown in several species that in the absence of sex steroids by 

castration, LH pulse secretion increases, and can be reduced by re-introduction of testosterone 

(D'Occhio et al., 1982, Plant, 1982, Winters and Troen, 1983, Ellis and Desjardins, 1984).  While 

episodic secretion of GnRH is crucial for fertility, the cellular mechanisms and network properties 

generating these pulses are still under active investigation.  Given that GnRH neurons do not 

express the estrogen receptor alpha (ER-α) (Lehman and Karsch, 1993), which are required for 

sex-steroid mediated control of gonadotropin secretion, intermediate signaling pathways must 

exist to mediate gonadal steroid feedback on GnRH/LH secretion (Herbison and Theodosis, 1992). 

The examination of various neuronal networks (described in detail below) support important roles 

in the regulation of pulsatile GnRH/LH secretion by integrating nutrient, endocrine and 

environmental signals, and ultimately the control of the hypothalamic-pituitary-gonadal (HPG) 

axis. 

A Central Role for Kisspeptin 

In 2003, it was discovered that a gene mutation in the G-protein coupled receptor, GPR54, 

which is the receptor for the neuropeptide kisspeptin, led to impaired GnRH release and ultimately 

hypogonadotropic hypogonadism (Seminara et al., 2003, Roux et al., 2003).  Experiments 
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examining alterations in kisspeptin receptor genes found subsequent infertility and impaired 

maturation (Roux et al., 2003). This study pioneered further research into the kisspeptin neuronal 

network and its role in the control of fertility. Kisspeptin, originally identified as a metastasis 

inhibitor in melanoma cell lines, includes a family of peptides derived from the Kiss1 gene and 

originally termed metastin (Lee et al., 1996). Given its discovery at Pennsylvania State University 

in Hershey, Pennsylvania, it was later named kisspeptin after the Hershey's chocolate kiss (Lee et 

al., 1996).  Kisspeptin was first identified to be expressed in several tissues throughout the body 

including the placenta, testes, ovaries, pancreas, and small intestine (Ohtaki et al., 2001).  Since, 

kisspeptin cell bodies have been shown to primarily exist in two locations within the hypothalamus 

of rodents: the ARC and the anteroventral periventricular nucleus (AVPV) (Gottsch et al., 2004).  

In humans and primates, abundant mRNA for kisspeptin appears within the infundibular nucleus 

of the hypothalamus (Rometo et al., 2007).  Furthermore, a large population of kisspeptin cell 

bodies reside within the ARC of the hypothalamus in several species including sheep (Estrada, et 

al., 2006, Franceschini et al., 2006, Goodman et al., 2007), goats (Matsuda et al., 2015), cattle 

(Hassaneen et al., 2016), horses (Decourt et al., 2008) and pigs (Tomikawa et al., 2010).  A smaller 

subset of kisspeptin neurons exist in the medial POA, in sheep, goats and cattle (Estrada et  al. 

2006, Franceschini et  al. 2006, Goodman et  al. 2007, Matsuda et al. 2015, Hassaneen et al. 2016, 

Tanco et al. 2016).  Some kisspeptin cells have also been described in the dorsomedial nucleus 

(DMH) and a small number in the ventromedial hypothalamus (VMH) in sheep (Franceschini et 

al. 2006), horses (Decourt et al. 2008) and cattle (Hassaneen et al. 2016).   

While both populations of kisspeptin neurons make direct synaptic contacts with GnRH 

neurons in the median eminence (Colledge, 2008), work in sheep has shown that greater than 60% 

of GnRH cell bodies receive synaptic input from ARC kisspeptin neurons (Merkley et al., 2015).  
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In the ovine brain, it appears that POA kisspeptin cells project to regions where GnRH neurons 

are located, whereas kisspeptin cells in the ARC do not (Backholer et al., 2009).  In sheep and 

primates, kisspeptin neurons project to the median eminence, in which varicose fibers come into 

close apposition to GnRH fibers (Smith, 2009, Ramaswamy et al., 2008), thus kisspeptin neurons 

are thought to directly regulate GnRH neurons to influence GnRH/LH secretion.  Indeed, it has 

been shown that kisspeptin administration induces c-Fos expression, a marker commonly used for 

neuronal activation, in GnRH neurons (Matsui et al., 2004), increases electrical activity of GnRH 

neurons (S. K. Han, 2005), and causes the secretion of GnRH in hypothalamic explants (Thompson 

et al., 2004). Additionally, administration of kisspeptin to rodents (Matsui et al., 2004), sheep 

(Messager et al., 2005), monkeys (Shahab et al., 2005), and humans (Dhillo et al., 2005) increases 

circulating LH and FSH concentrations.  Moreover, work in sheep has shown that kisspeptin 

administration increases GnRH concentrations in the cerebrospinal fluid, followed by a rise in 

circulating concentrations of LH (Messager et al., 2005). Taken together, these studies support an 

important role for kisspeptin in reproductive function, likely through direct stimulatory action upon 

GnRH neurons at the level of hypothalamus.  

A Central Role for Neurokinin B 

Neurokinin B (NKB) is another neuropeptide that came into importance following the 

discovery that loss of function mutations of the genes encoding either NKB or its receptor, 

neurokinin 3 receptor (NK3R), resulted in hypogonadotropic hypogonadism in humans (Topaloglu 

et al., 2009).  Encoded by the Tac3 gene, NKB belongs to the tachykinin family of peptides 

(Almeida et al., 2004).  While NKB is expressed in numerous regions in the hypothalamus (Chawla 

et al.,1997), NKB neurons in the ARC have been shown to co-express kisspeptin, first described 

in sheep (Goodman et al., 2007) and then later described in rats (Kirigiti et al., 2009), mice 
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(Navarro et al., 2009), and goats (Wakabayashi et al., 2010), and in the humans (Hrabovszky et 

al., 2010) and non-human primates (Ramaswamy et al., 2010).  In pre-pubertal sheep, an agonist 

of the NKB receptor, senktide, stimulated LH release (Nestor et al., 2012) whereas an antagonist 

of the NKB receptor suppressed GnRH/LH pulses, while infusion of kisspeptin restored GnRH/LH 

secretion (Clarke et al., 2018).  Given that GnRH neurons do not express the NKB receptor, NK3R 

(Amstalden et al., 2010b) but ARC kisspeptin neurons do (Navarro et al., 2009, Amstalden et al., 

2010a, Burke et al., 2006), it is believed that NKB plays a crucial role in stimulating GnRH release 

via action exerted on kisspeptin neurons or some population of neurons projecting to GnRH.   

Sex Steroid Regulation of Kisspeptin and NKB 

Although GnRH neurons do not appear to be directly regulated by sex steroids, ARC 

kisspeptin/NKB neurons are likely the primary afferent network that mediates the effect of sex 

steroids to GnRH/LH secretion.  Evidence for this steroidal regulation initially came from a study 

that found hypertrophy of a subgroup of neurons in the infundibular nucleus in postmenopausal 

women (Rance and Young, 1991).  The hypertrophied neurons were found to express NKB 

mRNA.  Furthermore, ovariectomy of young cynomolgus monkeys resulted in neuronal 

hypertrophy and increased NKB and kisspeptin gene expression similar to that seen in 

postmenopausal women (Rometo et al., 2007, Sandoval-‐‑Guzmán et al.,  2004).  Furthermore, other 

groups have shown that short term estradiol administration in OVX ewes display lower mRNA 

abundance for NKB (Pillon et al., 2003).  Similarly to NKB, removal of sex steroids through OVX 

in ewes increases the mRNA abundance for kisspeptin in the ARC but not POA (Smith et al., 

2007) whereas replacement of estradiol returns kisspeptin mRNA abundance to pre-OVX levels 

(Smith et al., 2007).  Furthermore, OVX in adult ewes results in greater c-Fos expression, a marker 

of neuronal activity, in ARC kisspeptin neurons over time (Merkley et al., 2012).  As evidence of 
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a direct action, the vast majority (90-95%) of ARC kisspeptin neurons express estrogen receptors 

(Franceschini et al., 2006).  Furthermore, in rodents, almost all kisspeptin cells in the ARC and 

AVPV express the estrogen receptor alpha (Smith et al., 2006, Smith et al., 2005).   

Notably, there appears to be a species specific impact of steroidal regulation.  Work in 

OVX mice has shown a pronounced upregulation in the number of Kiss1 mRNA-expressing cells 

in the ARC, which is prevented by estradiol replacement (Smith et al., 2005).  Alternatively, the 

same study showed that in the AVPV, OVX mice show reduced expression of Kiss1 mRNA, and 

estradiol replacement stimulated its expression.  These findings led to the hypothesis that 

kisspeptin neurons in the ARC transmit signals to GnRH neurons to mediate estrogen negative 

feedback, whereas kisspeptin cells in the AVPV relay estradiol signals for positive feedback.  

Sheep appear to follow a similar pattern of negative feedback regulation as rodents within the 

ARC.  In sheep, OVX stimulates Kiss1 mRNA expression in the ARC, and estradiol replacement 

prevents this effect (Smith et al., 2007).  Furthermore, in the ovine POA, estradiol treatment 

increases Kiss1 mRNA expression (Smith et al., 2007), as it does in the rodent AVPV.  

Interestingly, there is some evidence that the medial basal hypothalamus, which is a region that 

includes the ARC, in sheep may also play a role in positive feedback of estradiol, as one study 

found that estradiol implanted into the VMH stimulated the preovulatory GnRH surge in ewes 

(Caraty et al., 1998).  Collectively, these results indicate that doses of estrogen that normally exert 

a negative feedback action on GnRH secretion inhibit ARC kisspeptin neurons.   

In males, a similar inhibition of GnRH episodic secretion is observed due to gonadal steroid 

hormone negative feedback. Similar to estradiol regulation in females, testosterone inhibits the 

post-castration increase of Kiss1 mRNA in the ARC of mice (Smith and Dungan, 2005).  

Interestingly, kisspeptin cells in the male AVPV are reduced after castration and administration 
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of testosterone stimulates kisspeptin expression (Smith and Dungan, 2005).  These findings 

suggest kisspeptin cells in the male AVPV behave similarly to female mice.  Males do not exhibit 

sex steroid positive feedback; therefore, the role of kisspeptin mediation in the AVPV is still 

largely unknown.  Importantly, it has been shown that kisspeptin cell numbers in male castrated 

sheep are higher compared to intact rams (Nestor et al., 2012).  The same study found no difference 

in kisspeptin or NKB cell numbers in pre-pubertal OVX lambs compared to castrated male sheep 

of the same age.  Therefore, the impact of sex steroids likely depends on the activational effects of 

sex steroids on these neuronal networks.  Moreover, a study conducted in rhesus monkeys reported 

that implantation of testosterone, which suppressed LH concentration, was accompanied by a 

reduction in kisspeptin mRNA levels in the MBH, but not POA (Shibata et al., 2007).  Taken 

together, these results are consistent with what has been described in the rodent and ram, and 

suggest that the negative feedback action of testosterone on LH secretion in the monkey is likely 

mediated by kisspeptin neurons upstream to the GnRH network. 

Nutritional Regulation of Reproduction 

In addition to internal cues (sex steroids), reproduction is also regulated by external factors, 

one of which is nutrition.  It is widely accepted that energy intake plays a critical role in the pubertal 

transition as evidenced in pre-pubertal ewes where undernutrition to the point of growth restriction 

delays puberty onset (Fitzgerald et al., 1982,  Prasad et al., 1993).  Even in the absence of gonadal 

sex steroids, undernutrition in OVX lambs reduces LH secretion (Foster and Olster, 1985).  As 

evidence of a central action, others have shown inhibitory action of feed restriction on LH secretion 

in OVX lambs is a direct result of reduced GnRH release from the hypothalamus (Ebling et al., 

1990, Prasad et al., 1993, I'Anson et al., 2000).  The central mechanism whereby undernutrition 

reduces GnRH/LH secretion likely involves the loss of key metabolic satiety hormones, leptin and 
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insulin, as they are reduced during times of undernutrition (Dallman et al., 1999).  However, the 

action of these peripheral metabolic signals is likely not directly on GnRH neurons because GnRH 

neurons lack insulin receptors (Cernea et al., 2016) and leptin receptors (Finn et al., 1998, DiVall 

et al., 2010).  Therefore, the central mechanism whereby which these hormones impact GnRH/LH 

secretion must be due to afferent neuronal input to GnRH neurons.   

Given their dominant role in control of GnRH/LH secretion, kisspeptin and NKB could be 

an important neuronal network in regulating GnRH/LH secretion during undernutrition.  Indeed, 

ARC kisspeptin neurons in the mouse have been shown to express leptin receptors (Smith et al., 

2006) and insulin receptors (Evans et al., 2014).  Furthermore, work in sheep has shown that ARC 

kisspeptin, not POA kisspeptin, express insulin receptors (Cernea et al., 2016).  Taken together, 

ARC kisspeptin/NKB cells are likely direct targets of peripheral metabolic hormones.  While 

kisspeptin-specific deletion of the insulin receptors (Evans et al., 2014) or leptin receptors (Donato 

et al., 2011) from birth did not affect puberty onset or reproductive ability in mice, congenital 

deletion can be challenging to interpret and does not preclude in the involvement of these signaling 

pathways in ARC kisspeptin/NKB cells during times of undernutrition.  Food deprivation, as 

defined by the total withdrawal of food for 48-72 hrs, has been shown to reduce hypothalamic 

mRNA abundance of kisspeptin (Castellano et al., 2005, Navarro et al., 2012, True et al., 2011) 

and protein expression of kisspeptin in the ARC (Polkowska et al., 2015).  Furthermore, short-

term food restriction (30% food withdrawal for 10 days) in pigs demonstrated no change in mRNA 

for kisspeptin, but increased mRNA for NKB (Thorson et al., 2018).  Studies in mice, rats, and 

sheep have provided evidence that long-term food restriction (30-60% food withdrawal for several 

weeks/months) in females is capable of reducing ARC mRNA abundance of kisspeptin (Backholer 

et al., 2010, True et al., 2011,Yang et al., 2016) and NKB (True et al., 2011, Yang et al., 2016).  
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The results from these studies provide evidence of a significant link between energy balance and 

reproduction.  However, data on the effects of undernutrition on kisspeptin and NKB in males is 

limited, and to date has only been reported for food deprivation in mice (Castellano et al., 2005).  

This study found that nutrient restriction inhibits Kiss1 mRNA expression in male rodents 

(Castellano et al., 2005, Tena-Sempere, 2006). Recent research in young, castrated male sheep has 

shown that undernutrition, which results in reduced LH secretion, elicits a reduction in ARC 

kisspeptin and NKB protein expression (Merkley et al., submitted; Reproduction and Fertility).  

However, the impact of undernutrition on mRNA for kisspeptin and NKB in this male model has 

yet to be investigated.  

Advancing Reproductive Science in Sheep with RNAscope 

In situ hybridization (ISH) is a cytogenetic technique allowing high-resolution detection, 

quantification, and localization of nucleic acid targets inside cells or tissues (Huber et al., 2018). 

The method is based on the hybridization of sequence-specific complementary probes to their 

target inside the cell.  Briefly, in situ hybridization occurs as fluorescently-labeled nucleic acid 

probe enters the cell nucleus where it hybridizes to its complementary target within the DNA.  The 

reaction is visualized directly using radioactively or fluorescently labeled probes or indirectly via 

histochemical chromogens, antigen binding, or biotin-streptavidin interactions.  Limitations of 

these early ISH experiments include low sensitivity and the limited availability of sequence-

specific probes.  Furthermore, radioisotope labeling requires long exposure to radioactivity and a 

higher background to signal ratio.  Thus, in the mid-1970s, a range of non-radioisotopic probes 

were developed.  Direct fluorescent detection of chromosomal targets was first reported in the 

1980s (Bauman et al., 1980).  During this time, fluorescence microscopes were becoming 

commercialized, and there were major developments in the fields of confocal microscopy.  This, 
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along with the design of new labeling schemes, paved the way for highly sensitive detection of 

fluorescence in situ hybridization (FISH) signals (Wagner et al., 1994).  To date, conventional 

non-radioisotopic RNA in situ hybridization techniques lack the sensitivity and specificity 

required to measure many low-abundance RNA biomarkers reliably (Mahmood and Mason, 2008). 

More recently, a novel RNA ISH technique, RNAscope, was designed to identify RNA 

targets in individual cells.  This is achieved through use of a novel probe design strategy and a 

hybridization-based signal amplification system to simultaneously amplify signals and suppress 

background (Wang et al., 2012).  The RNAscope technique can be applied to a range of tissues: 

formalin-fixed, paraffin embedded, fresh, or frozen.  Additionally, the probes are species specific 

and allow for multiplex detection of up to four target genes within one sample.  The ability to 

analyze gene expression in situ as well as high sensitivity and specificity, make RNAscope a 

promising platform for identifying RNA biomarkers within select tissue types.  In addition, 

RNAscope is a suitable alternative in species where the use of immunohistochemistry is lacking 

due to the absence of validated primary antibodies.  For example, melanocortin receptors have 

been challenging to detect immunohistochemically in sheep as there is no commercially available 

antibody that is specific for their detection (Nestor Lab, personal communication).  Thus, we have 

used RNAscope as an alternative method to determine that ARC kisspeptin neuron in adult sheep 

coexpress both melanocortin 3 and 4 receptors (Merkley et al., 2020).  Thus together with 

immunohistochemistry, RNAscope would allow for the quantification of message in addition to 

the immunohistochemical detection of protein in order to get a more complete understanding of 

neuropeptide and neuropeptide receptor regulation.  

Based on the findings from our lab that chronic feed restriction reduces kisspeptin and 

NKB protein expression in young male sheep, we hypothesized that nutrient restriction would 
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inhibit mRNA abundance for kisspeptin and NKB in the same animals. In the study described in 

Chapter II, we used a chronic feed restriction model to examine the effects of undernutrition on 

mRNA for kisspeptin and NKB in the ARC of young, castrated male sheep (wethers). The use of 

wethers in these experiments enabled us to examine direct nutritional effects on LH secretion 

independent of changes in sensitivity to gonadal steroid feedback that may result from 

undernutrition.  The developed model of chronic feed restriction produced a 20% body weight loss 

that resulted in a dramatic reduction in LH secretion (mean LH and LH pulse frequency).    To test 

this hypothesis, we used a relatively new fluorescent in situ hybridization technique, RNAscope, 

to assess mRNA for kisspeptin and NKB.  Following detection of mRNA, tissue was analyzed 

quantitatively by counting the number of kisspeptin and NKB expressing cells, as well as 

measuring integrated density of each mRNA target. 

Advancing Reproductive Science through Cell-specific Viral Vectors 

Controlling gene expression within the brain is critical to dissect the complex neural 

circuits.  Classical neuron manipulation has involved electrical stimulation. However, the 

drawbacks to electrical stimulation/inhibition include failure to identify specific neurons and the 

potential for tissue damage. Cre-lox recombination is a technology that allows for specific, targeted 

DNA modifications in transgenic animals, embryonic stem cells, and/or tissue-specific cell types 

(Kim et al., 2018). Cre-recombinase functions by recognizing the specific DNA fragment 

sequences called loxP sites and mediates site-specific deletion of DNA sequences between two 

loxP sites.  Cre-loxP system is a widely used powerful technology for mammalian gene editing.  

The generation of transgenic mice containing the cre recombinase transgene driven by a promoter 

of interest has allowed for the investigation of genes of interest within a tissue/cell in a time 

specific manner (Kim et al., 2018). 
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Again, to understand the functional role of specific neurons within neural circuits, it is 

essential to have precise control over their activity.  Optogenetics is a recently developed method 

that enables the control of cell type-specific activity on a millisecond timescale (Deisseroth, 2011). 

Optogenetics incorporates light-sensitive ion-conductance regulators, called opsins, into neuronal 

membranes.  The opsins can be activated by illumination with specific wavelengths.  Neurons can 

be activated or inactivated depending on the type of opsin used (Guru et al., 2015).  For example, 

it has been shown that through the use of channelrhodopsin (ChR2), selective and synchronous 

activation of ARC kisspeptin neurons in vivo can generate pulsatile LH secretion in OVX mice 

(Han et al., 2015) 

While transgenic mice have been widely successful in the study of neuronal manipulation, 

the development of transgenic livestock could be a critical turning point for both biomedical and 

agricultural research.   Unfortunately, the current techniques present several significant 

shortcomings, such as low efficiency, high cost, random integration, and frequent incidence of 

mosaicism (Liu et al., 2013).  Efficient generation of transgenic livestock with low cost remains 

to be developed in transgenic animal field.  Recently, the use of lentiviral vector and adeno 

associated virus for gene transfer presents a potential solution to overcome the shortcomings of 

non-transgenic animal species.   Cre-recombinase can be delivered to the central nervous system 

through the use of a viral vector, and tagged with a promoter of interest can result in selective 

expression of target neurons.  It has been shown that because Cre can be restricted to distinct 

groups of cells in the adult brain, predominantly at the site of injection, and this may also limit 

possible undesirable consequences of its expression (Ahmed et al., 2004).  Concurrent studies 

documented that lentiviral vectors had been successfully used to generate transgenic mice, rat, pig, 
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cattle, chicken and nonhuman primate (Wolfgang et al., 2001, Hofmann et al., 2003, Yang et al., 

2008) (Bianco et al., 2004, Reichenbach et al., 2010, Scott and Lois, 2005).    

Due to the limitations of the cre-loxP system and the difficulties to create transgenic 

livestock discussed above, in order to use these animal models, viral construct injections are used  

to express opsins in neurons.  Viral vectors are powerful tools that can be used both to target and 

manipulate specific neuronal subtypes and non-neuronal cell types within the nervous system.  A 

viral vector construct comprises: (i) a viral expression system used to deliver the opsin gene; ii) a 

promoter fragment supporting cell type-specific targeting; (iii) the genetic information of the 

opsins; and optionally (iv) a reporter gene to visualize opsin expression levels and to determine 

cell-type specificity (Gerits and Vanduffel, 2013).  Specifically, adeno-associated viral vectors 

(AAV) have been utilized for specific manipulation of neurons.  The use of AAVs for gene transfer 

or neuronal targeting requires the consideration of several factors.  Some of these considerations 

include: the physical delivery or administration of the vector, which AAV serotype to use, and the 

size of a promoter or enhancer to drive gene expression. These factors can affect how efficiently 

cells of interest are targeted by AAV. In addition, experimental parameters such as AAV titer, 

dosage, and timeline for expression can impact AAV efficiency.  

The use of a cell-specific technology in non-rodent species such as sheep is essential to 

unravel the central mechanisms of reproduction in species that are more akin to humans. The rapid 

progression of puberty onset in rodent species dramatically hinders the use of cell-specific 

technology given that proper cellular expression takes weeks to achieve (Colella et al., 2018).  

Furthermore, sheep have a reproductive cycle that is more closely aligned to that exhibited in 

women (Hawkins and Matzuk, 2008) than that of rodents.  However, to date, the advancement of 

cell-specific neuronal targeting in sheep is hindered by the limited availability cell-specific viral 



  15 

 

vectors.  Combined with the early evidence of selective gene expression in rodent models, the use 

of optogenetics in large animal models introduces a novel path to neuron-specific control without 

the need to generate a transgenic line.  If successful, optogenetics will soon shine a light on 

numerous neuronal pathways that have otherwise been poorly understood. 

The use of optogenetics has been widely used in neuroscience research primarily in rodent 

models.  Optogenetics allows for the temporal control of neurons to investigate neuronal networks.  

Indeed, the relatively large size of sheep compared to rodents allows for precise targeting of neural 

regions.  The experiments described in chapter III, describe our attempt to develop and validate a 

neuron-specific viral vector for use in sheep.  To accomplish this we used gonadectomized, young 

male sheep (wethers) and targeted ARC kisspeptin neurons with a viral vector that contained a 

Kiss1 promoter fragment fused to Cre-recombinase.  In the first experiment, we bilaterally injected 

a Kiss1-Cre viral vector into the ARC and examined expression of Cre-recombinase using 

immunohistochemistry.  In the second experiment, we bilaterally injected a Kiss1-Cre viral vector 

together with a Cre-dependent viral vector and examined the expression of yellow fluorescent 

protein (YFP) in kisspeptin neurons using immunohistochemistry.   

 
  



  16 

 

REFERENCES 
 
Ahmed, B. Y., Chakravarthy, S., Eggers, R., Hermens, W. T. J. M. C., Zhang, J. Y., Niclou, S. 

P., . . . Verhaagen, J. (2004). Efficient delivery of Cre-recombinase to neurons in vivo 

and stable transduction of neurons using adeno-associated and lentiviral vectors. BMC 

neuroscience, 5(1), 4-4.  

Almeida, T., Rojo, J., Nieto, P., Pinto, F., Hernandez, M., Martín, J., & Candenas, M. (2004). 

Tachykinins and Tachykinin Receptors: Structure and Activity Relationships. Current 

Medicinal Chemistry, 11(15), 2045-2081.  

Amstalden, M., Coolen, L. M., Hemmerle, A. M., Billings, H. J., Connors, J. M., Goodman, R. 

L., & Lehman, M. N. (2010a). 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. Journal of neuroendocrinology, 22(1), 1-12.  

Amstalden, M., Coolen, L. M., Hemmerle, A. M., Billings, H. J., Connors, J. M., Goodman, R. 

L., & Lehman, M. N. (2010b). Neurokinin 3 Receptor Immunoreactivity in the Septal 

Region, Preoptic Area and Hypothalamus of the Female Sheep: Colocalization in 

Neurokinin B Cells of the Arcuate Nucleus but not in Gonadotrophin-Releasing Hormone 

Neurones. Journal of neuroendocrinology, 22(1), 1-12.  

Baba, Y., Matsuo, H., & Schally, A. V. (1971). Structure of the porcine LH- and FSH-releasing 

hormone. II. Confirmation of the proposed structure by conventional sequential analyses. 

Biochemical and Biophysical Research Communications, 44(2), 459-463.  



  17 

 

Backholer, K., Bowden, M., Gamber, K., Bjorbaek, C., Iqbal, J., & Clarke, I. J. (2010). 

Melanocortins mimic the effects of leptin to restore reproductive function in lean 

hypogonadotropic ewes. Neuroendocrinology, 91(1), 27-40.  

Backholer, K., Smith, J., & Clarke, I. J. (2009). Melanocortins May Stimulate Reproduction by 

Activating Orexin Neurons in the Dorsomedial Hypothalamus and Kisspeptin Neurons in 

the Preoptic Area of the Ewe. Endocrinology, 150(12), 5488-5497.  

Bauman, J. G., Wiegant, J., Borst, P., & van Duijn, P. (1980). A new method for fluorescence 

microscopical localization of specific DNA sequences by in situ hybridization of 

fluorochromelabelled RNA. Experimental cell research, 128(2), 485.  

Belchetz, P., Plant, T., Nakai, Y., Keogh, E., & Knobil, E. (1978). Hypophysial responses to 

continuous and intermittent delivery of hypopthalamic gonadotropin-releasing hormone. 

Science (American Association for the Advancement of Science), 202(4368), 631-633.  

Belchetz, P. E., Plant, T. M., Nakai, Y., Keogh, E. J., & Knobil, E. (1978). Hypophysial 

Responses to Continuous and Intermittent Delivery of Hypothalamic Gonadotropin-

Releasing Hormone. Science (American Association for the Advancement of Science), 

202(4368), 631-633.  

Bianco, C. L., Schneider, B. L., Bauer, M., Sajadi, A., Brice, A., Iwatsubo, T., . . . Gage, F. H. 

(2004). Lentiviral Vector Delivery of Parkin Prevents Dopaminergic Degeneration in an 

α-Synuclein Rat Model of Parkinson's Disease. Proceedings of the National Academy of 

Sciences - PNAS, 101(50), 17510-17515.  

Burke, M. C., Letts, P. A., Krajewski, S. J., & Rance, N. E. (2006). Coexpression of dynorphin 

and neurokinin B immunoreactivity in the rat hypothalamus: Morphologic evidence of 



  18 

 

interrelated function within the arcuate nucleus. Journal of Comparative Neurology, 

498(5), 712-726.  

Caraty, A., Fabre-Nys, C., Delaleu, B., Locatelli, A., Bruneau, G., Karsch, F. J., & Herbison, A. 

(1998). Evidence that the mediobasal hypothalamus is the primary site of action of 

estradiol in inducing the preovulatory gonadotropin releasing hormone surge in the ewe. 

Endocrinology (Philadelphia), 139(4), 1752-1760.  

Carmel, P. W., Araki, S., & Ferin, M. (1976). Pituitary stalk portal blood collection in rhesus 

monkeys: evidence for pulsatile release of gonadotropin-releasing hormone (GnRH). 

Endocrinology (Philadelphia), 99(1), 243.  

Castellano, J. M., Navarro, V. M., Fernandez-Fernandez, R., Nogueiras, R., Tovar, S., Roa, J., . . 

. Tena-Sempere, M. (2005). Changes in hypothalamic KiSS-1 system and restoration of 

pubertal activation of the reproductive axis by kisspeptin in undernutrition. 

Endocrinology, 146(9), 3917-3925.  

Castellano, J. M., Navarro, V. M., Fernández-Fernández, R., Nogueiras, R., Tovar, S., Roa, J., . . 

. Tena-Sempere, M. (2005). Changes in Hypothalamic KiSS-1 System and Restoration of 

Pubertal Activation of the Reproductive Axis by Kisspeptin in Undernutrition. 

Endocrinology (Philadelphia), 146(9), 3917-3925.  

Cernea, M., Phillips, R., Padmanabhan, V., Coolen, L. M., Lehman, M. N., & Silver, R. (2016). 

Prenatal testosterone exposure decreases colocalization of insulin receptors in 

kisspeptin/neurokinin B/dynorphin and agouti-‐‑related peptide neurons of the adult ewe. 

European Journal of Neuroscience, 44(8), 2557-2568.  

Chawla, M. K., Gutierrez, G. M., Young, W. S., McMullen, N. T., & Rance, N. E. (1997). 

Localization of neurons expressing substance P and neurokinin B gene transcripts in the 



  19 

 

human hypothalamus and basal forebrain. Journal of Comparative Neurology, 384(3), 

429-442.  

Cho, H.-J., Shan, Y., Whittington, N. C., & Wray, S. (2019). Nasal Placode Development, GnRH 

Neuronal Migration and Kallmann Syndrome. Frontiers in cell and developmental 

biology, 7, 121-121.  

Clarke, I. J., & Cummins, J. T. (1982). The temporal relationship between gonadotropin 

releasing hormone (GnRH) and luteinizing hormone (LH) secretion in ovariectomized 

ewes. Endocrinology (Philadelphia), 111(5), 1737.  

Clarke, I. J., Li, Q., Henry, B. A., & Millar, R. P. (2018). Continuous Kisspeptin Restores 

Luteinizing Hormone Pulsatility Following Cessation by a Neurokinin B Antagonist in 

Female Sheep. Endocrinology (Philadelphia), 159(2), 639-646.  

Colella, P., Ronzitti, G., & Mingozzi, F. (2018). Emerging Issues in AAV-Mediated In Vivo 

Gene Therapy. Molecular therapy. Methods & clinical development, 8(C), 87-104.  

Colledge, W. H. (2008). Kisspeptins and GnRH neuronal signalling. Trends in Endocrinology & 

Metabolism, 20(3), 115-121.  

D'Occhio, M. J., Schanbacher, B. D., & Kinder, J. E. (1982). Relationship between serum 

testosterone concentration and patterns of luteinizing hormone secretion in male sheep. 

Endocrinology (Philadelphia), 110(5), 1547.  

Decourt, C., Tillet, Y., Caraty, A., Franceschini, I., & Briant, C. (2008). Kisspeptin 

immunoreactive neurons in the equine hypothalamus Interactions with GnRH neuronal 

system. Journal of chemical neuroanatomy, 36(3-4), 131-137.  

Deisseroth, K. (2011). Optogenetics. Nature Methods, 8(1), 26-29.  



  20 

 

Dhillo, W. S., Chaudhri, O. B., Patterson, M., Thompson, E. L., Murphy, K. G., Badman, M. K., 

. . . Bloom, S. R. (2005). Kisspeptin-54 Stimulates the Hypothalamic-Pituitary Gonadal 

Axis in Human Males. The Journal of Clinical Endocrinology & Metabolism, 90(12), 

6609-6615.  

DiVall, S. A., Williams, T. R., Carver, S. E., Koch, L., Brüning, J. C., Kahn, C. R., . . . Wolfe, A. 

(2010). Divergent roles of growth factors in the GnRH regulation of puberty in mice. The 

Journal of clinical investigation, 120(8), 2900-2909.  

Donato, J. J., Cravo, R. M., Frazão, R., Gautron, L., Scott, M. M., Lachey, J., . . . Elias, C. F. 

(2011). Leptin's effect on puberty in mice is relayed by the ventral premammillary 

nucleus and does not require signaling in Kiss1 neurons. The Journal of clinical 

investigation, 121(1), 355-368.  

Ebling, F. J., Wood, R. I., Karsch, F. J., Vannerson, L. A., Suttie, J. M., Bucholtz, D. C., . . . 

Foster, D. L. (1990). Metabolic interfaces between growth and reproduction. III. Central 

mechanisms controlling pulsatile luteinizing hormone secretion in the nutritionally 

growth-limited female lamb. Endocrinology (Philadelphia), 126(5), 2719.  

Ellis, G. B., & Desjardins, C. (1984). Orchidectomy unleashes pulsatile luteinizing hormone 

secretion in the rat. Biology of Reproduction, 30(3), 619-627.  

Estrada, K. M., Clay, C. M., Pompolo, S., Smith, J. T., & Clarke, I. J. (2006). Elevated KiSS-1 

Expression in the Arcuate Nucleus Prior to the Cyclic Preovulatory Gonadotrophin-

Releasing Hormone/Lutenising Hormone Surge in the Ewe Suggests a Stimulatory Role 

for Kisspeptin in Oestrogen-Positive Feedback. Journal of neuroendocrinology, 18(10), 

806-809.  



  21 

 

Evans, M. C., Rizwan, M., Mayer, C., Boehm, U., & Anderson, G. M. (2014). Evidence that 

Insulin Signalling in Gonadotrophin-‐‑Releasing Hormone and Kisspeptin Neurones does 

not Play an Essential Role in Metabolic Regulation of Fertility in Mice. Journal of 

neuroendocrinology, 26(7), 468-479.  

Finn, P. D., Cunningham, M. J., Pau, K. Y., Spies, H. G., Clifton, D. K., & Steiner, R. A. (1998). 

The stimulatory effect of leptin on the neuroendocrine reproductive axis of the monkey. 

Endocrinology (Philadelphia), 139(11), 4652-4662.  

Fitzgerald, J., Michel, F., & Butler, W. R. (1982). Growth and sexual maturation in ewes: dietary 

and seasonal effects modulating luteinizing hormone secretion and first ovulation. 

Biology of Reproduction, 27(4), 864-870.  

Foster, D. L., & Olster, D. H. (1985). Effect of restricted nutrition on puberty in the lamb: 

patterns of tonic luteinizing hormone (LH) secretion and competency of the LH surge 

system. Endocrinology (Philadelphia), 116(1), 375.  

Franceschini, I., Lomet, D., Cateau, M., Delsol, G., Tillet, Y., & Caraty, A. (2006). Kisspeptin 

immunoreactive cells of the ovine preoptic area and arcuate nucleus co-express estrogen 

receptor alpha. Neuroscience letters, 401(3), 225-230.  

Gerits, A., & Vanduffel, W. (2013). Optogenetics in primates: a shining future? Trends in 

Genetics, 29(7), 403-411.  

Glanowska, K. M., Venton, B. J., & Moenter, S. M. (2012). Fast scan cyclic voltammetry as a 

novel method for detection of real-time gonadotropin-releasing hormone release in mouse 

brain slices. The Journal of neuroscience, 32(42), 14664-14669.  

Goldsmith, P. C., Thind, K. K., Song, T., Kim, E. J., & Boggant, J. E. (1990). Location of the 

Neuroendocrine Gonadotropin-‐‑Releasing Hormone Neurons in the Monkey 



  22 

 

Hypothalamus by Retrograde Tracing and Immunostaining. Journal of 

neuroendocrinology, 2(2), 157-168.  

Goodman, R. L., Lehman, M. N., Smith, J. T., Coolen, L. M., de Oliveira, C. V. R., 

Jafarzadehshirazi, M. R., . . . Clarke, I. J. (2007). Kisspeptin Neurons in the Arcuate 

Nucleus of the Ewe Express Both Dynorphin A and Neurokinin B. Endocrinology 

(Philadelphia), 148(12), 5752-5760.  

Gottsch, M. L., Cunningham, M. J., Smith, J. T., Popa, S. M., Acohido, B. V., Crowley, W. F., . . 

. Steiner, R. A. (2004). A Role for Kisspeptins in the Regulation of Gonadotropin 

Secretion in the Mouse. Endocrinology (Philadelphia), 145(9), 4073-4077.  

Guru, A., Post, R. J., Ho, Y.-Y., & Warden, M. R. (2015). Making Sense of Optogenetics. The 

international journal of neuropsychopharmacology, 18(11), pyv079-pyv079.  

Han, S. K. (2005). Activation of Gonadotropin-Releasing Hormone Neurons by Kisspeptin as a 

Neuroendocrine Switch for the Onset of Puberty. The Journal of neuroscience, 25(49), 

11349-11356.  

Han, S. Y., McLennan, T., Czieselsky, K., & Herbison, A. E. (2015). Selective optogenetic 

activation of arcuate kisspeptin neurons generates pulsatile luteinizing hormone secretion. 

Proceedings of the National Academy of Sciences - PNAS, 112(42), 13109-13114.  

Hassaneen, A., Naniwa, Y., Suetomi, Y., Matsuyama, S., Kimura, K., Ieda, N., . . . Ohkura, S. 

(2016). Immunohistochemical characterization of the arcuate kisspeptin/neurokinin 

B/dynorphin (KNDy) and preoptic kisspeptin neuronal populations in the hypothalamus 

during the estrous cycle in heifers. The Journal of reproduction and development, 62(5), 

471-477.  



  23 

 

Hawkins, S. M., & Matzuk, M. M. (2008). The Menstrual Cycle: Basic Biology. Annals of the 

New York Academy of Sciences, 1135(1), 10-18.  

Herbison, A. (2006). Knobil and Neill's physiology of reproduction. Physiology of the GnRH 

neuronal network, 3, 1415-1482.  

Herbison, A. E., & Theodosis, D. T. (1992). 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, 50(2), 

283.  

Hofmann, A., Kessler, B., Ewerling, S., Weppert, M., Vogg, B., Ludwig, H., . . . Pfeifer, A. 

(2003). Efficient transgenesis in farm animals by lentiviral vectors. EMBO reports, 4(11), 

1054-1058.  

Hrabovszky, E., Ciofi, P., Vida, B., Horvath, M. C., Keller, E., Caraty, A., . . . Kallo, I. (2010). 

The kisspeptin system of the human hypothalamus: sexual dimorphism and relationship 

with gonadotropin-releasing hormone and neurokinin B neurons. The European journal 

of neuroscience, 31(11), 1984-1998.  

Huber, D., Voithenberg, L., & Kaigala, G. (2018). Fluorescence in situ hybridization (FISH): 

History, limitations and what to expect from micro-scale FISH? Micro and Nano 

Engineering, 1.  

I'Anson, H., Manning, J. M., Herbosa, C. G., Pelt, J., Friedman, C. R., Wood, R. I., . . . Foster, D. 

L. (2000). Central inhibition of gonadotropin-releasing hormone secretion in the growth-

restricted hypogonadotropic female sheep. Endocrinology (Philadelphia), 141(2), 520.  



  24 

 

Kim, H., Kim, M., Im, S.-K., & Fang, S. (2018). Mouse Cre-LoxP system: general principles to 

determine tissue-specific roles of target genes. Laboratory animal research, 34(4), 147-

159.  

King, J. C., & Anthony, E. L. P. (1984). LHRH neurons and their projections in humans and 

other mammals: Species comparisons. Peptides, 5, 195-207.  

Kirigiti, M., True, C., Ciofi, P., Grove, K., & Smith, M. (2009). Kisspeptin and NKB fiber 

distribution in the adult female rat: relationship to GnRH cell bodies and fibers/terminals 

in the median eminence. Paper presented at the Endocrine Society Abstract. 

Lee, J. H., Miele, M. E., Hicks, D. J., Phillips, K. K., Trent, J. M., Weissman, B. E., & Welch, D. 

R. (1996). KiSS-1, a novel human malignant melanoma metastasis-suppressor gene. 

JNCI : Journal of the National Cancer Institute, 88(23), 1731-1737.  

Lehman, M. N., & Karsch, F. J. (1993). Do gonadotropin-releasing hormone, tyrosine 

hydroxylase-, and beta-endorphin-immunoreactive neurons contain estrogen receptors? A 

double-label immunocytochemical study in the Suffolk ewe. Endocrinology 

(Philadelphia), 133(2), 887.  

Lehman, M. N., Robinson, J. E., Karsch, F. J., & Silverman, A.-J. (1986). Immunocytochemical 

localization of luteinizing hormone-releasing hormone (LHRH) pathways in the sheep 

brain during anestrus and the mid-luteal phase of the estrous cycle. Journal of 

comparative neurology (1911), 244(1), 19-35.  

Lincoln, G. A., & Fraser, H. M. (1979). Blockade of Episodic Secretion of Luteinizing Hormone 

in the Ram by the Administration of Antibodies to Luteinizing Hormone Releasing 

Hormone. Biology of Reproduction, 21(5), 1239-1245.  



  25 

 

Liu, C., Wang, L., Li, W., Zhang, X., Tian, Y., Zhang, N., . . . Liu, M. (2013). Highly efficient 

generation of transgenic sheep by lentivirus accompanying the alteration of methylation 

status. PloS one, 8(1), e54614-e54614.  

Maggi, R., Cariboni, A. M., Marelli, M. M., Moretti, R. M., Andrè, V., Marzagalli, M., & 

Limonta, P. (2016). GnRH and GnRH receptors in the pathophysiology of the human 

female reproductive system. Human reproduction update, 22(3), 358-381.  

Mahmood, R., & Mason, I. (2008). In-situ hybridization of radioactive riboprobes to RNA in 

tissue sections. Methods in molecular biology (Clifton, N.J.), 461, 675-686.  

Matsuda, F., Nakatsukasa, K., Suetomi, Y., Naniwa, Y., Ito, D., Inoue, N., . . . Ohkura, S. (2015). 

The Luteinising Hormone Surge-‐‑Generating System is Functional in Male Goats as in 

Females: Involvement of Kisspeptin Neurones in the Medial Preoptic Area. Journal of 

neuroendocrinology, 27(1), 57-65.  

Matsui, H., Takatsu, Y., Kumano, S., Matsumoto, H., & Ohtaki, T. (2004). Peripheral 

administration of metastin induces marked gonadotropin release and ovulation in the rat. 

Biochemical and Biophysical Research Communications, 320(2), 383-388.  

Merkley, C. M., Coolen, L. M., Goodman, R. L., & Lehman, M. N. (2015). Evidence for 

Changes in Numbers of Synaptic Inputs onto KNDy and GnRH Neurones during the 

Preovulatory LH Surge in the Ewe. Journal of neuroendocrinology, 27(7), 624-635.  

Messager, S., Chatzidaki, E. E., Ma, D., Hendrick, A. G., Zahn, D., Dixon, J., . . . Aparicio, S. A. 

J. R. (2005). Kisspeptin directly stimulates gonadotropin-releasing hormone release via G 

protein-coupled receptor 54. Proceedings of the National Academy of Sciences of the 

United States of America, 102(5), 1761-1766.  



  26 

 

Navarro, V. M., Gottsch, M. L., Chavkin, C., Okamura, H., Clifton, D. K., & Steiner, R. A. 

(2009). Regulation of Gonadotropin-Releasing Hormone Secretion by 

Kisspeptin/Dynorphin/Neurokinin B Neurons in the Arcuate Nucleus of the Mouse. The 

Journal of neuroscience, 29(38), 11859-11866.  

Navarro, V. M., Ruiz-Pino, F., Sanchez-Garrido, M. A., Garcia-Galiano, D., Hobbs, S. J., 

Manfredi-Lozano, M., . . . Tena-Sempere, M. (2012). Role of neurokinin B in the control 

of female puberty and its modulation by metabolic status. J Neurosci, 32(7), 2388-2397.  

Nestor, C. C., Briscoe, A. M. S., Davis, S. M., Valent, M., Goodman, R. L., & Hileman, S. M. 

(2012). Evidence of a Role for Kisspeptin and Neurokinin B in Puberty of Female Sheep. 

Endocrinology (Philadelphia), 153(6), 2756-2765.  

Ohtaki, T., Shintani, Y., Honda, S., Matsumoto, H., Hori, A., Kanehashi, K., . . . Fujino, M. 

(2001). Metastasis suppressor gene KiSS-1 encodes peptide ligand of a G-protein-

coupled receptor. Nature (London), 411(6837), 613-617.  

Pillon, D., Caraty, A., Fabre-‐‑Nys, C., & Bruneau, G. (2003). Short-‐‑Term Effect of Oestradiol on 

Neurokinin B mRNA Expression in the Infundibular Nucleus of Ewes. Journal of 

neuroendocrinology, 15(8), 749-753.  

Plant, T. M. (1982). Effects of orchidectomy and testosterone replacement treatment on pulsatile 

luteinizing hormone secretion in the adult rhesus monkey (Macaca mulatta). 

Endocrinology (Philadelphia), 110(6), 1905.  

Polkowska, J., Cieslak, M., Wankowska, M., & Wojcik-Gladysz, A. (2015). The effect of short 

fasting on the hypothalamic neuronal system of kisspeptin in peripubertal female lambs. 

Anim Reprod Sci, 159, 184-190.  



  27 

 

Prasad, B. M., Conover, C. D., Sarkar, D. K., Rabii, J., & Advis, J. P. (1993). Feed restriction in 

prepubertal lambs: effect on puberty onset and on in vivo release of luteinizing-hormone-

releasing hormone, neuropeptide Y and beta-endorphin from the posterior-lateral median 

eminence. Neuroendocrinology, 57(6), 1171.  

Ramaswamy, S., Guerriero, K. A., Gibbs, R. B., & Plant, T. M. (2008). Structural Interactions 

between Kisspeptin and GnRH Neurons in the Mediobasal Hypothalamus of the Male 

Rhesus Monkey ( Macaca mulatta ) as Revealed by Double Immunofluorescence and 

Confocal Microscopy. Endocrinology (Philadelphia), 149(9), 4387-4395.  

Ramaswamy, S., Seminara, S. B., Ali, B., Ciofi, P., Amin, N. A., & Plant, T. M. (2010). 

Neurokinin B Stimulates GnRH Release in the Male Monkey ( Macaca mulatta ) and Is 

Colocalized with Kisspeptin in the Arcuate Nucleus. Endocrinology (Philadelphia), 

151(9), 4494-4503.  

Ramirez, D. V., & McCann, S. M. (1963). Comparison of the regulation of luteinizing hormone 

(LH) secretion in immature and adult rats. Endocrinology (Philadelphia), 72, 452.  

Rance, N. E., & Young, r. W. S. (1991). Hypertrophy and increased gene expression of neurons 

containing neurokinin-B and substance-P messenger ribonucleic acids in the hypothalami 

of postmenopausal women. Endocrinology (Philadelphia), 128(5), 2239.  

Redding, T. W., & Schally, A. V. (1973). The distribution, half-life, and excretion of tritiated 

luteinizing hormone-releasing hormone (LH-RH) in rats. Life Sciences, 12(1), 23-32.  

Reichenbach, M., Reichenbach, M., Lim, T., Lim, T., Reichenbach, H.-D., Reichenbach, H.-D., . 

. . Wolf, E. (2010). Germ-line transmission of lentiviral PGK-EGFP integrants in 

transgenic cattle: new perspectives for experimental embryology. Transgenic Research, 

19(4), 549-556.  



  28 

 

Rometo, A. M., Krajewski, S. J., Lou Voytko, M., & Rance, N. E. (2007). Hypertrophy and 

Increased Kisspeptin Gene Expression in the Hypothalamic Infundibular Nucleus of 

Postmenopausal Women and Ovariectomized Monkeys. The Journal of Clinical 

Endocrinology & Metabolism, 92(7), 2744-2750.  

Roux, N. d., Genin, E., Carel, J.-C., Matsuda, F., Chaussain, J.-L., & Milgrom, E. (2003). 

Hypogonadotropic hypogonadism due to loss of function of the KiSS1-derived peptide 

receptor GPR54. Proceedings of the National Academy of Sciences of the United States of 

America, 100(19), 10972-10976.  

Sandoval-‐‑Guzmán, T., Stalcup, S. T., Krajewski, S. J., Voytko, M. L., & Rance, N. E. (2004). 

Effects of Ovariectomy on the Neuroendocrine Axes Regulating Reproduction and 

Energy Balance in Young Cynomolgus Macaques. Journal of neuroendocrinology, 16(2), 

146-153.  

Schally, A. V., Arimura, A., Kastin, A. J., Matsuo, H., Baba, Y., Redding, T. W., . . . White, W. 

F. (1971). Gonadotropin-Releasing Hormone: One Polypeptide Regulates Secretion of 

Luteinizing and Follicle-Stimulating Hormones. Science (American Association for the 

Advancement of Science), 173(4001), 1036-1038.  

Schwanzel-Fukuda, M., & Pfaff, D. W. (1989). Origin of luteinizing hormone-releasing hormone 

neurons. Nature (London), 338(6211), 161-164.  

Scott, B. B., & Lois, C. (2005). Generation of tissue-specific transgenic birds with lentiviral 

vectors. Proceedings of the National Academy of Sciences - PNAS, 102(45), 16443-

16447.  



  29 

 

Seminara, S. B., Messager, S., Chatzidaki, E. E., Thresher, R. R., Acierno, J. S., Shagoury, J. K., 

. . . Colledge, W. H. (2003). The GPR54 Gene as a Regulator of Puberty. The New 

England journal of medicine, 349(17), 1614-1627.  

Shahab, M., Mastronardi, C., Seminara, S. B., Crowley, W. F., Ojeda, S. R., & Plant, T. M. 

(2005). 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, 102(6), 2129-2134.  

Shibata, M., Friedman, R. L., Ramaswamy, S., & Plant, T. M. (2007). 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). Journal of neuroendocrinology, 19(6), 432-438.  

Smith, J. T. (2009). Sex steroid control of hypothalamic Kiss1 expression in sheep and rodents: 

Comparative aspects. Peptides (New York, N.Y. : 1980), 30(1), 94-102.  

Smith, J. T., Acohido, B. V., Clifton, D. K., & Steiner, R. A. (2006). KiSS-1 Neurones Are 

Direct Targets for Leptin in the ob/ob Mouse. Journal of neuroendocrinology, 18(4), 

298-303.  

Smith, J. T., Clay, C. M., Caraty, A., & Clarke, I. J. (2007). KiSS-1 Messenger Ribonucleic Acid 

Expression in the Hypothalamus of the Ewe Is Regulated by Sex Steroids and Season. 

Endocrinology (Philadelphia), 148(3), 1150-1157.  

Smith, J. T., Cunningham, M. J., Rissman, E. F., Clifton, D. K., & Steiner, R. A. (2005). 

Regulation of Kiss1 Gene Expression in the Brain of the Female Mouse. Endocrinology 

(Philadelphia), 146(9), 3686-3692.  



  30 

 

Smith, J. T., Dungan, H. M., Stoll, E. A., Gottsch, M. L., Braun, R. E., Eacker, S. M., . . . 

Steiner, R. A. (2005). Differential Regulation of KiSS-1 mRNA Expression by Sex 

Steroids in the Brain of the Male Mouse. Endocrinology (Philadelphia), 146(7), 2976-

2984.  

Smith, J. T., Popa, S. M., Clifton, D. K., Hoffman, G. E., & Steiner, R. A. (2006). Kiss1 Neurons 

in the Forebrain as Central Processors for Generating the Preovulatory Luteinizing 

Hormone Surge. The Journal of neuroscience, 26(25), 6687-6694.  

Tena-Sempere, M. (2006). KiSS-1 and Reproduction: Focus on Its Role in the Metabolic 

Regulation of Fertility. Neuroendocrinology, 83(5-6), 275-281.  

Thompson, E. L., Patterson, M., Murphy, K. G., Smith, K. L., Dhillo, W. S., Todd, J. F., . . . 

Bloom, S. R. (2004). Central and Peripheral Administration of Kisspeptin-10 Stimulates 

the Hypothalamic-Pituitary-Gonadal Axis. Journal of neuroendocrinology, 16(10), 850-

858.  

Thorson, J. F., Prezotto, L. D., Adams, H., Petersen, S. L., Clapper, J. A., Wright, E. C., . . . 

Lents, C. A. (2018). Energy balance affects pulsatile secretion of luteinizing hormone 

from the adenohypophesis and expression of neurokinin B in the hypothalamus of 

ovariectomized gilts. Biol Reprod, 99 (2)(2), 433-445.  

Tomikawa, J., Homma, T., Tajima, S., Shibata, T., Inamoto, Y., Takase, K., . . . Tsukamura, H. 

(2010). Molecular Characterization and Estrogen Regulation of Hypothalamic KISS1 

Gene in the Pig. Biology of Reproduction, 82(2), 313-319.  

Topaloglu, A. K., Reimann, F., Guclu, M., Yalin, A. S., Kotan, L. D., Porter, K. M., . . . Semple, 

R. K. (2009). TAC3 and TACR3 mutations in familial hypogonadotropic hypogonadism 



  31 

 

reveal a key role for Neurokinin B in the central control of reproduction. Nat Genet, 

41(3), 354-358.  

True, C., Kirigiti, M. A., Kievit, P., Grove, K. L., & Smith, M. S. (2011). Leptin is not the 

critical signal for kisspeptin or luteinising hormone restoration during exit from negative 

energy balance. J Neuroendocrinol, 23(11), 1099-1112.  

Wagner, M., AßMus, B., Hartmann, A., Hutzler, P., & Amann, R. (1994). In situ analysis of 

microbial consortia in activated sludge using fluorescently labelled, rRNA-‐‑targeted 

oligonucleotide probes and confocal scanning laser microscopy. Journal of Microscopy, 

176(3), 181-187.  

Wakabayashi, Y., Nakada, T., Murata, K., Ohkura, S., Mogi, K., Navarro, V. M., . . . Okamura, 

H. (2010). 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. The Journal of neuroscience, 

30(8), 3124-3132.  

Wang, F., Flanagan, J., Su, N., Wang, L.-C., Bui, S., Nielson, A., . . . Luo, Y. (2012). 

RNAscope: a novel in situ RNA analysis platform for formalin-fixed, paraffin-embedded 

tissues. The Journal of molecular diagnostics, 14(1), 22-29.  

Wildt, L., Häusler, A., Marshall, G., Hutchison, J. S., Plant, T. M., Belchetz, P. E., & Knobil, E. 

(1981). Frequency and amplitude of gonadotropin-releasing hormone stimulation and 

gonadotropin secretion in the rhesus monkey. Endocrinology (Philadelphia), 109(2), 376.  

Winters, S. J., & Troen, P. (1983). A reexamination of pulsatile luteinizing hormone secretion in 

primary testicular failure. The journal of clinical endocrinology and metabolism, 57(2), 

432.  



  32 

 

Wolfgang, M. J., Eisele, S. G., Browne, M. A., Schotzko, M. L., Garthwaite, M. A., Durning, 

M., . . . Golos, T. G. (2001). Rhesus Monkey Placental Transgene Expression after 

Lentiviral Gene Transfer into Preimplantation Embryos. Proceedings of the National 

Academy of Sciences - PNAS, 98(19), 10728-10732.  

Yang, J. A., Yasrebi, A., Snyder, M., & Roepke, T. A. (2016). The interaction of fasting, caloric 

restriction, and diet-induced obesity with 17beta-estradiol on the expression of KNDy 

neuropeptides and their receptors in the female mouse. Mol Cell Endocrinol, 437, 35-50.  

Yang, S. H., Cheng, P. H., Sullivan, R. T., Thomas, J. W., & Chan, A. W. S. (2008). Lentiviral 

integration preferences in transgenic mice. genesis, 46(12), 711-718.  



  33 

 

CHAPTER 2 – UNDERNUTRITION REDUCES TRANSCRIPT ABUNDANCE OF 
KISSPEPTIN AND NEUROKININ B IN YOUNG MALE SHEEP 

 
Abstract 

Undernutrition impairs reproductive success through suppression of gonadotropin-

releasing hormone (GnRH), and subsequently luteinizing hormone (LH), secretion.  Given that 

kisspeptin and neurokinin B (NKB) neurons in the arcuate nucleus (ARC) of the hypothalamus are 

thought to play key stimulatory roles in the generation of GnRH/LH pulses, we hypothesized that 

feed restriction would reduce the ARC mRNA abundance of kisspeptin and NKB in young, male 

sheep.  Fourteen wethers (castrated male sheep five months of age) were either fed to maintain 

(FM; n = 6) pre-study body weight or feed-restricted (FR; n = 8) to lose 20% of pre-study body 

weight over 13 weeks.  Throughout the study, weekly blood samples were collected and assessed 

for LH concentration using radioimmunoassay.  At Week 13 of the experiment, animals were 

euthanized, heads were perfused with 4% paraformaldehyde, and brain tissue containing the 

hypothalamus was collected, sectioned, and processed for detection of mRNA (RNAscope) for 

kisspeptin and NKB.  RNAscope analysis revealed significantly fewer cells expressing mRNA for 

kisspeptin and NKB in FR wethers compared to FM controls.  This data supports the idea that 

long-term feed restriction regulates GnRH/LH secretion through central suppression of kisspeptin 

and NKB in male sheep.  
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Introduction 

The capacity for reproduction first occurs at puberty and is the result of an activated 

hypothalamic-pituitary-gonadal axis.  As a critical window of time in physiological 

development, puberty onset is heralded at the neuroendocrine level by an elevation of pulsatile 

gonadotropin-releasing hormone (GnRH) secretion from the central nervous system, which in 

turn elicits an increase of luteinizing hormone (LH) secretion from the anterior pituitary.   It has 

been known for decades that undernutrition delays puberty onset in mammals (Glass and 

Swerdloff, 1980, Chakravarty et al., 1982, Fitzgerald et al., 1982, Foster and Olster, 1985, Day et 

al., 1986) and with evidence that insufficient energy intake (caloric restriction) reduces GnRH 

release into the hypophyseal portal circulation (I'Anson et al., 2000), there is a central 

mechanism whereby undernutrition impairs reproduction through a reduction in GnRH/LH 

secretion.  Given that direct nutritional regulation of GnRH neurons is unlikely as they are 

devoid of leptin and insulin receptors (Finn et al., 1998, Hakansson et al., 1998, Quennell et al., 

2009, Louis et al., 2011, Cernea et al., 2016), the central mechanism whereby undernutrition 

regulates GnRH/LH secretion is likely mediated by afferent input to GnRH neurons.  

Mutations in the genes encoding the neuropeptide kisspeptin or its receptor, Kiss1R (also 

known as G-protein coupled receptor 54, GPR54) result in impairment of pubertal maturation and 

reproductive function in humans and mice (de Roux et al., 2003, Seminara et al., 2003, Topaloglu 

et al., 2012), which is compelling evidence that kisspeptin is an essential component of normal 

pubertal development and fertility.  With nearly all GnRH neurons expressing Kiss1R (Irwig et 

al., 2004, Herbison et al., 2010, Smith et al., 2011, Bosch et al., 2013) and the robust stimulatory 

actions of kisspeptin on GnRH and gonadotropin release in numerous mammalian species (Irwig 

et al., 2004, Navarro et al., 2004, Shahab et al., 2005, Lents et al., 2008, Mason et al., 2007, 
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Jayasena et al., 2009, Magee et al., 2009, Ohkura et al., 2009), kisspeptin is believed to provide 

direct stimulatory drive to GnRH neurons.  Similar to kisspeptin, neurokinin B (NKB) is also 

essential for puberty, as loss-of-function mutations in the genes encoding NKB or its receptor, 

neurokinin 3 receptor (NK3R), result in failure of pubertal progression and infertility in humans 

(Topaloglu et al., 2009).  Furthermore, administration of NKB or senktide (an NK3R receptor 

agonist) has been shown to stimulate LH secretion in multiple species (Billings et al., 2010, 

Ramaswamy et al., 2010, Wakabayashi et al., 2010, Navarro et al., 2011, Nestor et al., 2012).  

Since kisspeptin neurons in the arcuate nucleus (ARC) of the hypothalamus highly express NK3R, 

while GnRH neurons appear to be devoid of NK3R (Amstalden et al., 2010, Ahn et al., 2015), 

NKB action is thought to occur through stimulation of ARC kisspeptin which in turn stimulates 

GnRH neurons.  In support of this, work in rodents has shown that removal of Kiss1R signaling 

abrogates the response to senktide (Garcia-Galiano et al., 2012, Grachev et al., 2012b) and thus 

demonstrates that NKB signaling is upstream of kisspeptin signaling.   

Given their dominant stimulatory roles in reproduction, kisspeptin and NKB may also play 

an important part in mediating the effect of undernutrition on GnRH/LH secretion.  Unlike GnRH 

neurons, ARC kisspeptin appear to express receptors for both leptin (Smith et al., 2006, Backholer 

et al., 2010b, Cravo et al., 2011) and insulin (Cernea et al., 2016), and thus may be a direct target 

of these key metabolic hormones.  In addition, food deprivation (total food withdrawal for 48-72 

hrs) has been shown to reduce hypothalamic mRNA abundance of kisspeptin (Castellano et al., 

2005, True et al., 2011, Navarro et al., 2012) and protein expression of kisspeptin in the ARC 

(Polkowska et al., 2015).  Furthermore, while short-term food restriction (30% food withdrawal 

for 10 days) in pigs elicit no change in mRNA for kisspeptin and increases mRNA for NKB 

(Thorson et al., 2018), others have shown in mice, rats, and sheep that long-term food restriction 
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(30-60% food withdrawal for several weeks/months) is capable of reducing ARC mRNA 

abundance of kisspeptin (Backholer et al., 2010a, True et al., 2011, Yang et al., 2016) and NKB 

(True et al., 2011, Yang et al., 2016).  While this evidence provides valuable insight into the central 

link between energy balance and reproduction, data on the effects of undernutrition on kisspeptin 

and NKB in males is limited, and thus far has only been reported for food deprivation in mice 

(Castellano et al., 2005).  Therefore, in the present study, we used a chronic feed restriction model 

to examine the effects of undernutrition on mRNA for kisspeptin and NKB in the ARC of young, 

castrated male sheep (wethers).   The use of wethers in these experiments enabled us to examine 

direct nutritional effects on LH secretion independent of changes in sensitivity to gonadal steroid 

feedback that may result from undernutrition.  We hypothesized that chronic feed restriction would 

reduce mRNA abundance of kisspeptin and NKB.  To test this hypothesis, we used a relatively 

new fluorescent in situ hybridization technique, RNAscope, to assess mRNA. 

Materials and Methods 

Animals 

Fourteen Suffolk wethers (male sheep castrated between four and six weeks of age) were 

approximately five months of age at the start of the study which was conducted from July through 

October.  Prior to the study, wethers were housed in an open barn for a minimum of 14 days, and 

received open access to water and hay supplemented with the experimental diet (crude protein 

12%, crude fat 2.5%, crude fiber 5.0%; Mule City Specialty Feeds, Benson, NC).  Once moved 

indoors for the duration of the study, all sheep were housed individually, provided with water ad 

libitum and fed once daily with the experimental diet.  Indoor lighting simulated changes in natural 

day length throughout the study.  Blood samples were obtained using jugular venipuncture, 

collected into heparinized tubes, and plasma was stored at -20˚C.  All procedures were approved 
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by the North Carolina State University Animal Care and Use Committee and followed the National 

Institutes of Health guidelines for use of animals in research. 

Experimental design 

The experimental design for this study is depicted in Figure 1A. Briefly, fourteen wethers 

were divided into one of two groups: fed to maintain body weight (FM; n=6) or feed-restricted to 

lose body weight (FR; n=8).  Based on previous reports in sheep (Foster and Olster, 1985, Adam 

et al., 1997, McManus et al., 2005), each animal in the FM group was fed the experimental diet in 

order to maintain their pre-study body weight, while each animal in the FR group was fed less of 

the same diet in order to lose 20% of their own pre-study body weight over the course of 13 weeks.  

Body weight data was collected weekly throughout the experiment, and feed intake for each group 

was adjusted to produce the desired change in weight.  Peripheral blood samples were collected 

weekly (from Weeks 0 to 13) via jugular venipuncture every 12 min for 4.5 hrs. 

Tissue collection 

Tissue was collected as previously described (Foradori et al., 2006).  Briefly, at the end of 

the experiment (Week 13), all wethers were heparinized (20,000 U, intravenous) and euthanized 

with an intravenous overdose of sodium pentobarbital (Euthasol; Patterson Veterinary, Greeley, 

CO).  Heads were removed and perfused via the carotid arteries with four liters of 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB; pH = 7.4) containing 0.1% sodium nitrite.  

Blocks of tissue containing the hypothalamus were removed and stored in 4% PFA for 24 hours at 

4˚C and transferred to a 20% sucrose solution until sectioning.  Frozen coronal sections were cut 

at 50 µm with a freezing microtome into five parallel series and stored in cryopreservative solution 

until used for RNAscope and immunohistochemistry.   

RNAscope in situ hybridization 
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For detection of mRNA for kisspeptin and NKB, RNAscope was performed on PFA-fixed 

hemisections from FM and FR wethers mounted on Superfrost/Plus microscope slides (Fisher 

Scientific, Waltham, MA).  Three sections in the middle ARC were selected in each animal from 

a series of every fifth hypothalamic section (250 µm apart), with the middle ARC defined as the 

level of the tubero-infundibular sulcus until the beginning of the formation of the mammillary 

recess of the third ventricle (Merkley et al., 2012, Weems et al., 2016).  Each full coronal section 

was cut at midline with only one side of the tissue section used for RNAscope.  In situ hybridization 

was performed in based on instructions from Advanced Cell Diagnostics and technical 

recommendations with minor modifications using the RNAscope Multiplex Fluorescent Reagent 

Kit v2 (Advanced Cell Diagnostics, Newark, CA; cat# 323100).  All incubations between 40-60˚C 

were conducted using an ACD HybEZ II Hybridization System with EZ-Batch Slide System 

(Advanced Cell Diagnostics; cat# 321710).  On day one, hemisections were washed overnight in 

0.1 M PBS at 4˚C on a rocking shaker to remove excess cryoprotectant.  On day two, hemisections 

were mounted onto microscope slides and allowed to dry for 2 hrs.  Then slides with sections were 

heated at 60°C for 90 min, submerged in chilled 4% PFA at 4°C for 1 hr, and rinsed four times in 

0.1 M PBS (5 min/rinse).  Slides were then incubated in increasing concentrations of ethanol (50%, 

70%, 100%, and 100%) for 5 min at each concentration.  Slides were then allowed to dry at room 

temperature (RT) for 5 min and then incubated in Hydrogen Peroxide solution (10 min at RT; 

Advanced Cell Diagnostics, cat# 322335).  Next, slides were briefly rinsed with deionized water 

five times, treated with Target Retrieval solution (15 min at 100°C; Advanced Cell Diagnostics, 

cat# 322001), then rinsed in deionized water five times followed by quick submersion in 100% 

ethanol five times and allowed to air dry.  A hydrophobic barrier was then created around the tissue 

using an ImmEdge Pen (Advanced Cell Diagnostics; cat# 310018), and slides were stored 
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overnight at 4°C.  On day 3, sections were treated with RNAscope® Protease III (30 min at 40°C; 

Advanced Cell Diagnostics, cat# 322337), and subsequently incubated with RNAscope target 

(kisspeptin, Oa-KISS1-C3, cat# 497471-C3; NKB, Oa-TAC3-O1, cat# 481411) and control probes 

(positive controls, Oa-UBC-C3, cat#516181-C3 and Oa-POLR2A, cat# 516171; negative control, 

3-plex Negative Control Probe, cat# 320871) for 2 hrs at 40°C.  Next, slides were washed twice 

with 1x Wash Buffer (Advanced Cell Diagnostics, cat# 310091; 2 min/rinse at RT) followed by 

sequential tissue application of 50 µl of the following each for 30 min at 40°C with 2 min washes 

using 1x Wash Buffer between applications:  RNAscope Multiplex FL v2 Amp 1 (Advanced Cell 

Diagnostics, cat# 323101), RNAscope Multiplex FL v2 Amp 2 (Advanced Cell Diagnostics, cat# 

323102), and RNAscope Multiplex FL v2 Amp 3 (Advanced Cell Diagnostics, cat# 323103). 

Following final incubation with Amp 3, slides were rinsed with 1x Wash Buffer twice (2 min/rinse 

at RT) followed by application of RNAscope Multiplex FL v2 HRP C1 (15 min at 40°C; Advanced 

Cell Diagnostics, cat#323104).  Next, sections were incubated with 150 µl per slide of Opal 570 

(Fisher Scientific; cat# NC1601878) in RNAscope TSA buffer (Advanced Cell Diagnostics, cat# 

322809) at a final concentration of 1:1500 for 30 min at 40°C.  Following a rinse with 1 x Wash 

Buffer twice (2 min/rinse at RT), 50 µl of RNAscope® Multiplex FL v2 HRP Blocker (Advanced 

Cell Diagnostics, cat# 323107) was applied to tissue for 15 min at 40°C.  Slides were then rinsed 

with 1x Wash Buffer twice (2 min/rinse at RT) followed by application of RNAscope Multiplex 

FL v2 HRP-C3 (15 min at 40°C; Advanced Cell Diagnostics, cat# 323106).  Sections were next 

incubated with 150 µl per slide of Opal 690 (Fisher Scientific; cat# NC1605064) in RNAscope 

TSA buffer (Advanced Cell Diagnostics, cat# 322809) at a final concentration of 1:1500 for 30 

min at 40°C, and followed by rinsing of the slide in 1x Wash Buffer twice (2 min/rinse at RT).  

Then, 50 µl of RNAscope® Multiplex FL v2 HRP Blocker (Advanced Cell Diagnostics, cat# 
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323107) was applied to tissue for 15 min at 40°C.   Finally, slides were coverslipped with ProLong 

Gold Antifade Mountant (Fisher Scientific, cat# P36930) and stored at 4°C until image acquisition. 

Imaging and signal analyses 

Hemisections processed for simultaneous detection of mRNA for kisspeptin and NKB were 

analyzed within three weeks following the RNAscope procedure, using a Zeiss 880 confocal 

microscope. The number of cells expressing kisspeptin or NKB mRNA were quantified in the 

middle ARC by a blinded observer, using images taken with a Plan Apochromat 10x/0.45 

objective, with consistent acquisition settings for all hemisections. Images of each hemisection 

were uploaded to Adobe Photoshop CC 2018 (19.1.9) (Adobe, Inc., San Jose, CA), where 

individual cells were marked in a superimposed image layer.  Then, Image J (NIH; Bethesda, MD) 

was used to quantify the number of marked cells within the region of interest. Given the diffuse 

labeling of both kisspeptin and NKB, a product of abundant mRNA expression (Jolly et al., 

2019)(personal communication with Advanced Cell Diagnostics Technical Support), individual 

cells that expressed mRNA for kisspeptin and NKB (24-30 cells/animal) were readily identified 

and randomly selected for integrated density analysis.  Confocal z-stack images that encompassed 

each cell were captured at 1 µm optical sections with a Plan Apochromat 63x/1.4 oil objective and 

acquisition settings were identical for all images including positive and negative control probes. 

Following acquisition, an experimenter blinded to treatment group opened optical slice images in 

Image J, converted images to 16-bit, and applied a region of interest (312 pixels x 312 pixels) 

directly over each cell to determine integrated density.  An auto-threshold was recorded for each 

channel corresponding to the specific label in all optical slices.  An average of these thresholds 

was determined for each of the channels and used as the fixed threshold intensity for the integrated 

density analysis.  Three optical slices from the center of each cell as determined by the extent of 
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detectable signal throughout the cell were used for analysis, with the sum of the integrated density 

values calculated per cell and then averaged per animal for statistical comparison.    

Statistical analyses 

Data for RNAscope in situ hybridization and immunohistochemistry was analyzed using 

an unpaired, Student’s t-test.  Differences were considered to be statistically significant at P < 

0.05.  All analyses were performed using Sigma Plot 11.0 (San Jose, CA).   

Results 

Effects of feed restriction on body weights of wethers 

Average weekly body weights from FM wethers and FR wethers throughout the study are 

illustrated in Figure 1B.  There was a treatment x time interaction (p < 0.001) for body weight 

between groups.  At the beginning of the experiment (Week 0), average body weights were not 

significantly different between FM and FR groups; however, starting at Week 9 through the end 

of the study (Week 13), average body weights were significantly lower (p < 0.05) in FR wethers 

compared to FM wethers.  As designed, the average percent change in pre-study body weight for 

the FM and FR wethers at Week 13 was 6.79 + 3.4% and -19.82 + 1.6%, respectively.   

Effects of feed restriction on expression of Kisspeptin mRNA in the ARC of wethers  

We assessed changes in kisspeptin mRNA in the ARC between FM and FR wethers using 

RNAscope.  Cells expressing mRNA for kisspeptin were readily visible in the ARC of both FM 

wethers (Figure 2A) and FR wethers (Figure 2B).  The average number of kisspeptin cells (Figure 

2C) and the expression of mRNA transcript for kisspeptin per cell (Figure 2D) were significantly 

lower (p < 0.05) in FR wethers compared to FM wethers.   
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Effects of feed restriction on expression of NKB mRNA in the ARC of wethers  

In the same cells that expressed mRNA for kisspeptin, we assessed changes in NKB mRNA 

in the ARC between FM and FR wethers.  Cells expressing mRNA for NKB were readily 

detectable in the ARC of both FM wethers (Figure 3A) and FR wethers (Figure 3B).  The average 

number of NKB cells was significantly lower (p < 0.05) in FR wethers compared to FM wethers 

(Figure 3C), but the expression of mRNA transcript per cell did not differ between groups (p > 

0.05; Figure 3D).  The percentage of NKB cells that expressed mRNA for kisspeptin in FM and 

FR wethers was 60.5 + 6% and 64.2 + 5%, respectively, while the percentage of kisspeptin cells 

that expressed mRNA for NKB in FM and FR wethers was 52.0 + 7% and 65.7 + 5%, respectively.   

Discussion 

The data herein provide evidence of a role for kisspeptin and NKB in the central regulation 

of LH secretion during undernutrition in male sheep.  Chronic feed-restriction in wethers resulted 

in fewer ARC neurons expressing mRNA for kisspeptin and reduced mRNA abundance of 

kisspeptin in the remaining kisspeptin neurons.  In addition, this model of undernutrition resulted 

in fewer ARC neurons expressing mRNA for NKB.  Although there was not a significant effect of 

feed-restriction on mRNA abundance of NKB in the remaining NKB neurons, the overall 

nutritionally-induced inhibition of kisspeptin and NKB provides important neuroanatomical 

evidence for the central regulation of these neurons during undernutrition.  

Sufficient energy intake is an important component of proper reproductive function and as 

such it is generally accepted that undernutrition has the capacity to impair reproduction.  Earlier 

work in sheep has demonstrated that undernutrition reduces GnRH release from the hypothalamus 

(Ebling et al., 1990, Prasad et al., 1993, I'Anson et al., 2000) lending support to the idea that a 

negative energy balance is sensed at the level of the brain resulting in lower GnRH, and 
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subsequently LH, secretion.  Based on previous models in young, gonadectomized sheep (Foster 

and Olster, 1985, Adam et al., 1997, McManus et al., 2005), we established a model of 

undernutrition in wethers that produces a robust reduction of LH secretion.  Given that our study 

used LH secretion as an index of GnRH release, it is possible that undernutrition decreased 

pituitary responsiveness to GnRH.  However, since others have shown that exogenous GnRH 

administration elicits LH secretion in growth-restricted sheep (Ebling et al., 1990) and rodents 

(Bronson, 1988), it is more likely that the primary mechanism whereby undernutrition decreases 

LH secretion is through a central-mediated pathway regulating GnRH release given data herein 

that feed restriction reduced LH pulse frequency, but not LH pulse amplitude.  Moreover, as the 

final common conduit from the central nervous system controlling reproduction, GnRH neurons 

play an integral part of the central mechanism whereby undernutrition limits reproduction, but 

GnRH neurons do not appear to be direct targets of leptin or insulin (Finn et al., 1998, Quennell et 

al., 2009, Louis et al., 2011, Cernea et al., 2016).  Therefore, afferent neurons likely mediate the 

loss of these satiety signals during times of undernutrition.   

As a potent stimulator of GnRH neurons, kisspeptin plays an essential role in pulsatile 

GnRH/LH secretion and is one of the most likely neuropeptide candidates to be impacted by 

undernutrition.  Indeed, others have shown that chronic undernutrition reduces ARC mRNA for 

kisspeptin in rodents and sheep (Backholer et al., 2010a, True et al., 2011, Yang et al., 2016).  

Shorter bouts of nutritional challenges have produced inconsistent results in kisspeptin expression.  

For example, withholding feed for three days in sheep reduced mRNA (Wang et al., 2012) and 

protein (Polkowska et al., 2015) for ARC kisspeptin, but feed restriction for 10 days in gilts, which 

resulted in a significant difference in body weight compared to controls, increased mean LH and 

LH pulse amplitude while having no effect on mRNA of ARC kisspeptin (Thorson et al., 2018).  
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While species differences may exist, another possible explanation for this discrepancy is that the 

severity of feed restriction (withholding feed vs feed restriction) likely impacts central expression 

of kisspeptin.  Furthermore, while our model of feed restriction was similar to that of Thorson et 

al. (2018), the length of feed restriction is also likely a contributing factor as several weeks were 

needed to produce a reduction in LH secretion in our wethers.  

Coexpressed within the vast majority of kisspeptin neurons in the ARC (Moore et al., 

2018), NKB has also been shown to play an active stimulatory role in GnRH/LH pulsatility 

through direct stimulation of ARC kisspeptin neurons (Goodman et al., 2013).  While it has been 

reported that undernutrition reduces mRNA for NKB in rodents (True et al., 2011, Yang et al., 

2016), our study is the first evidence in sheep that undernutrition reduces ARC NKB expression.  

There is evidence in gilts that feed restriction increases mRNA for ARC NKB (Thorson et al., 

2018), and while this is not in agreement with the effect of feed restriction on NKB in other species, 

greater expression of NKB coincided with increased LH concentrations, and further work is 

needed to determine if NKB plays a role in modulating GnRH/LH pulse amplitude.  Furthermore, 

kisspeptin cell numbers (detected via mRNA) and kisspeptin mRNA abundance per cell were both 

reduced in our study, but only NKB cell numbers were reduced with no change in NKB mRNA 

abundance.  While there is evidence from non-nutritional models to support differential regulation 

of peptides within neurons that coexpress kisspeptin and NKB (Cheng et al., 2010, Nestor et al., 

2012, Overgaard et al., 2014), one limitation of the current study is that mRNA abundance for 

NKB was only assessed within cells that expressed both kisspeptin and NKB.  Thus, we may have 

missed any changes that would have occurred in NKB expression within non-kisspeptin neurons, 

which appear to be more abundant in males than females based on work from others (Goodman et 

al., 2007, Ramaswamy et al., 2010, Hrabovszky et al., 2012) and our data herein.  Albeit, the 
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decrease in total NKB-expressing cells is likely sufficient to result in the loss of stimulatory drive 

to ARC kisspeptin neurons, and thus reduced GnRH/LH pulsatility.   

Dynorphin, also highly co-expressed in ARC neurons with kisspeptin and NKB (Moore et al., 

2018), differs from these stimulatory neuropeptides in that it has an inhibitory role in regulating 

GnRH/LH secretion.  Dynorphin has been shown to mediate progesterone-negative feedback on 

LH secretion in adult rats (Gallo et al., 1990) and ewes (Foradori et al., 2005) and the current 

working model for dynorphin supports a role in the termination of individual GnRH/LH pulses 

(Navarro et al., 2009, Grachev et al., 2012a, Weems et al., 2018).  As for a role linking energy 

balance to reproduction, food deprivation has inconsistent results with some reporting an increase 

in dynorphin expression (Berman et al., 1997, Herve and Fellmann, 1997, Shoham et al., 2000), 

while a more recent report has shown that food deprivation has no effect on ARC dynorphin 

expression and that chronic food restriction reduces ARC dynorphin expression in ovariectomized 

female mice (Yang et al., 2016).  Given the presence of dynorphin receptors on both GnRH 

neurons and KNDy neurons (Lopez et al., 2016, Weems et al., 2016), the nutritional influence of 

dynorphin on LH secretion could be exerted directly, indirectly, or both, and should receive further 

investigation.   

Although a clear inhibition of undernutrition on kisspeptin and NKB exists in wethers, it 

is still unclear if this effect of nutrition is a direct regulation or that of afferent input to these 

essential neurons.  Work in sheep using single-cell laser capture has reported that essentially all 

ARC kisspeptin neurons express leptin receptors (Backholer et al., 2010b), while another study 

using immunohistochemistry for pSTAT3, a marker of direct leptin receptor activation, has shown 

that leptin administration in adult ewes failed to show evidence of functional leptin receptors in 

ARC kisspeptin neurons (Louis et al., 2011).  Alternatively, work in sheep has shown that vast 
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majority of kisspeptin neurons, but not POA kisspeptin or GnRH neurons, express insulin receptors 

(Cernea et al., 2016), thus supporting the idea that insulin may have a direct action on these 

neurons; however, it remains to be shown whether ARC kisspeptin neurons are activated in 

response to exogenous insulin during feed restriction.  Moreover, while this study examined a 

central mechanism independent of gonadal sex steroids, further investigation is needed to 

determine how undernutrition acts within the hypothalamus to increase sensitivity to sex steroid 

negative feedback on GnRH/LH secretion (Foster and Olster, 1985, Beckett et al., 1997). 

In conclusion, our results support the hypothesis that chronic feed restriction reduces 

kisspeptin and NKB mRNA expression in the ARC of young, castrated male sheep and that both 

of these reproductively critical neuropeptides play a role in mediating the effect of undernutrition 

on GnRH/LH secretion.   By using RNAscope, we were able to assess changes in mRNA for 

kisspeptin and NKB.  Furthermore, this is the first evidence in sheep for the nutritional regulation 

of NKB expression.  Taken together, these data clearly demonstrate that even in the absence of 

gonadal sex steroids, the inhibition of two key stimulatory neuropeptides, kisspeptin and NKB 

during chronic undernutrition play an important role in the central suppression of GnRH/LH 

release. 
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Figure 1 A, At Week 0, wethers were divided into fed to maintain body weight (FM; n=6) and 

feed-restricted to lose body weight (FR; n=8) groups. Weekly blood sampling was conducted from 

the start of the experiment (Week 0) through the end of the study (Week 13).  B, From Week 9 to 

Week 13, average body weights (mean ± SEM) were significantly lower in FR wethers compared 

to FM wethers (*, p < 0.05). 
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Figure 2 Kiss1 mRNA in the arcuate nucleus (ARC) of fed to maintain (FM) and feed-restricted 

(FR) wethers. Confocal images (using a 10x objective) of Kiss1 cells from an FM (A) and FR (B) 

wether. Insets show high magnification confocal images (1 µm optical section, 63x objective) of 

representative Kiss1 cells in a FM (A inset) and a FR (B inset) wether. C, Mean (± SEM) number 

of Kiss1 cell bodies in the ARC were significantly lower (*, p < 0.05) in FR wethers compared to 

FM wethers. D, Mean (± SEM) integrated density of Kiss1 mRNA per ARC cell was significantly 

lower (*, p < 0.05) in FR wethers (n=8) compared to FM wethers (n=6). Scale bars, 100 µm. Scale 

bars for insets, 10 µm. For print clarity, Kiss1 mRNA has been pseudocolored green in these 

images.  3V, third cerebroventricle 
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Figure 3 NKB mRNA in the arcuate nucleus (ARC) of fed to maintain (FM) and feed-restricted 

(FR) wethers. Confocal images (using a 10x objective)) of NKB cells from an FM (A) and FR 

wether (B). Insets show high magnification confocal images (1 um optical section, 63x objective) 

of representative NKB cells in a FM (A inset) and a FR (B inset) wether. C, Mean (± SEM) number 

of NKB cell bodies in the ARC were significantly fewer (*, p < 0.05) in FR wethers (n=8) 

compared to FM wethers (n=6). D, Mean integrated density of NKB mRNA per ARC cell was not 

significantly (NS) different between groups. Scale bars, 100 µm. Scale bars for insets, 10 µm.  3V, 

third cerebroventricle. 
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CHAPTER 3 – EVALUATION OF A KISS1-SPECIFIC VIRAL VECTOR FOR USE IN 
SHEEP 

 

Abstract 

Gonadotropin-releasing hormone (GnRH) is an essential reproductive hormone released 

from neurons into the hypophyseal portal circulation and acts on gonadotropes in the anterior 

pituitary to stimulate luteinizing hormone (LH) secretion. Kisspeptin neurons in the arcuate 

nucleus (ARC) of the hypothalamus are believed to be key regulatory cells in the control of 

pulsatile GnRH/LH secretion through direct stimulatory action on GnRH neurons.  More recently, 

advances in optogenetic technology has allowed for investigation of select neuronal networks in 

mice, including that of GnRH and kisspeptin neurons.   Indeed, investigation of the central control 

of GnRH/LH secretion in mice has been invaluable, but the reproductive cycle of humans is more 

akin to that of the estrous cycle in sheep than that of rodents.  While the use of this cutting-edge 

technology has been limited primarily to genetically engineered mouse models, optogenetics in a 

non-transgenic animal model such as the sheep would dramatically advance our understanding of 

central control of reproduction.  Therefore, the aim of this study was to develop a neuron-specific 

viral vector that would express Cre-recombinase selectively in kisspeptin neurons to enable the 

use of optogenetics in sheep.  Herein, we describe two experiments that 1) examines the use of a 

newly developed vector with the kisspeptin promoter fused to Cre-recombinase (Kiss1-Cre) and 

2) examines the combination of our Kiss1-Cre with a Cre-dependent viral vector, both of which 

are to validate the selectivity of our viral vector to enable expression of Cre-recombinase in ARC 

kisspeptin neurons of young, male sheep.  Our results show that Cre-recombinase and fluorophore 

expression can be driven in ovine hypothalamic tissue.  
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Introduction 

Gonadotropin-releasing hormone (GnRH) is the final output from the central nervous 

system controlling luteinizing hormone (LH) secretion from the anterior pituitary and is critical 

for reproductive success.  Puberty onset is the time in life when an individual has the capacity for 

reproduction and in domestic animals species such as sheep and cattle is defined by an elevation 

of GnRH/LH secretion (Foster and Ryan, 1981) (Moran et al.,1989)  While the mechanisms 

whereby puberty onset occurs varies across species, the common thread throughout mammalian 

species involves an increase in GnRH/LH secretion (Styne, 1994) and highlights the importance 

of a central control of attainment of puberty.  Furthermore, given that delayed puberty onset results 

in reduced profitability in animal production (Day and Nogueira, 2013) and a multitude of health 

problems in humans (Howard, 2018), a greater understanding of the central mechanisms that 

govern GnRH/LH secretion would provide a dual benefit to animal agriculture and human health.  

It is through the actions of proper embryonic development (Wray, 2010), and permissive 

physiological ( lant and Zeleznik, 2014) and environmental signals (Parent et al., 2015), that 

govern the onset, progression, and completion of the pubertal acceleration of GnRH release.  

However, the cellular signaling pathways that mediate the pubertal stimulation and/or lack of 

inhibition of GnRH neurons have remained unclear. 

Located in the arcuate nucleus (ARC) of the hypothalamus, kisspeptin neurons are 

generally believed to be a critical set of neurons acting as gatekeepers to GnRH/LH pulsatile 

secretion.  As evidence of this, a mutation in the gene that encodes for kisspeptin or for its receptor, 

Kiss1R (formerly known as GPR54), has been shown to result in reproductive abnormalities and 

failure to achieve puberty onset (Silveira et al., 2010).   However, it was found that exogenous 

administration of GnRH to mice reverted them back to a relatively normal phenotype, suggesting 
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that kisspeptin acts by stimulating GnRH release (Seminara et al., 2003).  From these findings, it 

was concluded that Kiss1r may be integral for the normal function of GnRH secretion and for 

puberty.  Additionally, administration of a GnRH antagonist prevented the stimulatory effect of 

kisspeptin, thereby providing the first evidence that kisspeptin acts solely via GnRH neurons to 

stimulate gonadotropin release (Gottsch et al., 2004).  Furthermore, a study conducted in rats found 

that 77% of GnRH neurons expressed the kisspeptin receptor, thus allowing for direct activation 

of kisspeptin (Irwig et al., 2004).  Kisspeptin has been shown to increase LH secretion before 

puberty in the monkey (Plant et al., 2006), mouse (Han, 2005), rat (Navarro et al., 2004), and sheep 

(Redmond et al., 2011), so it is widely accepted that increased kisspeptin release is the trigger 

leading to puberty onset. 

Advances in technology have propelled our understanding of the complex nature of the 

central nervous system.  The development of optogenetics was a major turning point in the field 

of neuroscience, allowing for the gain or loss of function of precise events in neurons (Deisseroth, 

2011).  It was found that channelrhodopsins (e.g. ChR2) could be expressed stably and safely in 

mammalian neurons and could drive neuronal depolarization. Further, when activated with a series 

of brief pulses of light, ChR2 could reliably mediate defined trains of spikes or synaptic events 

with millisecond-timescale temporal resolution (Boyden et al., 2005).  A strategy now exists that 

allows hypophysiotropic GnRH neurons to be transfected with ChR2 and activated in vivo to 

generate pulses of LH secretion (Campos and Herbison, 2014).  Together with the use of 

genetically engineered mice, application of optogenetics has enabled the investigation of select 

neuronal networks throughout the brain including neurons which are critical for reproduction.  For 

example, select photo-excitation of GnRH neurons has shown to simulate the release of LH in vivo 

(Campos and Herbison, 2014).   Furthermore, select optogenetic activation of ARC kisspeptin 
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neurons elicits release of LH in vivo (Han et al.,2015), while select chemogenetic silencing of ARC 

kisspeptin neurons reduces in vivo LH secretion (Clarkson et al., 2017).   Moreover, work using 

the hypothalamic slice preparation (ex vivo) and optogenetics has shown that ARC kisspeptin 

neurons make connections to GnRH neurons as well as synchronize the activity ARC neurons (Qiu 

et al., 2016 eLife).  Taken together it is clear in the mouse that ARC kisspeptin neurons can drive 

GnRH/LH secretion.   

Indeed, the use of this advanced technology has led to a greater understanding of how 

GnRH and kisspeptin neurons have the capacity to regulation GnRH/LH section in mice, but the 

use of optogenetics in non-transgenic animals is not widely used.  For optogenetic strategies to be 

used in non-transgenic animals or humans, alternative methods of gene delivery are necessary.  As 

evidence of this, optogenetic work in primates routinely deliver the opsin genes via viral vector as 

seen with promoters in viral vectors to strongly drive opsin expression in a few targeted neuronal 

types (Klein et al., 2016, El-Shamayleh et al., 2017, Stauffer et al., 2016).  To extend the range of 

neuronal types that can be manipulated selectively using this approach, new cell-type–specific 

promoters must be engineered.  The use of a cell-specific technology in non-rodent species such 

as sheep has the potential to advance our understanding of central mechanisms of reproduction in 

species that are more akin to humans.  For example, sheep display a true luteal phase similar in 

length (14 days) to that of humans and non-human primates (Driancourt et al.,1985), while rodents 

have an entire estrous cycle that is approximately four to five days in length (Allen, 1922).  

Furthermore, the rapid progression of puberty onset in rodent species dramatically hinders the use 

of cell-specific technology given that proper cellular expression takes weeks to achieve (Colella 

et al., 2018).  However, what is currently lacking for use of this technology in sheep are readily 

available cell-specific viral vectors.   
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Therefore, our main objective was to develop and validate a neuron-specific viral vector 

for use in sheep.  Sheep are a relatively large size compared to rodents and that allows for precise 

targeting of various neural regions (Goodman et al., 2012) and given puberty onset occurs over 

the course of months (Fitzgerald et al., 1982), not weeks as it does in rodents (Falconer, 1984), 

adequate viral expression to examine mechanisms of puberty should not be a limitation.  To 

accomplish this we used gonadectomized, young male sheep (wethers) and targeted ARC 

kisspeptin neurons with a viral vector that contained a Kiss1 promoter fragment fused to Cre-

recombinase.  In the first experiment, we bilaterally injected a Kiss1-Cre viral vector into the ARC 

and examined expression of Cre-recombinase using immunohistochemistry.  In the second 

experiment, we bilaterally injected a Kiss1-Cre viral vector together with a Cre-dependent viral 

vector and examined the expression of yellow fluorescent protein (YFP) in kisspeptin neurons 

using immunohistochemistry.   

Materials and Methods 

Animals 

Nine, castrated male Suffolk sheep (approximately 9-10 months of age) were utilized for 

the study. Prior to the study, wethers were housed in an open barn for a minimum of 14 days, 

received open access to water and fed hay supplemented with an experimental diet (Mule City 

Specialty Feeds, Benson, NC; crude protein, 12%; crude fat, 2.5%; crude fiber, 5.0%; 3.28 

Mcal/kg). Once moved indoors, all sheep were housed individually and provided with water ad 

libitum and fed once daily with the experimental diet.  Indoor lighting simulated changes in natural 

day length throughout the study. Neurosurgical procedures were conducted at the North Carolina 

State University School of Veterinary Medicine.  All procedures were approved by the North 
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Carolina State University’s Institutional Animal Care and Use Committee and followed the 

National Institutes of Health guidelines for use of animals in research. 

Vector- Experiments 1 and 2 

We created two vectors containing the ovine kisspeptin promoter (KissPro) region from 

the commercially available vector pENN.AAV.hSyn.Cre.WPRE.hGH.  This was accomplished by 

removing the human synapsin promoter region of the original plasmid with the restriction 

endonucleases Mlul and EcoRI, and band purifying the resulting 4503bp fragment.  The ovine 

Kiss1 promoter was amplified from sheep genomic DNA via PCR with a high fidelity DNA site 

Mlul on the 5’ end of the promoter and an Mfel site on the 3’ end.  The amplified sequence was 

then directionally cloned into the Cre containing plasmid.  The first AAV vector contained 2707 

base pairs of the sheep Kiss1 promoter driving expression of Cre Recombinase. The second AAV 

vector contained 1173 base pairs of the sheep Kiss1 promoter driving expression of Cre 

Recombinase. The AAV1 plasmids were brought to the University of North Carolina Vector Core 

facility for packaging. All AAV1 particles were diluted with Gibco™ Phosphate Buffered Saline 

without CaCl2+ or MgCl2, pH7.4 to a final concentration of 2.0 x 1012 particles per ml. For 

experiment 2, each of the Kiss-Cre AAV1 vectors were combined with the the Floxed-

hChR2(H134R)-EYFP AAV1 vector so that the final concentration of each virus was at a final 

concentration of 1.0 x1012 particles each. 

Experiment 1:  Neurosurgical Injections 

Five wethers were subjected to neurosurgery in which the viral vector, AAV1-KissPro-

Cre, from experiment 1 was injected into the medial ARC.  For implanting bilateral guide cannulae, 

the head of the animal was positioned in a stereotaxic apparatus, the surface of the skull was 

exposed, and a small portion of bone was removed just rostral to bregma to expose the surface of 
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the brain. Radioopaque dye was injected into the right lateral ventricle and X-ray radiography used 

to visualize placement of the guide cannulae. Bilateral 18-gauge cannulae were placed in the ARC 

and 1µl of AAV1-KissPro-Cre (1.0 x1012 particles/ml) was injected using a Hamilton syringe on 

the left side of the brain and 2µl of AAV1-KissPro-Cre (1x1012 particles/ml)  was injected on the 

right side of the brain.  All animals received post-operative treatment and were allowed to recover 

21 days prior to tissue collection.   

Experiment 2:  Neurosurgical Injections 

Four wethers were subjected to neurosurgery in which the viral vector used in Experiment 

1, AAV1-KissPro-Cre, was co-injected with a commercially available Cre-dependent viral vector, 

AAV1-DIO-ChR2-YFP from Addgene™ (Cat# 20298-AAV1), bilaterally into the ARC.  For 

implanting guide cannulae, the head of the animal was positioned in a stereotaxic apparatus, the 

surface of the skull was exposed, and a small portion of bone was removed just rostral to bregma 

to expose the surface of the brain. Radioopaque dye was injected into the right lateral ventricle and 

X-ray radiography used to visualize placement of the guide cannulae. Bilateral 18-gauge cannula 

were placed in the ARC and 2 µl of a mixture of both viral vectors (1.0 x1012 particles/ml) were 

using a Hamilton syringe.  All animals received post-operative treatment and were allowed to 

recover 28 days prior to tissue collection.   

Tissue Collection 

At the end of each experiment (21 days post-surgery Exp 1; 28 days post-surgery Exp 2), 

animals were euthanized and brains were perfused with 4% paraformaldehyde (PFA). Brain tissue 

containing the hypothalamus was removed, placed in 4% PFA for an additional 24 hours, and then 

immersed in a 20% sucrose solution until sectioned. Hypothalamic blocks were sectioned on a 

freezing stage microtome in a series of five at 50 µm thick and stored at -20˚C until analysis.  
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Immunohistochemistry for Cre- Dilution Series 

In order to determine the appropriate concentration of primary antisera to use for the 

detection of Cre-recombinase, a dilution series consisting of three ARC sections from two animals 

from Experiment 1 was performed.  On day 1, sections were washed overnight in 0.1 M PB at 4 

˚C on a rocking shaker. On day 2, sections were washed 4 x 5 min in 0.1 M phosphate buffered 

saline (PBS; pH = 7.4) then placed into 10% H2O2 (diluted in 0.1 M PBS) for 10 minutes followed 

by 4 x 5 min washes in 0.1 M PBS. Tissue was then incubated for 1 hour with 0.4% Triton-X 

(Sigma Aldrich, St Louis, MO) in 20% normal goat serum (Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA). .  Whole sections were incubated with Cre-recombinase 

antiserum raised in rabbit (1:1,000, 1:2000, 1:5,000; Novus Biologicals, NB100-56133SS) diluted 

in 0.1 M PBS containing 0.4% Triton X-100 and 4% NGS for 17 hours at room temperature. On 

day 3, sections were washed 4 x 5 min in 0.1M PBS.  Next, whole sections were covered to protect 

from light exposure and incubated in goat anti-rabbit Alexa 555 (1:100; A-21429, Invitrogen) 

diluted in PBS for 30 minutes.  After 4 x 5 minute washes in PBS, sections were mounted on 

Superfrost/Plus microscope slides (Fisher Scientific, Waltham, MA), air dried, and coverslipped 

using Prolong Gold Antifade Reagent (Invitrogen). 

Immunohistochemistry for Cre protein - Experiment 1 

Immunohistochemical procedures were performed on five free-floating sections per animal 

(n=5) from Experiment 1, with sections from the preoptic area, paraventricular nucleus, 

ventromedial nucleus, middle arcuate nucleus, and caudal arcuate nucleus. On day 1, sections were 

washed overnight in 0.1 M PB at 4 ˚C on a rocking shaker. On day 2, sections were washed 4 ´ 5 

min in 0.1 M phosphate buffered saline (PBS; pH = 7.4) then placed into 10% H2O2 (diluted in 0.1 

M PBS) for 10 minutes followed by 4 ´ 5 min washes in 0.1 M PBS. Tissue was then incubated 
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for 1 hour with 0.4% Triton-X (Sigma Aldrich, St Louis, MO) in 20% normal goat serum (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA). Whole sections were incubated with Cre 

antiserum raised in rabbit (1:1,000; Novus Biologicals, NB100-56133SS) diluted in 0.1 M PBS 

containing 0.4% Triton X-100 and 4% NGS for 17 hours at room temperature. On day 3, sections 

were washed 4 ´ 5 min in 0.1M PBS.  Next, whole sections were covered to protect from light 

exposure and incubated in goat anti-rabbit Alexa 555 (1:100; A-21429, Invitrogen) diluted in PBS 

for 30 minutes.  After 4 ´ 5 minute washes in PBS, sections were mounted on Superfrost/Plus 

microscope slides (Fisher Scientific, Waltham, MA), air dried, and coverslipped using Prolong 

Gold Antifade Reagent (Invitrogen). 

Immunohistochemistry for Kisspeptin and GFP proteins - Experiment 2 

Immunohistochemical procedures were performed on five free-floating sections per animal 

from Experiment 2 with sections from the preoptic area, paraventricular nucleus, ventromedial 

nucleus, middle arcuate nucleus, and caudal arcuate nucleus. On day 1, sections were washed 

overnight in 0.1 M PB at 4 ˚C on a rocking shaker, covered to preserve endogenous GFP signal. 

On day 2, sections were washed 4 x 5 min in 0.1 M phosphate buffered saline (PBS; pH = 7.4) 

then placed into 10% H2O2 (diluted in 0.1 M PBS) for 10 minutes followed by 4 x 5 min washes 

in 0.1 M PBS. Whole sections were incubated with kisspeptin antiserum raised in rabbit (1:50,000; 

Kiss566; gift from I. Franceschini) diluted in 0.1 M PBS containing 0.4% Triton X-100 and 4% 

NGS for 17 hours at room temperature.  On day 3, biotinylated goat anti-rabbit IgG (1:500; 

Jackson) and Vectastain ABC-elite (1:500; Vector Laboratories, Burlingame, CA) were applied 

sequentially for 1 hour each with 4 x 5 min washes of 0.1 M PBS between incubations.  Sections 

were then incubated in biotinylated tyramide (1:250, Perkin Elmer) containing 3% H2O2 for 10 

min.  Next, sections were incubated in Alexa-555 Streptavidin (1:500; S-32354, Invitrogen) in 



  73 

 

PBS for 1 hour. Following a rinse in PBS for 4 x 5 min, sections were incubated with the primary 

antibody GFP raised in rabbit (1:1,000; Novus Biologicals, NB600-380SS) diluted in 0.1 M PBS 

containing 0.4% Triton X-100 and 4% NGS for 17 hours at room temperature.  Sections were 

covered to protect from light exposure.  On day 4, sections were rinsed in 0.1 M PBS 4 x 5min and 

then incubated in goat anti-rabbit Alexa 488 (1:500; A-11034, Invitrogen) diluted in PBS for 1 

hour.   After 4 x 5 minute washes in PBS, sections were mounted on Superfrost/Plus microscope 

slides (Fisher Scientific, Waltham, MA), air dried, and coverslipped using Prolong Gold Antifade 

Reagent (Invitrogen).  

Imaging and analyses 

Sections stained for Cre-recombinase alone (Dilution Experiment and Experiment 1A), 

Cre-recombinase and kisspeptin (Experiment 1B), and kisspeptin and GFP (Experiment 2) were 

analyzed using a Zeiss 880 confocal microscope. Images were captured with a Plan Apochromat 

10x/.45 objective with consistent acquisition settings for all hemisections.  Each image contained 

a consistent region of interest for identification of target neurons.   

Results 

Optimal concentration of primary antisera for Cre by serial dilution 

To determine the appropriate concentration of primary antisera for Cre-recombinase, we 

performed a dilution series.  Representative images of immunofluorescence at three 

concentrations of antisera are shown in Figure 4.  The optimal concentration of Cre was assessed 

qualitatively and determined to be 1:1K.  Little to no immuno-labeling was observed outside of 

the ARC.   
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Experiment 1 

Using immunofluorescence to determine an appropriate working concentration of antisera 

for detection of Cre-recombinase, we conducted a dilution series for Cre-recombinase protein 

expression in various anatomical regions.  Little to no Cre-recombinase was detected outside of 

the ARC, the middle ARC showed the most abundant expression of Cre-recombinase as indicated 

by punctate staining (Figure 5).  Images were assessed qualitatively for expression of Cre-

recombinase.  Figure 5 displays various brain regions in animals that on the left side of the brain 

received 1µl of the short Kiss1 promoter while the right side of the brain received 2µl of short 

Kiss1 promoter.  Figure 6 displays various brain regions in animals that on the left side of the brain 

received 1µl of the long Kiss1 promoter while the right side of the brain received 2µl of long Kiss1 

promoter. Figure 6 displays middle ARC sections of an animal injected with 2µl of short vector 

on the left side of the brain and 2µl of long vector on the right side of the brain. There was no 

observed difference between short Kiss1 promoter and the long Kiss1 promoter and there appeared 

to be no difference in Cre-recombinase expression in the ARC between 1µl and 2µl injections.   

Experiment 2 

In order to determine if our Kiss1-Cre vector could drive Cre-dependent expression in 

ARC kisspeptin neurons, we examined the co-expression of kisspeptin and YFP in the ARC 

nucleus of co-viral injected animals.  We observed kisspeptin cell bodies in the middle ARC, but 

there was little to no expression of YFP-expressing cell bodies in the ARC (Figure 7).  Figure 8 

displays the presence of both kisspeptin cell bodies as well as YPF-expressing fibers in an 

animal that received the short Kiss1 promoter, while Figure 9 displays kisspeptin cell bodies and 

YFP-expressing fibers in an animal that received the long Kiss1 promoter.  There appeared to be 

no difference in kisspeptin or YFP expression between the short or long Kiss1 promoter injected 
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animals.  However, there were YFP-expressing cell bodies laterally to the ARC, but these cells 

did not co-express kisspeptin (Figure 10).   

Discussion 

The data herein provide evidence that we are able to achieve Cre-recombinase expression 

in a targeted area of the hypothalamus in sheep using our newly developed viral vector.  However, 

when delivered in combination with a Cre-dependent viral vector, we observed off-target 

fluorescent expression.  These experiments provide important preliminary data for future use of 

viral vectors in sheep.   

Genetically engineered mice have been an exceptional scientific model and together with 

the invention of optogenetics (Boydenet al., 2005), we are now capable of examining complex 

neuronal networks like never before.  For example, the use of Cre recombinase driver mice 

together with Cre-dependent (Cre-Lox) reporter mice or Cre-dependent viruses have helped better 

define various brain circuits and their roles (Soden et al., 2014, Nagy, 2000).  Through the use of 

GnRH-Cre transgenic mice and a Cre-dependent viral vector, it has been shown that activated 

GnRH neurons in vivo generates pulses of LH secretion (Campos and Herbison, 2014).  In a 

subsequent study, they investigated the role ARC kisspeptin neurons play in GnRH pulsatility, and 

showed that select photo-activation of ARC kisspeptin neurons elicited LH secretion (Han et al., 

2015).  The ability to selectively control the activity of ARC kisspeptin neurons with optogenetics 

in vivo provides an opportunity to examine some of the fundamental elements of pulse generation.  

Advances in technology have propelled our understanding of the complex nature of the 

central nervous system.  Together with the use of genetically engineered mice, application of 

optogenetics has enabled the investigation of select neuronal networks throughout the brain 

including neurons which are critical for reproduction.  Indeed, the use of this advanced technology 
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has led to a greater understanding of how GnRH and kisspeptin neurons have the capacity to 

regulate GnRH/LH section in mice, the use of optogenetics in non-transgenic animals is not widely 

used.  However, the numerous differences between rodent and other model species brains limit the 

generality of insights gained from these experiments.  For optogenetic strategies to be used in non-

transgenic animals or humans, alternative methods of gene delivery are necessary.   

The timing of pubertal onset is controlled by upstream regulators for kisspeptin 

biosynthesis and secretion. The generation of the plasmid containing the kisspeptin promoter was 

based upon a previous finding in mice that various lengths of the kisspeptin promoter ranging from 

5198 base pairs to 180 base pairs are sufficient to drive expression of a reporter gene in vitro 

(Tomikawa et al., 2012).  Furthermore, based on findings in rodents (Qiu et al., 2016) and non-

human primates (Nagai et al., 2016), we believe that the allocated time for vector expression for 

the experiments herein (21-28 days) is not viable reason that we were unable to observe kisspeptin-

specific vector transfection.  Moreover, the injection volume of the viral vectors does not appear 

to be a limiting factor either given that we did see non-selective expression of this vector within 

the hypothalamus.   Indeed, the surgical procedures targeting the ARC have been extensively 

performed (Goodman et al., 2011, Goodman et al., 2012, Goodman et al., 2013), thus we have 

confidence for precise placement of the viral particle.  Therefore we speculate that the design of 

our Kiss1-Cre needs to be revisited.  

As for future directions, a large amount of work needs to be done to determine the 

appropriate volume and concentration of AAVs and promoter regions to effectively transduce 

expression of Cre-recombinase and/or fluorophores in sheep hypothalamic tissue.  Sheep are 

certainly an invaluable model because their size allows for specialized procedures such as central 

drug delivery with simultaneous blood sampling for long periods of time.  The selective expression 
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of other neurons using a Cre-driven AAV and promoter fragment should be explored to determine 

if specificity can be achieved in sheep. Nonetheless, the success in rodent models has laid the 

foundation to expand optogenetic techniques into other animal models.  Additionally, the 

application of novel technologies such as designer receptors exclusively activated by designer 

drugs (DREADDs), which allow timed activation or inhibition of selected neuronal populations, 

will provide a deeper mechanistic insight into the central systems responsible for the timing of 

puberty.  The successful development of a viral vector for use in sheep is critical to investigate 

biomedical and clinical disorders relating to pubertal development.  Delayed onset of puberty has 

been connected to various health conditions including eating disorders, an increased risk for breast 

cancer (Mendle et al., 2007) cardiovascular disease, and depression, among other conditions (Day 

et al., 2015).  Dissection of the mechanisms that control puberty onset are crucial to understand 

and treat health conditions that result from abnormal pubertal development. 
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Figure 4. Representative images (10x objective) of immunofluorescence for Cre-recombinase in 

the middle arcuate nucleus (ARC) of the hypothalamus at three antisera concentrations:  (A) 1:1K, 

(B) 1:2K, (C) 1:5K. Scale bars, 10 µm. 
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Figure 5. Representative images (10x objective) of Cre-recombinase expression in three brain 

regions from an animal injected with the short Kiss1 promoter (S KissPro Cre) in the arcuate 

nucleus.  (A, D) preoptic area; (B, E) ventromedial hypothalamus; (C, F) middle arcuate nucleus.  

Panels A-C, 1 µl injection; Panels D-F, 2 µl injection.  Scale bars, 10 µm. 
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Figure 6. Representative images (10x objective) of Cre-recombinase expression in three brain 

regions from an animal injected with the long Kiss1 promoter (L KissPro Cre) in the arcuate 

nucleus.  (A, D) preoptic area; (B, E) ventromedial hypothalamus; (C, F) middle arcuate nucleus.  

Panels A-C, 1 µl injection; Panels D-F, 2 µl injection.  Scale bars, 10 µm. 
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Figure 7. Representative images (10x objective) of Cre-recombinase expression in the middle 

arcuate nucleus from an animal injected with the short and long Kiss1 promoter in the arcuate 

nucleus.  (A) 2 µl arcuate injection of short Kiss1 promoter (S KissPro Cre); (B) 2 µl arcuate 

injection of long Kiss1 promoter (L KissPro Cre).  Scale bars, 10 µm. 
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Figure 8. Representative images (10x objective) of kisspeptin cell bodies, and GFP fibers  in the 

middle arcuate nucleus.  Panels A-C 2 µl arcuate injection of the short Kiss1 promoter (S KissPro 

Cre) + DIO-ChR2-YFP on the left side of the brain. Panel A (kisspeptin), panel B (GFP), panel C 

(merged). Scale bars, 10 µm.  
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Figure 9. Representative images (10x objective) of kisspeptin cell bodies, and GFP fibers  in the 

middle arcuate nucleus.  Panels A-C 2 µl arcuate injection of the long Kiss1 promoter (L KissPro 

Cre) + DIO-ChR2-YFP on the left side of the brain. Panel A (kisspeptin), panel B (GFP), panel C 

(merged). Scale bars, 10 µm.  
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Figure 10. Representative images (10x objective) of GFP cell bodies lateral of the middle arcuate 

nucleus.  Panels A-C 2 µl arcuate injection of the long Kiss1 promoter (L KissPro Cre) + DIO-

ChR2-YFP on the right side of the brain. Panel A (kisspeptin), panel B (GFP), panel C (merged). 

Scale bars, 10 µm.  
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CHAPTER 4 - CONCLUSIONS AND FUTURE DIRECTIONS 

Central Gatekeeper of GnRH/LH Secretion 

From the literature outlined in Chapter I, it is clearly evident that kisspeptin and NKB play 

key roles in the central regulation of GnRH/LH secretion.  Kisspeptin and NKB are highly co-

expressed in the arcuate nucleus (ARC) of the hypothalamus and in several species have been 

shown to co-express dynorphin, thus being termed KNDy neurons (Lehman et al., 2010).  As a 

central regulator of reproduction, the current working model of pulsatile GnRH/LH secretion is 

that kisspeptin is the output from KNDy neurons that directly stimulates GnRH neurons (Messager 

et al., 2005).  Furthermore, given that KNDy neurons express receptors for NKB and dynorphin, 

NK3R and κOR, respectively, (Amstalden et al., 2010, Weems et al., 2018), the stimulatory effect 

of NKB on GnRH/LH secretion is believed to via activation of KNDy neurons, while the inhibitory 

effect of dynorphin on GnRH/LH secretion is believed to via inhibition of KNDy neurons (Figure 

11).  Taken together, NKB release would initiate a pulse of GnRH release and dynorphin would 

terminate the pulse.   

Nutritional Regulation of GnRH/LH  

It has been known for decades that the underlying mechanisms whereby undernutrition 

impairs reproduction are at the level of the central nervous system to ultimately inhibit GnRH/LH 

secretion (Foster and Olster, 1985, I'Anson et al., 2000).  Given the dominant stimulatory roles of 

kisspeptin and NKB in reproduction, in Chapter 2 we investigated the effect that undernutrition on 

these key reproductive neuropeptides.  Through the use of a relatively new in situ hybridization 

technique, RNAscope, we determined that undernutrition, which resulted in a clear suppression of 

LH secretion, was capable of reducing mRNA abundance for kisspeptin and NKB in the ARC of 

young, male sheep.  Given the inhibitory action of dynorphin in reproduction, the next line of 

investigation would be to investigate the impact that undernutrition would have on dynorphin 
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signaling. While the detection of dynorphin using immunohistochemistry in young animals has 

been technically challenging (Lopez et al., 2016), the use of RNAScope may prove to be very 

valuable to localize and quantify mRNA for dynorphin during undernutrition.  I hypothesize that 

undernutrition would increase mRNA abundance of dynorphin in the ARC.  In addition to the 

control of neuropeptide synthesis, undernutrition may also influence signaling of these key 

neuropeptides through regulation of their respective receptors.  Given the versatility and sensitivity 

of RNAscope, investigation of Kiss1R, NK3R, and κOR would be of great interest in this model.   

While KNDy neurons are the gatekeeper to GnRH/LH secretion, they are likely regulated 

by primary afferent neurons during times of undernutrition.  Two key sets of classic energy 

homeostatic neurons, also located in the ARC, are the anorexigenic proopiomelanocortin (POMC) 

neurons and the orexigenic agouti-related peptide (AgRP) neurons.  It has been shown in adult 

ewes that ARC kisspeptin neurons receive afferent input from both populations of these neurons 

(Backholer et al., 2010).  While the specific role these to opposing neuronal networks play in terms 

of regulating KNDy neurons has yet to be elucidated, there is growing evidence that melanocortin 

signaling may be the shared pathway linking energy balance and reproduction.  For example, one 

product of the ARC POMC product is α-melanocyte stimulating hormone (α-MSH) and work in 

adult ewes has shown that administration of melanotan II, a melanocortin 3 receptor and 

melanocortin 4 receptor (MC3R/MC4R) agonist, elicits an increase in LH secretion in feed 

restricted adult ewes (Backholer et al., 2009).  Our recent use of RNAscope in the adult ewe has 

reviewed that ARC kisspeptin neurons express both MC3R and MC4R (Merkley et al., 2020).  

Indeed, POMC neurons are sensitive to a range of metabolic hormones regulating the HPG axis, 

such as leptin, insulin, and ghrelin (Wilson and Enriori, 2015), and thus, may be a key regulatory 

component of KNDy neurons during undernutrition through changes in melanocortin signaling. 
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Therefore, one future line of investigation could be the role αMSH plays in regulating LH secretion 

during undernutrition.  It is highly likely that the reduction in αMSH that occurs with feed 

restriction, similarly to kisspeptin and NKB, at least in part, may be reduce stimulatory drive to 

KNDy neurons and result in lower GnRH/LH secretion.  Alternatively, AgRP neurons may also 

play a key inhibitory role during times of undernutrition.  While AgRP has been shown to increase 

appetite and feeding behavior (Millington, 2007), central administration of AgRP has been shown 

to inhibit LH secretion in monkeys (Vulliemoz et al., 2005).  Given that undernutrition has been 

shown to increase AgRP expression in sheep (Adam et al., 2002, Wagner et al., 2004), it is possible 

that undernutrition inhibit GnRH/LH secretion through increased AgRP signaling.  Interestingly, 

AgRP is the endogenous antagonist to melanocortin receptors (Millington, 2007), which makes it 

technically challenging to separate the role for increased AgRP signaling from reduced αMSH 

signaling during times of undernutrition.   

In addition, ARC AgRP neurons also co-express neuropeptide Y (NPY), which may also 

play a role in regulating GnRH/LH secretion during undernutrition.  It has been shown that NPY-

containing terminals in the POA and median eminence come in close proximity with GnRH 

neurons in both rats (Tsuruo et al., 1990) and sheep (Norgren and Lehman, 1989), with another 

study demonstrating synaptic contacts between NPY terminals and GnRH cell bodies in rats 

(Smith and Jennes, 2001).  Work in rats has shown that numerous GnRH nerve fibers and terminals 

in the median eminence colocalized with NPY-Y1 (NPY Y 1 receptor) (Li et al., 1999), and 

therefore, NPY may provide direct inhibitory input to GnRH neurons.  Furthermore, administration 

of an NPY-Y2 receptor agonist into the third ventricle in ovariectomized, anestrous sheep elicited 

a significant reduction on LH secretion (Barker-Gibb et al., 1995).  The results indicate that the 

inhibitory action of NPY on GnRH/LH secretion in the absence of steroids is mediated through 
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NPY Y2 receptor signaling.  However, very little is known about how NPY signaling could 

directly regulate KNDy neurons.  Therefore, another avenue of investigation could be determining 

to what extent KNDy neurons express NPY receptors and the impact feed restriction may have on 

that expression pattern.   Given the current lack of available primary antiserum for NPY receptors 

for use in sheep, the use of RNAscope may be an excellent technique to apply to address this issue.   

Viral Vectors in Non-transgenic Animals 

Without a doubt, the use of cutting-edge technology such as optogenetics has 

revolutionized the field of neuroscience and allowed for a greater understanding neural circuits.  

While the genetically engineered mice have been indispensable for the precise use of optogenetics, 

this animal model has limitations that preclude their use in experiments that require several hours 

of blood sampling.  Furthermore, given the rapid progression of puberty onset in mice and the 

length of time needed for viral vector transfection, optogenetic investigation of the central 

mechanisms that control puberty is difficult.  Thus, in Chapter III we set out to develop a cell-

specific viral vector for the use in sheep, which would enable the use of technology such as 

optogenetics in a non-transgenic animal model that 1) is routinely used for frequent blood sampling 

for extended periods of time and 2) has a transition period for puberty onset that is several weeks.  

However, while we were successful in Cre-dependent viral vector expression in the ovine 

hypothalamus, we were unsuccessful in producing cell-specific (i.e. kisspeptin) transfection.     

Indeed, breakthroughs in optogenetics and chemogenetics offer an exciting pathway to 

investigate neural networks within the ARC. Given that we have designed a cell-type specific 

vector to drive expression of Cre-recombinase, we are offered the flexibility of using multiple Cre-

dependent vectors in optogenetic/chemogenetic studies.  Specifically, once we have developed a 

cell-specific vector and validate that it drives cell-specific expression of our vector of interest, we 
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have would have a very powerful tool to investigate KNDy neurons.  One potential experiment 

that we would conduct following kisspeptin-specific expression of Cre-recombinase would be co-

injection of our Kiss1-Cre with a Cre-dependent vector that drives expression of a designer 

receptor exclusively activated by designer drugs (DREADD) in the ovine ARC.  The DREADD 

can be activated by centrally infusing clozapine-N-oxide (CNO), which has been shown via central 

infusion in rodents (Nakajima et al., 2016).  I hypothesize that select activation of the inhibitory 

DREADD hM4di with CNO would lead to the suppression of LH secretion (Figure 12).  Moreover, 

with long term silencing of these gatekeeper cells, we could investigate the necessity for KNDy 

neuron activity for the onset of puberty.  Ultimately, this technology would be a major 

breakthrough, as select in vivo activation and inhibition of specific neuronal networks would allow 

for the investigation of central mechanisms that would benefit both animal agriculture and human 

health.    
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Figure 11. Current working model for the central regulation of GnRH/LH secretion during 

undernutrition.  Kisspeptin, neurokinin B (NKB), and dynorphin are co-expressed in the same 

subset of neurons in the arcuate nucleus (ARC) of the hypothalamus. Kisspeptin acts directly on 

GnRH neurons to stimulate GnRH release.  Neurokinin B acts on KNDy cells to initiate the onset 

of a GnRH pulse.  Dynorphin may act on GnRH neurons and/or KNDy cells to terminate a GnRH 

pulse.  Pro-opiomelanocortin (POMC) and neuropeptide Y/agouti-related peptide (NPY/AgRP) 

neurons are also expressed in the ovine ARC.  A product of the POMC neurons, alpha-Melanocyte 

Stimulating Hormone (αMSH), and AgRP act via melanocortin receptors to stimulate and inhibit 

KNDy neurons, respectively.   It is currently unknown if GnRH neurons express melanocortin 

receptors or if GnRH neurons and/or KNDy neurons express receptors for NPY.   

Abbreviations: ARC, arcuate nucleus of the hypothalamus; GnRH, gonadotropin-releasing 

hormone; POMC, pro-opiomelanocortin; NPY, neuropeptide Y; Kiss1r, kisspeptin receptor; 

MC3R/MC4R, melanocortin 3 receptor/melanocortin 4 receptor; κOR, kappa-opioid receptor; 

NK3R, neurokinin 3 receptor.   
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Figure 12. Proposed experiment for use of cell-specific viral vectors in sheep.  Bilateral 

injection of Kiss1-Cre vector with a Cre-dependent vector that drives the expression of an 

inhibitory designer receptor exclusively activated by designer drug (DREADD).  Administration 

of vehicle would have no effect on luteinizing hormone (LH) pulsatility (A), while central 

infusion of clozapine-N-oxide (CNO) into arcuate nucleus of the hypothalamus would elicit a 

reduction of LH secretion (B).   

 
 

 
 

 

 


