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Abstract 

Circadian and Metabolic Influences on the Reproductive Axis 

By 

Kimberly Anne Russo 

Doctor of Philosophy in Psychology 

University of California, Berkeley 

Professor Lance J. Kriegsfeld, Chair 

 

Reproduction is a hazardous and costly endeavor for female mammals. A classic evolutionary 

trade-off is created by the need to balance self-survival with the risks associated with 

reproduction. To maximize reproductive success and minimize risks, a myriad of cues are 

integrated by the reproductive neurocircuitry of the hypothalamus. The following studies 

investigate how cues from the circadian system, sex steroid hormones, and energy sensing 

systems impact reproductive physiology and behavior. These studies place particular emphasis 

on the RF-amide-related peptides, kisspeptin and gonadotropin inhibitory hormone. These 

neuron populations lie upstream of the gonadotropin releasing hormone system and are ideally 

situated to integrate information about time of day, cycle timing, and metabolic status. This 

feedback fine-tunes reproductive physiology and behavior to optimize reproductive success. 
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Chapter 1 

_____________________________________________________________________________ 
Introduction 

 

 

For female mammals, reproduction is a costly and potentially hazardous endeavor. Energetic and 

nutritional demands increase during gestation and lactation, along with the risk of predation. 

Thus, female mammals must balance self-survival with the risks associated with reproduction. 

This trade-off can be optimized to increase the chances of survival for both the mother and 

offspring when environmental factors that may affect survival outcomes are taken into account. 

For instance, is the weather optimal for nurturing young? Is food availability high enough to 

meet the additional energetic demands of gestation and lactation? Are stress levels up due to high 

predation or conflict? Are reproductive behaviors and physiology temporally aligned to 

maximize fertility?  

 

To optimize reproductive success, the reproductive neurocircuitry of the hypothalamus integrates 

myriad cues about the internal conditions of the female with external environmental cues to 

regulate the subsequent output of reproductive behaviors and physiology accordingly. In the 

following studies, I will examine how cues about time-of day from the circadian system and 

about energy availability are integrated into the reproductive neurocircuitry.  

 

 

Overview of the hypothalamic-pituitary-gonadal axis 

 

The reproductive hypothalamic-pituitary-gonadal (HPG) axis is the neuroendocrine axis which 

regulates reproductive functions. Positive and negative feedback between hormones at the level 

of the hypothalamus, pituitary, and gonads allows for constant regulation and cross-talk among 

these endocrine loci. At the pinnacle of the reproductive axis are the gonadotropin releasing 

hormone (GnRH) neurons of the anterior hypothalamus. GnRH is released in a pulsatile fashion 

from axon terminals in the median eminence into the pituitary portal vasculature leading to the 

synthesis and release of the gonadotropins, luteinizing hormone (LH) and follicle stimulating 

hormone (FSH) from the anterior pituitary. In female mammals, these hormones regulate uterine 

and ovarian cycles (Knobil, 1980). The gonads, in turn, produce the sex steroid hormones, 

principally estrogen and progesterone in females, that feed back to regulate hormone production 

at the level of the hypothalamus and pituitary.   

 

The temporal pattern of GnRH release is critical to its function. Pulsatile release of GnRH for 

instance is permissive for fertility while continuous administration of GnRH can suppress 

gonadotropin secretion through down-regulation of pituitary gonadotrope activity (Belchetz, 

Plant, Nakai, Keogh, & Knobil, 1978). Depending on the pulse frequency of GnRH secretion, the 

pituitary will preferentially release LH or FSH (Dalkin, Haisenleder, Ortolano, Ellis, & Marshall, 

1989; Dierschke, Bhattacharya, Atkinson, & Knobil, 1970; Haisenleder, Dalkin, Ortolano, 

Marshall, & Shupnik, 1991). Under particular conditions of hormonal feedback and upstream 

regulatory cues from reproductive hypothalamic networks, GnRH neurons undergo a continuous 

burst of activity resulting in a large surge of LH from the anterior pituitary, the “LH surge,” 

which initiates ovulation (Gosden, Everett, & Tyrey, 1976; Moenter, Caraty, Locatelli, & 
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Karsch, 1991; Pau, Berria, Hess, & Spies, 1993; Sarkar, Chiappa, Fink, & Sherwood, 1976). 

Thus, fine tuning of GnRH pulse frequency and amplitude is essential for normal reproductive 

function. 

 

GnRH release is regulated by a number of factors. First, as indicated previously, it is responsive 

to gonadal steroid hormone feedback from the peripheral reproductive organs. Estrogen (E2) is 

released from maturing ovarian follicles stimulated by FSH and feeds back onto hypothalamic 

neuron populations. E2 exerts both positive and negative feedback effects on GnRH secretion. 

Throughout most of the ovulatory cycle, E2 has a suppressive effect on GnRH pulse amplitude 

and secretion of the gonadotropins by the pituitary (Couzinet & Schaison, 1993). However, the 

effects of E2 are time and dose-dependent. At a critical threshold of E2 combined with a 

circadian time-window, the feedback effect of E2 switches to positive to drive the LH surge. 

This surge results from a continuous elevation of GnRH rather than from a sequence of pulses 

(Moenter, Brand, & Karsch, 1992), thus the switch from negative to positive feedback from E2 

involves a switch in the pattern of GnRH secretion from pulsatile to continuous. The time-

window for this effect is critical (Everett & Sawyer, 1950; W. P. Williams, 3rd & Kriegsfeld, 

2012)(and see below). 

 

The feedback effects of estrogen are primarily mediated by estrogen receptor alpha (ERα) which, 

although not expressed in GnRH neurons, operates through upstream neuronal populations that 

regulate GnRH (Dorling, Todman, Korach, & Herbison, 2003; Herbison & Theodosis, 1992; 

Wintermantel et al., 2006). For instance, kisspeptin and gonadotropin inhibitory hormone 

neurons express ERα and are upstream regulators of GnRH (Clarkson, d'Anglemont de Tassigny, 

Moreno, Colledge, & Herbison, 2008; Kriegsfeld et al., 2006; Molnar, Kallo, Liposits, & 

Hrabovszky, 2011; Smith, Clifton, & Steiner, 2006). GnRH neurons may express estrogen 

receptor β, providing a mechanism by which estrogen can affect GnRH cell activity directly 

(Hrabovszky et al., 2000; Petersen, Ottem, & Carpenter, 2003).  

 

In addition to estrogen, progesterone acts to decreases LH pulse frequency (Soules et al., 1984) 

and high levels of this hormone are maintained by the ovary following ovulation. If the egg is 

fertilized, progesterone remains high throughout gestation to promote pregnancy maintenance. 

Progesterone plays a role prior to ovulation as well, although primarily through de novo 

synthesis in astrocytes in the anterior hypothalamus. Around the time of ovulation, estrogen 

increases levels of neuroprogesterone synthesized in the brain (Micevych & Sinchak, 2011). It 

has recently been shown that deletion of progesterone receptors in kisspeptin neurons leads to 

deficits in the LH surge, pointing to an important role of this neurosteroid in ovulation (Stephens 

et al., 2015). 

 

The temporal sequencing of gonadal steroid signaling and the LH surge allows ovulation and 

reproductive behaviors to coincide. The increase in ovarian progesterone immediately following 

the LH surge enhances the effects of estrogen, leading to the induction of behavioral estrus, a 

time of increased sexual behavior in rodents. As ovarian E2 declines, however, and ovarian 

progesterone remains during the luteal phase of the cycle, sexual behavior also declines (Beach, 

1976). This mechanism allows reproductive behavior to correspond with the time of peak 

fertility. 
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Circadian regulation of the reproductive axis 

 

While day of cycle is an important temporal factor in the regulation of reproductive physiology 

and behavior, time of day is also essential. The female mammalian reproductive axis is under 

precise circadian control, with the LH surge and subsequent ovulation being confined to a 

specific time of day, typically just before the active phase of the animal. Everett & Sawyer 

(1950) found that suppressing neural activity in the hypothalamus just before the time of the 

surge delays the surge for an entire day, even when hormone levels are permissive (Everett & 

Sawyer, 1950). This seminal finding suggested circadian regulation of the LH surge, and 

subsequent studies have provided ample evidence to support this idea. The master circadian 

clock, the suprachiasmatic nucleus (SCN) of the anterior hypothalamus, is required for the LH 

surge. Animals with a dysfunctional or ablated SCN show reproductive irregularities and 

anestrous (Brown-Grant & Raisman, 1977; D. Loh et al., 2014; Wiegand & Terasawa, 1982; 

Wiegand, Terasawa, Bridson, & Goy, 1980) as do animals with dysfunctional circadian clock-

genes, the expression of which are required to maintain the 24 hour transcriptional-translational 

feedback loop that drives circadian rhythms within cells (Miller et al., 2006; Miller et al., 2004).  

 

Though circadian regulation of locomotor activity can still take place via a diffusible signal when 

neural projections from the SCN are severed, SCN neuronal innervation is necessary to induce 

the LH surge (Meyer-Bernstein et al., 1999; Silver, Lehman, Gibson, Gladstone, & Bittman, 

1990; Silver, LeSauter, Tresco, & Lehman, 1996). This is evident in the case of circadian 

splitting, a phenomenon in which each half of the bilateral SCN will begin to fire in antiphase in 

some female hamsters when kept in constant light (de la Iglesia, Meyer, Carpino, & Schwartz, 

2000). This results in two locomotor activity bouts at opposite times of day with LH surges prior 

to each bout (Swann & Turek, 1985). In these animals, the GnRH neurons also act in antiphase, 

with the GnRH activity in the left preoptic area (POA) corresponding with the left SCN and in 

the right POA with the right SCN (de la Iglesia, Meyer, & Schwartz, 2003). This finding 

suggests that GnRH activity requires a neural signal from the SCN, as a diffusible signal would 

have activated GnRH neurons bilaterally, two times a day, just prior to the locomotor activity 

bout. Additionally, the SCN projects to areas of the hypothalamus that regulate reproduction, 

such as GnRH neurons in the POA (Van der Beek, Horvath, Wiegant, Van den Hurk, & Buijs, 

1997). 

 

How the SCN communicates this neural signal requires further study, though several aspects 

have been elucidated. The SCN communicates time of day information to the reproductive axis 

via neurons containing arginine vasopressin (AVP) and vasoactive intestinal polypeptide (VIP) 

found in the SCN dorsomedial (dm) shell and ventrolateral (vl) core respectively (Moore, Speh, 

& Leak, 2002). AVP communicates indirectly to GnRH neuron populations via the anteroventral 

periventricular nucleus (AVPV) (de la Iglesia, Blaustein, & Bittman, 1995; DeVries, Buijs, Van 

Leeuwen, Caffe, & Swaab, 1985; Hoorneman & Buijs, 1982; Leak & Moore, 2001; Watson, 

Langub, Engle, & Maley, 1995). This communication is, at least in part, mediated by kisspeptin 

neurons in the AVPV that, in turn, stimulate the GnRH system (Smarr, Morris, & de la Iglesia, 

2012; W. P. Williams, 3rd, Jarjisian, Mikkelsen, & Kriegsfeld, 2011). 
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In addition to AVP, SCN-derived VIP synapses are found in close apposition to GnRH neurons, 

and GnRH neurons receiving VIP input are preferentially active during the LH surge in rats (van 

der Beek et al., 1994). Intracerebral ventricular injections (ICV) of VIP can induce the LH surge 

in rats (Vijayan, Samson, Said, & McCann, 1979) and rescue the surge in aged mice (Sun, Shu, 

Kyei, & Neal-Perry, 2012). VIP induces GnRH release from cultured median eminence 

synaptosomes (Samson, Burton, Reeves, & McCann, 1981) while blocking the VIP receptor, 

VPAC2, reduces GnRH neuronal cell firing during the time of the surge in mice  (Christian & 

Moenter, 2008). Although most evidence suggests that VIP is stimulatory to the reproductive 

axis, some studies have found an inhibitory effect of ICV injection of VIP on LH secretion 

(Alexander, Clifton, & Steiner, 1985; Weick & Stobie, 1992).  

 

Although how the SCN communicates with the stimulatory branches of the reproductive 

neurocircuitry, kisspeptin and GnRH, has been explored, how the SCN relays time of day 

information to the inhibitory system is unknown. We investigated whether VIP and/or AVP 

could concomitantly suppresses the upstream inhibitor of GnRH, gonadotropin inhibiting 

hormone (GnIH), while activating GnRH and Kp systems in Experiment 1.  

 

Given that circadian signals from the SCN are necessary for the LH surge, one would expect that 

circadian disruption is detrimental to female reproductive health. Indeed, female shift workers 

and flight attendants experience reproductive deficits (Ahlborg, Axelsson, & Bodin, 1996; 

Bisanti, Olsen, Basso, Thonneau, & Karmaus, 1996; Mahoney, 2010; Nurminen, 1998). 

 

Though the importance of circadian timing to the reproductive axis in female mammals and 

detrimental effects of dysregulation of this system have been explored, we examined the 

possibility that augmenting circadian rhythms by increasing circadian amplitude may be 

beneficial to reproductive function in Experiment 2. This experiment used scheduled voluntary 

activity (SVA), a known method for increasing circadian amplitude both behaviorally and at the 

level of the SCN, to increase circadian amplitude in mice (Leise et al., 2013; Power, Hughes, 

Samuels, & Piggins, 2010; Schroeder et al., 2012). 

 

 

Metabolic cues and the reproductive axis 

 

In addition to circadian cues, other environmental signals are relayed to reproductive axis. 

Considering the high energetic demand of reproduction for female mammals, it is unsurprising 

that metabolic cues are particularly salient. Food deprivation has been found to inhibit GnRH 

and LH secretion in a number of mammalian species (Cagampang, Maeda, Yokoyama, & Ota, 

1990; Devlin et al., 1989; Foster & Olster, 1985; Morin, 1986) and the reproductive axis is 

responsive to multiple peripheral cues that indicate metabolic status and energy availability, 

including circulating glucose and free fatty acids, as well as the hormones ghrelin, insulin, and 

leptin (Schneider, Wise, Benton, Brozek, & Keen-Rhinehart, 2013).   

 

Leptin, an anorexigenic hormone released by adipose tissue to signal adequate energy storage 

levels, is a particularly important stimulator of the reproductive axis (Moschos, Chan, & 

Mantzoros, 2002).  Deletion of the leptin gene or its receptor result in infertility (Elias & Purohit, 

2013; Ingalls, Dickie, & Snell, 1950). Treatment with leptin can mask the effects of food 
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deprivation on reproductive physiology and behavior (Schneider, Zhou, & Blum, 2000). Though 

few studies have shown that GnRH neurons are directly responsive to leptin through the leptin 

receptor, upstream leptin responsive pathways interact with GnRH neuron populations 

(Cunningham, Clifton, & Steiner, 1999; Magni et al., 1999). First, orthorexic energy sensing 

NPY neurons in the arcuate nucleus are inhibited by leptin and form close appositions with 

GnRH neurons (C. Li, Chen, & Smith, 1999). Additionally, the upstream positive and negative 

regulators of GnRH, kisspeptin and GnIH respectively, are also responsive to energetic cues.  

 

While energy sensing systems affect reproduction, gonadal steroids in turn affect energy 

metabolism. Many appetite regulatory hormones, such as leptin, ghrelin, and cholecystokinin, are 

modulated by estradiol (Asarian, 2006). This mechanism allows appetite to change across the 

ovulatory cycle, with a decrease in food interest corresponding with the periovulatory period 

when animals are in estrus. It has been theorized that this periovulatory decrease in appetite 

allows the animal to prioritize sex seeking behavior over food seeking at the time of peak fertility 

(Klingerman et al., 2010; Schneider, Klingerman, & Abdulhay, 2012). This behavioral 

preference switch is more evident under conditions of mild caloric restriction, conditions that 

better mimic what an animal might encounter in the wild where ad libitum feeding is rare 

(Klingerman, Patel, Hedges, Meisel, & Schneider, 2011; Schneider et al., 2007). In experiment 3 

& 4, I examine the neuronal mechanisms underlying this behavioral switch from food seeking to 

sex seeking across the ovulatory cycle. 

 

 

Upstream regulators of the reproductive axis: the RFamide peptides 

 

As alluded to previously, neuron populations upstream of GnRH are primarily responsible for the 

feedback effects of E2. These neuron populations have recently been discovered to include the 

RFamide peptides, so called for the Arg–Phe–NH2 (RF-amide) motif located at the C-terminus of 

these peptides. Though the first RFamide peptide was discovered in invertebrates in the 1970’s 

(Price & Greenberg, 1977), a functional role in reproduction was not elucidated until 2000 when 

Tsutsui and colleagues found that a novel hypothalamo-hypophysial RFamide peptide suppresses 

gonadotropin secretion in quail pituitary cultures in a dose-dependent fashion (Tsutsui et al., 

2000). The peptide was named gonadotropin-inhibitory hormone (GnIH) for its potent inhibition 

of gonadotropin secretion. Shortly after, in 2001, the RFamide peptide, kisspeptin, was found to 

be the ligand for the orphan receptor GPR54, which regulates GnRH secretion (Gottsch et al., 

2004; Kotani et al., 2001; Ohtaki et al., 2001; Thompson et al., 2004). These two RFamide 

peptides, GnIH and kisspeptin, each contribute fundamentally to regulation of GnRH and the 

reproductive axis through inhibitory and excitatory actions, respectively. They are optimally 

situated to integrate multiple internal and external cues—including estrogen from the ovary, 

time-of-day information, and energy balance signals—and feed this information back into GnRH 

neurons to influence the reproductive axis. 

 

 

Gonadotropin Inhibitory Hormone  

 

After its identification as an inhibitor of gonadotropin secretion in quail, a gene database search 

by Hinuma and colleagues (2000) revealed potential mammalian orthologs of GnIH, the peptides 
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RFRP-1, -2, and -3 (Hinuma et al., 2000). Upon isolation of these peptides, it was found that 

only RFRP-1 and -3 are encoded by the mammalian RFRP gene while RFRP-2 has an N-

terminus RFamide motif. Subsequent studies have uncovered structurally and functionally 

similar orthologs of GnIH in rats, mice, hamsters, cows, sheep, monkeys, and humans 

(Kriegsfeld et al., 2010; Tsutsui et al., 2010). The mammalian ortholog is often referred to by its 

structural name, RFamide related peptide 3 (RFRP-3, GnIH in this thesis). For consistency, 

GnIH will be used throughout.  

 

In mammals, GnIH neurons are primarily located in the hypothalamic periventricular (PerVN) 

nucleus and dorsomedial hypothalamic nucleus (DMH) (Parhar, Ogawa, & Kitahashi, 2012). In 

rodents, such as hamsters and mice, GnIH neurons are mainly located in the DMH and project to 

the preoptic area and median eminence where they interact with GnRH neurons via its receptor, 

GPR147 (Gibson et al., 2008; Kriegsfeld et al., 2006; Yano et al., 2003). GnIH neurons also 

project directly to GnRH neurons in sheep, macaques, and humans (Smith et al., 2008; Ubuka et 

al., 2009). 

 

There is abundant evidence that GnIH is a gonadotropin inhibitor in mammals. Injections of 

GnIH into the brain rapidly inhibits the preovulatory LH surge and the activity of GnRH neurons 

in Sprague–Dawley rats (Anderson, Relf, Rizwan, & Evans, 2009). Likewise, when applied to 

mouse slice cultures, the activity of a subset of GnRH neurons is rapidly suppressed (Ducret, 

Anderson, & Herbison, 2009).  

 

In addition to direct actions on GnRH neurons in the hypothalamus, there is evidence that GnIH 

may also act directly on the pituitary to suppress gonadotropin secretion in mammals. GnIH 

fibers terminate in the median eminence of hamsters and sheep and the GnIH receptor GPR147 

can be found in the anterior pituitary of hamsters, rats, and sheep (Clarke et al., 2008; Gibson et 

al., 2008; Kirby, Geraghty, Ubuka, Bentley, & Kaufer, 2009; Quennell, Rizwan, Relf, & 

Anderson, 2010). The effectiveness of intravenous injection of GnIH on reducing LH levels in 

rats suggests direct pituitary action as well (Rizwan, Porteous, Herbison, & Anderson, 2009). 

However, et al. (2009) found that isolated anterior pituitary cells treated with GnIH did not show 

a significant inhibition of LH release and Murakami et al. (2008) found that GnIH only inhibited 

LH release from cultured rat pituitary cells when GnRH neurons were present, suggesting an 

indirect effect of GnIH on the pituitary through GnRH (Anderson et al., 2009; Murakami et al., 

2008). 

 

GnIH is under circadian control and contributes to the circadian regulation of ovulation. During 

the majority of the rodent ovulatory cycle, LH concentrations remain low due to the negative 

feedback effects of estrogen. Negative feedback is lifted at the appropriate time of day and day 

of cycle to permit the increase in GnRH neuron activity, preovulatory LH surge, and subsequent 

ovulation (Christian, Mobley, & Moenter, 2005; Levine, 1997; Seegal & Goldman, 1975). 

Lifting of inhibition of GnRH by GnIH neurons on the correct ovulatory cycle day is partially 

responsible for the preovulatory increase in GnRH activity. GnIH expression tracks the ovulatory 

cycle, with GnIH expression and cellular activation being lowest during the estrous period of the 

cycle when E2 and fertility are high (Gibson et al., 2008; X. Li et al., 2012). The ability of GnIH 

neurons to track the ovulatory cycle may be due to estrogen feedback. GnIH neurons are 

responsive to estradiol and expresses ERα (Kriegsfeld et al., 2006; Molnar et al., 2011). In 
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addition to reduction in GnIH on the day of the surge, GnIH cellular activation is also 

coordinated with the time of the preovulatory LH surge, exhibiting reductions in Fos expression 

just before the surge and increasing again shortly following (Gibson et al., 2008). GnIH neurons 

likely achieve this precise temporal regulation via contact by neurons from the SCN (Gibson et 

al., 2008; Russo et al., 2015). Several lines of evidence suggest that GnIH activity is regulated by 

the SCN. In hamsters that have undergone circadian splitting, GnIH activity is also split into 

antiphase on either side of the DMH, with the GnIH activity peak occurring at the opposite time 

of the GnRH activity peak on each side (Gibson et al., 2008). This finding suggests that at the 

same time that GnRH is activated by the SCN, GnIH is inhibited.  

 

Though this previous work indicates that the SCN makes contact with GnIH neurons, the nature 

of this signal is unknown. In Experiment 1 we explored how the SCN makes contact with GnIH 

neurons and what sort of signal is sent. 

 

In addition to its effects on gonadotropin secretion, GnIH impacts both sexual and ingestive 

behavior. ICV administration of GnIH suppresses male sexual behavior in a time-of-day-

dependent fashion (Johnson, Tsutsui, & Fraley, 2007). In female hamsters, Piekarski et al. (2013) 

found that ICV infusion of GnIH over several days reduces female appetitive sex behaviors such 

as male preference and vaginal scent marking without effecting the consumatory sex behavior, 

lordosis (Piekarski et al., 2013). There is some conflicting evidence for the inhibitory role of 

GnIH on sex behavior in mammals however. Clarke et al. (2012) found no inhibitory effect for a 

continuous infusion of GnIH in primates, rats, or sheep (Clarke et al., 2012).  

 

While GnIH may inhibit reproductive behavior, several studies suggests that this peptide 

stimulates feeding behavior in mammals. ICV administration of GnIH increases food intake in 

rats, mice, sheep, and primates (Johnson et al. 2007; Clarke et al., 2012). Food restriction 

increases GnIH cellular activation in hamsters, and appetitive food behaviors like hoarding 

coincide with this increase (Klingerman et al., 2011). This may be in part mediated by orexigenic 

NPY neurons which form close appositions with GnIH neurons (Klingerman et al., 2011). This 

relationship may be reciprocal, as GnIH administration increases the cellular activation of NPY 

(Clarke et al., 2012). Considering its inhibitory role on the reproductive axis and stimulation of 

feeding behavior, Clarke et al. (2012) suggested that GnIH acts as a molecular switch between 

preference for food and reproduction.   

 

Previous work points to a role for GnIH in regulating appetite and sex behavior, but how it may 

work across the ovulatory cycle and whether GnIH activity is correlated or causative in the 

switch from food seeking to sex seeking is unknown. In Experiment 3 and 4, we investigated 

whether GnIH mediates the switch between food seeking and sex seeking across the ovulatory 

cycle in female hamsters.  

 

 

Kisspeptin 

 

Like GnIH, kisspeptin (Kp) is a recently identified RFamide peptide and upstream regulator of 

GnRH. However, Kp acts as a stimulator of GnRH rather than an inhibitor. Kisspeptin, the 

product of the Kiss1 gene, was first identified by Lee and colleagues in Hershey, Pennsylvania, 
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where it was named for the famous Hershey Kiss chocolate (Lee et al., 1996). The group had 

isolated the cDNA from a non-metastasizing cancer cell, and the gene was characterized as a 

tumor metastasis suppressor sequence (thus the “ss” in Kiss1).  A role for Kp in reproduction 

was not identified until 2003, when two separate groups found a mutation in the Kp receptor, 

GPR54, is responsible for certain types of hypogonadotropic hypogonadism, a condition in 

which gonadotropin secretion is insufficient for sex steroid production and puberty cannot take 

place (de Roux et al., 2003; Seminara et al., 2003). 

 

Kisspeptin neurons are primarily located in the AVPV and the arcuate nucleus (ARC) in female 

mammals (Gottsch et al., 2004; Oakley, Clifton, & Steiner, 2009). Kisspeptin cells project to 

GnRH neurons and to the ME where Kp binds to the G-protein receptor GPR54 (Clarkson & 

Herbison, 2006; d'Anglemont de Tassigny, Fagg, Carlton, & Colledge, 2008; Kinoshita et al., 

2005; Quaynor et al., 2007). Kp stimulates GnRH neuron activity in vivo and in vitro to initiate 

the LH surge while administration of antikisspeptin eliminates the surge (d'Anglemont de 

Tassigny et al., 2008; Gottsch et al., 2004; Han et al., 2005; Kinoshita et al., 2005; Oakley et al., 

2009; Pielecka-Fortuna, Chu, & Moenter, 2008). 

 

Kisspeptin neurons in the AVPV are involved in the circadian regulation of the LH surge. 

Evidence has long suggested that the AVPV is involved in stimulating the preovulatory LH surge 

(Gu & Simerly, 1997; Le, Attardi, Berghorn, Blaustein, & Hoffman, 1997; Le, Berghorn, 

Rassnick, & Hoffman, 1999), though the role of Kp was not identified until more recently. The 

SCN projects to the AVPV via AVP fibers (Watson et al., 1995). AVP injections can induce an 

LH surge in SCN lesioned animals (Palm, Van Der Beek, Wiegant, Buijs, & Kalsbeek, 1999) 

while antagonism of the AVP receptor V1a inhibits the surge (Funabashi, Aiba, Sano, Shinohara, 

& Kimura, 1999) suggesting that the SCN communicates a stimulatory signal via AVP to the 

AVPV to initiate the surge. Recent studies indicate that kisspeptin neurons in the AVPV are 

responsible for relaying this stimulatory cue from the SCN to GnRH neurons. The SCN sends 

AVPergic projections to Kp neuron populations (W. P. Williams, 3rd et al., 2011). Kp neuron 

cellular activation and Kiss1 gene expression coincides with GnRH cellular activation at the time 

of the surge, and this activity is in phase with the AVPergic dmSCN (Robertson, Clifton, de la 

Iglesia, Steiner, & Kauffman, 2009; Smarr et al., 2012; W. P. Williams, 3rd et al., 2011). 

Additionally, ICV injections of AVP stimulate cellular activation of Kp neurons, providing 

further evidence that a stimulatory signal from the dmSCN is relayed through Kp to GnRH 

neurons (Williams et al., 2011).   

 

Also like GnIH, Kp may mediate the feedback effects of estradiol on the reproductive axis. ERα 

is expressed by kisspeptin cells in both the AVPV and the ARC (Clarkson & Herbison, 2006; 

Gottsch et al., 2004; Smith et al., 2005; Smith, Popa, Clifton, Hoffman, & Steiner, 2006). 

Kisspeptin neurons are responsive to ovarian steroids, with ovariectomy resulting in a decrease 

in Kiss1 experession in the AVPV and an increase in the ARC (Smith et al., 2005). The LH surge 

is inhibited when the AVPV is targeted with antiestrogens (Petersen & Barraclough, 1989).  

 

Also like GnIH, kisspeptin relays metabolic information to the reproductive axis. Decreases in 

Kp coincide with decreased energy availability. For instance, food restriction reduces KiSS1 

expression in the ARC of rats and mice (Brown, Imran, Ur, & Wilkinson, 2008; Castellano et al., 

2005; Luque, Kineman, & Tena-Sempere, 2007) and short term fasting reduces expression in the 
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AVPV (Kalamatianos, Grimshaw, Poorun, Hahn, & Coen, 2008). Kisspeptin neurons are 

responsive to peripheral signals of energy availability such as the anorexigenic hormone leptin 

and the orexigenic hormone ghrelin. Kiss1 expression is reduced in the ARC in leptin deficient 

mice and infusion of leptin can recover Kiss1 expression in these populations (Smith, Acohido, 

Clifton, & Steiner, 2006). Treatment with ghrelin likewise reduces hypothalamic Kiss1 

expression (Forbes, Li, Kinsey-Jones, & O'Byrne, 2009). The effect of food deprivation on 

reducing circulating LH can be masked by ICV injections of Kp (Castellano et al., 2005).  

 

These findings suggest that Kp may mediate some of the reproductive deficits that result from 

energetic challenges, but whether Kp is involved in the switch from food seeking to sex seeking 

across the ovulatory cycle is unknown. In Experiment 3 we investigated whether Kp cellular 

activation coincides with the behavioral preference switch from food seeking to sex seeking 

across the ovulatory cycle in food restricted hamsters.  

 

 

Summary 

 

The need to reproduce coupled with the risks of reproduction creates a classic evolutionary trade-

off between the survival of the mother and the production of offspring. Information about time of 

day and energy availability are assessed by the reproductive neurocircuitry of the hypothalamus 

to optimize reproductive success. The following experiments examine how reproductive systems 

integrate these circadian and metabolic cues.  
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Chapter 2 

______________________________________________________________________________ 

Circadian Control of the Female Reproductive Axis Through Gated Responsiveness of the GnIH 

System to VIP Signaling 

 

 

Introduction  

 

Circadian timing is critical for successful female reproduction across mammalian species, 

including humans. Women with irregular work or sleep cycles, for example, exhibit reduced 

fertility (Ahlborg et al., 1996; Mahoney, 2010) and increased spontaneous abortion rates (Bisanti 

et al., 1996; Mahoney, 2010; Nurminen, 1998). Analogously, in rodents, disruptions to circadian 

functioning lead to pronounced abnormalities in sexual motivation, ovulation, and fecundity 

(Brown-Grant & Raisman, 1977; Endo & Watanabe, 1989; Gray, Soderstein, Tallentire, & 

Davidson, 1978; Kawakami, Arita, & Yoshioka, 1980; Miller et al., 2004; Nunez & Stephan, 

1977; Summa, Vitaterna, & Turek, 2012; Wiegand & Terasawa, 1982). The circadian system 

coordinates the timing of ovulation and sexual behavior to coincide with an individual’s species-

specific temporal niche, with the preovulatory luteinizing hormone (LH) surge occurring in early 

morning in women (Cahill, Wardle, Harlow, & Hull, 1998; Kerdelhue et al., 2002) and diurnal 

rodents (Mahoney, Sisk, Ross, & Smale, 2004) and late afternoon in nocturnal rodents (reviewed 

in (Christian & Moenter, 2010).  In species that ovulate spontaneously, the timing of the LH 

surge is controlled by the master circadian pacemaker in the suprachiasmatic nucleus (SCN) of 

the anterior hypothalamus (de la Iglesia & Schwartz, 2006; Khan & Kauffman, 2012; Moore & 

Eichler, 1972; Samson & McCann, 1979; Stephan & Zucker, 1972; W. P. Williams, 3rd & 

Kriegsfeld, 2012).  During most of the ovulatory cycle, ovarian estradiol acts through negative 

feedback to maintain low-amplitude, pulsatile release of gonadotropin-releasing hormone 

(GnRH) and LH (Petersen et al., 2003; W. P. Williams, 3rd & Kriegsfeld, 2012). However, 

during a limited time window on the day of ovulation, estradiol integrates with circadian 

signaling upstream of the GnRH system to positively drive the LH surge and, subsequently, 

ovulation (Karsch, Bowen, Caraty, Evans, & Moenter, 1997; Kriegsfeld, 2013; Levine, 1997).  

 

The SCN communicates with the GnRH system via both monosynaptic and multisynaptic 

projections. The observations that GnRH neurons are directly innervated by vasoactive intestinal 

peptide (VIP)-ergic SCN projections (Kriegsfeld, Silver, Gore, & Crews, 2002; van der Beek, 

Wiegant, van der Donk, van den Hurk, & Buijs, 1993), and that VIP administration stimulates 

the LH surge (Samson et al., 1981), initially suggested that GnRH neurons may represent the 

neural locus at which circadian and estrogenic signaling are integrated to initiate ovulation.  

However, GnRH neurons do no express estrogen receptor alpha (ERα)(Herbison & Theodosis, 

1992), the receptor subtype required for positive feedback (Dorling et al., 2003; Wintermantel et 

al., 2006), negating this possibility.  In contrast, cells expressing the stimulatory neuropeptide, 

kisspeptin, in the anteroventral periventricular nucleus (AVPV) express ERα (Gottsch et al., 

2004; Smith et al., 2005), are innervated by vasopressin (AVP)-ergic SCN cells (Smarr et al., 

2012; Vida et al., 2010; W. P. Williams, 3rd et al., 2011), exhibit a circadian pattern in Fos 

mRNA and protein expression (Robertson et al., 2009; W. P. Williams, 3rd et al., 2011) with 

maximal co-localization coordinated with the GnRH/LH surge (Smith, Popa, et al., 2006), and 

are required for GnRH cell activation to initiate the LH surge (Dror, Franks, & Kauffman, 2013).  
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Together, these findings suggest that AVPV kisspeptin cells represent an important upstream 

locus for the integration of circadian and steroidal signaling in the initiation of ovulation. 

 

Central administration of vasopressin, a key SCN neuropeptide, stimulates the LH surge in a 

time-gated fashion, initiating the LH surge in the late afternoon but not the morning in rats 

(Palm, van der Beek, Wiegant, Buijs, & Kalsbeek, 2001).  Although kisspeptin cells in the 

AVPV respond to AVP administration with increased cellular activation during both the morning 

and late afternoon, GnRH cells exhibit markedly greater cell activation with late afternoon 

kisspeptin treatment (W. P. Williams, 3rd et al., 2011), indicating that time-dependent 

responsiveness to SCN AVP-ergic stimulation is mediated via differential responsiveness of 

GnRH cells to upstream kisspeptin signaling.  Immortalized GnRH neurons (i.e., GT1-7 cells) 

express the core clock genes driving circadian rhythms at the cellular level (Chappell, White, & 

Mellon, 2003; Zhao & Kriegsfeld, 2009), exhibit time-dependent sensitivity to kisspeptin and 

VIP stimulation (Zhao & Kriegsfeld, 2009), and display daily rhythms in kisspeptin receptor 

expression (Tonsfeldt, Goodall, Latham, & Chappell, 2011), suggesting that GnRH cells possess 

independent clocks to putatively mediate daily changes in sensitivity to upstream signaling. 

 

In contrast to the mechanisms positively driving ovulation, the neurochemical systems mediating 

the timed removal of estradiol-mediated negative feedback are less well understood.  Our 

previous findings suggest that the RFamide-related peptide 3 (abbreviated as GnIH here), the 

mammalian ortholog of avian gonadotropin-inhibitory hormone (Tsutsui et al., 2000), 

participates in circadian-controlled estradiol negative feedback (Gibson et al., 2008). GnIH cells 

express ERα (Kriegsfeld et al., 2006), are directly innervated by the SCN (Gibson et al., 2008), 

and communicate directly with GnRH cells to inhibit their activity (Ducret et al., 2009; Johnson 

et al., 2007; Kriegsfeld et al., 2006; Wu, Dumalska, Morozova, van den Pol, & Alreja, 2009). 

Estradiol decreases GnIH mRNA levels (Poling, Kim, Dhamija, & Kauffman, 2012) and GnIH 

cellular activity is reduced at the time of the LH surge suggesting that, in addition to driving the 

LH surge positively, the SCN concomitantly coordinates the removal of steroid-mediated GnIH 

inhibition of the gonadotropic axis to permit the surge (Gibson et al., 2008).  However, exactly 

how the SCN regulates GnIH neurons remains unknown.  

 

In the present study, we examined the specific means by which the SCN coordinates the removal 

of GnIH inhibition to permit the LH surge.  We first asked whether or not the two key SCN 

neuropeptides responsible for positively driving the LH surge, AVP and VIP, might concurrently 

coordinate the suppression of GnIH cellular activation during the preovulatory GnRH/LH surge.  

Next, we explored whether the GnIH system exhibits the potential for independent circadian time 

keeping and displays time-dependent sensitivity to AVP and VIP signaling, similar to that 

observed for the GnRH system in response to kisspeptin and VIP (W. P. Williams, 3rd et al., 

2011; Zhao & Kriegsfeld, 2009).  We hypothesized that AVP and VIP might act to stimulate 

GnIH activity in the morning, but not in the afternoon at the time of the LH surge, an effect 

mediated through independent time keeping of GnIH cells.  Such a finding would indicate that 

the GnIH system restrains gonadotropic axis activity through tonic activation of this neuronal 

network by AVP and VIP and that this inhibition is removed during the LH surge by GnIH cell 

insensitivity to AVP/VIP stimulation.  Alternatively, we speculated that AVP and VIP might 

suppress GnIH cellular activity, indirectly, via stimulation of an intermediary inhibitory circuit 

linked to GnIH cells.  In such a case, AVP/VIP would act to positively drive the LH surge 
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through actions directly on kisspeptin and GnRH cells, while simultaneously, indirectly 

suppressing GnIH activity. 

 

 

 

 

Materials and Methods 

 

 

Animals 

 

Female Syrian hamsters (Mesocricetus auratus) were purchased at 100 g body mass from 

Charles River (Wilmington, MA) and singly housed in translucent propylene cages (48 × 27 × 20 

cm) with a circulating ventilation system. Animals were provided ad libitum access to food and 

water, wood chips for floor cover, and bedding material. All animals were >65 days old at the 

time of the experiment. Animals were maintained in a colony room at 23±1°C with a 14:10 light 

dark cycle, with lights on at 08:00 h and lights off at 22:00 h. Lights on is designated as zeitgeber 

time (ZT) 0. For the receptor colocalization experiments, a cohort of adult female C57BL6 mice 

was also used. The mice were housed on a 12:12 light dark cycle with food and water provided 

ad-libitum. All experimental protocols were approved by the Institutional Animal Care and Use 

Committees of the University of California, Berkeley and University of California, San Diego. 

 

 

Examination of AVP-ergic and VIP-ergic SCN Projections 

 

To examine whether or not GnIH cells receive AVP-ergic and/or VIP-ergic input, 17 female 

Syrian hamsters were ovariectomized and implanted with 10mm Silastic capsules (Dow Corning, 

Midland, MI) containing 17-beta-estradiol benzoate (Sigma-Aldrich, St. Louis, MO) using a 

ketamine cocktail (21 mg ketamine, 2.4 mg xylazine, and 0.3 mg acepromazine per ml injected 

i.p. at a dose of 0.25 ml per 100 g body mass) with buprenorphrine for pre- and postoperative 

analgesia.  This procedure results in proestrous concentrations of estradiol and daily LH surges 

controlled by the SCN (Legan & Karsch, 1975; Norman, Blake, & Sawyer, 1973). After a 2 wk 

recovery, animals were deeply anesthetized with sodium pentobarbital (200 mg/kg) and perfused 

transcardially with approximately 150 ml of 0.9% saline followed by 300– 400 ml of 4% 

paraformaldehyde in 0.1MPBS (pH 7.3) at 19:00 h to maximize GnIH, AVP and VIP labeling. 

Brains were post-fixed in 4% paraformaldehyde for 3 h followed by cryoprotection in 30% 

sucrose in 0.1 MPBS before slicing on a cryostat.  Every fourth, 40 µm section was 

immunofluorescently double labeled for either AVP/GnIH (n=6) or VIP/GnIH (n=11). Separate 

sections were first labeled with antibodies against either AVP (raised in guinea pig; 1:100,000; 

Peninsula Laboratories Inc., San Carlos, CA) or VIP (raised in guinea pig; 1:100,000; Peninsula 

Laboratories Inc., San Carlos, CA), followed by biotinyated tyramide amplification and labeled 

with CY-2 conjugated streptavidin (Jackson ImmunoResearch, West Grove, PA) as a the 

secondary antibody/fluorophore as previously described (W. P. Williams, 3rd et al., 2011). The 

specificity of both antibodies has been verified in this species previously (W. P. Williams, 3rd et 

al., 2011). Subsequently, sections were incubated with PAC1365 anti-GnIH antiserum (1:16,000; 

PAC1365) with CY-3 anti-rabbit (Jackson ImmunoResearch, West Grove, PA) as the secondary 
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antibody/fluorophore. The specificity of the PAC1365 anti-GnIH antibody has been confirmed 

previously in this species (Gibson et al., 2008).  

 

To confirm that any identified AVP and/or VIP fiber appositions upon GnIH cells arise from 

cells in the SCN, we directed bilateral lesions to the SCN in an additional set of hamsters to 

determine if AVP or VIP fiber appositions were eliminated after complete SCN destruction.    

Ovariectomized and estrogen-implanted female Syrian hamsters (n=11) were anesthetized with a 

ketamine cocktail (described above), the head was shaved and positioned in a stereotaxic 

apparatus (David Kopf Instruments, Tujanga, CA) and the head prepared for aseptic surgery. 

Lesions were aimed at the following coordinates: 7.8 mm below dura, 0.8 mm anterior to 

bregma, 0.1 mm lateral to midline. Bilateral electrolytic lesions were made by applying 100 mV 

for 15 sec using a lesion generator (RFG-4A; Radionics, Burlington, MA) and stainless steel 

electrodes insulated with Epoxylite (The Epoxylite Corp., Irvine, CA), excluding the tip (0.20 

mm). Hamsters were perfused at 20:00 h 2 days after surgery and brains collected. Alternate 40 

µm sections were labeled for AVP/GnIH and VIP/GnIH as described above. Lesion placements 

were confirmed histologically by examining the SCN for the elimination of VIP-ir and AVP-ir 

that, together, define the entire nucleus.   

 

 

Examination of the Impact of AVP and VIP on GnIH Cell Activity 

 

To determine the specific impact of central AVP and VIP administration on GnIH cellular 

activity, 36 hamsters were ovariectomized and treated with 10mm Silastic capsules, as described 

above, using a ketamine cocktail with buprenorphrine for pre- and postoperative analgesia 

(anesthesia and analgesia procedures described above). Following 2 wk of recovery, all hamsters 

received guide cannulas (6 mm; Plastics One, Roanoke, VA) aimed at the lateral ventricle 

(1.3mm mediolateral and 1.1mm posterior to bregma, and 3mm ventral from the surface of the 

dura mater). To maintain patency, dummy cannulas were attached to guide cannulae after 

surgery. Following a 7-10 day recovery period, cannula placements were confirmed by injections 

of 20ng angiotensin II in 5 µl sterile saline (0.9%) and considered correctly placed in the 

ventricle if drinking occurred immediately. Placement of guide cannulas were also verified 

histologically at the conclusion of the study. To determine whether the SCN communicates an 

excitatory or inhibitory signal to GnIH cells via VIP or AVP, hamsters were injected (ICV) with 

5 µl vehicle (0.9% sterile saline; n=12), 5 µl VIP (9 ng/µl; n=12; V6130-250UG, Sigma-Aldrich, 

St. Louis, MO), or 5 µl AVP (4 ng/µl; n=12; V0377-50IU, Sigma-Aldrich, St. Louis, MO) at the 

rate of 1 µl/minute. To establish whether or not GnIH cells exhibit time-dependent sensitivity to 

these peptides, half of the hamsters in each group were injected in the morning (09:00 h; ZT 1) 

and the other half in the late afternoon (19:00 h; ZT 11) at the time of the LH surge (Gibson et 

al., 2008).  

 

One hour after injections, hamsters were perfused transcardially as described above and brains 

collected for examination of GnIH/Fos co-expression.  Every 4
th

  40 µm was incubated in an 

anti- GnIH antiserum (raised in rabbit, 1:60,000, PAC1365) for 48h at 4°C followed by 

amplification using a biotinylated tyramide procedure previously described (46) with CY-3 

conjugated streptavidin (Jackson ImmunoResearch, West Grove, PA) as the fluorophore. The 

dilution of the PAC1365 antibody was 10-fold greater than that which is optimal for direct 
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immunohistochemistry (i.e., ~1:6,000). This dilution prevented the second, secondary antibody 

from nonspecifically binding to the first primary. Following GnIH labeling, brains were 

incubated in an anti-Fos antibody (raised in rabbit; 1:2,000; Santa Cruz Biotechnology, Santa 

Cruz, CA) for 48h at 4°C and labeled with a CY-2 anti-rabbit secondary antibody/fluorophore 

(Jackson ImmunoResearch, West Grove, PA).   

 

 

VIP Receptor Expression on GnIH cells 

 

Because VIP, but not AVP, altered GnIH cellular activity, we investigated whether or not GnIH 

cells express VPAC1 or VPAC2 receptor mRNA. Hamsters (n=3) were ovariectomized and 

treated with Silastic capsules containing 17-beta-estradiol benzoate as described above and 

sacrificed by an overdose of pentobarbital sodium/phenytoin sodium (Euthasol, Virbac Inc., 

Forth Worth, TX) in the late afternoon (20:00 h; ZT 12), when the LH surge would normally 

occur.  Brains collected and frozen immediately on dry ice were cut on a cryostat into 5 series 

spanning the entire dorsomedial hypothalamus (DMH) where GnIH cell bodies reside.  To 

validate the findings in another species, we also used a cohort of adult female mice that were 

ovariectomized and treated with an s.c. estradiol Silastic capsule known to evoke LH surges two 

days later in the late afternoon (Dror et al., 2013).  Brains collected just before lights off were cut 

similarly to the hamster brains. Two full series of sections from each hamster and mouse were 

used for double-label in situ hybridization to examine the presence or absence of either VPAC1 or 

VPAC2 in GnIH cells. Double-label in situ hybridization was performed as previously described 

(Dror et al., 2013; Poling et al., 2012; Poling, Quennell, Anderson, & Kauffman, 2013) using a 

validated GnIH riboprobe and VPAC1 or Vpac2 riboprobes designed to base pairs 299–803 and 

720–1296 of the murine VPAC1  and VPAC2 sequences, respectively (GenBank accession nos. 

NM_011703 and NM_009511). Pilot studies confirmed that these murine probes all bind 

efficiently in hamster brain tissue. For each animal, the total number of GnIH neurons was 

counted along with the number of GnIH neurons co-expressing either VPAC1 or VPAC2. This was 

used to calculate the overall percentage of GnIH neurons coexpressing either VIP receptor for 

each animal within each species.  GnIH cells were considered double-labeled if the signal-to-

background ratio was greater than 3. 

 

 

Examination of Period 1 protein expression in GnIH cells 

 

To investigate the possibility that GnIH cells can keep circadian time, we examined whether or 

not GnIH cells express the clock-controlled gene product, Period 1 (PER1), and whether or not 

the percentage of GnIH cells co-expressing PER1 varied in a circadian manner. Brains from 5 

ovariectomized, estradiol-treated hamsters were collected at 10:00 (ZT 2), 15:00 (ZT 7), 20:00 

(ZT 12), and 03:00 h (ZT 19). Every fourth, 40 µm section was immunofluorescently double-

labeled as described above, with goat anti-PER1 (1:30,000 concentration; generous gift of Dr. 

Michael Lehman, University of Mississippi Medical Center; specificity verified previously in 

Syrian hamsters (Yan, Foley, Bobula, Kriegsfeld, & Silver, 2005)) amplified using biotinylated 

tyramide with CY2 as fluorophore and anti-GnIH (1:16,000 concentration; PAC1365) directly 

labeled with CY3 as the secondary antibody/fluorophore. 
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Microscopy and Image Analysis 

 

For initial examination of whether AVP or VIP terminal fibers appose GnIH perikarya, 

automated Z-stack photomicrographs were captured for every GnIH at 0.5 µm increments at 

400x at the conventional light microscopy level with a Zeiss Axioimager M1 microscope 

(Thornwood, NY). Standard wavelengths for CY-2 (488 nm) and CY-3 (568 nm) were used. 

Each GnIH cell was examined for VIP or AVP terminal buttons within the same GnIH cell focal 

plane. A random subset (20%) of contacts identified at the light level was confirmed using 0.5 

µm confocal microscopy scans at 400x with a LSM710 confocal microscope (Carl Zeiss Inc., 

Thornwood, NY).  Appositions were defined as terminal fibers directly contacting GnIH cell 

soma in the same 0.5 µm plane.    

 

To examine the percentage of GnIH cells expressing Fos and PER1, sections were examined at 

the conventional light microcopy level using the standard wavelengths for CY-2 (488 nm) and 

CY-3 (568 nm) with a Zeiss Axioimager M1 microscope (Thornwood, NY). Photographs of all 

GnIH cells were taken at 400x. Each label was captured as a single image without moving the 

position of the stage or plane of focus between captures. Images were superimposed digitally. 

For identification of Fos or PER1 co-labeling with GnIH, the 3 sections with the highest number 

of GnIH cells were examined using Photoshop software (Adobe Systems, Inc., San Jose, CA) by 

investigators “blind” to the treatment conditions to which the animals were exposed. Cells were 

considered co-labeled if Fos labeling was clearly confined to the cell nucleus. GnIH cells without 

a visible nucleus were not counted.   

 

 

Statistics 

 

Data were analyzed using SPSS 17.0 software (IBM, Armonk, New York). For analysis of the 

impact of AVP and VIP on GnIH cellular activity a two-way (peptide x time) analysis of 

variance (ANOVA) was used.  To examine the percentage of GnIH cells expressing PER1, a 

one-way, between-subjects (ANOVA) used.  All percentage data were submitted to an arcsine 

transformation prior to analysis.  Group differences were explored using ANOVA contrasts with 

post-hoc Tukey and Mann-Whitney U tests. Results were considered statistically significant if p 

< 0.05. 
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Results 

 

The SCN projects to GnIH cells via VIP-ergic and AVP-ergic efferents 

 

 

To examine whether or not AVP and/or VIP cells project to 

GnIH cells as a potential means of removing estradiol negative 

feedback during the LH surge, separate immunoflourescently 

labeled sections were examined.  Both VIP and AVP fibers 

contact GnIH-ir cell bodies within the DMH and peri-

ventromedial hypothalamus (VMH). Fiber contacts were 

relatively sparse, with 10.0%±1.0% of GnIH cells receiving 

VIP contacts and 15.1%±1.0% of GnIH cells receiving AVP 

contacts (Figure 2.1). All presumptive contacts identified at 

the conventional microscopy level were confirmed to be in the 

same 0.5 μm plane at the confocal microscopy level (Figure 

2.1). To confirm that these appositions arise from the SCN, 

bilateral SCN ablations and subsequent immunoflourescent 

labeling for AVP/GnIH and VIP/GnIH was performed. Of 

those hamsters with lesions 

targeting the SCN, the SCN 

was completely bilaterally 

ablated in one individual, as 

confirmed by SCN labeling for 

both VIP and AVP.  After 

complete ablation of the SCN 

in two animals, there were no 

GnIH cells that received close 

appositions by either AVP or 

VIP fibers, confirming that the 

origin of fibers identified in 

SCN-intact animals was the 

master circadian clock (Figure 

2.2).  VIP and AVP cell body 

labeling outside of the SCN did 

not differ between brains from 

intact and lesioned animals 

Figure 2.1 SCN fiber projections form 

close appositions with GnIH-ir cells in the 

DMH. A, Low-power conventional light 

photomicrograph (x200) depicting VIP 

fiber projections in close apposition to 

GnIH-ir cells in the DMH. B, Confocal 

microscopic image of VIP fiber within the 

same 0.5 μm plane as GnIH-ir cell. C, 

Low-power conventional light 

photomicrograph of AVP fiber 

projections in close apposition to GnIH-ir 

cells in the DMH. D, Confocal 

microscopic image of AVP fiber within 

the same 0.5 μm plane as a GnIH-ir 

neuron 

 

Figure 2.2 SCN lesions abolish AVP and VIP fiber projections to GnIH cells. A, 

Low-power photomicrograph of VIP-ir labeling in an intact SCN. B, VIP fibers 

(green) and GnIH cells (red) (x400) in the DMH. C, SCN lesion with elimination of 

VIP labeling. D, SCN lesions abolishes VIP fiber expression in the DMH. E, Small 

SCN lesion eliminating VIP in the SCN. F, Elimination of VIP labeling in DMH. G, 

Low-power photomicrograph of AVP-ir labeling in an intact SCN. H, AVP fibers 

(green) and GnIH cells (red) (x400) in the DMH. I, SCN lesion with AVP labeling 

(green) and unperturbed AVP populations in the supraoptic nucleus (SON) and PVN 

(insets). J, SCN lesions abolishes VIP fiber expression in the DMH. K, Small SCN 

lesion eliminating virtually all AVP labeling (green) and unperturbed AVP 

populations in the SON and PVN (insets). L, Elimination of AVP labeling in DMH. 
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(Figure 2.2). Two additional animals with small SCN lesions eliminating VIP cells in the SCN 

showed no VIP fiber appositions upon GnIH cells in the DMH. One of these partial lesions 

eliminated virtually all AVP cells and resulted in the complete abolition of AVP fiber 

appositions upon GnIH cells in the DMH (Figure 2.2).  Finally, one partial lesion that eliminated 

only a portion of AVP cells resulted in grossly reduced AVP fiber appositions onto GnIH cells (3 

contacts total, 1.1% of GnIH neurons). 

 

 

VIP, but not AVP, suppresses GnIH activity in a time-dependent manner 

 

 

Because GnIH cells received AVP-ergic and VIP-

ergic SCN projections, we examined whether or 

not central injection of these peptides alter GnIH 

cellular activity.  Additionally, we examined 

whether any impact of AVP or VIP on GnIH 

cellular activity was time-dependent, as we have 

previously shown for GnRH system 

responsiveness to kisspeptin (W. P. Williams, 3rd 

et al., 2011). For both AVP (F1,19=6.68, p<0.02) 

and VIP (F1,18=28.55, p<0.001) injections, GnIH 

cells exhibited reduced Fos expression in the 

afternoon, confirming our previous report that 

GnIH/Fos labeling is reduced around the time of 

the LH surge (p < 0.05) (Gibson et al., 2008) 

(Figure 2.3). The percentage of GnIH cells was 

significantly affected by injection of VIP 

(F1,18=7.18, p<0.02).  Specifically, whereas 

morning VIP injections did not alter the 

percentage of GnIH cells expressing Fos (p 

>0.05), afternoon injections of VIP markedly 

reduced the percentage of GnIH/Fos labeled cells 

(p < 0.01) relative to SAL controls. In contrast to 

VIP, AVP injections did not alter the percentage 

of GnIH/Fos cells either in the morning or the 

evening (F1,19=0.06, p>0.05) (Figure 2.3). 

Differences in percentages were not due to 

differences in the number of GnIH cells visualized, 

as overall GnIH cell numbers were not affected by 

time of injection (F2,28=0.006, p>0.05) or injection 

type (F2, 28=0.92, p>0.05) (p > 0.05 in all cases). 

 

 

  

Figure 2.3 Representative photomicrographs depicting 

GnIH-ir (red) and Fos-ir (green) neurons 1 hour after 

intracerebroventricular injection of (A) saline (vehicle) at 

ZT2 (morning) and (B) ZT12 (late afternoon), (C) AVP 

(morning) and (D) AVP (late afternoon), and (E) VIP 

(morning) and (F) VIP (late afternoon). G, Mean (±SEM) 

percentage of GnIH cells expressing Fos after saline 

(vehicle), AVP, or VIP injections in the morning or late 

afternoon. *, significantly different (P < 0.05). 
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Most GnIH neurons do not co-express VIP receptors 

 

Because VIP treatment significantly altered 

neuronal activation of GnIH neurons in female 

hamsters, we assessed whether this effect is 

mediated via VIP signaling directly in GnIH 

neurons.  We used double-label in situ 

hybridization to examine whether GnIH 

neurons co-express either of the VIP receptors, 

VPAC1 or VPAC2.  Both receptors were 

detected in other regions of the brain, such as 

the SCN for VPAC2 (Figure 2.4A, B), but were 

minimally expressed in the DMH. Indeed, only 

a very small minority of GnIH neurons co-

expressed VPAC2 (8.4±1.9%; Figure 4C, E), 

and VPAC1 (3.4±1.1%; Figure 2.4G), 

suggesting that any effects of VIP on GnIH 

neurons are primarily indirect. Moreover, the 

few GnIH cells that did co-express VPAC2 had 

very low levels of VIP receptor mRNA. This 

finding was confirmed in brains of female mice 

that were similarly sacrificed during the LH surge, with virtually no VPAC1 or VPAC2 co-

expression identified in the majority of GnIH neurons (only 3.4±0.9 and 3.9±1.2%, respectively; 

Figure 2.4D, F, H). 

 

 

  

Figure 2.4 Representative photomicrographs of VPAC1 and 

VPAC2 mRNA expression in the brains of female hamsters 

and mice at the time of the LH surge. A and B, Abundant 

VPAC2 expression (silver grain clusters) in the SCN of both 

hamster and mouse, respectively. C and D, GnIH neurons (red 

fluorescence) in the DMH of hamster and mouse, respectively, 

with minimal observed VPAC2 expression in this region. E 

and F, Higher magnification of VPAC2 and GnIH expression 

in hamster and mouse, denoting virtually no coexpression of 

the 2 in either species. Yellow box inset in E denotes an 

example of 1 of the few GnIH cells weakly coexpressing 

VPAC2. Blue arrowhead in F denotes a VPAC2-expressing 

cell, which is not an Rfrp-3 cell. G and H, High magnification 

of VPAC1 and GnIH expression in hamster and mouse, 

denoting virtually no coexpression in either species. 

Figure 2.5 GnIH cells rhythmically express PER1 protein. A, 

Representative low-power photomicrograph of GnIH-ir (red) 

and PER1 (green) immunofluorescence at ZT12. B, Mean (± 

SEM) percentage of GnIH-ir cells expressing PER1-ir at ZT2, 

ZT7, ZT12, and ZT19 in ovariectomized estradiol-treated 

female hamsters. *, significantly greater (P < .05) than ZT7, 

comparison with ZT2 and ZT19 nearing significance, P = 

0.052 and P = 0.057, respectively. 
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GnIH cells populations express the core clock gene, Period 1 

 

Because the response of GnIH neurons to VIP was time-gated, we examined whether GnIH 

neurons express PER1, the protein product of the essential clock gene, Period 2.  We also 

explored whether or not the percentage of GnIH cells expressing PER1 varied across the day, 

suggesting circadian timekeeping in GnIH neurons. GnIH cells readily expressed PER1, with a 

daily peak in coexpression at zeitgeber time 12 (ZT 0=lights on). The percentage of cells 

expressing PER1 was significantly greater at ZT 12 than ZT 7 (p < 0.05) and marginally 

significant relative to ZT 2 and ZT 19 time points (p = 0.052), and p = 0.057 respectively) 

(Figure 2.5). 

 

 

 

 

Discussion 

 

The present study revealed that a subset of GnIH cells receive AVP-ergic and VIP-ergic 

projections originating from the SCN.  Furthermore, the GnIH system exhibits time-dependent 

responsiveness to SCN signaling, with afternoon, but not morning, injections of VIP reducing the 

percentage of GnIH cells expressing Fos, whereas AVP injections at either time point did not 

differ from vehicle-injected controls.  The present and previous findings that GnIH cells express 

estrogen receptors (Kriegsfeld et al., 2006), provide a mechanism for coordinated disinhibition of 

estrogen-mediated GnIH suppression of reproductive axis activity (e.g., negative feedback) at the 

time of the LH surge.  That GnIH cells express the core clock gene component, PER1, and 

expression of PER1 exhibits diurnal variation, suggests that these cells keep circadian time 

thereby coordinating daily changes in responsiveness to SCN signaling, as seen for the GnRH 

system (Chappell et al., 2003; Tonsfeldt et al., 2011; W. P. Williams, 3rd et al., 2011; Zhao & 

Kriegsfeld, 2009).  

 

Contrary to our initial hypothesis that GnIH cellular activity would be stimulated by AVP and/or 

VIP in the morning but not in the afternoon, the percentage of GnIH cells expressing Fos was 

reduced by afternoon injections of VIP and unaffected by AVP administration at either time 

point. Because the receptors for VIP, VPAC1 and VPAC2, were not highly expressed in GnIH 

neurons, and are coupled to stimulatory G-proteins, it is unlikely that a suppressive action of VIP 

on GnIH cells occurs directly.  However, the present findings are consistent with VIP-ergic 

stimulation of an inhibitory intermediary system downstream of the SCN and upstream of GnIH 

cells. Another possibility is that these VIPergic neurons also have GABAergic efferents that 

interact with GnIH neurons. VIP neurons have been found to feedback onto each other and 

enhance GABAergic signaling within the SCN (Abad, Niewiadomski, Loh, & Waschek, 2006; 

Itri & Colwell, 2003). VIP administered may have been self-stimulating, allowing for the release 

of GABA from other terminals. Either explanation is in agreement with the present findings that 

the GnIH population as a whole receives only a few VIP appositions.  Such a putative circadian 

neural circuit is reminiscent of a similar mechanism of circadian control of corticosterone 

releasing hormone (CRH), the central neuropeptide driving daily rhythms in glucocorticoid 

secretion, by AVP (Buijs, Markman, Nunes-Cardoso, Hou, & Shinn, 1993; Kalsbeek, Buijs, van 

Heerikhuize, Arts, & van der Woude, 1992; Kalsbeek et al., 2012; Moore & Eichler, 1972).  
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CRH neurons in the paraventricular nucleus of the hypothalamus (PVN) receive only sparse 

innervation by SCN AVP efferents (Buijs & Van Eden, 2000; Kalsbeek et al., 2012; Vrang, 

Larsen, & Mikkelsen, 1995). Furthermore, although AVP acts as an excitatory neuropeptide, 

AVP administration inhibits CRH secretion (Kalsbeek et al., 1992). Thus, an intermediate 

neuronal circuit was proposed (Hermes, Ruijter, Klop, Buijs, & Renaud, 2000; Kalsbeek et al., 

2012), and recent electrophysiological evidence suggests that this interneuronal system is likely 

GABA-ergic (Hermes et al., 2000).   

 

The finding that VIP administration suppresses GnIH cellular activity in a time-gated fashion 

suggests that either 1) the putative inhibitory intermediary system on which VIP acts directly 

displays time-dependent sensitivity to VIP signaling, 2) the GnIH systems exhibits time-

dependent sensitivity to this unspecified inhibitory signal, or 3) a combination of both 

mechanisms results in daily changes in the response of the GnIH system to VIP. The observation 

that PER1 is expressed rhythmically in GnIH cells suggests that the GnIH system keeps daily 

time, and likely participates in mediating daily changes in responsiveness to upstream 

neurochemical signaling. Whether this mechanism maintains circadian time in the absence of 

SCN input requires further investigation.  Such a timekeeping system is analogous to that 

observed for GnRH cells (Chappell et al., 2003; Tonsfeldt et al., 2011; W. P. Williams, 3rd et al., 

2011; Zhao & Kriegsfeld, 2009) and potentially in AVPV kisspeptin neurons (Smarr, Gile, & de 

la Iglesia, 2013; Smarr et al., 2012), suggesting that this means of temporal gating might be 

common to reproductively-relevant systems subordinate to the SCN. A hierarchy of circadian 

control allows for greater precision in the timing of the LH surge than a single, master 

pacemaker, alone. Although such a gating mechanism is consistent with the present findings, 

additional studies in which circadian genes are manipulated specifically in GnIH cells are 

necessary to confirm this possibility.  Likewise, upon identification of an intermediate inhibitory 

system(s) on which SCN cells act to affect GnIH cells, it will be possible to determine whether 

these systems participate in time-dependent transmission of SCN signaling. 

 

The present results differ from those recently observed in female rats (Kauffman et al., 2014).  

Although a 3 h VIP infusion rescues the LH surge in middle-aged rats and increases the cellular 

activation of GnRH cells (Kauffman et al., 2014; Sun et al., 2012), GnIH cell numbers, GnIH 

mRNA levels per cell, and GnIH cellular activation were unaffected by this VIP administration.  

Several procedural differences may account for these disparate findings.  First, rats were injected 

with estradiol and then progesterone to induce a single LH surge, whereas hamsters in the 

present study were treated with constant proestrous concentrations of estradiol, without 

progesterone, to induce daily LH surges.  Additionally, VIP was injected acutely in the present 

investigation but infused for several hours in rats.  Moreover, because our present results indicate 

a time-dependent aspect of VIP effects on GnIH neurons, it is possible that a significant decrease 

in GnIH cellular activation would have similarly been observed in rats at other circadian times. 

Indeed, there was a trend for lower GnIH cellular activation with VIP treatment in rats 

(Kauffman et al., 2014); because this was only assessed at a single time point it is unknown if 

more robust changes exist at other circadian times.  Finally, it is possible that species differences 

exist in the mechanisms driving the LH surge across species.  Future studies with both species 

investigated within the same experiments are necessary to select among these possibilities.   
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The SCN-derived AVP-ergic and VIP-ergic appositions observed for some GnIH cells indicate 

an as-yet unspecified functional role for these SCN projections.  One possibility is that the SCN 

projections identified communicate via other neurochemical/neurotransmitter signaling factors 

co-released by SCN AVP and VIP cells.  It is also possible that AVP and/or VIP stimulate 

cellular processes that do not utilize Fos and were therefore not detected with the present staining 

strategy.  For non-reproductive subordinate systems, in the absence of the SCN, single-cell 

oscillators continue to function but the coordinated rhythm of the ensemble of cellular oscillators 

(e.g., liver clocks, heart clocks) is lost (Welsh, Yoo, Liu, Takahashi, & Kay, 2004). Thus, it is 

possible these SCN projections synchronize the activity/phase of independent GnIH cellular 

oscillators to permit the maintenance of coordinated daily responsiveness of a small collection of 

GnIH cells to upstream signaling.  Alternatively, a small proportion of GnIH cells may be 

synchronized by direct SCN projections and this timing information is then locally propagated 

throughout the network of GnIH cells. 

 

The present findings suggest that the SCN serves a dual role for ovulatory control, both 

coordinating timed gonadotropic axis stimulation with timed negative feedback disinhibition to 

initiate the preovulatory LH surge, and point to a novel, circadian-controlled neural circuit 

subserving these events.  Based on our findings, we propose that the SCN signals the kisspeptin 

(Vida et al., 2010; W. P. Williams, 3rd et al., 2011) and GnRH systems (Van der Beek et al., 

1997; van der Beek et al., 1993) via direct, neuronal projections to positively drive the LH surge.  

Concurrently, the SCN directly, and perhaps more likely, indirectly, signals the GnIH system to 

coordinate the suppression of estradiol negative feedback with this positive drive.  Both the 

GnRH and GnIH systems maintain their own circadian time to further ensure that stimulation 

and disinhibition of the reproductive axis are precisely coordinated (Figure 2.6).  Given that 

epidemiological and experimental findings indicate a pronounced negative impact of circadian 

disruption on female reproductive health, systematically uncovering the mechanisms underlying 

the circadian control of the female reproductive axis has potential clinical implications. 
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Figure 2.6 A proposed model depicting circadian control of the preovulatory LH surge and ovulation. A, Estrogen responsive 

circuitry. These cell populations integrate estrogenic, SCN-derived, and local endogenous circadian cues to appropriately time the 

preovulatory LH surge. B, Loci receiving direct and indirect input from the master clock in the SCN. In this model, the SCN 

projects directly to GnRH, kisspeptin, and GnIH cells. Additionally, the SCN projects to a putative interneuron to drive the 

removal of GnIH inhibition by SCN-derived VIP at the time of the surge. Clock icons indicate neural populations exhibiting 

circadian oscillations in clock genes/proteins and time-dependent sensitivity to SCN signaling, including the GnRH (35, 42, 43) 

and GnIH systems. C, Estrogen- and clock-controlled hierarchy. GnIH neurons project to GnRH cells and to the median 

eminence to regulate gonadotropin secretion. It is proposed that GnIH neurons respond to estradiol by inhibiting the reproductive 

axis throughout most of the estrous cycle. At the time of the LH surge, the SCN inhibits the GnIH system through indirect VIP-

ergic signaling, removing negative feedback to allow concomitant, SCN-controlled surge generation. oc, optic chiasm; MPO, 

medial preoptic area; ARC, arcuate nucleus; PIT, pituitary; SON, supraoptic nucleus. 
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Chapter 3 

______________________________________________________________________________ 

The Effects of Circadian Augmentation by Scheduled Voluntary Activity on the Female 

Reproductive Axis 

 

 

Introduction 

 

Female mammalian reproduction requires the temporal synchronization of multiple hormonal 

and behavioral events, including the coordination of gamete production with ovulation and 

sexual behavior. These factors are regulated by the interaction of reproductive neuroendocrine 

pathways with the circadian timing system (Turek, Swann, & Earnest, 1984; W. P. Williams, 3rd 

& Kriegsfeld, 2012). Circadian disruption has been linked to reproductive dysfunction in animal 

models and human epidemiological studies. For instance, mutations in the core clock genes 

regulating circadian rhythms result in poor fecundity in mice (Alvarez et al., 2008; Dolatshad et 

al., 2006; Kennaway, 2005; Kennaway, Boden, & Voultsios, 2004; Miller et al., 2004) and 

investigation of shift work in humans suggests that reproductive dysfunction can result from 

circadian misalignment (Ahlborg et al., 1996; Bisanti et al., 1996; Mahoney, 2010; Mong et al., 

2011; Nurminen, 1998). 

 

The reproductive neurocircuitry of the hypothalamus is regulated by the “master circadian 

pacemaker,” the suprachiasmatic nucleus (SCN) (W. P. Williams, 3rd & Kriegsfeld, 2012). 

Destruction of this nucleus or its output pathways results in severe reproductive deficits in 

female rodents (Gray et al., 1978; Nunez & Stephan, 1977; Wiegand & Terasawa, 1982). The 

SCN can be divided into functionally distinct subregions, with vasoactive intestinal polypeptide 

(VIP) primarily comprising the ventrolateral SCN core (Moore et al., 2002). This core area 

receives external input, including light information from the retinohypothalamic tract, and relays 

this information to the remainder of the SCN to synchronize this network of clock cells with the 

external light cycle (Morin & Allen, 2006). VIP cells likely contribute to SCN entrainment; VIP 

applied to SCN slice preparations alter the firing rate of SCN neurons (Reed et al., 2002). 

Likewise, VIP microinjections into the SCN induce time-dependent phase-shifts in hamsters 

(Piggins, Antle, & Rusak, 1995). In mice lacking VIP signaling, a proportion of SCN neurons 

become arrhythmic and/or desynchronize, leading to a loss of overall SCN function (Aton, 

Colwell, Harmar, Waschek, & Herzog, 2005). Behaviorally, these mice show attenuated or 

absent circadian rhythms in constant conditions (Colwell et al., 2003). Together, these findings 

point to VIP as an important neurochemical in the propagation of entrainment information 

throughout the SCN and the coupling of independent SCN oscillators.    

 

In addition to maintaining coherence and entrainment in the SCN network, VIP neurons project 

to reproductively-relevant neural loci and this pathway has important implications for 

reproductive success. SCN-derived VIP neurons contact the cell bodies and dendrites of neurons 

containing the primary reproductive secretagogue, gonadotropin releasing hormone (GnRH) 

(Van der Beek et al., 1997; van der Beek et al., 1993) and these contacted neurons preferentially 

express Fos during the LH surge (van der Beek et al., 1994). VIP innervation of GnRH neurons 

increases following puberty as reproductive function develops (Kriegsfeld et al., 2002) and Fos 

induction in VIP-contacted GnRH neurons decreases in middle-aged rodents as reproductive 
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function declines (Krajnak, Rosewell, & Wise, 2001); timed injections of VIP in middle-aged 

rodents can restore the LH surge (Sun et al., 2012). Additionally, SCN VIPergic neurons contact  

cells expressing the inhibitory neuropeptide, gonadotropin-inhibitory hormone (GnIH), and 

suppress cellular activation of GnIH at the time of the luteinizing hormone surge (Russo et al., 

2015). Thus, VIP from the SCN is an important component of the circadian circuitry regulating 

female reproductive functioning. 

 

In the following study, VIP-null mutant mice were used to gain insight into the interaction 

between the circadian and reproductive neuroendocrine systems. In addition to deficits in central 

clock function, downstream rhythms are also negatively impacted in VIP-null mice. For 

example, glucocorticoid rhythms are abolished in VIP-null mice (D. H. Loh, Abad, Colwell, & 

Waschek, 2008) and peripheral clock gene rhythms are attenuated in DD (D. H. Loh et al., 

2011). Importantly for the present investigation, reproductive function is disrupted in these mice 

(D. Loh et al., 2014). The present studies sought to examine whether or not these deficits in 

reproductive functioning could be rescued in these animals through timed exercise.  

 

To investigate this question and to examine the impact of consolidating circadian rhythms on the 

reproductive axis in general, we used scheduled voluntary activity (SVA) as a method for 

consolidating and augmenting the 24 hour circadian rhythm in wild type and circadian 

compromised VIP-null mice. VIP-null mice were chosen to model the effects of a dysfunctional 

central clock with downstream endocrine rhythm dysfunction. Since their cellular genetic clocks 

and hypothalamic networks remain intact, there is potential for circadian and reproductive 

recovery. 

 

SVA was chosen as a method to enhance intact circadian circuitry in the VIP-null mice as wheel 

running has been previously shown to increases circadian amplitude and aid in re-entrainment to 

changing light cycles (Edgar & Dement, 1991; Mrosovsky & Salmon, 1987). Additionally, 

wheel running activity aids in synchronization of subordinate clocks in multiple tissue types 

(Wolff & Esser, 2012; Yamanaka, Honma, & Honma, 2008), a quality that may be useful but has 

not yet been investigated in the reproductive system. SVA improves circadian amplitude in SCN 

firing in aging mice (Leise et al., 2013) and can amplify circadian behavioral and clock gene 

rhythms in VIP-null mice (D. H. Loh et al., 2011; Power et al., 2010), suggesting that this 

behavioral intervention may be sufficient to recover some of the circadian and reproductive 

deficits observed in VIP-null mice.  
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Materials and Methods 

 

 

Animals 

 

28 female VIP-null mutants (VIP−/−; also deficient in histidine isoleucine (PHI) encoded by the 

same locus) with a C57BL/6 background crossed to PERIOD2::LUCIFERASE (PER2::LUC) 

mice also on a C57BL/6 background (Colwell et al., 2003; Yoo et al., 2004) and 20 wild-type 

(WT) control mice from the same colony (same litter when possible) also carrying the 

PER2::LUC gene were used for this study. Mice were housed under 14:10 light-dark (LD) 

conditions for a minimum of 2 weeks prior to any experimentation. 

 

All animals were 10-25 weeks old at the time of the experiment; age-matched by condition. 

Animals were maintained in light sealed chambers at 23±1 degrees C with a 14:10 light dark 

cycle. All experimental protocols were approved by the Institutional Animal Care and Use 

Committee of the University of California, Berkeley. 

 

 

Activity monitoring 

 

Mice were individually housed and behavioral activity rhythms were measured by an infrared 

motion sensor positioned on the cage lid. Wheel activity was recorded by a sensor in the wheel. 

These devices were connected to a computer running Dataquest software (Actimetrics Inc., 

Wilmette, IL, USA). ClockLab software was used to calculate the amplitude, acrophase (peak 

activity phase), and onset variability of daily rhythms. Data from the last 14 days in each wheel-

access condition were used for all analyses. 

 

 

Scheduled voluntary activity 

 

All mice were provisioned with cages contained running wheels. 18 VIP-/- and 10 matched wild-

type mice were subjected to SVA, during which wheels were unlocked 4 hours after lights out in 

a 14:10 light cycle, and animals were allowed to run ad libitum for 6 hours until lights on, when 

wheels were re-locked. Wheels remained locked for the entirety of the study for the 10 VIP-/- 

and 10 matched WT mice in the control condition. 

 

 

Estrus cycle tracking 

 

All mice were monitored using vaginal lavage at during the light period. 30 μl of warm, sterile 

double distilled H2O was dropped into the vaginal opening and aspirated three times before 

mounting on a glass slide and staining with hematoxylin. Cell types contained within each 

vaginal smear were determined using light microscopy (10X power) and scored for estrus stage 

according to criteria outlined in McLean et al., 2012, where a majority of nucleated epithelial 

cells marks proestrus, a majority of cornified squamous epithelial cells marks estrus, and smears 

with leukocytes are considered in metestrus and diestrus (McLean, Valenzuela, Fai, & Bennett, 
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2012). The percentage of proestrus or estrus states were determined over a designated 10 day 

period.  

 

 

Serum and brain collection  

 

After anesthetization with isoflurane, trunk blood was collected during decapitation. Samples 

were taken one hour prior to lights out (ZT13) on the day of proestrus as determined by lavage 

cytology. Following decapitation, brains were rapidly extracted and fresh frozen using isobutene 

submerged in dry ice and stored at -80° C. Blood samples were centrifuged at 2000 g for 15 

minutes at room temperature before being aliquoted and stored at -20° C.  

 

 

Luteinizing hormone assays 

 

Enzyme-Linked Immunosorbent Assay (ELISA) was performed for luteinizing hormone. 

Peptide-treated wells and time-paired controls were used for each time point. Wells were washed 

with 0.05% PBS-T 3 times for three minutes between each of the following incubations. First, 

plates were coated with 50µl of bovine LHβ 518B7 monoclonal Ab and allowed to incubate 

overnight. Wells were incubated with blocking buffer (5% Skim Milk Powder in 0.05% PBS-T) 

for 1 hour. 12 standards starting at 4ng/ml mouse LH and incrementally reduced by half were 

created to generate the standard curve for quantification. Sample serum and standards were 

diluted in 0.2% BSA-PBS-T and incubated for 120 minutes. Next, a 90 minute incubation in 

1:10k rabbit LH ab and then a 60 minute incubation in 1:2k anti-rb/HRP were performed. O-

phenylenediamine dihydrochloride (OPD) was used to color the solution during a 120 min 

incubation followed by a stop solution of 3N HCL. Plates were read at 490 nm and 655 nm. 

 

 

Slice punches 

 

Posterior and anterior hypothalamus were punched from 100 μl slices beginning at the first 

appearance of the lateral ventricle in the coronal section; punches included the lateral septal 

nucleus, AVPA, and POA to capture GnRH and kisspeptin neuron populations. Posterior slice 

punches began after the separation of the optic chiasm and included the DMH and arcuate 

nucleus to capture GnIH and kisspeptin populations. Samples were frozen at -80° C until RNA 

extraction. Slices were stained with cresyl violet after punching to confirm homogeneity of the 

punched sections across animals. As additional confirmation that a consistent amount of tissue 

was taken, the quantity of RNA extracted from punches was examined across groups. Animals 

showing irregular punch position, slice #, or RNA quantity were excluded. This includes 4 VIP-

/- in the SVA group, 1 VIP-/- in the control group, and 3 WT in the control group.  

 

 

Quantitative PCR 

 

RNA was extracted from frozen hypothalamic slice punches using the Isolate II RNA mini kit by 

Bioline. Purity and quantity of RNA were measured by Nanodrop. cDNA was generated from 
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RNA using iScript cDNA synthesis kit (BioRad, Hercules, CA) and stored at -20° C until qPCR. 

Purity of a random subset of RNA and cDNA samples was confirmed using bio analyzer at the 

University of California, Berkeley core facilities. Samples were run using SyberGreen in a 

BioRad CFX96 real-time PCR system. After the PCR was complete, specificity of each primer 

pair was confirmed using melt curve analysis.  

 

Gene expression efficiency was accounted for using the efficiency correction equation, 

(1/(1+efficiecy))^CQ, outlined in Pfaffl, 2004.  Reference genes GAPDH (coefficient variance 

0.053166961; M value 0.152514979) and Actin (coefficient variance 0.05251935; M value 

0.152514979) were used to determine relative gene expression. 

 

Primers: 

Actin, forward: GGCTGTATTCCCCTCCATCG, reverse: CAGTTGGTAACAATGCCATGT 

GAPDH, forward: AACTTTGGCATTGTGGAAGG, reverse: 

ACACATTGGGGGTAGGAACA 

PrimePCR syber green assay mouse Npvf (GnIH) by BioRad, Assay ID qMmuCID0006850 

PrimePCR syber green assay mouse Kiss1 by BioRad, Assay ID qMmuCED0040677 

PrimePCR syber green assay mouse GnRH1, Assay ID qMmuCED0044347 

 

 

Statistics 

 

Data were analyzed using Prism software (Graphpad, La Jolla, CA). Outliers were identified by 

ROUT (Q = 0.2000%). One outlier was identified for LH and one for GnIH and each were 

removed from further analysis. A two-way ANOVA was used to examine differences due to 

genotype (VIP-null vs wildtype) and condition (SVA vs control) and their interaction with a 

Sidak’s multiple comparisons test for differences of condition within genotype. A Pearson’s 

product-moment correlation was applied to data from all groups to determine the relationship 

between LH and circadian amplitude, LH and Kiss1 expression, and Kiss1 and GnRH expression.  

 

 

 

 

Results 

 

Scheduled voluntary activity 

alters circadian rhythms in 

VIP null and wild-type mice 

 

To ensure that all mice in 

the SVA condition were 

running at approximately 

the same intensity and 

duration at the appropriate 

times, the number of wheel 

revolutions were recorded 

Figure 3.1 A, Average number of wheel revolutions per 10 minutes during scheduled 

voluntary activity in VIP-/- (KO) and VIP+/+ (WT) mice. B, Power of the 24 hour peak 

in ambulatory activity amplitude in KO and WT mice given scheduled voluntary activity 

(SVA) or locked wheel controls (CON). 
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by infrared sensors and monitored daily. Mice in 

the SVA condition showed robust wheel running 

with no significant differences observed between 

WT and VIP-null mice in the mean number of 

wheel revolutions (Figure 3.1) or total wheel 

revolutions.  

 

 

To investigate the impact of scheduled daily 

wheel running on mice with and without VIP 

signaling, cage roaming activity was monitored 

with infrared sensors. Scheduled voluntary 

activity increased the 24 hour peak in circadian 

ambulatory activity amplitude in both WT and 

VIP-null mice (p < 0.001, Kruskal-Wallis 

statistic 16.92; Figure 3.1).  

 

 

Scheduled voluntary activity alters the expression 

of reproductive neuropeptide mRNA in the 

hypothalamus 

 

To investigate whether SVA can improve 

reproductive function, hypothalamic tissue was 

removed from mice on the day of proestrus as 

determined by vaginal lavage one hour before 

lights out (ZT13), during the expected peak of the 

preovulatory luteinizing hormone surge.  

 

A main effect of exercise condition (F 1,34 = 

6.644, p < 0.05) and genotype (F 1, 34 = 4.189, p < 

0.05) was observed for GnRH mRNA, though no 

interaction was uncovered. GnRH gene 

expression was slightly reduced (p < 0.05) in WT 

animals given SVA compared to WT controls. 

No difference was found for SVA in the VIP-null 

animals (p < 0.05) (Figure 3.2). 

 

A two-way ANOVA revealed no significant 

effect of SVA or genotype on Kiss1 gene 

expression. Post-hoc multiple comparisons 

between groups revealed that VIP-null mice 

given SVA expressed significantly lower levels 

of Kiss1 than VIP-nulls with locked wheels (p < 

0.05) and less than the wild-type mice (p < 0.05) 

(Figure 3.2).  

Figure 3.2 A, Normalized expression of GnRH mRNA in 

the anterior hypothalamus for VIP-/- (KO) and VIP+/+ 

(WT) mice given scheduled voluntary activity (SVA) or 

locked wheel controls (CON). B, Normalized expression of 

Kiss1 mRNA in the anterior hypothalamus for each 

condition. C, Normalized expression of GnIH mRNA in the 

posterior hypothalamus for each condition. 
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No significant effect of SVA or genotype on GnIH gene expression was found (Figure 3.2). 

 

 

Scheduled voluntary activity does not impact luteinizing hormone secretion in VIP null or wild-

type mice 

 

There was no effect of genotype or SVA on luteinizing hormone concentrations (Figure 3.3).  

 

 

Activity amplitude is positively correlated with luteinizing hormone secretion 

 

To investigate the possibility that greater circadian amplitude is associated with more robust 

reproductive outcomes, the amplitude of the 24 hour peak in ambulatory activity was compared 

with ZT13 plasma LH concentrations for all animals. Pearson’s correlation revealed that activity 

amplitude was positively correlated with plasma luteinizing hormone concentrations (r = 0.4306; 

p < 0.01) (Figure 3.3). 

 

 

Kiss1 gene expression is positively correlated with GnRH gene expression and luteinizing 

hormone concentrations 

 

To further probe the relationship between circadian timing and reproductive physiology, 

correlations between reproductive gene expression and LH secretion were investigated. These 

correlations can indicate a temporally linked relationship between peptides and hormones. 

Correlations were found between the primary stimulatory neuropeptide population, kisspeptin, 

and downstream GnRH expression and plasma LH levels (Figure 3.4).  

 

Pearson’s correlation revealed a positive correlation between GnRH gene expression and Kiss1 

gene expression (r = 0.6616; p < 0.0001) 

Figure 3.3 A, Plasma luteinizing hormone (LH) levels at ZT13 in VIP-/- (KO) and VIP+/+ (WT) mice given scheduled voluntary 

activity (SVA) or locked wheel controls (CON). B, Pearson’s correlation between plasma LH and the amplitude of the 

ambulatory rhythm in all mice. 
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Luteinizing hormone secretion was also positively correlated with Kiss1 gene expression (r = 

0.6106; p < 0.001). 

 

 

 

 

Discussion 

 

Generally, circadian rhythms are investigated in the context of circadian disruption, such as 

circadian gene mutations, jet lag, and shift work. In contrast, we sought to investigate the effects 

of circadian augmentation via timed exercise. We hypothesized that increased circadian 

amplitude may be beneficial to the regulation of reproductive function, a process that requires 

specific temporal coordination among multiple tissue sites, gene expression, and hormone 

release (Kriegsfeld & Silver, 2006). Specifically, we speculated that increased circadian 

amplitude by SVA would augment reproductive neurocircuitry through increased temporal 

coordination of reproductive gene expression (GnRH, GnIH, and Kiss1) and hormone secretion 

(LH).  Consistent with previous findings (Edgar et al., 1991; Leise et al., 2013), SVA increased  

the amplitude of the 24 hour ambulatory rhythm in WT and VIP-null mice.  Additionally, the 

amplitude of the behavioral circadian rhythms were positively correlated with luteinizing 

hormone secretion. However, SVA did not enhance reproductive function; SVA did not increase 

LH secretion, Kiss1 or GnRH gene expression compared to mice with locked wheels.  

 

This may be due to the use of exercise as a circadian amplifier. Although exercise is beneficial 

toward reproductive function in overweight populations (Huber-Buchholz, Carey, & Norman, 

1999), excessive exercise has been shown to cause reproductive deficits (Manning & Bronson, 

1989; Prior, 1987; N. I. Williams et al., 2001). The mice in our study were given 6 hours of 

voluntary wheel access and they ran for the majority of this time. This magnitude of activity may 

have been harmful to reproductive function through reductions in leptin, a key hormonal 

indicator of energy availability to the reproductive axis (Moschos et al., 2002). Additionally, it is 

unclear if the timing of the SVA intervention was appropriate to prime a change in gene 

Figure 3.4 A, Normalized kisspeptin (Kiss1) gene expression correlated with normalized expression of gonadotropin releasing 

hormone (GnRH). B, Normalized Kiss1 expression correlated with plasma luteinizing hormone (LH) at ZT13. 
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expression and LH secretion one hour prior to lights out (ZT13). Though the LH surge is 

typically reported to occur at dark onset in mice under a 14:10 light cycle, these findings are 

typically from sedentary animals without wheel access (Christian et al., 2005; Christian & 

Moenter, 2010). This is the first study to investigate timed voluntary wheel access on 

reproductive function in the context of a light-dark cycle, and it is not clear if this manipulation 

changes the timing of the LH surge. The LH surge could be delayed by 24 hours in hamsters 

given novel wheel access (Duncan, Franklin, Peng, Yun, & Legan, 2014). Novelty, rather than 

regularity and exercise, was the key factor for this effect however as locked wheels produced the 

same result (Duncan et al., 2014).  

 

Wheel running activity increased the circadian amplitude of ambulatory activity in wild-type 

mice consistent with previous findings on the effects of exercise on the circadian sytem (Hughes 

& Piggins, 2012). Rhythm amplitude was also recovered by SVA in VIP-null mice as has been 

previously reported (Schroeder et al., 2012). Although the amplitude of the ambulatory circadian 

rhythm was improved by SVA in these mice, their reproductive function was not recovered. 

There was no increase in reproductively-relevant gene expression or LH concentrations in VIP-

null mice given wheel access. In fact, kisspeptin gene expression was reduced in VIP-null mice 

given SVA. As mentioned previously, exercise can negatively impact reproductive 

neurocircuitry through reduction in fat-associated leptin production. Kisspeptin neurons express 

the leptin receptor and leptin secretion increases kisspeptin cellular activation (Cheung et al., 

1997; Cheung, Thornton, Nurani, Clifton, & Steiner, 2001; Smith, Acohido, et al., 2006). VIP-

null mice may be especially susceptible to the negative impact of exercise on reproduction as 

they show metabolic deficits that include reduced fat and energy balance (Asnicar et al., 2002; 

Martin et al., 2010) that may decrease leptin secretion.  

 

Notably, we did not detect a difference in Kiss1, GnRH, or GnIH mRNA expression in mice 

lacking VIP signaling at the expected time of the LH surge (ZT 13, one hour before lights off). In 

fact, surge level serum LH (>2ng/μl) was not detected in any of the mice at ZT 13 on the day of 

proestrus. These findings suggest two possibilities: either VIP is not necessary to the regulation 

of the expression of the reproductive neuropeptides and LH investigated under the circumstances 

of this study, or that there were fundamental flaws in the study. We suspect the later as abundant 

evidence supports the role of VIP in the regulation of reproductive physiology (Christian and 

Moenter, 2008). Though kisspeptin neuron activity is temporally gated by AVP rather than VIP 

signaling (Williams et al., 2011; Smarr et al., 2012), it is surprising that the disruption in overall 

SCN activity due to the lack of VIP signaling would not influence the expression of any of the 

reproductive neuropeptides investigated. We suspect that the fundamental flaw of the experiment 

lies in the control group of mice, “wild-type” age-matched animals from the same inbred colony. 

They appear to have reproductive deficits akin to those of VIP-null mice. A recent study from 

another group supports this idea. In their experiments, the colony controls did not produce the 

level of LH expected for female mice at the anticipated surge time (Loh et al., 2014). It may be 

that this particular inbred mouse line has additional unidentified deficits, making it an unsuitable 

model for the study of reproductive biology.   

 

This work does however corroborate previous findings on the role of kisspeptin in circadian 

regulation of reproduction. Kisspeptin neurons make direct synaptic contact with GnRH neurons 

and the median eminence, and kisspeptin has been previously shown to stimulate GnRH release 
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in vitro and in vivo (Dumalska et al., 2008; Gottsch et al., 2004; Irwig et al., 2004; Khan & 

Kauffman, 2012; Messager et al., 2005). The robust correlation between kisspeptin gene 

expression and GnRH gene expression found in this study adds to the evidence that kisspeptin 

and GnRH expression are temporally linked. 

 

Overall, deficits in the control group of mice make the findings in the present study difficult to 

interpret. However, they do suggest that SVA can be used to increase the 24 hour circadian 

amplitude of the ambulatory rhythm and that this is correlated with the levels of circulating 

luteinizing hormone.     
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Chapter 4 

______________________________________________________________________________ 
The Role of Reproductive Neurocircuitry and Hormones in the Prioritization of Ingestive and 

Reproductive Behaviors 

 

 

Introduction 

 

In female mammals, reproduction is a risky and energetically demanding biological function. 

These demands result in an evolutionary trade-off between the survival of the mother and 

reproduction (Bronson, 1989; Clutton-Brock, Albon, & Guinness, 1989; Thomas, Blondel, 

Perret, Lambrechts, & Speakman, 2001). Considering the high energetic demands of 

reproduction and the potential cost to survival, it is unsurprising that metabolic cues are highly 

influence on reproductive function (Schneider, 2014). In environments where energy availability 

is uncertain, neuroendocrine systems that regulate energy homeostasis and behavior can 

minimize this trade-off to optimize survival and reproductive success. For instance, behavioral 

motivation can be oriented toward favoring ingestive behaviors or reproductive behaviors, 

depending on energy availability and, in severely energy depleted circumstances, reproduction 

can be terminated until better circumstances arise (Schneider et al., 2012).  

  

Typically, hormones and peptides that promote reproduction decrease food intake while those 

that increase food intake inhibit the reproductive axis. For instance, leptin, an anorexigenic 

hormone produced by adipose fat tissue that signals energy abundance, is permissive for 

reproduction and increases gonadotropin secretion (Moschos et al., 2002). In contrast, ghrelin, an 

orthorexic hormone, is secreted in response to energy deficits and stimulates food intake while 

inhibiting the reproductive axis (Barreiro & Tena-Sempere, 2004). This trade-off mechanism 

allows animals to prioritize food intake and survival in low energy conditions and reproduction 

in circumstances of energy abundance.  

 

Of key interest in our study are the behavioral changes associated with ecologically-relevant 

mild energy deprivation, similar to what an animal might encounter in the natural environment. 

Hamsters, for instance, switch between food seeking and sex seeking across the ovulatory cycle 

under conditions of mild food restriction (75% ad libitum food intake) (Klingerman et al., 2010). 

This phenomenon allows animals to prioritize sex during the fertile day of the cycle and food 

seeking when fertility is low rather than completely ceasing reproductive activity as would be 

typical under conditions of severe energy deficit (Schneider et al., 2012). We sought to 

understand the neurocircuitry and hormones which underlie this behavioral switch across the 

ovulatory cycle in energy poor conditions. As upstream regulators of GnRH, the RFamide 

peptides, kisspeptin (Kp) and gonadotropin inhibitory hormone (GnIH), are potential mediators 

of this switch. These neuropeptides provide a key point of convergence for environmental cues 

on the reproductive axis, including energetic cues (Calisi, 2014; Wahab, Shahab, & Behr, 2015).  

 

Kp is considered an “upstream” regulator of the reproductive axis through its stimulatory actions 

on GnRH (Smith, Clifton, et al., 2006). Kp is a potent stimulator of GnRH secretion and 

kisspeptin neuron activity corresponds with the luteinizing hormone surge (Gottsch et al., 2004; 

Navarro et al., 2005; Wahab et al., 2015; W. P. Williams, 3rd et al., 2011). Kisspeptin neurons 
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are responsive to energetic cues. Kiss1 gene expression is reduced in mice that are deficient in 

leptin (Smith, Acohido, et al., 2006). Likewise, treatment with ghrelin reduces Kiss1 expression 

in rats (Forbes et al., 2009). Lean hamsters and ewes have reduced Kp neuron numbers and gene 

expression which can be partially recovered by leptin treatment (Backholer et al., 2010). 

 

Like kisspeptin, GnIH is a regulator of GnRH that is sensitive to metabolic cues. GnIH neurons 

project directly to GnRH neurons to inhibit their activity (Anderson et al., 2009; Kriegsfeld et al., 

2006). GnIH can also inhibit the secretion of gonadotropins at the level of the median eminence 

and pituitary in rodents (Gibson et al., 2008; Murakami et al., 2008). GnIH has been proposed as 

a peptide switch between reproductive and ingestive behaviors as it turns reproductive activity 

“off” while switching feeding behavior “on” (Clarke et al., 2012). Food restriction increases 

cellular activation of GnIH neurons (Klingerman, Williams, et al., 2011). ICV administration of 

GnIH increases food intake in rats and mice (Clarke et al., 2012; Johnson et al., 2007) and GnIH 

cellular activation corresponds with appetitive food hoarding behavior in hamsters (Klingerman, 

Williams, et al., 2011). 

 

Though much work has investigated the role of the RFamide peptides in consummatory sex and 

ingestive behaviors, the focus of our study was appetitive (“seeking”), rather than consummatory 

behaviors. These appetitive behaviors reveal changes in motivation and time invested in 

reproduction or food gathering, sometimes without affecting sexual activity or food intake itself. 

This allows a distinction between motivation and performance, where effects on motivation may 

be seen prior to changes in ability. Appetitive ingestive behaviors measured include time with 

food (foraging) and hoarding, as opposed to the consumatory behavior of eating. The appetitive 

sex behaviors measured include male preference, time spent with a male, vaginal scent marking 

(used to attract males to the territory), and the speed at which the female will approach the male, 

as opposed to the consummatory behavior of copulation (Johnston, 1974; Johnston & Schmidt, 

1979; Kwan & Johnston, 1980). Typically, appetitive and consummatory behaviors are tightly 

correlated; however changes in appetite and motivation may be uncoupled from consummatory 

behaviors and represent a change in time and energy investment strategy of the animal that 

precedes any changes in consummation. For instance, Syrian hamsters do not typically increase 

food intake in response to energetic challenge (Silverman & Zucker, 1976) and instead increase 

the amount of food they will hoard (Buckley & Schneider, 2003; Schneider et al., 2007). Syrian 

hamsters also invest energy in sex seeking through vaginal scent marking a day earlier in the 

ovulatory cycle than the copulatory behavior occurs (Johnston, 1977). 

 

Herein, we investigated the neuropathways that underlie the behavioral switch from appetitive 

food seeking to sex seeking across the ovulatory cycle under conditions of mild food deprivation. 

We hypothesized that Kp and GnIH cellular activation would correspond with the behavioral 

switch, with Kp activity decreasing in response to feeding restriction on non-fertile days and 

GnIH cellular activation increasing in response to feeding restriction on non-fertile days in order 

to facilitate food-seeking over sex-seeking during this stage of the ovulatory cycle. We further 

investigated whether GnIH is causal in the behavioral switch by using silencing RNA against 

GnIH and monitoring subsequent food and sex behaviors under conditions of ad libitum feeding 

or mild feeding restriction.  
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Materials and Methods 

 

Animals 

 

Syrian hamsters (Mesocricetus auratus) were either bred in house at Lehigh university for 

immunostaining and hormonal treatments or purchased at 100g from Charles River (Wilmington, 

MA) for the viral work. Animals were housed in translucent propylene cages with a circulating 

ventilation system. All animals were >65 days old at the time of the experiment. Animals were 

maintained in a colony room at 23±1 degrees C with a 14:10 light dark cycle, with lights on at 

0000 h and lights off at 1400 h. All experimental protocols were approved by the Institutional 

Animal Care and Use Committee of the University of California, Berkeley. 

 

 

Diet 

 

Female hamsters were fed either an ad libitum or food restriction diet. To determine the amount 

of food for the restrictive feeding (RF) diet, animals were fed ad libitum for 4 days and their food 

weighed daily. RF was 75% by weight of average ad libitum intake over this 4 day period.  

Animals underwent RF or ad libitum feeding for 8 days. Subjects were further divided into 

groups representing the four days of the hamster estrous cycle (n=10/group; total of 8 groups) on 

which blood and brains were collected. There were no significant differences in body weight 

among the groups at the start of food restriction.  

 

 

Immunohistochemistry  

 

Fluorescence immunohistochemical (IHC) staining was performed as previously described in 

study 1. For Kp-Fos-ir staining, Kp was amplified. The primary Kp antibody was obtained from 

the Mikkelsen laboratory and was validated for specificity in Syrian hamsters in (Williams III, 

Jarjisian, Mikkelsen, & Kriegsfeld, 2010). Sections were incubated in a 1:2,000 dilution of rabbit 

polyclonal anti-kisspeptin-10 antiserum. Secondary antibody biotinylated goat anti-rabbit (1:300 

Vector Laboratories) was used with biotinylated tyramide amplification and the fluorophore Cy-

2 Conjugated Streptavidin (1:200 Jackson Immunoresearch Laboratories) was used to visualize 

cells. Tissue was then incubated in the second primary antibody rabbit anti-Fos (1:10,000, Santa 

Cruz biotechnology) and labeled with the fluorophore CY-3 Donkey anti-rabbit (1:500 Jackson 

Immunoresearch Laboratories). Slides were coverslipped using a dehydration and clarification 

protocol using ethanol and xylene. 

 

For GnIH-Fos-ir staining, Fos was amplified. Sections were incubated in a 1:40,000 dilution of 

rabbit anti-Fos (Santa Cruz biotechnology; Santa Cruz, CA, USA). The secondary antibody 

biotinylated goat anti-rabbit (1:300 Vector Laboratories; Burlingame, CA, USA) was used with 

biotinylated tyramide amplification and the fluorophore Cy-2 Conjugated Streptavidin (1:200 

Jackson Immunoresearch Laboratories) to label cells. The tissue was then incubated in a second 

primary antibody againt GnIH, PAC1365 (1:5,000), which is specifically directed against GnIH 

of the Syrian hamster and does not show cross reactivity with other RFamides (Gibson et al., 

2008) with CY-3 Donkey anti-rabbit (1:500 Jackson Immunoresearch Laboratories) as the 
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fluorophore. The sections were mounted on gelatin coated slides and allowed to dry overnight. 

Slides were coverslipped using a dehydration and clarification protocol using ethanol and xylene. 

 

For progesterone receptor staining, the protocol followed the same procedures as GnIH-Fos 

staining, with GnIH as the secondary antibody and progesterone receptor (1:10,000 dilution of 

rabbit polyclonal anti-human progesterone receptor antiserum, DAKO Inc.; Carpinteria, CA, 

USA) as the primary rather than Fos 

 

 

Immunohistochemical Staining for Virus Verification 

 

Brains were sectioned using a cryostat.  Double label IHC was performed as previously 

described using GnIH antiserum (1:16,000 PAC1365) primary antibody, biotinylated goat anti-

rabbit (1:300 Vector Laboratories; Burlingame, CA, USA) as a secondary, and Cy-3 Conjugated 

Streptavidin (1:200 Jackson Immunoresearch Laboratories) as the fluorophore. Tissue was then 

incubated in a PBT solution with an antibody against blue-fluorescent protein (anti-BFP; 1:5000, 

Abcam, Cambridge, MA) and labeled with a cy-2 conjugated streptavidin antibody (1:200 

Jackson Immunoresearch Laboratories). The sections were then mounted on gelatin coated slides 

and allowed to dry overnight. Slides were coverslipped using a dehydration and clarification 

protocol using ethanol and xylene. 

 

 

Light Microscopy  

 

Sections labeled for Kp and Fos were visualized using a Zeiss Z1 microscope (Thornwood, NY). 

Labeling was examined using the filters for CY-2 (488 nm) and Cy-3 (568 nm). Areas of the 

AVPV and the ARC containing Kp-ir cells were digitally captured using a cooled CCD camera 

(Zeiss). Without changing the microscope focus but changing the filter, an additional image was 

captured for Fos-ir. The two images were converged and then analyzed with ImageJ to count the 

total amount of Kp-ir cells and Kp-ir cells containing Fos-ir. Colocalization of Kp/Fos-ir was 

confirmed by two observers blind to the conditions. 

 

For examination of GnIH-For-ir, sections were examined using a Nikon Eclipse E800 

microscope. Labeling was examined using the filters for CY-2 (488 nm) and Cy-3 (568 nm). 

Areas of the DMH containing GnIH-ir were digitally captured by a Diagnostic Instruments 7.2 

Color Mosaic digital camera. Without changing the microscope focus but changing the filter, an 

additional image was captured for Fos-ir. The two images were converged and then analyzed 

using Photoshop to count the total amount of GnIH-ir cells and GnIH-ir cells containing Fos-ir. 

Photoshop allowed us to independently observe the green and red channels. Colocalization of 

GnIH/Fos-ir was confirmed by two observers blind to the conditions. The same microscope, 

camera, and techniques were used to confirm virus staining.  

 

Progesterone receptor staining was visualized and quantified using the same techniques as GnIH-

Fos-ir above. 
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Hormonal treatments 

 

For the hormonal treatments, 40 female Syrian hamsters were anesthetized by sodium 

pentobarbital (100mg/kg of body weight) and received bilateral ovariectomy. Two weeks after 

surgery, animals began their dietary treatment of either an ad libitum or food restricted diet. 

Females were further divided into 4 additional groups (n=8/group) in order to examine the 

effects of estradiol and progesterone treatment, that facilitates proceptive and estrous behavior, 

on GnIH cellular activation during conditions of mild energetic challenge. One group of OVX 

hamsters received a subcutaneous (Schwartz et al.) injection of 2.5 µg of estradiol benzoate, 

dissolved in canola oil, 48 hours before tissue collection. All other groups received a S.C. 

injection of the oil vehicle.  Six hours before tissue collection, animals that were pretreated with 

estradiol and one group that was pretreated with oil were treated with a S.C. injection of 500 µg 

of progesterone, dissolved in canola oil. One group of animals that were pretreated with oil 

received a S.C. injection of 10 µg estradiol benzoate. The remaining control animals received a 

S.C. injection of oil during this time period.  

 

At the end of the treatment period, animals were deeply anesthetized with an overdose of sodium 

pentobarbital (200 mg/kg of body weight), as previously described, at the onset of the dark 

photoperiod. Perfusions were performed as previously described and brains were section using 

an E505 Microm cryostat. Sections were stored in a polyvinyl pyrrolidone (PVP) solution at -

20⁰C. Tissue was processed for GnIH and Fos immunoreactivity by immunohistochemistry, as 

previously described. Light microscopy was used to determine colocalization of GnIH and Fos 

immunoreactivity as previously described. 

 

 

Estradiol and Progesterone Radioimmunoassay 

 

Serum was assayed for estradiol and progesterone by radioimmunoassay (RIA) (TKE21 and 

TKPG2, Simens Medical Solutions Diagnostics, Lost Angeles, CA, USA). Samples were run in 

duplicate for both estradiol and progesterone assays. The reportable range for the estradiol assay 

was 12.3-1700.0 pg/mL. Plasma was diluted to a 1:10 concentration in 0.1M PBS with 1% BSA 

to allow values to lie within the reportable range of 0.07-22.0 ng/mL for the progesterone assay. 

The assays for estradiol and progesterone were conducted by the University of Virginia for 

Research in Reproduction Ligand Assay and Analysis Core (Charlottesville, VA, USA).  Add 

intra- and interassay coefficents of variability. 

 

 

Leptin Radioimmunoassay 

 

Serum was analyzed for leptin using the Mouse Leptin enzyme-linked immunosorbent assay 

(ELISA) kit (Millipore, St. Charles, MO, USA). Plasma samples were run in duplicate. The 

reportable range for the leptin assay was 0.2-30 ng/mL. The assay for leptin was conducted by 

EMD Millipore (Millipore, St. Charles, MO, USA). Add intra- and interassay coefficents of 

variability. 
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Luteinizing hormone ELISA 

 

Enzyme-Linked Immunosorbent Assay (ELISA) was performed for luteinizing hormone. 

Peptide-treated wells and time-paired controls were used for each time point. Wells were washed 

with 0.05% PBS-T 3 times for three minutes between each of the following incubations. First, 

plates were coated with 50µl of bovine LHβ 518B7 monoclonal Ab and allowed to incubate 

overnight. Wells were incubated with blocking buffer (5% Skim Milk Powder in 0.05% PBS-T) 

for 1 hour. 12 standards starting at 4ng/ml mouse LH and incrementally reduced by half were 

created to generate the standard curve for quantification. Sample serum and standards were 

diluted in 0.2% BSA-PBS-T and incubated for 120 minutes. Next, a 90 minute incubation in 

1:10k rabbit LH ab and then a 60 minute incubation in 1:2k anti-rb/HRP were performed. O-

phenylenediamine dihydrochloride (OPD) was used to color the solution during a 120 min 

incubation followed by a stop solution of 3N HCL. Plates were read at 490 nm and 655 nm.  

Detectable range = 0.08- 20 ng/ml, intra-assay CV =3.4%, inter-assay CV= 33% 

 

 

Virus Preparation 

 

The viral vector pLenZs-tetOFF-BFP-shRNAmir-HygR was redesigned based on the backbone 

of pGIPZ vector originally from Open Biosystems to implement the new features and better 

single restriction enzyme cutting sites for molecular cloning. PCR products for tetOFF and its 

response elements (TetOff Gene Expression System from Clontech, Mountain View, CA), 

tagBFP (pTagBFP-H2B vector from Evrogen, Farmingdale, NY), and a hygromycin-resistant 

gene (pSilencer-hygro vector from Ambion, Grand Island, NY) were inserted in to the original 

pGIPZ vector to replace the unwanted components (e.g., original fluorescent protein and the 

puromycin resistant gene).  

 

To construct the shRNA against RFRP-3 (GnIH), a 22 nucleotide-mer oligo against the RFRP 

gene was designed using the online program maintained by Dr. Ravi Sachidanandam's Lab 

(http://katahdin.mssm.edu/siRNA/RNAi.cgi?type=shRNA). The oligo was inserted into the 

linearized pLenZs-tetOFF-BFP-shRNAmir-HygR vector using KpnI and EcoRI enzymes after 

adding enzyme arms on both sides of the oligo using PCR. Lentiviral particles were prepared by 

PEG-2000 purification of transfected Hek-293 cells and concentrated to titers of 109 –1010 

infectious particles per ml. The control virus was a non-silence vector commercially available 

from Open Biosystems (Lafayette, CO), with similar GC content and BLASTed to verify non-

specificity (RFRP sequence: CACAGCAAAGAAGGTGACGGAA) (Control sequence: 

CTCTCGCTTGGGCGAGAGTAAG). The virus was previously confirmed to reduce GnIH 

expression in rats and methods are detailed in (Geraghty et al., 2015). 

 

 

Stereotaxic Surgery 

 

At least two weeks before behavioral testing, twenty female hamsters were anesthetized with a 

ketamine cocktail and given bilateral stereotaxic microinjections of the GnIH-shRNA directed at 

the DMH. Coordinates for viral injection were: 0.5 mm posterior to bregma, 0.4 mm lateral to 
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the midline, and 8.0 mm below the surface of the brain. 1.8 µL of GnIH-shRNA was injected at a 

rate of 0.09µl/min for 20 min.  

 

 

Behavior Testing 

 

Behavior testing consisted of monitoring behaviors and locations of the animals within their 

home cage and attached choice test apparatus. The apparatus consisted of clear tubing extending 

upward from the home cage to a t-branch consisting of a food hopper on one side and a clear box 

containing an intact male in a wire mesh cage on the other. The tubing is intended to mimic 

natural tunneling conditions of the Syrian hamster (Gattermann et al., 2008). The hopper and 

male cage were equidistant apart from the t-branch. Time spent on the hopper side of the branch 

counted toward time with food while any time spend on the opposite side of the branch was 

considered time with male. Time spent in the home cage or ascending tubing prior to the branch 

was considered time spend in the home cage. Behaviors were recorded by the experimenter 

every 5 s for 15 min. The recorded behaviors included, vaginal marking, flank marking, food 

hoarding, and eating. 

 

Appetitive food and sex behaviors were measured immediately after lights out to coincide with 

previously reported peak hoarding and sexual behavior times (Klingerman et al., 2010). 

Animals’ cycle day was assessed by vaginal discharge and tests for lordosis behavior when 

interacting with a male. They were then trained in the choice test apparatus on the periovulatory 

day, allowing the animals to familiarize themselves with the tubing prior to testing. 

 

Animals underwent behavioral testing on each day of their four-day ovulatory cycle following a 

mixed schedule of doxycycline and diet treatments as outlined below.  

 

 

Doxycycline treatment 

 

Half of animals were treated with 1% saccharine water (si-RNA on) and half with doxycycline 

and 1% saccharine (control, si-RNA off) for 16 days. The saccharine was used to mask the 

doxycycline flavor while providing no additional calories. Four days into treatment, FR (75% of 

ad. lib) began. After 8 days under FR, behavior testing over the 4 day ovulatory cycle began. 

After behavior testing, animals were given a 6 day re-feeding and wash-out period. The 

doxycycline-saccharine and saccharine only water condition was then swapped, allowing each 

animal to act as their own control, undergoing the behavioral testing in both si-RNA on and off 

states. No difference between water or food intake was seen between when animals were on the 

doxycycline-saccharine versus saccharine only water.  

 

After testing, animals were given an ad libitum diet and all animals receiving doxycycline treated 

water were changed to the control water for a period of 2 weeks. All females were then given 

doxycycline treated water for a period of 12 days and were tested in the choice apparatus every 

day of their estrous cycle. 
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After testing, animals were given an ad libitum diet and all animals receiving doxycycline treated 

water were changed to the control water. Animals were perfused and their brains were removed 

along with a group of matched controls. Brains were sliced and stained for GnIH-ir and BFP (an 

indicator of the virus) and compared to the control animals that did not receive GnIH-shRNA 

infection to determine the success and effectiveness of the GnIH-shRNA in suppressing GnIH 

expression. Animals that did not exhibit significant reductions in GnIH expression were removed 

from the experiment.  

 

 

Statistics 

 

Data were analyzed using a two-way ANOVA to detect the differences in immunoreactivity, 

hormonal concentrations and body weight. The percent of cellular activation of GnIH-ir cells 

was calculated by (total number of cells double labeled with GnIH-ir and Fos-ir divided by the 

total number of GnIH-ir cells) multiplied by 100. When differences were significant, a Tukey’s 

post hoc comparison was conducted. Differences were considered significant if p <0.05. 

 

For the behavioral data, a two-factor ANOVA was used to determine male preference. Male 

preference was calculated as the time spent with males minus the time spent with food divided 

by the total time. A mixed ANOVA (diet x treatment x time) with repeated measure on time was 

conducted to analyze differences in behavior collected during the hoarding test. If there was an 

interaction of all three factors, a two-way ANOVA (diet x time) was performed at both time 

points. A one-way ANOVA with repeated measures was used to examine treatment effects on 

body weight and food intake. When a difference existed, a Tukey’s post hoc comparison was 

conducted. If equal variance was not assumed, a Games-Howell post hoc comparison was 

performed (Morgan, Leech, Gloeckner, & Barrett, 2012) or Wilcoxon ranksum test between two 

groups was used.  Differences with p < 0.05 were considered to be significant.   

 

 

 

 

Results 

 

Leptin levels are consistent across the ovulatory cycle under FR 

 

To examine the effects of food restriction (FR) on cellular activation of kisspeptin and GnIH 

neurons, animals were placed on a FR diet or fed ad libitum for 8 days. Measures of leptin and 

ovarian steroids were taken to assess whether any of these correlated with the change in behavior 

that occurs across the ovulatory cycle in FR animals. Animals in the FR condition lost 

significantly more weight over 8 days than those that were fed ad libitum (F 1, 62 = 128.034, p < 

0.001). Likewise, animals under FR had lower circulating levels of leptin. A two way ANOVA 

revealed a significant main effect of food restriction on serum leptin concentrations (F 1, 61 = 

33.158, p < 0.001), however, a post hoc comparison revealed that serum leptin concentrations 

did not differ among the different days of the ovulatory cycle, suggesting that leptin alone is not 

responsible for the behavioral shift which occurs between non-fertile and periovultory cycle 

days. FR did not affect concentrations of the ovarian hormones progesterone or estradiol.  
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Kisspeptin cellular activation in the AVPV is not correlated with behavioral changes across the 

ovulatory cycle under FR 

 

In order to assess the effects of food restriction (FR) on the RFamide peptides across the 

ovulatory cycle, brains from freely cycling hamsters were taken on each cycle day under 

conditions of ad libitum feeding or FR (75% of ad libitum). Hypothalamic slices were then 

stained for Kp or GnIH with colocalized Fos to indicate cellular activation. We hypothesized that 

Kp cellular activation would correspond with behavioral changes seen across the ovulatory cycle 

in ad libitum versus FR animals, especially in the arcuate nucleus (ARC) where energy-sensing 

neuron populations make contact with Kp neurons. Kp populations in both the anteroventral 

periventricular nucleus (AVPV) and ARC were examined.  

 

For the AVPV Kp populations, an ANOVA revealed no significant effect of feeding condition, 

ovulatory cycle day, or interaction on the total number of Kp-ir cells. Likewise, for 

colocalization of Kp-ir cells with Fos-ir in the AVPV, there was no significant effect of feeding 

condition, ovulatory cycle day, or interaction, nor was there an effect for the percentage of Kp-ir 

neurons expressing Fos in the AVPV for feeding condition, ovulatory day, or an interaction 

(Figure 4.1). 

 

 

Kisspeptin cellular activation in the ARC is not correlated with behavioral changes across the 

ovulatory cycle under FR 

 

For the arcuate nucleus Kp cell population, there was no significant effect of food restriction, 

ovulatory cycle day, or interaction on the total number of Kp cells, the number of Kp-ir cells 

coexpressing Fos-ir, or the percentage of Kp-ir cells coexpressing Fos-ir (Figure 4.2)  

 

When correlating Kp and Kp/Fos with serum estradiol concentrations, there was a significant 

positive correlation between the total number of Arc Kp-ir cells and Fos-ir cells (r = 0.29; p 

<0.05) and the percent of Arc Kp-ir cells and Fos-ir cells (r = 0.31; p <0.05). In addition, the 

Figure 4.1 A, Total number of kisspeptin immunoreactive (Kp-ir) neurons in the anteroventral periventricular nucleus (AVPV) 

of the hypothalamus on each ovulatory cycle day in food restricted (dark bars) versus ad libitum (light bars) fed animals. B, 

Percentage of Kp-ir neurons expressing Fos-ir in the AVPV for each feeding condition. C, Photomicrograph (x200) of Kp-ir 

(green) neurons and Fos-ir (red) in the AVPV. 
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total number of Kp-ir cells in the top three sections of the AVPV were positively correlated with 

estradiol serum concentrations (r = 0.31; p <0.05), pointing to an effect of estradiol on Kp 

expression but not FR. 

  

 

GnIH cellular activation 

in the DMH is correlated 

with behavioral changes 

across the ovulatory 

cycle under FR 

 

We hypothesized that 

food restriction would 

increase cellular 

activation of GnIH on 

non-fertile days to 

promote food-seeking 

over sex seeking. 

Multiple comparisons 

revealed a significant 

increase in the percentage 

of GnIH-Fos-ir neurons 

on the non-fertile days of 

the ovulatory cycle (p 

<0.05) (Figure 4.3). 

 

 

Food restriction 

significantly decreased the 

total number of GnIH-ir 

cells. There was a main 

Figure 4.2 A, Total number of kisspeptin immunoreactive (Kp-ir) neurons in the arcuate nucleus (ARC) of the hypothalamus 

on each ovulatory cycle day in food restricted (dark bars) versus ad libitum (light bars) fed animals. B, Total number of Kp-ir 

neurons expressing Fos-ir in the AVPV for each feeding condition. C, Percentage of Kp-ir neurons expressing Fos-ir in the 

ARC for each feeding condition. D, Photomicrograph (x200) of Kp-ir (green) neurons and Fos-ir (red) in the ARC. 

Figure 4.3 A, Total number of gonadotropin inhibitory hormone immunoreactive (GnIH-

ir) neurons in the dorsomedial hypothalamus (DMH) on each ovulatory cycle day in food 

restricted (dark bars) versus ad libitum (light bars) fed animals. B, Percentage of GnIH-ir 

neurons expressing Fos-ir in the DMH for each feeding condition. C, Photomicrographs 

(x200) of GnIH-ir (red) neurons and Fos-ir (green) in the DMH. 
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effect of diet on the total number of GnIH-ir cells (F 1, 54 = 4.3, p < 0.05), no significant effect of 

estrous cycle day, and no significant interaction. 

 

There were no significant main effects and no significant interaction with regard to the total 

number of cells double labeled with GnIH-ir and Fos-ir (F 1, 54 = 0.634, p > 0.05). The percent of 

GnIH-ir cells with Fos-ir was negatively correlated with leptin concentration (r = -0.432; p < 

0.01). 

 

 

Progesterone impacts GnIH cellular activation in the DMH 

 

Because GnIH cellular activation corresponded with the behavioral change associated with FR 

across the ovulatory cycle, we examined if there was an effect of ovarian hormones on GnIH 

cellular activation that may explain some of these differences. Ovariectomized hamsters were 

treated with ovarian hormones or vehicle and their brains were subsequently labeled for GnIH 

and Fos immunoreactivity. When treated with progesterone, estradiol, or estradiol + 

progesterone, the food restriction-induced activation of GnIH-ir cells did not occur. There was a 

significant main effect 

of hormone treatment 

on the percentage of 

GnIH-ir cells 

coexpressing Fos (F 3, 52 

= 6.979, p < 0.001) due 

to estradiol alone 

increasing the 

percentage of GnIH-

Fos-ir, no significant 

main effect of diet, but 

there was a significant 

interaction of diet X 

hormone treatment (F 3, 

52 = 4.649, p < 0.01) 

(Figure 3.4). The only 

group that showed a 

difference for feeding 

paradigm were vehicle-

treated OVX hamsters. 

Those that were food 

restricted had a higher 

percentage of GnIH-ir 

cells double labeled 

with Fos-ir compared to 

ad libitum-fed controls (p 

< 0.05).  

For the hormone 

treatment experiment, 

Figure 4.4 A, Total number of gonadotropin inhibitory hormone immunoreactive (GnIH-ir) 

neurons in the dorsomedial hypothalamus (DMH) after hormonal treatment with estradiol, 

progesterone, estradiol and progesterone, or vehicle in food restricted (dark bars) versus ad 

libitum (light bars) fed animals. B, Percentage of GnIH-ir neurons expressing Fos-ir in the 

DMH after hormone treatments for each feeding condition. C, Photomicrographs (x200) of 

GnIH-ir (red) neurons and Fos-ir (green) in the DMH. 
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there was no effect of the hormonal treatments and no significant interaction on terminal body 

weight or change in body weight. 

 

Food restriction-induced increases in Fos-labeled GnIH cells did not occur in OVX females 

treated with progesterone alone or with estradiol plus progesterone. Females that were treated 

with estradiol alone had a significant increase in the percent of GnIH cellular activation 

regardless of feeding paradigm compared to ad libitum-fed females treated with vehicle. There 

was no effect on total number of GnIH-ir or GnIH-Fos-ir neurons.  

 

Because progesterone seemed to have an overall suppressive effect on GnIH-Fos-ir, we stained 

for the presence of the progesterone receptor in GnIH neurons. We discovered no colocalization 

of the progesterone receptor and GnIH in the neurons of the DMH (data not shown). 

 

 

GnIH is suppressed by viral expression of silencing RNA 

 

Since changes in GnIH immunoreactivity 

corresponded to changes in appetitive 

food and sex behaviors across ovulatory 

cycles and feeding paradigms, we sought 

to test whether GnIH is necessary for 

these behavioral changes. We used a 

viral vector with a TET-off configuration 

to silence GnIH mRNA in the DMH. We 

hypothesized that female hamsters 

expressing si-RNA against GnIH would 

no longer show behavioral changes 

associated with food restriction and that 

rescue of GnIH expression by 

doxycycline would cause the behavioral 

switch to return.   

 

Number of GnIH-ir neurons in the DMH of virus injected animals was reduced compared to 

matched control animals (Figure 4.5). 

 

Basal luteinizing hormone levels on follicular day 1, however, were unaffected by viral 

suppression of GnIH expression. 

 

 

Food restriction and ovulatory cycle day impact time spent with food or with a male 

 

As shown previously, restrictively fed animals showed more appetitive food behaviors on non-

fertile days than ad libitum fed animals. There was no significant effect of viral suppression of 

GnIH on appetitive food behavior but a significant effect of ovulatory cycle day on appetitive 

food behavior (F 3, 144 = 15.402, P < 0.001) as well as an effect of feeding condition (F 1, 144 = 

23.978, p < 0.001) (Figure 4.6). 

Figure 4.5 A, Photomicrograph of an injection site for the GnIH-si-

RNA virus in the dorsomedial hypothalamus (DMH) with GnIH-ir 

(red) and virally expressed BFP-ir (green). Number of GnIH-ir neurons 

in the DMH of viral injected hamsters versus matched controls. 
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In addition to appetitive feeding behavior, FR 

effected appetitive sex behaviors differentially 

across the ovulatory cycle. Animals under 

restrictive feeding spent less time with males 

on non-fertile days compared to ad libitum fed 

animals with a significant main effect of 

ovulatory cycle day (F 3, 144 = 13.876, p 

<0.001)) and feeding condition (F 1, 144 = 

16.697, p <0.001) (Figure 4.6). There was no 

significant difference due to viral suppression 

of GnIH for any of the behaviors tested in 

restrictive fed animals (Figure 4.6). 

 

 siRNA against GnIH did not affect time spent 

with the male under restrictive feeding, 

although there was an increase in time spent 

with food in the ad libitum condition. Sidak’s 

multiple comparison’s test revealed that 

differences due to siRNA were seen 

exclusively under ad libitum feeding 

conditions (mean diff. = -152.1, p <0.01). On 

non-fertile cycle days, the behavior of the 

animal differs between FR and ad libitum 

conditions, with ad libitum animals showing a 

preference for sex over food on these cycle 

days. Behavior is stable across feeding 

conditions however on the fertile periovulatory 

Figure 4.6 A, Time spent in the food hopper during choice test 

on each day of the ovulatory cycle for food restricted (solid 

lines) and ad libitum fed (dashed lines) animals with active 

viral suppression of GnIH (si-RNA, red) or normal expression 

of GnIH under doxycycline treamtent (control, blue). B, Time 

spent in male chamber during choice test on each day of the 

ovulatory cycle for each feeding condition and GnIH-si-RNA 

condition. C, Proportion of time spent in male chamber 

compared to home cage or food hopper during choice test on 

each day of the ovulatory cycle for each feeding condition and 

GnIH-si-RNA condition. 

Figure 4.7 A, Proportion of time spent in male chamber 

compared to home cage or food hopper during choice test on 

the non-fertile cycle days for animals under restrictive feeding 

(RF) or ad libitum feeding (ad lib.) with active viral 

suppression of GnIH (si-RNA, red) or normal expression of 

GnIH under doxycycline treamtent (control, blue). 
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day. Thus, our hypothesis concerned behavior changes associated with these non-fertile cycle 

days. Figure 4.7 shows compiled data for these non-fertile days to simplify these findings.    

 

 

siRNA against GnIH increases male preference in ad libitum fed animals 

 

As shown previously, for animals under restrictive feeding, male preference was suppressed on 

non-fertile days compared to ad libitum-fed animals. There was no significant difference due to 

viral suppression of GnIH for any of the behaviors tested in restrictive fed animals (Figure 4.6). 

  

Again, since our hypothesis concerned non-fertile days, we examined these data in a 2 way 

ANOVA and found an effect for feeding condition and si-RNA (Interaction F 1, 111 = 7.550, p = 

0.0070; feeding condition F 1, 111 = 30.30, p < 0.0001; si-RNA condition F 1, 111 = 3.056, p = 

0.0832). Sidak’s multiple comparison’s test revealed that the difference appears under ad libtium 

feeding conditions, not restrictive feeding (ad libitum-fed control - siRNA, mean diff. = -0.2574, 

95% CI = -0.4436 to -0.07124, p<0.01). Animals fed ad libitum while undergoing supersession 

of GnIH with siRNA showed a 25% greater male preference (p=0.0014, t = 3.4396, df = 38) 

(Figure 4.7).  

 

 

siRNA against GnIH increases the appetitive sex behaviors vaginal marking and latency to male 

 

Female hamsters use vaginal scent marking to attract males to their territory. It is a commonly 

used measure of appetitive sex behavior. Ad libitum-fed animals with viral suppression of GnIH 

showed more vaginal scent marking overall, especially on follicular day 2. Tukey’s multiple 

comparison test showed significant differences between siRNA ad libitum vs. control ad libitum 

(mean diff = 4.350, p <0.001), si-RNA ad libitum vs. si-RNA RF (mean diff. = 4.725, p <0.001), 

and siRNA ad libitum vs. control RF (mean dif. = 3.500, p  <0.01) (Figure 4.8). 

 

As an additional measure of appetitive sex behavior, we measured how quickly females would 

move to interact with a male on the periovulatory day of their cycle (“latency to male”). Ad 

libitum-fed animals with viral suppression of GnIH were faster to move up the tube to interact 

with a male (p < 0.01) (Figure 4.8). 
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Figure 4.8 A, Total number of vaginal scent markings made during choice test on each day of the ovulatory cycle for food 

restricted (solid bars) and ad libitum fed (striped bars) animals with viral expression of GnIH-si-RNA suppressed by doxycycline 

treatment (control, blue) or active (si-RNA, red). B, Average amount of time taken to reach male chamber on the periovulatory 

day in animals with active viral suppression of GnIH (si-RNA, red) or normal expression of GnIH under doxycycline treamtent 

(control, blue). 

 

 

 

 

Discussion 

 

Under natural conditions energy availability fluctuates and animals must prioritize their 

behavioral patterns to favor sex or food depending on their level of energy and fertility. Rather 

than altering metabolic or reproductive function in a long-term manner, such as going into 

anestrous or hibernation, changes in motivated behaviors in response to changing levels of 

energy and fertility provide a rapid and effective means of balancing the survival needs of the 

mother with reproduction (Schneider et al., 2013).  

 

Mild food restriction (75% of ad libitum) was used to mimic what an animal may encounter in 

the wild without the severity that would induce anestrous. Under these conditions, Syrian 

hamsters switch from prioritizing appetitive food behaviors on the non-fertile days of their 

ovulatory cycle to sex behavior during the fertile periovulatory stage (Klingerman et al., 2010). 

We examined the neuronal and hormonal underpinnings of this behavioral switch.  

 

Previous work has implicated the RFamide peptides kisspeptin and gonadotropin inhibitory 

hormone in mediating both food and sex related cues and behaviors (Castellano, Bentsen, 

Mikkelsen, & Tena-Sempere, 2010; Clarke et al., 2012; Kriegsfeld, 2006). We first examined 

whether changes in cellular activation of Kp and GnIH, as indicated by Fos expression, 

corresponded with this behavioral switch.  

 

Although food deprivation has been shown to reduce expression of Kiss1 in mice (Castellano et 

al., 2005; Kalamatianos et al., 2008; Luque et al., 2007), our results indicate that cellular 

activation of the kisspeptin system is not a major mediator of behavioral switch from food-

seeking to sex-seeking across the ovulatory cycle in mildly food restricted hamsters. Neither the 
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number of Kp-ir neurons nor their cellular activation corresponded with the behavioral changes 

seen under FR in the AVPV or ARC with just one exception—the Kp neurons of the arcuate 

nucleus on follicular day 1. On this non-fertile cycle day, appetitive sex behavior is typically low 

in FR animals but high in ad libitum fed animals. Likewise, Kp neurons showed a much higher 

level of cellular activation in ad libitum-fed animals than FR in the ARC on this day, suggesting 

that Kp may contribute to the marked difference in behavior resulting from the different feeding 

paradigms on this day of the cycle. This pattern was not repeated for the other non-fertile cycle 

days as hypothesized. Our differing results from prior work showing that Kp is reduced 

following FR may have to do with examining protein and cellular activation rather than gene 

expression, the severity of the food restriction, or species differences. In prior reports done in rat 

and mouse, food restriction was more severe, including 20% of ad libitum or total fasting 

(Castellano et al., 2005; Kalamatianos et al., 2008; Luque et al., 2007; Roa et al., 2009). The 

question could be further probed by ICV administration of Kp into the arcute on follicular day 1 

to explore if sex behavior is recovered in FR animals by this manipulation.  

 

We found that GnIH cellular activation corresponds with the behavioral changes across the 

ovulatory cycle in FR versus ad libitum-fed animals, with the percentage of GnIH-Fos-ir 

increased on the non-fertile cycle days in food restricted animals while GnIH-Fos-ir remained 

low on the fertile periovulatory day. This effect occurred despite no effect of FR on ovarian 

hormone concentrations, suggesting that FR itself was the cause of increased GnIH cellular 

activation on the non-fertile cycle days. This finding corroborates prior work showing that FR 

increases GnIH-Fos colocalization (Fraley et al., 2013; Klingerman, Williams, et al., 2011). The 

decrease in GnIH cellular activation under FR may be due to the decreased leptin concentrations 

in FR animals. We found that leptin was negatively correlated with GnIH cellular activation. 

There is conflicting evidence as to whether GnIH neurons receive direct input from leptin 

(Poling, Shieh, Munaganuru, Luo, & Kauffman, 2014; Rizwan, Harbid, Inglis, Quennell, & 

Anderson, 2014) however, they are responsive to leptin, possibly indirectly through NPY (Cone, 

2005) as NPY neurons form close appositions to GnIH neurons (Klingerman, Williams, et al., 

2011).  

 

Leptin cannot be the only factor regulating the GnIH response to FR, however. On the fertile 

periovulatory day leptin concentrations were just as low in FR animals as on the non-fertile cycle 

days but GnIH-Fos levels did not increase as they did on the non-fertile days. This suggests that 

changing levels of ovarian hormones across the cycle may interact with leptin to influence GnIH-

Fos activation. To explore this hypothesis, we next investigated the effects of hormone 

treatments on GnIH-Fos expression.  

 

Because GnIH cellular activation corresponded with the behavioral change associated with FR 

across the ovulatory cycle, we examined if there was an effect of hormone levels on GnIH 

cellular activation. Notably, the food restriction-induced activation of GnIH-ir cells was blocked 

by treatment with progesterone alone or progesterone with estradiol. High levels of progesterone 

mimic what is seen during the fertile periovulatory stage of the cycle when sexual motivation is 

high, thus the reduction in GnIH cellular activation in response to progesterone treatment under 

FR corresponds well with the expected changes across the ovulatory cycle. Although 

progesterone levels do not rise until after ovulation, estradiol and progesterone are both needed 

to stimulate the LH surge in ovariectomized rodents (DePaolo & Barraclough, 1979; Micevych 
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& Sinchak, 2013) and the progesterone receptor is required to initiate the lordorsis response 

following progesterone treatments (Lydon et al., 1995). This may be due to neuronal 

progesterone rather than ovarian hormones. When conversion of cholesterol to pregnenolone and 

pregnenolone to progesterone in the brain is prevented, the LH surge does not occur (Micevych, 

Soma, & Sinchak, 2008). Thus, progesterone is implicated in stimulating the reproductive axis 

both pre and post-ovulatory even if levels of circulating ovarian progesterone do not rise until the 

post-ovulatory period.  

 

For estradiol treatment alone, we found an increase in GnIH cellular activation regardless of 

feeding condition. Estradiol alone may mimic the negative feedback effects of estradiol on the 

reproductive axis seen prior to proestrus (Moenter, Chu, & Christian, 2009), and thus it is 

sensible that we found an increase in GnIH cellular activation in response to estradiol alone 

without the influence of progesterone.  

 

Interestingly, it is in the absence of hormonal signaling that we observed the largest change in 

GnIH cellular activation in response to food restriction. This suggests that, in the absence of 

hormonal signaling, energy balance is a more salient cue for GnIH. The system may be most 

sensitive to FR when ovarian hormone levels are low. 

 

To further probe the relationship between GnIH cellular activation and the behavioral switch 

from appetitive food seeking to sex seeking across the ovulatory cycle in FR animals, we used 

silencing RNA against GnIH to suppress the FR-induced change in GnIH cellular activation. We 

hypothesized that suppression of GnIH under FR conditions would produce behaviors more 

similar to those seen in ad libitum feeding conditions during the non-fertile days, that is 

prioritizing appetitive sex behavior over food behavior, if GnIH is causal in mediating the effects 

of FR on appetitive behavior. The data did not support this hypothesis. Even under conditions of 

viral suppression of GnIH, FR reduced appetitive sex behaviors and increased appetitive 

ingestive behaviors on non-fertile ovulatory cycle days. This finding suggests that although 

GnIH cellular activation corresponds with behavior changes associated with FR, it is not 

causative. Rather, there may be other mechanisms upstream of GnIH that affect sex behavior, 

food behavior, and GnIH cellular activation state concomitantly.  

 

There are a few plausible upstream candidates that could be responsible for the behavioral 

changes in response to FR. Firstly, NPY neuron populations project to both GnRH and GnIH 

neuron populations (Klenke, Constantin, & Wray, 2010; Klingerman, Williams, et al., 2011; C. 

Li et al., 1999). NPY neurons are responsive to metabolic cues from the periphery, such as 

leptin, and are strong regulators of appetitive and ingestive food behaviors (Holzer, Reichmann, 

& Farzi, 2012; Tomaszuk, Simpson, & Williams, 1996). 

 

Catecholaminergic hindbrain neurons that project to stress regulatory pathways within the PVN 

may have a profound effect on the reproductive axis without the necessity of GnIH input as well. 

These neurons respond to changes in the availability of oxidizable fatty acids and suppress LH 

pulse frequency (Sajapitak et al., 2008). When these neurons are lesioned, chronic glucose 

deprivation no longer affects estrus cycle length in female rats (I'Anson, Sundling, Roland, & 

Ritter, 2003). 
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In addition to receiving nutrient cues from NPY and catecholaminergic hindbrain neurons, 

GnRH neurons themselves can sense metabolic fuels (Roland & Moenter, 2011b). Slice cultures 

of GnRH change their firing in response to varying glucose concentrations, and these changes 

are responsive to estrogen and metabolic inhibitors (Zhang, Bosch, Levine, Ronnekleiv, & Kelly, 

2007). This sensitivity is likely mediated through AMP-activated protein kinase (AMPK), a 

cellular energy sensor (Ramamurthy & Ronnett, 2006). Blockade of AMPK inhibits the intrinsic 

ability of GnRH to sense glucose levels (Roland & Moenter, 2011a). Thus, there are several 

mechanisms by which low energy availability can suppress the reproductive axis without the 

influence of GnIH. 

 

Interestingly, in ad libitum-fed animals, silencing RNA against GnIH increased multiple 

measures of appetitive sex behavior. Time spent with males, male preference, latency to male, 

and vaginal scent markings were all significantly altered by GnIH siRNA on the non-fertile days 

of the ovulatory cycle in ad libitum fed animals. In the absence of the suppressive effects of FR, 

GnIH may be a more salient cue for regulating sex behavior. Previous work in ad libitum fed 

animals suggests that GnIH impacts appetitive sex behaviors. GnIH cellular activation is 

negatively correlated with vaginal scent marking in Syrian hamsters (Klingerman, Williams, et 

al., 2011) and continuous ICV infusion of GnIH disrupts vaginal scent marking and intact male 

preference without effecting the consummatory sex behavior lordosis in Syrian hamsters 

(Piekarski et al., 2013). Our results indicate that the influence of GnIH on appetitive sex behavior 

cannot be as readily detected in FR animals. It may be that the suppressive effects of FR mask 

any increase in appetitive sex behavior induced by suppression of GnIH with si-RNA. Further 

work is needed to probe this hypothesis and understand the hierarchy of signaling to the 

reproductive axis.  

 

In conclusion, changes in GnIH cellular activation correspond with the behavioral changes seen 

across the ovulatory cycle between ad libitum and restrictive fed animals. Though correlated, the 

changes in GnIH activity are not the cause of the behavioral shift. GnIH does appear to impact 

behavior however. In ad libitum fed animals, reducing GnIH signaling with silencing RNA 

increases appetitive sex behaviors such as vaginal scent marking and male preference.   
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Chapter 5 

_____________________________________________________________________________ 
Conclusions 

 

 

The reproductive neurocircuitry of the hypothalamus integrates environmental and internal 

information in order to regulate reproductive function and behavior. This enables the 

minimization of risk while maximizing reproductive success for female mammals. Time is one 

of the factors integrated by this circuitry. Cues about time of day and day of the ovulatory cycle 

are assessed to precisely coordinate the physiological events required for ovulation (W. P. 

Williams, 3rd & Kriegsfeld, 2012). Metabolic status is another critical component. Even mild 

energetic challenges can act on hypothalamic neurocircuitry to prioritize behaviors that favor 

reproduction or focus on survival of the mother (Schneider et al., 2012). Here, we examined how 

circadian timing information and metabolic cues impact reproductive neurocircuitry and 

behavior with an emphasis on the RFamide-related peptides, GnIH and kisspeptin. 

 

Ovulation requires the precise temporal orchestration of numerous neuroendocrine events. Over 

30 years of research has indicated that the brain’s master clock, the SCN, regulates this process 

(Brown-Grant & Raisman, 1977; Kawakami et al., 1980; Nunez & Stephan, 1977). The details of 

how the SCN controls the stimulatory branch of the reproductive neurocircuitry, the GnRH and 

kisspeptin systems, have been well researched. Circadian splitting studies reveal that contact 

from the SCN is neuronal (de la Iglesia et al., 2003). These contacts are excitatory and act via 

VIPergic pathways to GnRH neurons and AVPergic pathways to Kp neurons (Smarr et al., 2012; 

Van der Beek et al., 1997; W. P. Williams, 3rd et al., 2011). How the SCN regulates the 

inhibitory branch of the reproductive neurocircuitry, the GnIH system, is less well understood. 

Previous research has shown that the SCN makes close contact with GnIH neurons, but the 

nature of this signal was previously unknown (Gibson et al., 2008). We hypothesized that while 

stimulating the permissive neural populations GnRH and Kp, the SCN concomitantly suppresses 

the inhibitory GnIH neuron population. We investigated this hypothesis in Experiment 1.  

 

In Experiment 1, we found that GnIH neurons express receptors for two peptides previously 

implicated in SCN regulation of the LH surge, VIP and AVP, and that VIP and AVPergic fibers 

form close appositions with GnIH neurons. ICV injections of VIP suppressed GnIH neuron 

activity at the time of the surge, supporting our hypothesis that, while stimulating GnRH, VIP 

from the SCN concomitantly suppresses GnIH. Our findings further suggest that the effect of 

VIP on GnIH is mediated through an inhibitory interneuron population, not directly by VIP. The 

number of VIP receptors and appositions on GnIH neurons that we identified is likely not 

sufficient to induce the suppressive effect required at the time of surge. Additionally, VIP is 

typically a stimulatory neuropeptide working through the G-protein coupled receptor VPAC2 

(Laburthe, Couvineau, & Tan, 2007). This suggests that the suppressive effect of VIP on GnIH 

neurons is mediated by interneurons, possibly a GABAergic population like those observed in 

SCN regulation of the CRH system (Hermes et al., 2000; Kalsbeek et al., 1992; Kalsbeek et al., 

2012). Future studies infusing a GABA antagonist with VIP to discover if VIP is working 

through GABAergic interneurons will help to clarify this possibility. Another possibility is that 

the VIP was self-stimulating to GABAergic neurons which co-express VIP, similar to what is 
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seen in the SCN (Abad et al., 2006; Itri & Colwell, 2003). Patch-clamping to investigate whether 

post-synaptic currents are inhibitory or excitatory could provide additional insight.  

 

We also found that the suppressive effects of VIP on GnIH neurons were time of day dependent, 

suggesting that GnIH neurons have an internal clock regulating their sensitivity to VIP (or to the 

secondary, interneuronal signal). To investigate this possibility, we stained GnIH neurons for the 

core clock gene, Per1, and found that GnIH neurons express this protein in a diurnal fashion, 

suggesting that GnIH neurons have a functional cellular clock.  

 

Though GnIH neurons expressed the AVP receptor V1a and make close contact with AVP 

fibers, there was no effect of AVP administration on GnIH activity when used in quantities 

previously shown to stimulate the LH surge. It may be that AVP serves some other role in the 

regulation of GnIH neurons or that our experiment did not capture the right time and/or 

hormonal circumstances to see an effect on GnIH cellular activation.  

 

Together, the findings in Experiment 1 suggest that timing information is relayed to GnIH 

neurons from the SCN, with GnIH neurons themselves keeping time as well for additional fine-

tuning.  

 

To further probe the interaction between the circadian system and reproductive neurocircuitry, in 

Experiment 2, we examined the effects of augmenting the circadian system on the reproductive 

axis. We used scheduled voluntary activity (SVA), a method previously shown to increase 

circadian amplitude and recover rhythms at the level of the SCN in circadian compromised 

animals, to augment circadian rhythms in wild-type and VIP-null mice (Edgar & Dement, 1991; 

Leise et al., 2013; Power et al., 2010; Schroeder et al., 2012). VIP-null mice were chosen for 

their circadian deficits, and because SVA had been previously shown to recover rhythms in these 

mice (Power et al., 2010; Schroeder et al., 2012). We hypothesized that SVA could also recover 

some of the reproductive deficits these mice display (D. Loh et al., 2014). Though SVA did 

increase the amplitude of the ambulatory rhythm, no overall effect of SVA was found on the 

expression of the reproductive neuropeptides GnRH, kisspeptin, or GnIH. SVA also did not 

impact circulating LH. Our hypothesis that SVA could recover reproductive function in VIP-null 

mice was not supported. However, these findings are difficult to interpret because there was no 

effect of the VIP-null genotype on gene expression. Because the SCN is non-functional in VIP-

null mice and they show reproductive deficits such as reduced fertility and irregular ovulatory 

cycles, we suspected that their reproductive neurocircuitry and plasma LH levels would reflect 

these abnormalities. However, these variables were not altered in VIP-null mice.  Such an 

outcome suggests 1) either VIP is not necessary to the regulation of the expression of the 

reproductive neuropeptides investigated under the circumstances of this study, or 2) the control 

group of mice, “wild-type” age-matched controls from the same inbred colony, have 

reproductive deficits akin to those of VIP-null mice. We believe that the latter is a more likely 

explanation as LH levels did not reach the expected concentrations for mice (2ng/ml or more) at 

the expected time of the surge in the “wild-type” controls. Additionally, a study from another 

group revealed that the colony controls did not have the expected LH levels (D. Loh et al., 2014). 

It may be that this particular inbred mouse line has additional unidentified deficits, making it an 

unsuitable model for the study of reproductive biology. 
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Though the results with regards to the VIP-null mice are difficult to interpret, several 

correlations corroborate previous research and add to the evidence that circadian timing is 

important to reproductive functioning. First, plasma LH was positively correlated with the 

amplitude of the ambulatory circadian rhythm. Second, Kiss1 gene expression was strongly 

positively correlated with plasma LH levels and GnRH expression, adding to the evidence for 

kisspeptin as a potent stimulator of the reproductive axis. 

 

In addition to circadian cues, the reproductive neurocircuitry of the hypothalamus integrates cues 

about energy availability to affect reproductive physiology and behavior. In natural 

environments, energy availability fluctuates and the behavior of the animal changes accordingly. 

Severe energetic deficits can shut down reproductive physiology, while more mild deficits 

generate more subtle changes (Schneider et al., 2012). For instance, mild caloric restriction (75% 

of ad libitum) changes behavior to prioritize food seeking over sex seeking on non-fertile cycle 

days without affecting ovarian steroid production (Klingerman, Patel, et al., 2011; Klingerman, 

Williams, et al., 2011).  

 

In Experiment 3, we investigated the neuronal and hormonal underpinnings of this behavioral 

switch. We found that GnIH cellular activation corresponded with the change in the behavior 

across the ovulatory cycle, with GnIH cellular activation increasing and the behavioral 

preference for sex decreasing in food restricted animals on non-fertile cycle days. On the fertile 

periovulatory cycle day, GnIH activity decreases and sex seeking behavior remains high, 

suggesting that GnIH may mediate this behavioral switch. Furthermore, GnIH cellular activation 

is reduced in ad libitum-fed and in progesterone-treated animals, showing that ovarian steroids as 

well as energy availability affect GnIH. 

 

In Experiment 4, we further probed the relationship between GnIH and the behavioral changes 

associated with food restriction. Though GnIH cellular activation coincided with the behavioral 

shift, we could not conclude that it is causative. To assess whether changes in GnIH cellular 

activation are necessary for the behavioral switch from food seeking to sex seeking across the 

ovulatory cycle in restrictively fed hamsters, we injected the hamsters with a tet-Off virus that 

expresses GnIH silencing RNA. We hypothesized that the resultant reduction in GnIH would 

eliminate the behavioral preference for food seeking over sex seeking on non-fertile cycle days 

under the restrictive feeding condition. Essentially, we predicted that the behavior of the 

hamsters would be similar to ad libitum-fed animals whose GnIH cellular activation remains low 

and sex seeking behavior remains high even on non-fertile cycle days. Using doxycycline to 

disable GnIH siRNA production, we were able to use the same animals as their own control 

group. Contrary to prediction, GnIH suppression did not eliminate the behavioral switch, 

suggesting that though GnIH cellular activity coincides with the behavior changes it is not 

causative. However, in ad libitum-fed animals, we saw a significant increase in sex seeking 

behavior on non-fertile days compared to ad libitum-fed animals without GnIH suppression. This 

finding suggests that though GnIH may play a role in sex behavior, the suppressive effects of 

food restriction on sex seeking behavior during non-fertile cycle days is not mediated by GnIH.  

 

The results from these experiments provide insights into the role of the RFamide-related 

peptides, kisspeptin and GnIH, in relaying cues about timing and energy status to the GnRH 

system to affect reproductive physiology and behavior. These up-stream regulators of GnRH 
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provide an important point of integration for cycle timing information from steroidal hormones, 

time-of-day information from the SCN, and energy status information. Together, this feedback 

fine-tunes reproductive physiology and behavior to optimize reproductive success.    
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