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ABSTRACT OF THE DISSERTATION 
 
 

Genetic and Environmental Causes of Infertility 

 
 

by 
 
 

Pedro A. Villa 
 

Doctor of Philosophy, Graduate Program in Biomedical Sciences 
University of California, Riverside, March 2024 

Dr. Djurdjica Coss, Chairperson 
 

 
Infertility, affecting 1 in 8 couples globally, is influenced by various factors such 

as delayed motherhood, poor dietary habits, genetic disorders, environmental endocrine 

disruptors, and obesity. Reproduction, orchestrated by gonadotropin-releasing hormone 

(GnRH) neurons from the hypothalamus, involves the pulsatile secretion of luteinizing 

hormone (LH) and follicle-stimulating hormone (FSH) from the pituitary, stimulating 

steroidogenesis and gametogenesis in the gonads. GnRH neuron pulsatile secretion 

requires regulation by afferent neurons, primarily kisspeptin, and potentially GABAergic 

signals that activate GnRH neurons. 

 

Genetic factors, specifically mutations in the Fragile X messenger 

ribonucleoprotein 1 gene (FMR1), contribute to fertility issues, particularly premature 

ovarian failure (POF) in women under 40. Using the Fmr1KO mouse model, we 

determined elevated gonadotropin hormone levels, increased GABAergic innervation of 

GnRH neurons, and higher sympathetic innervation in the ovaries of Fmr1KO mice. 

Since GABA is excitatory to GnRH neurons this may contribute to an increase in LH 
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pulse frequency. Ovariectomy experiments revealed that the hypothalamus drives high 

LH, while increased FSH, is dependent on the ovaries and possibly influenced by 

heightened innervation.  

 

Diet-induced obesity (DIO), affecting a third of the global population, induces 

hypogonadism in obese men, characterized by low testosterone and sperm count. 

Studying reproductive dysfunction in mice using the DIO model with a high-fat diet 

demonstrated lower sperm numbers and testosterone levels, aligning with observations in 

humans. Investigation of pituitary responsiveness to GnRH revealed comparable LH 

secretion in control and obese males, suggesting an unaffected pituitary response. Control 

mice showed an expected increase in LH after chemogenetic activation of kisspeptin 

neurons. Unexpectedly, activation of kisspeptin neurons caused a higher LH fold change 

in obese males, indicating suppressed kisspeptin neurons in DIO. Kisspeptin neurons are 

activated by proopiomelanocortin (POMC) neurons through α-melanocyte-secreting 

hormone (α-MSH) and its receptor, melanocortin 4 receptor (MC4R), and their pulse 

generation is synchronized by glutamate. Investigation into these components revealed a 

lower LH fold change response in DIO, suggesting that DIO leads to kisspeptin neuron 

suppression due to dysregulation in the crosstalk between the feeding and reproductive 

circuit. These studies uncover a mechanism contributing to reproductive dysregulation in 

women with FMR1 mutations and obesity-mediated hypogonadism in males. 
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Genetic and Environmental Causes of Infertility 
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1.1 Infertility is becoming a global issue 

Infertility has become a growing concern worldwide, with statistics revealing that 

approximately one in eight couples will experience infertility and require assisted 

reproductive technologies (ART) to conceive [1]. On average the cost for ART birth 

ranges from $28,829 for a single birth and $123,402 for twin births in the US [2]. In 

2021, 3% of all live births required the use of ART, which constitutes 97,128 live births 

in the US alone [3]. A better understanding of the underlying causes of fertility disorders 

is needed to develop novel therapeutic treatments to improve the quality of life for 

couples struggling with infertility. 

Infertility is a complex disease that stems from genetic and environmental 

contributions. Mutations in the GnRH network cause central dysregulation in 

reproductive function leading to hypogonadotropic hypogonadism. For example, 

mutations of anosmin 1 (ANOS1), fibroblast growth factor receptor 1 (FGFR1), fragile X 

messenger ribonucleoprotein 1 (FMR1) affect the GnRH network. Mutations in the 

FMR1 gene affect fertility in both men and women. In men, FMR1 mutations result in 

macroorchidism, and in females, mutations increase the risk for premature ovarian 

failure, which is the cessation of reproductive function before forty years of age. 

On the other hand, environmental factors, such as poor diet, sedentary lifestyle, 

and endocrine disruptive chemicals also contribute to infertility. Obesity in particular is a 

significant contributor, caused by a long-term imbalance of calories consumed and 

calories expended [4]. Obesity rates show a steady rise, with current global estimates 

projecting an increase from the current 38% to 51% by 2035 [5]. Obesity is defined as 
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having a body max index (BMI) of 30 kg/m2 or higher. A multitude of adverse health 

outcomes are associated with obesity. Specifically, individuals affected by obesity are at 

an elevated risk of developing chronic conditions, including but not limited to 

cardiovascular disease, diabetes, osteoarthritis, certain cancers, and infertility in both men 

and women [6-9]. Understanding the mechanisms that drive infertility may help promote 

new therapies and treatments to ameliorate the global infertility issues we face today. 

 

1.2 The Hypothalamic-Pituitary-Gonadal (HPG) axis 

Reproductive function is regulated by the hypothalamic-pituitary-gonadal (HPG) 

axis. The hypothalamus is comprised of several neuronal populations that secrete 

neuropeptides and neurohormones to regulate many homeostatic systems, such as body 

weight, circadian rhythm, energy expenditure, thirst, food intake, metabolism, the stress 

response, and reproduction [10]. Hypothalamic nuclei, important in regulating 

reproduction, are in the medial septum near the organum vasculosum laminae terminalis 

(OVLT), anteroventral paraventricular nucleus (AVPV), and the arcuate nucleus (ARC), 

which is located above the median eminence (ME). Some of these regions, such as the 

OVLT and the ME, contain circumventricular organs with a leaky blood brain barrier. 

Neurons near these regions can sense peripheral cues from the circulation and neurons in 

the ME can also secrete neuropeptides into the portal circulation. The ARC contains 

nuclei that are involved in the regulation of feeding and satiety, and energy expenditure, 

as well as reproduction [11].  



 4 

Gonadotropin releasing hormone (GnRH) is secreted by a neuronal population of 

about 1000 neurons scattered in the rostral preoptic area (POA), medial septum, and 

anterior hypothalamus. The GnRH neuropeptide is the final brain output regulating 

reproductive function [12-14]. GnRH neurons project to the ME where GnRH 

neuropeptide is secreted in a pulsatile manner [15, 16]. GnRH binds to its receptor in the 

anterior pituitary gonadotrope to stimulate the synthesis and secretion of luteinizing 

hormone (LH) and follicle stimulating hormone (FSH). Both LH and FSH stimulate the 

gonads to regulate steroidogenesis and gametogenesis. More specifically, LH acts on the 

Leydig cells in the testis and the theca cells in the ovary to stimulate testosterone and 

progesterone production. FSH acts on the Sertoli cells in the testis and the granulosa cells 

in the ovary to stimulate spermatogenesis and folliculogenesis, respectively. In females, 

the granulosa cells further convert testosterone produced by the theca cells into estrogen 

under the influence of FSH [16]. In addition to driving the development of physical 

sexual characteristics, testosterone and estrogen feedback to the hypothalamus to 

complete the endocrine loop.  

 

1.3 The GnRH network 

Central regulation of reproduction occurs in the hypothalamus through a very 

intricate network that regulates GnRH neuropeptide pulsatile activity [17]. It has been 

established in the field that every pulse in LH directly coincides with a pulse of GnRH 

secreted by GnRH neurons [15, 18]. GnRH neurons can have a unipolar or bipolar 
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morphology where they send long projections from the OVLT to the ME where they 

secrete GnRH. GnRH neurons are distinct, and they do not contain a classical axonal 

structure. Instead, GnRH neurons contain dendritic structures that conduct action 

potentials over many millimeters, branching and taking on an axonal structure when they 

enter the ME [19-21]. GnRH neuron distal projections contain the presence of functional 

GABA, glutamate, and kisspeptin receptors [20, 22]. The distinct morphology has been 

observed in mice and rats and may be a common feature in mammals [19, 20].  

Since GnRH neurons are scattered in the hypothalamus, pulsatile secretion depends 

on afferent regulation. One of the main regulators of GnRH secretion is a small 

population of neurons that secrete kisspeptin located in the ARC. Kisspeptin is a 145 

amino acid prepropeptide that is processed into four biologically active peptides that all 

contain an active c-terminal domain: kisspeptin 54, 14, 13, 10, all of which can bind and 

activate the kisspeptin receptor (Kiss1R) [23, 24]. Since kisspeptin 10 (Kp-10) is a small 

decapeptide, it is utilized for its ability to cross the blood brain barrier and stimulate LH 

release in rodents and humans [23]. GnRH neurons express the Kiss1R, and binding of 

kisspeptin to its receptor leads to the depolarization of GnRH neurons and the secretion 

of GnRH [25]. Kisspeptin neuropeptide secretion by the kisspeptin neurons robustly 

stimulates GnRH release. More specifically, kisspeptin stimulation of GnRH neurons 

occurs through the Kiss1R G-protein coupled receptor, by G alpha q, which leads to the 

influx of Ca2+ and promotes GnRH secretion [26]. Kisspeptin is important for the onset 

of puberty and the maintenance of reproductive function, and the loss of Kiss1R leads to 

hypogonadism in humans and rodents [27]. Both intracerebroventricular (icv) and 
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intraperitoneal (i.p) injections with Kp-10 induce strong LH secretion and promote 

precocious puberty in rats, suggesting kisspeptin is a key regulator of reproduction and 

puberty [28, 29]. Optogenetic activation of kisspeptin neurons in the ARC led to 

kisspeptin secretion, and patch clamp determined direct GnRH neuron activation [30].  

1.4 Kisspeptin neurons  

Kisspeptin neurons are located in two hypothalamic nuclei, the AVPV and the ARC. 

In rodents, females possess a larger population of kisspeptin neurons in the AVPV of the 

hypothalamus, which is necessary for the LH surge required to induce ovulation [31]. 

Estradiol plays an important role in stimulating kisspeptin neurons of the AVPV and is 

the site for positive feedback necessary for ovulation. High estrogen stimulates an 

increase in Kiss1 mRNA in kisspeptin neurons of the AVPV [32]. While males have 1/5 

of the number of kisspeptin neurons in the AVPV, similarly high testosterone increases 

Kiss1 mRNA in this population [33]. Kisspeptin neurons in the AVPV project to GnRH 

neuron cell bodies, while the kisspeptin population in the ARC projects to GnRH 

terminals to regulate GnRH secretion. 

The population of kisspeptin neurons in the ARC that regulate pulsatile secretion, 

does not differ between sexes. Kisspeptin neurons in the ARC respond to estrogen 

negative feedback in females and testosterone negative feedback in males, resulting in 

lower Kiss1 mRNA [33, 34]. The kisspeptin neurons located in the ARC are known as 

KNDY neurons since they co-express kisspeptin, neurokinin B, and dynorphin [35]. 

Neurokinin B belongs to the tachykinin peptide family and is a potentiator of kisspeptin 
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neuron firing after binding to the tachykinin receptor 3 (TACR3) on KNDY neurons. Icv 

injections of neurokinin B agonist promotes LH secretion in humans, primates, mice, and 

sheep [36-39]. Mutations of the tachykinin 3 gene (TAC3) or its receptor result in 

dysfunctional GnRH release and reproductive dysfunction in humans and in mice [40-

42]. On the other hand, dynorphin A, an endogenous opioid peptide that activates the κ-

opioid receptor (KOR), suppresses kisspeptin neuron firing. Central treatment with a 

KOR antagonist norbinaltorphimine prevented the inhibitory effects of dynorphin A on 

LH secretion in rodents [43], [39], [44]. Recent studies revealed that kisspeptin pulse 

initiation and neuron synchronization occur through glutamate. Using genetically 

encoded calcium indicators (GCaMP) and gradient index (GRIN) lenses to observe in 

vivo kisspeptin burst firing, determined that kisspeptin pulse initiation and 

synchronization was mediated through glutamate as the gatekeeper for synchronized 

pulse initiation, which is potentiated by neurokinin B and pulse termination gated by 

dynorphin A [45]. Kisspeptin neurons express a variety of glutamatergic neurotransmitter 

receptors, and treatment with a cocktail of AMPA receptor and NMDA receptor 

antagonists in GCaMP fluorescence recordings resulted in an abrupt reduction in calcium 

events and termination of synchronized activation in both males and females [45, 46]. 

Together, the interconnected KNDY neurons regulate synchronous burst firing to 

promote the pulsatile firing pattern of kisspeptin neurons that regulate GnRH 

neuropeptide pulse secretion in mammals. 
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1.5 GABA regulation of GnRH network 

 Classical neurotransmission also plays a role in modulating the GnRH network. 

Gamma aminobutyric (GABA), which is the main inhibitory neurotransmitter in the 

central nervous system, is excitatory to GnRH neurons through the GABAA receptor and 

inhibitory through the GABAB receptor [47-51]. GABAA receptors are ionotropic 

channels, while GABAB receptors are heterodimers composed of R1 and R2 subunits 

forming transmembrane metabotropic G protein coupled receptors. Activation of GABAB 

activates inwardly rectifying potassium channels, inactivating voltage-gated Ca2+ 

channels, and inhibition of adenylate cyclase, leading to hyperpolarization [52, 53]. The 

GABAA receptor is a pentameric chloride ion channel comprised of a combination of two 

of six alpha subtypes α1-6, two of three beta types, β1-3, one of three gamma types, γ1-3, 

and a δ subunit. It is necessary to have two alpha and two beta subunits to form a 

functioning chloride ion channel [54, 55]. Activation of the GABAA receptor allows for 

the influx of chloride ions into the cell and causes hyperpolarization of the cell membrane 

[56, 57].  

The GABAA receptor, known throughout the brain as inhibitory, is excitatory to 

GnRH neurons due to their high internal chloride levels [58]. GnRH neurons express both 

GABAA and GABAB receptors. 90% of GnRH neurons respond to GABA activation at 

the level of the soma [48, 50, 59, 60] and greater than 80% of GnRH neurons respond to 

GABA at the terminals, when using a GABAA agonist, muscimol. A majority express 

GABAA receptors containing the γ2 subunit, detected in 56% of all GnRH neurons in 

mice [61]. Mice in which the γ2 subunit is conditionally knocked out in GnRH neurons 
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experience a diminished response to exogenous GABA activation, reduced by 90%, 

indicating that the γ2 subunit is critical for normal GnRH neuron function [62]. Knocking 

out GABAA receptors containing the γ2 subunit had minor effects on fertility, however, 

the percent knockdown was not determined in this study. GABAB is inhibitory to GnRH 

neurons and treatment with baclofen, a GABAB agonist, inhibited 70% of GnRH neurons 

[47]. Furthermore, optogenetic activation of GABAergic populations in the ARC 

stimulates long lasting LH secretion; however, long term activation induced higher levels 

of testosterone in females and disrupted estrous cyclicity, suggesting that a balance in 

GABA regulation of the GnRH network is necessary for normal fertility [63].  

 

1.6 Glutamate regulation of GnRH network 

Glutamatergic neurotransmission also regulates the GnRH network. GnRH neurons 

have been shown to express excitatory ionotropic glutamate receptors, including N-

methyl-D-Aspartate (NMDA) 2A, 2B, alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) GluR1-4, and mainly receive input through the 

vesicular glutamate transporter 2 (VGLUT2) which is more prevalent in the 

hypothalamus [64-67]. While 90% of GnRH neurons respond to GABAA receptor 

activation, only 30-50% of GnRH neurons respond to glutamate [68, 69]. Studies show 

that glutamate stimulation induces LH secretion, although GnRH neurons are not directly 

activated since glutamate injection does not show cFOS induction in GnRH neurons. 

Emerging evidence reveals that glutamatergic regulation of LH secretion occurs at the 
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level of kisspeptin neurons, a majority of which respond to glutamate. Specifically, 

glutamate plays a role in initiating a kisspeptin pulse. In addition, daily NMDA injections 

promoted precocious puberty in immature rats when stimulated with an agonist, and 

inhibition of NMDA receptors with an antagonist delays puberty [70]. I.p and icv 

injections of NMDA induce strong LH secretion in rats, mice, and rhesus monkeys [71-

73]. Since only ~30% of GnRH neurons respond to NMDA, NMDA regulation of 

reproduction may occur through kisspeptin neurons, which express NMDA and AMPA 

receptors [74]. Peripheral i.p. injections of NMDA increased cFOS expression in a 

majority of ARC kisspeptin neurons but not GnRH neurons and stimulated a robust 10-

fold change in LH secretion [72]. Electrophysiology reveals that 60% or higher GnRH 

neurons responded to AMPA stimulation [51, 75]. Central injection with 1 nmol of 

AMPA stimulated a 10-fold difference in LH secretion, however, whether central 

stimulation with AMPA is mediated through GnRH neuron activation or kisspeptin 

activation is not clear [76]. Recent studies show that AMPA is important in 

synchronizing the initiation of a pulse. In vivo studies in mice treated with an AMPA 

receptor antagonist suppressed kisspeptin neurons’ ability to initiate a pulse in both males 

and females, suggesting a significant role of glutamate in the regulation of pulsatile 

activity in the GnRH neuronal network at the level of the kisspeptin neuron [45], [46].  
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1.7 Mutations in the GnRH network negatively affect reproductive function 

Genetic mutations can have a profound impact on reproductive function. Various 

mutations can disrupt the normal function of genes involved in the HPG axis, leading to 

infertility or reproductive disorders. Among the genetic mutations affecting reproduction, 

those specifically targeting GnRH neurons can have severe consequences. GnRH neurons 

are crucial for the initiation and regulation of reproductive function. Mutations in genes 

related to GnRH production, secretion, or neuron migration can disrupt the normal 

development of these neurons. Mutations in GnRH neuron development led to a 

condition known as idiopathic hypogonadotropic hypogonadism (IHH), characterized by 

the absence or delayed onset of puberty and infertility. Reproduction relies on the 

intricate coordination of the hypothalamic-pituitary-gonadal axis. Genetic mutations can 

interfere with this complex system, adversely affecting reproductive function. 

Understanding these genetic mutations and their effects on reproductive biology is crucial 

for diagnosing and treating individuals with fertility issues. Individuals with GnRH 

mutations may have underdeveloped or absent gonads and impaired production of sex 

hormones, making it difficult or impossible to conceive without medical intervention.  

During prenatal development, at 32 days and stages E10 and E11 in humans and 

mice, respectively, GnRH neurons arise from the medial olfactory placode where they 

migrate to the preoptic area of the hypothalamus, establishing themselves by 20 weeks in 

humans and E15.5 in mice [77-79]. Any aberration in GnRH neuron development can 

have devastating effects on reproduction in addition to hyposmia, anosmia. These 

neurons undergo a complex migration process from their birthplace in the nasal 
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epithelium to the preoptic area in the hypothalamus, where they are ultimately 

established. This migration is crucial for the proper development and function of the 

reproductive system. Disruptions or abnormalities in GnRH neuron migration or 

development can significantly affect fertility. Mutations in genes such as anosmin 1 

(ANOS1) and fibroblast growth factor receptor 1 (FGFR1) affect reproductive function 

by causing developmental dysregulation. ANOS1 encodes for an extracellular membrane 

glycoprotein important in cell adhesion and migration of GnRH neurons during 

development [80]. ANOS1 affects GnRH neuron development by affecting migration and 

establishment into the hypothalamus. ANOS1 is also known as Kallman syndrome one 

sequence (KAL1) associated with Kallman syndrome, which involves symptoms of 

anosmia or lack of the ability to smell as well as hypogonadotropic hypogonadism and 

infertility. ANOS1 mutations are a loss of function mutation, with a prevalence of 

Kallman syndrome 1:8000 in men and 1:40,000 in women [81], [82]. FGFR1, known as 

Kallman syndrome two sequence (KAL2), serves important functions, including 

migration proliferation and neuron differentiation [83]. Similar to mutations in ANOS1, 

FGFR1 mutations also affect GnRH neuron migration during development, which leads 

to failure of the GnRH network establishment during development [80, 84]. Mutations in 

FGFR1 are autosomal dominant and similar to what occurs in humans where GnRH 

neuron migration is disrupted; in mice, partial loss of the Fgfr1 gene results in a 90% 

reduction in GnRH neurons [85]. Fibroblast growth factor 8 (FGF8), which acts through 

the FGFR1 receptor, is important in GnRH neuron differentiation and GNRH1 gene 

expression. Treatment of the human pluripotent stem cell model of GnRH neurons with 
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FGF8 resulted in a strong dose dependent GNRH1 expression. In addition, FGF8 

deficient mice did not develop GnRH neurons [85, 86]. Patients with ANOS1 and FGFR1 

mutations have low serum gonadal hormone levels due to impaired GnRH neuron 

migration during development [87].  

Mutations in FMR1 gene leads to reproductive disorders in men and women. 

Macroorchidism in FMR1 mutations in males stems from an increased Sertoli cell 

proliferation during testicular development [88]. Women experience premature 

reproductive senescence due to FMR1 mutations. Although mutations of the FMR1 gene 

cause neurodevelopmental disorders [89-93], it is not known if GnRH neuron 

development is impaired with FMR1 mutations. It is possible that macroorchidism or 

enlarged testes stem from dysregulation of HPG development [94]. In females, however, 

emerging research is pointing to endocrine dysregulation rather than developmental 

dysfunction [95-97]. Future studies in our lab will address if FMR1 is involved in GnRH 

neuron migration.  

   

1.8 FMR1 mutations have adverse effects on fertility 

The FMR1 gene is located on the X-chromosome, and mutations of this gene 

more severely affect males. FMR1 mutations exhibit X-linked dominant inheritance. Full 

mutation entails an expansion of CGG trinucleotide repeats in the 5’ untranslated region 

of the FMR1 gene to more than 200 repeats, which inhibits the expression of the Fragile 

X messenger ribonucleoprotein (FMRP) and causes FXS. FMR1 mutations, with the 
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expansion of this region between 50-200 units, result in lower levels of FMRP and are 

known as permutations. Full mutation of the FMR1 gene causes Fragile X syndrome 

(FXS), the most common cause of inherited autism or mental disability. FMR1 

permutations cause Fragile X-associated tremor/ataxia syndrome (FXTAS), which 

comprise neurological problems with movement and cognition disorders [98].  

Females who are carriers for FMR1 mutations have an increased infertility risk 

[95, 99, 100]. Significant effort has been made in understanding the effects of FMR1 

gene mutations on cortical brain function, which lead to neuronal impairments in FXS. 

Since the effects of mutation on the hypothalamus were completely unknown, our lab 

was the first to investigate the consequences on hypothalamic function [97, 101]. It is 

important to address this gap in our knowledge since mutations of this gene are also 

associated with reproductive disorders, such as enlarged testis in males and early 

cessation in reproductive function in females [102, 103]. Since reproduction is regulated 

by GnRH neurons in the hypothalamus, understanding the effects of FMR1 mutations on 

GnRH neuron function can uncover new mechanisms by which FMR1 mutations lead to 

reproductive dysfunction.  

 

1.9 FMR1 mutation-associated premature ovarian failure  

Premature ovarian failure (POF) is the early depletion of ovarian reserve before 

the age of 40 [104]. Fragile X carriers make up the bulk of individuals with known 

genetic causes of POF [95]. As a result of POF and early menopause, female carriers are 

at higher risk for osteoporosis and cardiovascular disease [105]. Most women don’t know 
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they are carriers of FMR1 mutations until they experience amenorrhea or infertility [106]. 

The risk for premature ovarian failure increases 30-fold in FMR1 mutation carriers from 

the 1% risk in the general population [107-109]. The mechanisms that cause premature 

ovarian failure due to FMR1 mutations are unknown. My data point to dysregulation of 

the GnRH network and neuronal dysregulation at the level of the ovary as potential 

mechanisms. These new discoveries shed light on the increased risk of premature ovarian 

failure, emphasizing the need for further research to elucidate the underlying mechanisms 

and explore potential therapeutic targets. 

 

1.10 Fmr1 mutations affect GABAergic and glutamatergic innervation  

Under normal conditions, FMRP functions as an mRNA binding protein, which is 

important in regulating protein translation. However, FMR1 mutations lead to reduced 

FMRP levels [99, 110-112]. Lack of FMRP alters neurotransmitter receptor levels in the 

brain, due to the role of FMRP in the regulation of synaptic proteins [113-116]. A study 

by D’Hulst et al. determined a decrease in GABAA receptor subunit mRNA, including γ1 

and γ2, in the cortex of Fmr1KO mice [117]. At the protein level, the GABAA receptor β 

subunit is reduced in the cortex, hippocampus, diencephalons, and brainstem of Fmr1KO 

mice, implicating a decrease in inhibitory signaling in the neuropathology of the disease 

[118]. Positron emission tomography quantification of GABAA receptors observed a 

significant 17% decrease in the brain of FXS patients using a radioligand to the GABAA 

receptor [119]. Glutamatergic receptor levels are also affected by FMR1 mutations. 
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Fmr1KO mice have upregulated the NMDA receptor subunits NR2A and NR2B in the 

hippocampus, promoting an excitatory imbalance [120]. Glutamatergic AMPA receptor 

protein expression of the GluA1 and GluA2 subunits are also upregulated due to Fmr1 

mutations in mice, in addition to increased dendritic spine density in the hippocampus 

[121]. In the cortex there are changes in dendritic spine density due to an increase in 

NMDA and AMPA receptor synapses in Fmr1KO mice [122]. Neurotransmitter receptor 

changes have been studied in the areas of the brain important for cognition, and the role 

of FMR1 mutations in areas of the brain important in reproductive function were not 

studied.  

 

1.11 Feeding circuit involved in the GnRH network 

Reproduction is an energy demanding process, and the GnRH network is 

modulated by the feeding circuity. Neurons that regulate feeding and satiety are located 

in the hypothalamus, specifically in the ARC. The ARC contains a leaky blood-brain 

barrier that allows for the sensing of peripheral cues like leptin and insulin. Primary 

neurons that receive these cues are agouti-related protein/neuropeptide Y (AgRP/NPY) 

and pro-opiomelanocortin (POMC) neurons. Leptin is secreted from adipose tissue to 

signal the amount of stored energy to the central nervous system [123], and  insulin is 

secreted in response to high glucose levels in the circulation due to food intake [124]. A 

fed state activates POMC neurons and inhibits AgRP/NPY neurons to promote satiety 

and energy expenditure. In contrast, starvation inhibits POMC neurons and activates 

AgRP/NPY neurons to promote feeding [125]. The reproductive axis is sensitive to 
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nutritional levels and both extremes of body weight negatively affect reproductive 

function. In mammals, a state of starvation, where energy is low, negatively affects 

reproduction. In children, it has been shown that 18% of body fat is necessary in order to 

initiate puberty [126]. In addition, female athletes experience amenorrhea due to low 

adipose tissue. At the other extreme, obese men experience low testosterone levels [127, 

128]. In mice this balance between metabolism and reproduction is also observed; both 

female and male leptin knockout mice are infertile, and treatment with leptin rescues 

fertility, suggesting a critical connection between metabolism and reproduction [129, 

130]. However, the involvement of POMC and AgRP/NPY neurons in regulating 

reproduction is still not well understood.  

1.12 POMC neurons  

POMC is a prohormone that is further processed into γ-MSH, α-MSH, β-MSH, 

and β-Endorphin to regulate food intake and energy expenditure. The role of these 

neuropeptides in regulating reproduction is not well understood [131]. α-MSH injection, 

which acts through the binding and activation of the MC4R receptor, leads to LH 

secretion [132, 133]. Icv injections with melanotan II (MT-II), an MC4R receptor 

agonist, induced LH secretion in rats [134]. GnRH neurons express the MC4R receptor 

and electrophysiology has demonstrated activation of GnRH neurons by α-MSH [135]. 

MT-II icv injections induced LH secretion in rats. Furthermore, chemogenetic 

suppression of kisspeptin neurons in conjunction with icv MT-II injection did not induce 

LH secretion, suggesting that MC4R regulation of LH is mediated through kisspeptin 
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neurons [134, 136]. Optogenetic activation of POMC neurons unveiled the direct 

activation of kisspeptin neurons determined by patch clamping onto kisspeptin neurons 

[137]. Direct POMC neuron fibers are colocalized with kisspeptin neuron perikarya, and 

kisspeptin immunoreactive axons are colocalized with POMC neurons, suggesting direct 

crosstalk between the feeding and reproductive circuits [134, 138]. Optogenetic 

activation of kisspeptin neurons determined that kisspeptin neurons can excite POMC 

neurons and inhibit AgRP/NPY neurons through glutamate [138]. In addition, knockout 

of the MC4R receptor in kisspeptin neurons alters LH pulsatility and estrous cyclicity in 

mice [139]. However, the role of POMC neuronal regulation through α-MSH in the 

crosstalk between the feeding and the reproductive circuit is not well understood.  

 

1.13 AgRP/NPY neurons  

 Hunger activates AgRP/NPY neurons and suppresses reproductive function to 

ensure survival during situations of scarce resources [125]. This physiological adaptation 

prioritizes food seeking and suppresses energy demanding processes like reproduction 

until the organism has enough energy resources for survival. AgRP/NPY neurons secrete 

agouti-related protein (AgRP), a competitive antagonist to the MC4R receptor, 

suppressing satiety and promoting feeding [140]. AgRP neurons are mainly GABAergic 

and inhibit POMC neuron activity during hunger [141, 142]. Central injections of AgRP 

suppressed reproductive function by decreasing LH pulse frequency in rhesus monkeys 

[143]. Chemogenetic activation of AgRP/NPY neurons resulted in decreased fertility and 
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delayed estrous cyclicity in female mice [144]. In addition, there is evidence of direct 

inhibitory synaptic connections from AgRP/NPY neurons to kisspeptin neurons of the 

ARC and AVPV [144]. AgRP/NPY neuron activation by chemogenetics and 

optogenetics resulted in diminished LH pulse frequency [18]. The activation of 

AgRP/NPY neurons, triggered by a state of starvation, orchestrates a comprehensive 

physiological response by suppressing reproductive function and prioritizing energy 

acquisition, thereby ensuring the organism's survival. 

 

1.14 Obesity an environmental factor altering GnRH network 

Obesity, a state where there are high amounts of fat storage, also affects 

reproduction. Obesity promotes precocious puberty and reproductive dysfunction in adult 

men and women [7, 145].   

Obesity leads to synaptic changes and affects neuron function [146], [147]. A 

dramatic reduction in POMC neuron function and activity was observed through a 

decrease in firing activity and impaired Ca2+ handling with obesity [146]. Obesity also 

promotes an increase in inhibitory synapses to POMC neurons, impeding POMC neuron 

activity, suggesting a dysregulation of the satiety signals necessary for metabolic and 

energy balance [148]. Another study investigated synaptic changes in the feeding circuit 

due to high fat diet and determined that both POMC and AgRP/NPY neurons are 

affected. Synaptic reorganization was observed where there was a loss of inhibitory 

contacts on the POMC neuron soma and a loss of excitatory contacts on AgRP/NPY 
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neurons [149]. The increase in excitatory synaptic contacts in POMC neurons were only 

promoted through a high fat diet, whereas a standard diet favored a more inhibitory tone. 

These synaptic changes were observed in POMC and AgRP/NPY neurons of the ARC, an 

area where kisspeptin neurons that regulate GnRH pulsatility reside; however, whether 

these changes negatively affect the crosstalk between the reproductive circuit and the 

feeding circuit is unknown.  

 

1.15 Obesity leads to synaptic changes in the GnRH neurons  

Consistent with synaptic changes in POMC and AgRP, we have shown that 

GnRH neurons also show synaptic changes. Chronic obesity leads to changes in synaptic 

plasticity in the hypothalamus that negatively affect reproductive function [7, 150-153]. 

Our group has determined that GnRH neurons themselves are affected by obesity [150]. 

Specifically, GnRH neurons in obese male mice exhibited a decrease in spine density 

proximal to the soma compared to control males, suggesting altered synaptic function and 

a potential decrease in the excitatory regulation of GnRH neurons. The decrease in GnRH 

neuron spine density may be contributing to the decrease in GnRH pulsatile activity. 

Synaptic molecule expression in the hypothalamus was also significantly decreased in the 

hypothalamus of obese males. Thus, low levels of post synaptic density 95 (PSD95), a 

scaffolding molecule important in clustering and arranging excitatory neurotransmitter 

receptors at the post synapse were observed in male mice, suggest a decrease in 

glutamatergic regulation in the hypothalamus [150]. However, another study determined 
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more cFOS positive GnRH neurons in obese males; this is attributed to chronic 

inflammation promoting cFOS activity that in turn decreases GnRH mRNA, suggesting 

central dysregulation due to obesity; however, whether these mechanisms affect GnRH 

neuron pulsatile activity is unknown [154]. The work to date demonstrates that obesity 

negatively affects the central regulation of reproduction by promoting synaptic 

remodeling and neuronal dysregulation.  
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2.1 Abstract 

Mutations in the Fragile X Messenger Ribonucleoprotein 1 (FMR1) gene cause 

Fragile X Syndrome, the most common monogenic cause of intellectual disability. 

Mutations of FMR1 are also associated with reproductive disorders, such as early 

cessation of reproductive function in females. While progress has been made in 

understanding the mechanisms of mental impairment, the causes of reproductive 

disorders are not clear. FMR1-associated reproductive disorders were studied exclusively 

from the endocrine perspective, while FMR1 role in neurons that control reproduction 

was addressed. Here, we demonstrate that similar to women with FMR1 mutations, 

female Fmr1 null mice stop reproducing early. However, young null females display 

larger litters, more corpora lutea in the ovaries, increased inhibin, progesterone, 

testosterone, and gonadotropin hormones in circulation. Given elevated ovarian 

hormones, the increase in gonadotropins is not due to the lack of ovarian feedback, and 

ovariectomy reveals both a hypothalamic and an ovarian contribution to elevated 

gonadotropins. Increased vascularization of corpora lutea, higher sympathetic innervation 

of growing follicles in the ovaries of Fmr1 nulls, and higher numbers of synaptic GABAA 

receptors in GnRH neurons, which are excitatory for GnRH neurons, are also determined. 

Altered mRNA and protein levels of synaptic molecules in the hypothalamus are 

identified. Unmodified and ovariectomized Fmr1 nulls have increased LH pulse 

frequency, suggesting that Fmr1 nulls exhibit hyperactive GnRH neurons, regardless of 

ovarian feedback. These results reveal Fmr1 function in the regulation of GnRH neuron 
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activity, and point to the role of GnRH neurons, in addition to the ovarian innervation, in 

the etiology of Fmr1-mediated reproductive disorders.  

 

2.2 Rationale for determining the role of FMR1 gene mutations in female fertility 

Mutations in the Fragile X Messenger Ribonucleoprotein 1 (FMR1) gene lead to 

the most common genetic form of intellectual disability and autism, called Fragile X 

Syndrome (FXS) [57, 58]. In addition to intellectual impairment, FMR1 gene mutations 

are also associated with reproductive disorders, such as early menopause in females, and 

macroorchidism in males [59-62]. The FMR1 gene encodes FMR protein (FMRP), an 

mRNA binding protein that regulates the protein levels of its target genes [16, 63]. Target 

mRNAs bound by FMRP encode a variety of proteins, including transcription factors that 

regulate other genes [64-66]. Mutation of this gene that causes FXS entails full expansion 

of the unstable CGG trinucleotide repeats (>200) that leads to hypermethylation, 

silencing of the gene and the loss of FMRP. Premutation, in a range of 50-200 repeats, 

causes Fragile X-associated Tremor/Ataxia Syndrome (FXTAS) and exhibits reduced 

FMRP levels. While the mechanisms of intellectual impairments following FMRP loss 

are beginning to emerge, mechanisms of reproductive disorders are not known. Although 

FMRP is ubiquitous, it is highly abundant in the nervous system. In the brain, FMRP 

binds mRNAs that encode synaptic proteins, contributing to cognitive dysfunctions in 

FXS [64-66]. The effect of FMR1 mutations on the cortex and hippocampus have been 

analyzed [67, 68], however, how mutations affect hypothalamic functions has not been 

examined. Herein, we investigated the effects of FMRP loss in reproduction, specifically 
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on a population of hypothalamic neurons that regulate the hypothalamus-pituitary-

gonadal axis. 

Given that FMR1 gene mutations are also associated with reproductive disorders, 

[59-62], combined with increasing infertility rates [69, 70], it is critical to examine FMR1 

role in the reproductive axis. Reproduction is controlled by hypothalamic neurons that 

secrete gonadotropin-releasing hormone (GnRH) neuropeptide [71, 72]. GnRH is 

secreted in a pulsatile fashion into the hypophysial-portal system, to regulate synthesis 

and secretion of pituitary gonadotropin hormones, luteinizing hormone (LH) and follicle-

stimulating hormone (FSH), which in turn regulate gonadal function [73]. 

Synchronization of GnRH secretion is determined by an upstream regulatory network. 

One population of such afferent neurons are GABAergic neurons from the mediobasal 

hypothalamus [74-80]. Although GABA is the main inhibitory neurotransmitter in the 

brain, GABA is excitatory for GnRH neurons [75, 81-83]. Changes in GnRH neuron 

connectivity and its innervation control neuropeptide pulsatile secretion and consequently 

gonadotropin hormone levels.  

Contrary to the hypothalamus, gonadal roles of FMRP have been analyzed in 

several reports. Macroorchidism in men affected with FXS [61] is caused by increased 

Sertoli cell proliferation during development [84]. In women, mutations in the FMR1 

gene comprise the largest number of cases with the known genetic causes of early 

cessation of reproductive function [60, 85, 86].  FMR1 exhibits X-linked dominant 

inheritance pattern and associated disorders have a high penetrance [87], which 

contributes to their high incidence [88]. Premature ovarian failure is an infertility disorder 
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affecting 1% of reproductive age women that lose ovarian function before the age of 40 

[1, 89]. Women with early menopause experience not only early infertility, but increased 

risk of cardiovascular disease, osteoporosis and depression [90]. Premutations of the 

FMR1 gene are primarily associated with the early loss of reproductive function, which 

may be due to the much higher prevalence of premutations compared to full mutations. 

Although to a lesser degree, premutation also causes lower levels of FMRP, and thus, 

lack of FMRP may cause pathologies in both premutation and full mutation [91].  

Contrary to men, premature ovarian failure in women with FMR1 mutations is not a 

developmental disorder. Previous studies in mice [86] and humans, [19, 62, 92, 93] didn’t 

find differences in primordial follicle numbers, indicating that early follicular 

development is not affected. Women affected with mutations have elevated FSH [19, 94], 

which stimulates the cyclic recruitment of a wave of ovarian follicles into the growing 

pool in each menstrual or estrous cycle [95]. However, it is still not clear how FRM1 

mutations lead to early infertility.  

 With a high prevalence of FMR1 mutations in women of child-bearing age, 

investigating FMRP-mediated effects on reproductive function will help us understand 

the mechanism of early menopause. Previous studies that examined ovarian hormone 

levels or follicle development, failed to explain early infertility. In this study, we first 

examined the reproductive function in female Fmr1 KO mice and determined that the 

mouse model lacking the Fmr1 gene mimics the reproductive deficits observed in women 

with FMR1 mutations associated with reduced FMRP levels. We further observed that 

Fmr1 KO mice had larger litters and more corpora lutea in the ovaries, but normal 
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primordial follicle count, indicating increased recruitment. In addition, we found an 

increase in gonadotropin levels, inhibin B and steroid hormone levels, which indicated 

that ovarian feedback is present. We further analyzed ovarian vascularization and 

innervation, and observed changes that may explain increased FSH. Ovariectomy 

however, revealed a hypothalamic contribution to increased LH. We then analyzed 

alteration in gene expression and protein levels of critical hypothalamic molecules, and 

examined the consequence of FMRP loss on hypothalamic GnRH neurons that have been 

neglected for their potential role in the etiology of early menopause and show changes in 

GABAergic innervation. We show higher LH pulse frequency, before and after 

ovariectomy, which indicates higher GnRH neuron activity, correlating with alterations in 

GnRH neuron connectivity. Therefore, central mechanisms, most likely via alterations in 

the activity of GnRH neurons, in addition to ovarian effects, can contribute to increased 

gonadotropins and higher recruitment of follicles leading to reproductive dysfunction in 

women with FMR1 mutations.  

 

2.3 Materials and Methods  

Animals 

All animal procedures were performed with approval from the University of 

California (Riverside, CA) Animal Care and Use Committee and in accordance with the 

National Institutes of Health Animal care and Use Guidelines. Breeding pairs of 

FVB.129P2-Fmr1tm1Cgr/J (Fmr1 KO) and their congenic controls (WT) mice were 

obtained from Jackson Laboratories and bred in-house. Mice were maintained under a 
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12-h light, 12-h dark cycle and received food and water ad libitum. Since we were 

interested in determining the mechanisms of premature ovarian failure in women with 

mutations in the FMR1 gene, only female mice were used for our studies. Estrous cycle 

stage was determined with vaginal smears and females were collected in a specific 

estrous cycle stage, as indicated for each analysis. For fertility studies, Fmr1 KO females 

and WT controls were housed with WT males and their litters and numbers of pups per 

litter were recorded. Ovariectomy was performed as described before using 8-week-old 

mice [96]. Animals were allowed to recover and seven days later blood was collected for 

hormone analyses as described below.  

 

Hormone assay  

Previous studies using FXS mouse models demonstrated that these mice have a 

heightened response to stress and altered levels of glucocorticoids [97], which can lead to 

a decrease in luteinizing hormone (LH) levels [98, 99]. To reduce stress, animals were 

acclimated by daily handling and tail massage for two weeks prior to hormone 

measurements. For LH measurements, blood was collected from the tail and analyzed by 

an in house ultra-sensitive ELISA. The capture monoclonal antibody (anti-bovine LH 

beta subunit, 518B7) was provided by Janet Roser, University of California. The 

detection polyclonal antibody (rabbit LH antiserum, AFP240580Rb) was provided by the 

National Hormone and Peptide Program (NHPP). HRP-conjugated polyclonal antibody 

(goat anti-rabbit) was purchased from DakoCytomation (Glostrup, Denmark; D048701-

2). Mouse LH reference prep (AFP5306A; NHPP) was used as the assay standard. Assay 
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sensitivity is 0.016 ng/ml, while intra-assay coefficient of variation is 2.2% and inter-

assay coefficient of variation was 7.3% at the low end of the curve. Other hormone 

assays were performed by the University of Virginia, Ligand Core using serum that was 

obtained from the inferior vena cava. The University of Virginia Center for Research in 

Reproduction Ligand Assay and Analysis Core is supported by the Eunice Kennedy 

Shriver NICHD/NIH Grant R24HD102061. The blood was left to coagulate for 15 min at 

room temperature, and then centrifuged at 2000 RCF for 15 min for serum separation. 

FSH was assayed by RIA using reagents provided by Dr. A.F. Parlow and the National 

Hormone and Peptide Program, as previously described [100]. Mouse FSH reference 

prep AFP5308D was used for assay standards. Inhibin and steroid hormone levels were 

analyzed using validated commercially available assays, information for which can be 

found on the core’s website: http://www.medicine.virginia.edu/research/institutes-and-

programs/crr/lab-facilities/assay-methods-page and reported in [101]. Limits of detection 

were 2.4 ng/ml for FSH, 3 pg/ml for estradiol, and 100 pg/ml for testosterone. Intra- and 

inter-assay coefficients of variation were 6.9%/7.5%, 6.0%/11.4% and 4.4%/6.4% for 

FSH, estrogen (E2) and testosterone (T), respectively. Each animal used for each 

hormone analysis is represented as a dot in the figure. 

 

Pulsatile LH levels  

Pulsatile secretion of LH strictly corresponds to GnRH secretion [102, 103]. LH is 

used as an indicator of GnRH secretion, since GnRH secretion into median eminence 

cannot be measured in mice. To ascertain if LH or GnRH neuron secretion is affected, we 
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measured LH pulses and used an ultrasensitive ELISA assay for LH that allows for LH 

measurement in 5 µl of whole blood [104]. Mice were acclimated for 2 weeks by daily 

tail massage. 10µL of blood was collected every 8 min for 3 hours from the tail vain [98, 

105]. LH levels were analyzed using ELISA described above. LH amplitude was 

determined by subtracting the LH value at the peak from the basal value prior to the onset 

of the pulse and averaged for each mouse. Mean LH concentration was calculated by 

averaging LH values, while pulse frequency was determined using freeware DynPeak 

algorithm. 

 

Nanostring analysis of hypothalamic gene expression 

8-week old female mice were perfused with ice cold PBS, brains rapidly removed 

and flash frozen in isopentane on dry ice. Coronal brain sections of 500 um were obtained 

using vibratome, the hypothalamus was dissected and analyzed for gene expression 

changes by Nanostring. RNA was isolated using the RNAqueous®-Micro Kit (Ambion) 

and quantified using Nanodrop. Gene expression in 50 ng RNA per sample was analyzed 

using the Nanostring instrument, according to manufacturer’s instruction, with the 

nCounter Mouse Neuroinflammation Panel (770 genes, gene list available at the 

manufacturer’s website). The panel was customized with an addition of 30 custom probes 

for hypothalamic neuropeptides and their receptors. Only samples with an RNA integrity 

number RIN > 7 were used for Nanostring. All data passed QC, with no imaging, 

binding, positive control, or CodeSet content normalization flags. Data analysis was 

performed using nSolver Analysis Software 4.0, including nCounter Advanced Analysis 
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(version 2.0.115). Genes with an expression lower than the limit of detection after 

background subtraction, and compared to negative controls included in the panel, were 

excluded. Seven housekeeping control genes that are included in the panel, were used for 

normalization. A heatmap of differentially expressed genes (DEG) was created using 

Heatmapper software from University of Alberta (Edmonton, Canada; [106]). Results are 

plotted in the Volcano plot as log fold change vs. log p-value, and genes with changes 

higher than 25% were indicated with colors in the figures: red indicates genes higher in 

KO compared to WT, while green indicates genes that are higher in the WT compared to 

KO. Genes with significant changes in expression are indicated above the dashed line. 

Gene ontology (GO) enrichment analysis of the DEG genes was performed using the 

ShinyGo 0.76.3 platform (South Dakota State University [107]). False discovery rate 

(FDR) cutoff was 0.05, with the pathway minimum set to 10. 

 

qPCR Analysis 

Total RNA was extracted from ovaries using Trizol (Invitrogen, CA), and from 

hypothalamus and pituitary using the RNAqueous®-Micro Kit (Ambion), quantified 

using Nanodrop and the same amount per sample reverse transcribed using Superscript 

IV (Invitrogen, CA). qPCR was performed using an iQ SYBR Green supermix and an 

IQ5 real-time PCR machine (Bio-Rad Laboratories, Hercules, CA), with previously 

characterized specific primers, under the following conditions: 95 ºC for 15 min, 

followed by 40 cycles at 95 ºC for 20 s, 56 ºC for 30 s, and 72 ºC for 30 s. The amount of 

the gene of interest was calculated by comparing the threshold cycle obtained for each 
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sample with the standard curve generated in the same run and normalized to the beta-2-

microglobulin (B2M) or GAPDH housekeeping genes, as indicated, in the same sample 

using ∆∆Ct method. Preliminary experiments analyzed several housekeeping genes and 

determined that these housekeeping genes do not differ between genotypes. Replicates 

were averaged. After each run, a melting curve analysis was performed to confirm that a 

single amplicon was generated in each reaction.  

 

Histological analyses and immunohistochemistry 

  WT controls and Fmr1 KO mice were anesthetized, perfused with 20 ml PBS and 

20 ml 4% paraformaldehyde; and tissues were collected. Ovaries were fixed in 4% 

paraformaldehyde, embedded in paraffin, and cut to 20 μm sections. Slides were 

deparaffinized in xylene, rehydrated and H&E stain was performed to count ovarian 

follicles. For ovarian vasculature and innervation studies, frozen floating 60 μm  sections 

were stained with antibody to CD31 (1:2000 dilution, 553370, BD Biosciences) or with 

antibody to tyrosine hydroxylase (TH, 1:5000, ab112, Abcam) for 48 hours at 4°C, 

followed by overnight incubation with goat anti-rat IgG-Alexa 488 (1:2000, A11006, 

Vector Laboratories, Burlingame, CA) or goat anti-rabbit IgG-Alexa 488 (1:1000, 

A11034, Vector Laboratories, Burlingame, CA), respectively. Vascularization of corpora 

lutea and antral follicles was quantified by the mean fluorescent intensity (MFI) using 

Fiji ImageJ. Ovarian innervation was quantified by counting the number of neuronal 

projections in direct contact with follicles or corpora lutea.   
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Hypothalami were sectioned to 100 μm sections. Sections containing organum 

vasculosum laminae terminalis (OVLT) where GnRH neurons are located, were blocked 

and stained for GnRH using rabbit anti-GnRH antibodies (1:10,000 dilution) kindly 

provided by Greg Anderson (University of Otago; Dunedin, New Zealand [108]), 

GABAγ2 receptor subunit (1:10,000 dilution, guinea pig anti-GABAγ2, Synaptic systems 

224 004), VGAT (1:5,000, mouse anti-VGAT, Synaptic systems 131 011) for 72 hours at 

4°C. After PBST washes, slides were incubated overnight at 4°C with secondary 

antibodies goat anti-rabbit IgG-Alexa 488 (1:1000, A11034, Vector Laboratories, 

Burlingame, CA); anti-mouse IgG-Alexa 594 (1:1000, A11032, Vector Laboratories, 

Burlingame, CA); anti-guinea pig–biotin (1:1000, BA-7000) followed by streptavidin-

Cy5 (1:1000, 434316, Vector Laboratories, Burlingame, CA). Secondary antibody-only 

controls were performed to determine antibody specificity.  

Immunostaining for FMRP was performed using antigen retrieval methods, as 

previously described [109]. Slices were stained overnight with mouse anti-FMRP 

(1:1000; Developmental Studies Hybridoma Bank, catalog #2F5-1-s, RRID: 

AB_10805421). Secondary antibody was donkey anti-mouse Alexa 594 (1:300; 

Molecular Probes, A-21202). Slices were mounted on slides with Vectashield mounting 

medium containing DAPI (Vector Laboratories, H-1200). 

To determine puncta density, we followed our established protocol as previously 

published [110-114]. Puncta were counted in the individual neurons where at least 45 um 

of the axon proximal to soma can be observed using z-stack acquired by confocal Leica 

SP2 microscope. Images were encoded for blind analysis. Puncta numbers were 
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quantified by scrolling through the series of captured images in the z-stack using LAS X 

software and counted for each GnRH soma and along the 45 μm length of axon, at 15-μm 

intervals.  At least 15-20 individual neurons from 4-5 different sets of mice marked by 

hand and with the Neurolucida program (MBF Bioscience, Vermont) and counted. 3-D 

reconstruction was performed by Imaris software (Bitplane, Inc; Concord, MA).   

 

Western blot  

Whole cell lysates were obtained from the dissected hypothalami from WT 

controls and FMR1 knockout mice and after protein determination, the same amount of 

protein was run on SDS-PAGE, transferred on nitrocellulose membrane and probed for: 

GABA2 receptor subunit (1:1000, 14104-1-AP, Proteintech), NMDAR1 (1:1000, 32-

0500 Invitrogen), NMDAR2B (1:1000, 07-632 EMD Millipore),  postsynaptic density 

protein 95 (PSD-95; 1:1000, 3409, Cell Signaling), Synaptophysin (SYPH; 1:1000, 4329, 

Cell Signaling), neuronal marker, Microtubule-associated protein 2 (MAP2; 1:5000, 

ab5392, Abcam) or -tubulin (1:1000, sc-9104, Santa Cruz Biotechnology). Bands were 

quantified using ChemiDoc imaging system (Bio-Rad, Hercules, CA). 
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Statistical analyses. 

Statistical differences between WT control and Fmr1 KO mice (p < 0.05) were 

determined by t-test, or ANOVA when appropriate, followed by Tukey’s post-hoc test for 

multiple comparisons using Prism software (GraphPad, CA).  

 

2.4 Results 

Fmr1 knockout female mice experience early cessation of reproductive function.   

Since women with FMR1 mutation experience increased risk of early menopause, to 

begin investigating the role of FMRP in reproductive function, we first determined if the 

lack of FMRP in female Fmr1 KO mice can mimic reproductive dysfunctions observed 

in women with reduced levels of FMRP due to FMR1 mutation. In affected people, full 

expansion of the unstable CGG trinucleotide repeats (>200) leads to hypermethylation, 

silencing of the gene and the loss of FMRP and FXS. CGG expansion in a range of 50-

200 repeats, or FMR1 premutation, exhibit reduced FMRP levels and FXTAS. Due to 

differential methylation between human and mouse genes, the Fmr1 KO is a widely used 

mouse model to study Fragile X Syndrome and is considered a better model than putative 

mimics of the CGG repeat expansion [115, 116].  Our study showed that Fmr1 KO 

female mice experienced early vaginal opening, an external sign of puberty in mice (Fig. 

1A, FMR1, Fmr1 knock-out (KO); WT, wild-type control; each point represents a mouse, 

while bars represent group average). Fmr1 KO mice demonstrated vaginal opening at 

postnatal day 29 (p29), compared to p31 in WT controls.  At 8 weeks of age, we paired 

Fmr1 KO females and control WT females, with control males and recorded birth dates 
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and number of litters, and the number of pups in each litter, until they stopped 

reproducing. We determined that Fmr1 KO female mice exhibited early cessation of 

reproductive function, which is similar to early menopause in women with FMR1 

mutation or premutation (Fig. 1B, each point represents a mouse) [6, 117].  Fmr1 KO 

mice stopped having litters at 5.5 months of age and an average age of the last litter was 

p163 (FMR1, black squares), compared to p263 for WT control females (WT, open 

circles).  Similar to the penetrance in women with mutations in the FMR1 gene [87], we 

observed different degrees of premature cessation of reproductive function. Fmr1 KO 

females split into two groups based on the age at last litter: females more severely 

affected with the mutation that stopped reproducing at p97, and less severely affected 

females that had the last litter at p221. Nonetheless, the difference between controls 

(p263) and less affected females (p221) was also statistically significant. There was no 

difference in the length of time between litters (Fig. 1C) or in the estrous cycle duration 

(data not shown). We counted the number of pups in the litters and determined that Fmr1 

KO females had larger litters (Fig. 1D).  The average litter size of the first two litters was 

7.5 pups for controls and 11 pups for Fmr1 KO. There was no difference in weight at any 

age between KO and control females (data not shown) and thus, change in reproductive 

function does not stem from a difference in weight. Therefore, similar to women with a 

mutation in the FMR1 gene, Fmr1 KO female mice experience early cessation of 

reproductive function. 

To examine if early cessation of reproductive function is due to initially 

diminished ovarian reserve or to an accelerated loss of follicles, we counted the number 
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of primordial follicles in pre-pubertal females at 3 weeks of age (p21, Fig. 2A count, and 

Fig. 2D representative images). Three equal size areas of the ovarian cortex were selected 

per mouse, primordial follicles counted, and the numbers were averaged for each mouse. 

There was no difference in the number of primordial follicles between Fmr1 KO and WT 

females, indicating that development of the initial pool is not affected by the Fmr1 loss. 

The analysis of the number of corpora lutea (CL) in the ovaries at 6 weeks of age (p42) 

showed that Fmr1 KO females had over 4 times more corpora lutea than WT controls. 

Fmr1 KO had 10.2 average number of corpora lutea per ovary compared to 2.2 corpora 

lutea per ovary in controls (Fig. 2B count, Fig. 2E representative images). Given that 

Fmr1 KO females exhibited early vaginal opening, to confirm that the increase in corpora 

lutea in KO females does not stem from early puberty, we counted the number of corpora 

lutea at 9 weeks of age (at p63; Fig. 2C).  At p63, an average number of corpora lutea per 

ovary was significantly higher in Fmr1 KO females (8.6 corpora lutea) compared to 

control WT mice (5.4 corpora lutea). Together, these results demonstrate that Fmr1 KO 

female mice stop reproducing early, have the same primordial follicle pool, but increased 

number of corpora lutea corresponding to the larger litter size in young animals, 

indicating potentially higher recruitment to the growing pool in young animals.  

 

Fmr1 KO females exhibit increased gonadotropin and ovarian hormone levels  

Given that ovarian function is regulated by gonadotropin hormones from the 

pituitary, we analyzed the hormone levels in female mice in diestrus at 9 weeks of age 

(Fig. 3). LH and FSH levels were significantly higher in diestrus Fmr1 KO. LH doubled 
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in KO to 0.84 ng/ml from 0.42 ng/ml in controls. Serum FSH was also higher with 4.2 

ng/ml in KO, compared to 2.3 ng/ml in diestrus controls (Fig. 3A). Since LH and FSH β-

subunit transcription, that is unique for each hormone, precedes changes in hormone 

concentration in the circulation, and fluctuations in mRNA levels in the gonadotrope 

correlate with concentration of the hormones [73], we analyzed pituitary mRNA levels 

(supplemental Fig.1). Both LHβ and FSHβ expression was increased in Fmr1 KO mice, 

while expression of the common αGSU, GnRH receptor or other pituitary hormones was 

unchanged. Our results may also indicate that high FSH leads to higher recruitment of 

follicles in the growing pool, which together with high LH results in more corpora lutea.  

Previous studies postulated that ovarian impairment contributed to diminished 

negative feedback, which in turn caused increased FSH observed in affected women [19, 

94]. To address this possibility, we analyzed ovarian hormones that provide feedback to 

the hypothalamus and pituitary in 8-week-old diestrus females before cessation of 

reproductive function. Steroid hormones primarily provide feedback to the hypothalamus, 

while inhibin regulates FSH levels [118-123]. Testosterone was significantly increased in 

Fmr1 KO female mice, 279 pg/ml in KO compared to 200 pg/ml in controls (Fig. 3B, T). 

Progesterone was elevated as well to 3 ng/ml in Fmr1 KO from 1.7 ng/ml in controls 

(Fig. 3B, P). We also analyzed inhibin B levels in diestrus females in the circulation, and 

determined that inhibin B was higher in KO mice, 1.9 ng/ml compared to 1.5 ng/ml in 

controls (Fig. 3B, Inh B). Our results demonstrate that inhibin B is higher in young 

animals, which may be a result of larger number of follicles, or alternatively that is 

stimulated by higher FSH levels. This means that inhibin feedback is present, and can not 
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explain elevated FSH. Increased steroid hormone levels also demonstrate that negative 

feedback is present and increased LH cannot be explained by reduced negative feedback. 

This implicates central mechanisms at the level of the hypothalamus, rather than ovarian 

insufficiency in the reproductive phenotype of Fmr1 KO mice. Together, our results 

demonstrate elevated gonadotropin hormone levels, higher testosterone and progesterone, 

more corpora lutea, larger litters in young animals, and early cessation of reproductive 

function.  

 

Ovariectomy reveals hypothalamic and ovarian contribution to endocrine changes 

 To discern ovarian contribution from the hypothalamic origin of the disorders, we 

ovariectomized (OVX) the mice and a week later analyzed LH and FSH levels. Over 10-

fold higher LH and over 20-fold higher FSH confirmed the successful OVX (compare 

levels in Fig. 3 and Fig. 4).  Interestingly, LH remained significantly higher in OVX KO 

mice (8 ng/ml) compared to OVX WT mice (6 ng/ml), while there was no difference in 

FSH levels between WT and Fmr1 KO females after OVX. Therefore, increased LH in 

unmodified animals likely stems from central dysregulation, while increased FSH is of 

ovarian origin. However, since inhibin B and steroid hormones are higher in Fmr1 KO 

than in WT, contrary to our expectations, it is not clear how ovaries contribute to 

increased FSH in KO mice.  
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Increased innervation and vascularization in the ovaries.  

 To address seemingly discordant results, where ovariectomy revealed that 

increased FSH has ovarian contribution while ovarian hormones are increased, we 

analyzed ovarian vascularization and innervation. Using an endothelial cell marker, 

CD31 we stained ovarian sections and analyzed vascularization around follicles and 

corpora lutea. Follicles from WT and Fmr1 KO had the same degree of vascularization 

(Fig. 5A, representative image; Fig. 5B, quantification). However, corpora lutea (CL) 

were more highly vascularized in Fmr1 KO than in WT mice (Fig. 5C low magnification, 

top). Higher magnification revealed more abundant and thicker vasculature in the Fmr1 

KO CL (Fig. 5C, bottom, Fig. 5D, quantification).     

Although FMRP is expressed at high level in neurons, ovarian innervation was 

not examined to possibly explain ovarian phenotype observed in Fmr1 KO mice. Using 

antibodies to tyrosine hydroxylase, the rate-limiting enzyme of catecholamine synthesis, 

we counted numbers of neuronal projections that reach the theca layer of growing 

follicles. Secondary follicles in Fmr1 KO ovaries had significantly more neuronal fibers 

than WT follicles; 4.8 average fibers per secondary follicle in KO compared to 2.3 

average fibers in WT (Fig. 6A, representative images; Fig 6B quantification). Innervation 

of CLs was very variable within each animal and between animals, and we did not 

identify significant differences between WT and KO mice (Fig. 6C bottom left quarter of 

CL with innervation presented, Fig. 6D, quantification). Together, ovarian histology 

demonstrated increased vascularization of corpora lutea and increased innervation of 

secondary follicles in Fmr1 KO mice.   
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Altered levels of synaptic molecules in the hypothalamus of Fmr1 KO mice.  

Our results demonstrate elevated LH before and after ovariectomy, which is 

regulated by GnRH secretion. To address the mechanisms of changed LH, we examined 

changes in the hypothalamus, first focusing on genome-wide gene expression changes 

caused by the loss of Fmr1 gene. Although FMRP is an RNA-binding protein that 

regulates protein levels of its targets, since FMRP regulates expression of several 

transcription factors, genome-wide changes in the RNA expression signatures can 

identify pathogenic pathways that may be indirectly regulated by FMRP. Previous 

analyses of Fmr1 KO transcriptomes focused on embryonic hippocampus and cortex, and 

identified overexpression of immune-related genes and downregulation of genes 

implicated in behavioral phenotype [124]. For that reason, we used Nanostring 

neuroinflammation panel, which contains 770 genes implicated in neurological disorders, 

neuronal injury, neurotransmission, neuron-glia interactions, neuroplasticity, cell 

integrity, neuroinflammation, and metabolism; and added 30 custom probes for 

hypothalamic neuropeptides and their receptors. The complete list of genes that changed 

in KO compared to WT is presented by the heatmap (Fig. 7A). There were 59 gene that 

were upregulated >120% from WT levels, and 39 genes that were downregulated <80% 

of WT levels, delineated with a dashed line. Significant changes in expression of 

neuropeptides and other genes of interest were highlighted in the volcano plot (Fig 7B, 

log fold change vs. log p-value, statistically significant change in expression indicated 

with a dashed line; red, upregulated genes in KO compared to WT; green, downregulated 

gene in KO compared to WT).  Immediate early gene, Egr1, Fos and Jun, that are used as 
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markers of neuronal activation, were upregulated in Fmr1 KO mice. Genes encoding 

GABAA receptor γ2 subunit, (GABAR2, Gabrg2)  which is the obligatory subunit of 

the pentameric GABAA receptor [125]; and PSD-95 (Dlg4), a postsynaptic scaffolding 

protein anchoring glutamate receptors, were upregulated in KO mice. Ppfia4, involved in 

neurotransmitter release, and Opalin, important for oligodendrocyte differentiation, were 

also upregulated. On the other hand, genes correlated with DNA repair, Ercc2; 

neurodegenerative disorders, Serpina3n; hypoxia, Hif1a; and apoptosis, Hcar2 and Bag4, 

were downregulated. Importantly, genes encoding GLAST, Slc1a3, and VGLUT2, 

Slc17a6, were also downregulated. Of interest, neuropeptide gene encoding GnRH, Gnrh, 

was upregulated, while genes for kisspeptin, Kiss1, and neurokinin B, Nkb, Tac3; and 

Cocaine and Amphetamine Regulated Transcript, Cart, were downregulated. We 

confirmed changes in GnRH and kisspeptin expression by qPCR of hypothalamic lysates 

(Fig. 7C). GO pathway analysis indicated that pathways such as AP1 complex, comprised 

of Fos and Jun, myelin adaxonal regulation, spine and dendrite development were 

upregulated, while neuropeptide binding, ubiquitin ligase binding, and receptor signaling 

pathways were downregulated (Fig. 7D). 

Considering changes in excitation/inhibition synaptic balance in the cortical 

neurons of Fmr1 KO mice [126], we next investigated the levels of several synaptic 

proteins involved in regulating GnRH neuronal activity in hypothalamus at the protein 

level. Although previous studies showed changes in neurotransmitter receptor levels, 

such as GABAA receptor for GABA, and NMDA receptor for glutamate, in several brain 

regions of male Fmr1 KO mice, no studies were done in females or in the hypothalamus. 
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Hypothalami were dissected from diestrus female brains, and levels of synaptic 

molecules were measured by western blotting. We analyzed GABAR2 (GABRG2) 

levels in the hypothalami of KO and control female mice in diestrus, since GABA 

transmission activates GnRH neurons, via activation of GABAA receptor [81, 127], and 

determined that Fmr1 KO females had significantly higher levels of GABAR2 GABAA 

receptor than controls (Fig. 8A, representative western blots; Fig. 8B quantification). 

Protein levels correlate with gene expression analysis, indicating that GABARγ2 may be 

indirectly regulated by Fmrp. We then analyzed levels of the glutamatergic NMDA 

receptors (NMDARs, or NRs) [128, 129], since 30-50% of GnRH neurons respond to 

NMDA [130, 131]. NR1 is an obligatory subunit that forms a heterotetramer with either 

2A or 2B subunits (other isoforms are less frequent). We determined that NR1 

(NMDAR1, GluN1) levels were increased in the hypothalami of KO mice compared to 

controls (Fig. 8D). Depending on the NR2 isoform, NMDAR is localized at synapses or 

extrasynaptically with different effects on long-term potentiation or negative feedback, 

respectively [112, 132]. NR2B is localized extrasynaptically, and we determined that the 

levels of NR2B are lower in the KO mice compared to controls (Fig. 8E). Genes 

encoding these proteins did not change at the transcriptional level, which indicates that 

they may be regulated by Fmrp at the protein level. We also analyzed levels of PSD-95, 

since GnRH neurons express PSD-95 [133], and determined that PSD-95 protein levels 

were the same in Fmr1 KO and controls, which is contrary to gene expression studies and 

again points to direct regulation by Fmrp (Fig. 8C). Taken together, an increase in the 
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synaptic GABAA and NR1 receptors, and a decrease in extrasynaptic NR2B, likely 

contributes to altered activity of hypothalamic neurons in Fmr1 KO female mice. 

 

Lack of FMRP changes GnRH neuron connectivity  

  To determine if FMRP loss alters neurotransmitter receptor levels specifically in 

GnRH neurons, we first confirmed that 82% of GnRH neurons express FMRP protein 

(Fig. 9A, left image, confocal microscopy, right image, 3D reconstruction to demonstrate 

FMRP inside GnRH neurons). Antibody specificity was determined by staining the 

hypothalami from Fmr1 KO mice (not shown). We also analyzed GnRH neuron number 

in Fmr1 KO mice to compare to WT to ascertain if increased in GnRH neuron number 

contributes to higher LH. There was no difference in the number of GnRH neurons in 

WT and KO mice (not shown). 

Since GABA is critical for GnRH function [81, 127], and we determined elevated 

GABAγ2 subunit of the GABAA receptor in the hypothalami of KO mice compared to 

controls by western blot, we analyzed if GABAA receptor immunoreactivity is increased 

specifically in GnRH neurons. To determine GABAA receptor distribution in GnRH 

neurons, we immunostained 100 μm coronal sections of the preoptic area of the 

hypothalamus for GABA2 and GnRH.  After staining, sections were imaged with high-

resolution confocal microscopy. GABA2 receptors showed puncta-like distribution in 

GnRH neurons. GABA2 receptor puncta colocalized with GnRH immunoreactivity 

were identified by closely apposed puncta when no black pixels were visible between two 

signals in optical slices, and counted blind to condition by scrolling through the series of 
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captured z-stack images for each GnRH soma and along the process, at 15-μm intervals, 

for each GnRH neuron. At least 15 neurons were counted from each mouse, and the 

average for each mouse was calculated (represented by a dot in the Fig. 9C with bars 

representing group average). We determined that GABA2 puncta numbers increased 

significantly in the GnRH neuron soma and in the first 15 μm of the process proximal to 

the soma (Fig. 9C quantification, Fig 9B, representative images, top WT, bottom Fmr1 

KO). The increase in GABAergic inputs in this area is significant, since this region of the 

neuron is the region where action potentials are initiated [134], and it exhibits synaptic 

plasticity during development and in different hormonal milieu [135-137]. Since GABA 

is excitatory for GnRH neurons [75, 81-83], the alteration of the receptor levels may 

enhance GnRH neuron responsiveness and neuropeptide secretion, which in turn would 

cause changes in gonadotropin secretion.  

 To determine GnRH innervation, we also analyzed appositions of GABA2 

subunit of the GABAA receptor with vesicular GABA transporter (VGAT), presynaptic 

marker of GABAergic terminals. We performed a triple stain for GnRH, GABA2 and 

VGAT, and as above, counted number of puncta where VGAT was in a close opposition 

to GABA2 in GnRH neurons (Fig. 10A).  We counted at least 15-20 neurons from each 

mouse, 5 pairs of mice; and used Imaris software to perform 3-D modeling of VGAT-

GABAA receptor appositions (Fig. 10B).  Fmr1 KO mice had a higher number of 

GABAergic appositions in GnRH neuron soma and proximal process, in the segment 

1-15 m and segment 16-30 m from the soma, than WT controls (Fig. 10C). The 
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increase in synaptic GABAA receptors in the proximal process indicates higher 

innervation of GnRH neurons in the area that is plastic and receives synaptic input.  

 

FMRP regulates LH pulsatility  

Pulsatile secretion of LH strictly corresponds to GnRH secretion [102, 103]. LH is 

used as an indicator of GnRH secretion, since GnRH secretion into median eminence 

cannot be measured in mice. To ascertain whether GnRH neuron secretion was affected, 

we measured LH pulses and used an ultrasensitive ELISA assay for LH [104] that allows 

for LH measurement in 5 µl of whole blood. Mice were acclimated for 2 weeks by daily 

tail massage. Serial sample collection every 8 min for 3 hours from the tail vein was 

performed [98, 105]. Representative LH pulse profile from unmodified WT and KO mice 

are presented in Fig 11A, right side (WT control, top; Fmr1 KO, bottom). Number of LH 

pulses per 2.5 hours of measurement were determined using DynPeak algorithm and 

compared between genotypes. LH, and therefore GnRH, pulse frequency was 

significantly higher in Fmr1 KO mice compared to WT controls (Fig. 11A, left side). 

Amplitude was determined by subtracting the highest LH value from the basal value prior 

to the onset of the pulse and averaged for each mouse (Fig. 11A, middle).  

Pulsatile LH analyses were performed using ovariectomized animals as well. 

Frequency of LH secretion was faster in OVX Fmr1 KO animals compared to OVX WT 

mice (Fig. 11B, left; representative profiles right), while pulse amplitude was the same. 

Representative pulse profiles are shown on the right side. These experiments determined 

that the lack FMRP increased LH pulse frequency, indicating higher GnRH neuron 
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activity corresponding to higher GABAergic innervation of GnRH neuron. It is possible 

the lack of FMRP alters GnRH neuropeptide secretion leading to the faster GnRH pulse 

frequency and elevated LH, which contributes to ovarian dysregulation in young animals. 

 

2.5 Discussion 

We sought out to uncover the effects of FMRP loss on hypothalamic GnRH 

neurons and ovarian function, which may help elucidate the mechanisms of early 

cessation of reproductive function in females with a mutation in the FMR1 gene. Women 

with FMR1 mutations comprise the majority of known genetic causes of premature 

ovarian failure [59, 89, 138]. Premature ovarian failure or primary ovarian insufficiency 

is the most extreme manifestation of premature ovarian senescence and affects about 1% 

of women [1]. Premature reproductive senescence affects approximately 10% of women 

and is characterized by an early depletion of ovarian follicles [1].  Molecular causes of 

premature cessation of reproductive function in women with FMR1 mutations and 

mechanisms underlying reproductive dysfunctions are still unknown. The hypothalamus 

was especially neglected in previous studies addressing FMR1 function, or etiology of 

premature reproductive senescence. Our study is the first to examine the hypothalamic 

function of the FMR1 gene. We analyzed mechanisms of reproductive disorders 

associated with FMR1 mutations using the Fmr1 KO female mice, since knockout mice 

lack Fmrp mimicking the loss of FMRP in humans with FMR1 mutation. Fmr1 KO 

female mice is a useful model to study reproductive disorders in women with a mutation 

in the FMR1 gene, as they exhibit early cessation of reproductive function similar to 
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women with FMR1 mutations. The main findings of this study implicate central 

mechanisms and ovarian innervation in reproductive disorders associated with the FMRP 

loss.  We demonstrate that Fmr1 KO female mice show higher GnRH neuron and ovarian 

follicle innervation, increased GnRH neuron activity, and augmented gonadotropin 

levels, all of which may contribute to increased recruitment of ovarian follicles to the 

growing pool, corresponding to a higher number of corpora lutea and larger litters in 

young animals. Together, our results point to hypothalamic mechanisms, specifically 

GnRH neuron connectivity, and ovarian innervation in the reproductive disorders 

associated with FMRP loss that have not been considered before.  

Women with early menopause face not only infertility, but an increased risk of 

heart disease and osteoporosis [139-143]. Most women are only diagnosed after their 

ovarian function has ceased, since they seek care due to infertility or amenorrhea. In that 

case, it is difficult to predict earlier hormonal changes, when ovarian reserves are 

relatively normal. As of yet, there are no screening strategies to detect women with 

increased risk before they are symptomatic [144]. Most studies analyzing a role of FMRP 

have focused on males, while females are rarely included. Furthermore, cortical 

mechanisms attracted the attention of the investigators, because FXS is the most common 

monogenic cause of intellectual disability and autism. However, the mechanism 

underlying the dysregulation of reproductive function in FMR1 mutations was not 

extensively studied. Several reports demonstrate elevated FSH in women affected with 

FMR1 mutations showing early menopause [19, 94], which are consistent with our 

observations in mice. Since the primary reproductive defect in females with FMR1 
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mutation is premature ovarian failure, gonadal origin was proposed. We demonstrate that 

primordial follicle number is unaffected by Fmr1 loss, which agrees with previous 

studies that showed that women with FMR1 mutation and mouse models of premutation 

have normal pool of primordial follicles [86, 92, 93, 117]. This indicates that early 

ovarian development is not adversely affected by the loss of FMRP. Our results using 

complete KO model show larger litters and more corporal lutea, while premutation 

mouse models have smaller litters [24, 86], but reasons for differences are not clear. Our 

results do not preclude other intra-ovarian defects that may contribute to the early loss of 

follicles and early depletion, such as increased atresia as suggested in [24]. Given that 

there is no difference in primordial follicle development, inappropriate ovarian response 

to gonadotropin stimulation, compounded by changes in gonadotropin levels, likely 

contributes to early cessation of reproductive function in FMR1 mutations.   

  Removal of ovaries demonstrated that increased FSH depends on ovarian 

feedback. However, the increase in FSH is not a result of the lack of negative feedback as 

we show that in females, ovarian hormones, inhibin or steroid hormones, are higher than 

in controls, indicating that hormonal feedback to the pituitary and hypothalamus was 

present. Studies in women with FMR1 mutations are inconclusive, with one study 

reporting unchanged inhibin [62], while the other found decreased inhibin [19]. The latter 

study is the only one, to our knowledge, that analyzed steroid hormone levels and found 

decreased progesterone [19]. The discrepancy may arise due to the age of the subjects, as 

discussed above. Increase in inhibin B levels in our results, implies that higher FSH 
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occurs irrespective of inhibin feedback, in fact, may lead to increased inhibin, and thus, 

may be the cause rather than the consequence of reproductive disorders.  

Since ovarian hormones did not provide adequate explanation, we examined 

ovarian innervation and vascularization, and detected increased vascularization of 

corpora lutea which may correlate with higher progesterone levels [145]. Increased 

progesterone may lead to higher FSH [146, 147]. Fluorescent studies with endothelial 

cells marker reveal that large follicle vascularization is not changed, but corpora lutea 

exhibit increased vascularization. Developing corpus luteum is a site of rapid 

angiogenesis, under the influence of the vascular endothelial growth factor (VEGF) [145, 

148, 149]. Studies in several species determined that angiogenesis and VEGF induction is 

stimulated by LH [150-152]. Thus, increased LH in our study likely contributes to 

increased vascularization of the corpus luteum. Treatment with VEGF antagonist 

demonstrated decreased progesterone [153]. Therefore, increased progesterone in Fmr1 

KO mice we report here may be due to increased vascularization of corpora lutea.  

Several studies determined that progesterone could increase FSH at the transcriptional 

level, which is thought to be important for the specific secondary rise of FSH during 

luteal phase. Progesterone treatment in combination with estrogen, increased FSH, while 

antiprogestins blocked FSH secretion and mRNA expression during the preovulatory 

surge [154] and during the secondary rise [155]. Therefore, our studies postulate that 

increased LH may cause increased angiogenesis during luteinization, which leads to 

higher progesterone, which in turn increase FSH, and may explain why increased LH is 

of hypothalamic origin, while increased FSH requires ovaries. 
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Ovaries receive sympathetic innervation via two routes [156-158]. The superior 

ovarian nerve projections innervate the secretory component of the ovary. The fibers 

surround the developing follicles, but do not penetrate the granulosa layer or the corpus 

luteum. We determined that innervation of the follicles with fibers that originate from the 

superior ovarian nerve is increased. This innervation is required for steroidogenesis, since 

transection of the nerve reduced steroid hormone levels [159-161].  Thus, higher steroid 

hormone levels may be a result of increased innervation. As discussed above, this may 

contribute to higher FSH levels in KO animals. 

Increased LH likely stems from higher GnRH secretion, via increased GnRH 

pulse frequency, since GnRH from the hypothalamus strictly regulates LH secretion. We 

determined that GnRH neurons have increased GABAergic innervation, which is 

excitatory for GnRH neurons [75, 81-83]. Therefore, it is possible that increased GABA 

tone leads to altered responsiveness of GnRH neurons to the pulse generator and the 

upstream regulatory network. Alternatively, constantly increased GABA input may lead 

to increased activity of GnRH neurons. The idea of enhanced activation of GnRH 

neurons is also supported by the observed increases in neurotransmitter receptor levels in 

the hypothalamus and specifically GnRH neurons. FMRP binds mRNAs that encode 

synaptic proteins [64-66] and previous studies reported altered levels of GABAA 

receptors and NMDA receptors in several brain areas.  Contrary to the studies in the 

cortex and hippocampus, we determined that GABAA receptor levels are increased in the 

hypothalamus at the mRNA and protein levels. 30%-50% of GnRH neurons respond to 

NMDA [130, 131], and our studies in the hypothalamus agree with previous studies in 
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the cortex that demonstrate increased NMDA receptors in Fmr1 KO mice. Therefore, the 

increase in NMDA and GABA receptors, that are both excitatory for GnRH neurons, 

likely changes GnRH neuron function and GnRH neuropeptide secretion.  

Therefore, both the hypothalamus and ovaries contribute to endocrine disruption 

that may lead to larger litters in young animals. Hypothalamic contribution to the etiology 

of early menopause has been underappreciated. We propose that changes in GnRH 

neuron and ovarian innervation contribute to changes in gonadotropin hormones, FSH 

and LH, levels. This may cause early depletion of ovarian follicles and premature 

cessation of reproductive function, which will be addressed in future studies. Together, 

our results point to hypothalamic mechanisms and ovarian innervation in the reproductive 

function disorders associated with FMRP loss that have not been considered before.  
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Figure 2.1. Fmr1 knockout (KO) females stop reproducing early. A, Fmr1 KO females 
(FMR1, white bars represent group mean +/- standard error, and each black square 
represents one animal) experience early vaginal opening, an external sign of puberty, at 
postnatal day (p) 29, compared to wild type controls at p31 (WT, gray bars represent 
mean +/- standard error, open circles represent each animal); B, Fmr1 KO females have 
litters at the same rate as WT controls; C, No difference in the length of the estrous cycle; 
D, Determined by the age at the last litter, Fmr1 KO females stop reproducing early at 
p163, compared to WT controls at p263; Each point represents one animal, and bars 
represent group means +/- standard error. Statistical significance (*, p < 0.05) was 
determined with t-test followed by Tukey’s post hoc test. E, Fmr1 KO females have more 
pups per litter in the first 3 litters. Each point represents one litter with number of pups in 
1st – 8th litter indicated, and bars represent group means +/- standard error.  
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Figure 2.2. Ovarian histology demonstrates more corpora lutea in young Fmr1 KO mice. 
Fmr1 KO females (FMR1, white bars represent group mean +/- standard error while each 
black square represents one animal) were compared to wild type controls (WT, gray bars 
represent mean +/- standard error, each open circle represents one animal). A, Primordial 
follicles were counted at 3 weeks of age. Each point represents one mouse, and an 
average of 4 separate 1x10-8 m2  areas in the ovary cortex of each mouse. B-C, corpora 
lutea were counted at 6 (B) and 9 weeks of age (C) throughout each ovary. D, 
representative images of ovaries from 3-week old mice to observe primordial follicles 
(63x). E, representative images of ovaries at 6 weeks of age to observe numbers of 
corpora lutea (40x). Statistical significance, indicated with * (p < 0.05) was determined 
with t-test followed by Tukey’s post hoc test.  
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Figure 2.3. Fmr1 KO mice have higher LH and FSH. Serum levels of LH and FSH, 
testosterone (T), progesterone (P) and inhibin B (Inh B) in diestrus females in WT 
controls and Fmr1 KO. Each point represents one animal, while bars represent group 
means +/- standard error. LH was sampled from the tail tip after acclimatization to 
handling, to minimize stress and prevent exposure to isoflurane that may affect LH 
levels. FSH, T, P, Inh B samples are obtained from inferior vena cava. Statistical 
significance, indicated with a * (p < 0.05) was determined with t-test followed by 
Tukey’s post hoc test. 
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Figure 2.4. Ovariectomized Fmr1 KO mice have higher LH. One week after ovariectomy, 
LH and FSH samples were collected as in Fig. 3. Each point represents one animal, while 
bars represent group means +/- standard error. Statistical significance, indicated with a * 
(p < 0.05) was determined with t-test followed by Tukey’s post hoc test. 
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Figure 2.5. Fmr1 KO have increased corpus luteum vascularization. Ovaries were 
sectioned and stained with antibodies to CD31 (PECAM-1, Platelet endothelial cell 
adhesion molecule) to visualize vascularity. Mean fluorescent intensity (MFI) was 
determined using Fiji imageJ. Consistent areas were used to quantify fluorescence 
intensity. A, Representative images of antral follicles. B, MFI quantification. C, Corpora 
lutea representative images; top, 1.6 mm x 1.6 mm area, CD31 green; bottom, 300 m x 
300 m area, CD31, green, DAPI, blue. D, MFI quantification. Statistical significance, 
indicated with a * (p < 0.05) was determined with t-test followed by Tukey’s post hoc 
test.  
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Figure 2.6.  Fmr1  KO have higher innervation of growing follicles. Ovaries were 
sectioned and stained with antibodies to tyrosine hydroxylase (TH, green) to visualize 
innervation around secondary follicles (A) and corpora lutea (C). Fibers that surround the 
follicles and penetrate theca layer were counted (B, D).  
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Figure 2.7. Nanostring analysis demonstrates significant changes in hypothalamic gene 
expression in Fmr1 KO mice. A, Hypothalami from 3 mice per group were dissected and 
50 ng RNA used in Nanostring analysis. Heatmap indicates gene expression changes in 
Fmr1 KO hypothalami that are <0.8-fold and >1.2-fold over WT. B, Data were plotted as 
log fold change on x-axis vs. log p value on y-axis, and dashed line indicates 
significance. Red indicates genes that are increased in KO compared to WT mice, while 
green indicates genes that are decreased in KO compared to WT. Genes below the dotted 
line, light red and light green did not reach significance. C, qPCR of the hypothalamus 
confirms changes in GnRH and kisspeptin expression. Each point represents one animal 
and bars represent group average. Statistical significance is indicated with *, determined 
by t-test followed by Tukey’s post hoc test. D, Gene ontology pathway analysis indicates 
upregulated (top) and downregulated (bottom) pathways in the Fmr1 KO mice.  
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Figure 2.8. Fmr1 KO females have higher levels of the obligatory GABAA receptor 
subunit in hypothalami. Hypothalami were dissected and protein levels analyzed by 
western blotting. Representative blots are shown in (A). Protein levels from 6 mice per 
group were quantified using Chemidoc and levels of neuronal proteins normalized to β-
tubulin (B).   Statistical significance (p < 0.05), determined with t-test followed by 
Tukey’s post hoc test, is indicated with a *. 
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Figure 2.9. GnRH neurons of Fmr1 KO females have more GABAA receptors. A, GnRH 
neurons (green) express Fmrp (red, top panels). B, Representative GnRH neurons (green) 
from WT control (top panel) and Fmr1 KO mice (bottom panel) co-stained with 
GABAγ2 antibody (red). C, Quantification of B. Each point represents one animal and an 
average of 15-20 neuron per animal, and bars represent group means. Panels represent 
counts in the whole soma, along the first 15 µm segment of the process (1-15 m) and 
second 15 µm segment (16-30 µm) from the soma, as indicated above. Statistical 
significance (p < 0.05), determined with t-test followed by Tukey’s post hoc test, is 
indicated with a *. 
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Figure 2.10. GnRH neurons of Fmr1 KO females have more synaptic GABAA receptors. 
A, Representative images of triple stain for presynaptic VGAT (green), GABAγ2 
receptor (red) and GnRH (white); B, 3-D GnRH neuron models using Imaris software. 
VGAT (green) appositions to GABAγ2 receptor subunits (red) in GnRH neurons (white) 
were counted in 15-20 neurons per mouse, five mice from each group. C, Quantification 
from different regions of the neuron, as above, is presented in panels, and significance 
indicated with *. 
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Figure 2.11. Higher LH / GnRH pulse frequency in Fmr1 KO females before and after 
ovariectomy. LH pulse frequency reflects GnRH neuron activity. A, Frequent tail-tip 
whole blood sampling over 3 hours demonstrate higher pulse frequency of LH in Fmr1 
KO female mice in diestrus. Representative profiles from WT control in the top and 
Fmr1 KO at the bottom (right side), pulse frequency calculated from pulse profiles using 
DynPeak (left); amplitude was determined by subtracting the LH value at the peak from 
the basal value prior to the onset of the pulse and averaged for each mouse  (middle).  B, 
LH pulse in ovariectomized (OVX) animals. Statistical significance (p < 0.05), 
determined with t-test followed by Tukey’s post hoc test, is indicated with a *. 
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Supplemental: 

 
Figure S1. Fmr1 KO females have higher LHb and FSHb mRNA expression. Pituitary 
mRNA was analyzed by RT-qPCR to determine the expression of pituitary hormones. 
LHb and FSHb are increased, while expression of other hormones is unchanged. Each 
point represents one animal, while bars represent group means. mRNA levels were 
normalized to B2M mRNA. Statistical significance (p < 0.05), determined with t-test 
followed by Tukey’s post hoc test, is indicated with a *. 
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Figure S2. Left, Specificity of antibody to FMRP is determined by staining hypothalamic 
sections from Fmr1 KO mice. Right, Every 5th coronal section containing the preoptic 
area of the hypothalami from WT and Fmr1 KO female mice were stained with anti-
GnRH antibodies and GnRH neurons counted. Each point represents average number of 
neurons from all counted sections for one animal, while bars represent group means.  
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CHAPTER THREE 

Obesity Alters POMC and Kisspeptin Neuron Crosstalk Leading to Reduced 

Luteinizing Hormone in Male Mice 
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3.1 Abstract  
 

Obesity is a significant public health concern due to its high prevalence and 

numerous comorbidities. Obesity is associated with hypogonadism in males, 

characterized by low testosterone and sperm number. Previous studies determined that 

these stem from dysregulation of central regulators of reproduction, but different 

experimental paradigms prevented clear understanding of mechanisms. Herein, we used 

mice exposed to chronic high fat diet, that mimics human obesity, to determine 

mechanisms of obesity-mediated impairment. Consistent with obese humans, we 

demonstrated lower luteinizing hormone (LH), and lower pulse frequency of LH 

secretion, but unchanged pituitary responsiveness to GnRH. Peripheral and central 

kisspeptin injections, and DREADD-mediated activation of kisspeptin neurons, 

demonstrated that kisspeptin neurons were suppressed in chronically obese mice. This 

prompted us to investigate regulators of kisspeptin secretion. We determined that LH 

response to NMDA stimulation was lower in obese mice, which corresponded to reduced 

levels of glutamate receptor in kisspeptin neurons that may be critical for kisspeptin 

synchronization. Given that kisspeptin neurons also interact with POMC neurons, which 

regulate satiety and are particularly affected by obesity, we examined their crosstalk and 

determined that LH response to either DREADD-mediated activation of POMC neurons 

or central injection of aMSH, a product of POMC, is abolished in obese mice. This was 

accompanied by diminished levels of aMSH receptor, MC4R, in kisspeptin neurons. 

Together, our studies determined that chronic obesity leads to downregulation of 
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receptors that regulate kisspeptin neurons, which is associated with lower LH pulse 

frequency leading to lower LH and hypogonadism.  

 

3.2 Rational   
 

Reproduction is an energy demanding process and proper regulation relies on the 

intricate interplay between the reproductive and feeding circuits in the hypothalamus. 

Obesity has been increasing in incidence [1], and is one of the most prevailing endocrine 

disorders affecting fertility in men [2, 3]. Obese men experience hypogonadism, a 

decrease in testosterone, sperm count, and sperm quality [4, 5]. Our group and others 

determined that obese males experience decreased luteinizing hormone (LH) and 

testosterone levels, which points to a central dysregulation [6-9]. However, clear 

consensus in understanding of underlying mechanisms was confounded by different 

models: genetic or diet induced obesity (DIO), length of diet exposure, diet composition, 

or whether leptin resistance was established. Here, we analyzed changes in reproductive 

circuitry in the hypothalamus, during chronic diet-induced obesity, to mimic human 

condition.  

LH levels, and fertility in general, rely on the tight regulation of pulsatile 

gonadotropin releasing hormone (GnRH) release from neurons that are scattered in the 

rostral forebrain and extend long processes to the median eminence [10]. The GnRH 

decapeptide stimulates the synthesis and secretion of LH and follicle-stimulating 

hormone (FSH) from the anterior pituitary, that in turn regulate gametogenesis and 

steroidogenesis [11, 12]. Pulsatile GnRH secretion is regulated by afferent neurons, 
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primarily kisspeptin neurons located in the arcuate nucleus (ARC) [13-15]. Recent 

findings revealed that kisspeptin neurons may synchronize their own pulse initiation via 

glutamate signaling [16, 17]. Dysregulation of kisspeptin function can significantly 

impact fertility, however, the role of kisspeptin neurons in obesity-mediated reproductive 

disorders is currently unknown [18-20]. Kisspeptin neurons integrate inputs from the 

feeding circuitry, comprised of several populations in the hypothalamus.  One such 

population is pro-opiomelanocortin (POMC) that receives information on energy stores 

via leptin from the adipose tissue. The activity of POMC neurons increases in obesity, in 

the presence of elevated leptin, which then stimulates satiety and energy expenditure 

[21]. POMC neurons secrete alpha melanocyte stimulating hormone (αMSH) that acts on 

the melanocortin 4 receptors (MC4R) in target neurons, including kisspeptin [22-24]. 

Central injection of αMSH or an MC4R agonist stimulates LH secretion, through 

kisspeptin neurons [25-27]. In agreement, optogenetic activation of POMC neurons 

activates ARC kisspeptin neurons [28]. Although our understanding of this interplay 

between POMC and kisspeptin neurons is beginning to emerge, whether this is altered in 

chronic conditions such as obesity, is unknown.  

Chronic obesity leads to adaptations in the POMC network, which in turn can 

negatively impact reproductive circuitry. Obesity leads to a reduced number of synaptic 

contacts to POMC neurons [29]. High fat diet increases POMC mRNA expression and 

increases POMC neuron excitability [30, 31]. These findings suggest a complex 

relationship between the regulation of POMC neurons and obesity, wherein changes can 

impact the ability of POMC neurons to regulate energy homeostasis. Given the 
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interconnectedness of the reproductive and feeding circuits, dysregulation of POMC 

neurons may have deleterious effects on reproductive health. This knowledge gap 

underscores the need for further research to elucidate the underlying mechanisms of 

obesity-mediated reproductive dysfunction.   

In this study, we employed a high fat-diet (HFD) mouse model to investigate the 

effects of obesity on reproductive function. Our previous publications analyzed 

mechanisms of impaired reproductive function in obesity and determined lower 

luteinizing hormone (LH) specifically in males, but not in females [6].  We further 

determined changes in the pituitary transcriptomes using scRNA-sequencing [32] and 

changes in neuropeptide and synaptic molecule gene expression in the hypothalamus, 

using a custom Nanostring probe panel [6, 33]. These were more pronounced in males 

than females [6, 33]. We also reported neuroinflammatory changes that were specific for 

males [6, 33-35]. Here, we identified that HFD led to a remarkable increase in LH 

responsiveness to kisspeptin, accompanied by unchanged pituitary responsiveness, in 

obese male mice, suggesting dysregulation of kisspeptin neurons. Chemogenetic 

activation of kisspeptin and POMC neurons, along with investigation of innervation, 

revealed downregulation of several receptors in kisspeptin neurons that are important for 

kisspeptin synchronization. This change in connectivity is associated with alteration in 

the interaction between POMC and kisspeptin neurons in HFD.  The disruption in the 

crosstalk between the feeding and reproductive circuitry may provide a mechanistic link 

between HFD-induced obesity and reproductive dysfunction in obese men. 
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3.3 Material and Methods  

Animals  
 

All animal procedures were performed with the approval of the University of 

California, Riverside, Institutional Animal Care and Use Committee under the National 

Institute of Health Animal Care and Use Guidelines. Three-week-old male C57BL/6J 

mice were obtained from Jackson Laboratory, acclimated for 1 week in our facility and 

randomly assigned to the high fat diet group (HFD, catalog number D12492, 60% kcal 

from fat; 5.21 kcal/g; carbohydrate 20% kcal, protein 20% kcal, fat 60% kcal (lard 0.32 

g/g diet, soybean oil 0.03 g/g); Research Diet, New Brunswick, NJ) or the control diet 

group (CTR, D12450J, 10% kcal from fat; matching sucrose levels to HFD; 3.82 kcal/g; 

carbohydrate 70% kcal, protein 20% kcal, fat 10% kcal (lard 0.02 g/g diet, soybean oil 

0.025 g/g); Research Diet, New Brunswick, NL) for 12 weeks before experimentation. 

Mice were maintained on a 12-hour light, 12-hour dark cycle and received food and 

water ad libitum. All mice were handled daily for two weeks prior to experiments by 

experienced lab personnel to habituate them to handling and reduce stress. 

To visualize GnRH neurons, Gnrh1-GFP mice were kindly provided by Suzanne 

Moenter [36]. To target fluorescence to kisspeptin neurons, Kiss1-Cre+/- mice were 

obtained from Jackson Laboratory (strain 023426) and crossed with ROSA26-EGFP 

mice, also from Jackson Laboratory (strain 004077) [24, 37]. POMC1-Cre+/- mice were 

obtained from Jackson Laboratory (strain 005965) [38]. All were randomly placed on 

CTR or HFD at four weeks of age for 12 weeks.  

 



 97 

LH Secretion 

LH pulsatile secretion was measured by tail-tip blood sampling. Two weeks prior 

to sampling, mice were acclimated to handling by daily tail massage. For the experiment, 

a small nick was made at the tip of the tail, and 10 µl of blood was sampled every 8 

minutes for 180 minutes [39-41]. An ultrasensitive ELISA [42] was used to detect LH 

levels, in 10 µl of blood diluted with 40 µl of 0.1M PBS, 0.05% tween-20, 0.2% BSA. 

The capture antibody was obtained from Janet Roser, University of California, Davis 

(anti-bovine LH beta subunit, 518B7), the detection polyclonal antibody (rabbit LH 

antiserum, AFP240580Rb) was obtained from the National Hormone and Peptide 

Program (NHPP), and HRP-conjugated polyclonal antibody (goat anti-rabbit) was 

purchased from DakoCytomation (Glostrup, Denmark; D048701-2). Mouse LH reference 

(AFP5306A; NHPP) was used as the assay standard. Assay sensitivity was 0.016 ng/ml, 

the intra-assay coefficient of variation 2.2%, and the inter-assay coefficient of variation 

7.3% at the low end of the curve. LH amplitude was determined by subtracting the basal 

LH value before the onset of the pulse from the peak level. LH pulse frequency was 

determined using the freeware DynPeak algorithm [43]. 

 

Stereotaxic Injections  

Adeno-associated virus AAV9 driving the hM3D(Gq)-mCherry (hM3Dq) under 

the human synapsin promoter (AAV9-hSyn-DiO-hM3D(Gq)-mCherry, 44361-AAV9, 

Addgene) was used to express designer receptors activated only by designer drugs 

(DREADDs) specifically in kisspeptin or POMC neurons. Kiss1-Cre+/--EGFP or 
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POMC-Cre+/- mice (n=6-8 per group) were fed CTR or HFD for 12 weeks as indicated 

above. After 12 weeks of diet exposure, mice were anesthetized with isoflurane and 

placed in a stereotaxic apparatus (Digital stereotaxic instrument, SGL M, Model: 68803, 

RWD) with head and nose fixed. The arcuate nucleus of the hypothalamus was targeted 

bilaterally using coordinates from bregma: ML: ± 0.25 mm; AP: −1.32 mm; DV: 

−5.85 mm from the dura). 200 nl of hM3Dq (5.4 × 1012 GC/mL;) or control virus 

(AAV9-hSyn-DIO-mCherry, 50459-AAV9, Addgene) was injected to each side at a rate 

of 50 nl per minute with a 1 µl 26-gauge Hamilton syringe. After injection, the syringe 

was left in situ for another 5 minutes, and then, slowly over a minute, removed. Mice 

were placed on their respective diets for additional two weeks. To analyze LH secretion 

in response to kisspeptin and POMC activation, three baseline LH measurements were 

collected prior to clozapine-n-oxide (CNO; 34233-69-7, MedChemExpress) injection. 

CNO doses of 0.3mg/kg or 1mg/kg CNO, or saline as control, were injected 

intraperitoneally (i.p.) and tail-tip blood collected at times indicated in the figures. One 

week later, treatments with CNO or saline were switched while mice were fed their 

respective diets. 

 

Intraperitoneal (i.p.) injections 

To determine pituitary or GnRH neuron responsiveness of CTR and HFD fed 

mice, 16-week old animals were injected intraperitoneally (i.p.) with 1 µg/kg GnRH 

(L7134-5MG, Sigma-Aldrich), 1 mg/kg kisspeptin (445888-1MG, Millipore Sigma) or 

saline. Two blood samples were taken 10 minutes apart prior to injection to obtain basal 
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levels of LH. After injection, 10 µl of tail-tip blood was sampled every 10 minutes at 

time points indicated in each figure. Samples were assayed for LH using the ultra-

sensitive ELISA as described above.  

 

Intracerebroventricular (icv) injections 

14-week-old C57B/J6 male mice fed CTR or HFD for 10 weeks (n=6-7 per 

treatment group) were secured in a stereotaxic frame (Digital stereotaxic instrument, SGL 

M, Model: 68803, RWD), placed on 37 C heat pad, and anesthetized with isoflurane. 

Stereotaxic coordinates to target the lateral ventricle ML: 1mm; AP: -0.5mm; DV: -2.5 

mm, according to the Paxinos and George mouse brain atlas, were used for guide cannula 

implantation (Cannula kit#3 26G 5MM, 126GA5MMKTT, Plastics 1 Technologies, 

Roanoke, VA). The guide cannula was secured with dental cement and then fitted with a 

dummy cannula. After a two-week recovery period on respective diets, mice received a 

single 2 µl icv injection of one of the following: 3 nmol αMSH (M4135, Sigma Aldrich), 

7 nmol NMDA (HY-17551, MedChemExpress), 1 nmol kisspeptin (445888-1MG, 

Millipore), or sterile saline (concentrations based on previous publications: [27, 44-46]. 

As above, 10 µl of blood was taken three times, 10 minutes apart, before injection to 

measure basal levels, after which an internal cannula attached to a Hamilton syringe was 

used to inject the above-described compounds. The cannula was left in place for 10 

minutes. Blood sampling continued every 10 minutes for times indicated in the figure 

legends. Mice were allowed to roam freely in their respective cages during the procedure 

to reduce stress. Blood was assayed for LH, as described above. Accurate cannula 
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placement to the lateral ventricle was determined by Cresyl violet dye injection and 

confirmed after dissection.  

 

Immunohistochemistry 

GnRH neuron innervation. 4-week-old Gnrh1-GFP male mice were fed CTR or 

HFD for 12 weeks, after which mice were perfused transcardially with 20 ml 0.1M PBS 

and with 20 ml 4% paraformaldehyde (PFA). Brains were dissected and post-fixed in 4% 

PFA for 1 hour on ice, then cryoprotected with 30% sucrose in 0.1M PBS for 48 

hours.100 µm coronal sections containing the organum vasculosum laminae terminalis 

(OVLT), the medial septum, the rostral preoptic area, and the anterior hypothalamic area 

were blocked with 10% goat serum and, if necessary with M.O.M kit (mouse on mouse 

immunodetection kit, BMK-2202, Vector Laboratories, Burlingame, CA); then stained 

for GFP (1:10,000, chicken anti-GFP, AB13970, Abcam), anti-GABAγ2 (1:10,000, 

guinea pig anti-GABAγ2, 224 004, Synaptic systems), and VGAT (1:5,000,  made in 

mouse anti-VGAT, 131 011, Synaptic systems) for 72 hours at 4 C. After PBST washes, 

slides were incubated overnight at 4 C with secondary antibodies: anti-rabbit IgG-Alexa 

488 (1:1000, A11034, Invitrogen); anti-mouse IgG-Alexa 594 (1:1000, A11032, 

Invitrogen); anti-guinea pig–biotin (1:1000, BA-7000, Vector Laboratories, Burlingame, 

CA) followed by streptavidin-Cy5 (1:1000, 434316, Vector Laboratories, Burlingame, 

CA). Secondary antibody-only controls were performed to determine antibody 

specificity. We followed our established protocol for determining puncta density [6, 47, 

48]. Puncta in a close contact, where no black pixels were visible in between, were 
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counted in the individual neurons by an investigator blinded to the group; in section 

where at least 45 μm of the neuronal projection proximal to soma could be observed 

using a z-stack, acquired with a Zeiss 880 confocal laser scanning inverted microscope. 

At least 15-20 neurons from 4-5 mice from each group were counted and averaged. 3D 

reconstruction was performed using Imaris software (Bitplane, Inc; Concord, MA). 

Kisspeptin neuron innervation. To investigate the effects of diet-induced obesity 

on kisspeptin neuron innervation, Kiss1-Cre+/--EGFP male mice were placed on either a 

CTR or HFD for 12 weeks. Brains were collected as described above, and the arcuate 

nucleus of the hypothalamus was sectioned at 55 µm. After blocking as above, sections 

were incubated with primary antibodies for GFP (1:10,000, chicken anti-GFP, AB13970, 

Abcam), rabbit anti-NR2A (1:5000,  07-632, EMD Millipore), mouse anti-GluR2 

(1:5000,  MAB397, EMD Millipore), guinea pig anti-VGLUT2 (1:5000,  135 404, 

Synaptic systems), or rabbit anti-MC4R (1:5000,  AMR-024, Alomone labs) for 72 hours 

at 4 C. Primary antibodies made in mouse were blocked additionally with M.O.M kit 

(mouse on mouse immunodetection kit, BMK-2202 Vector Laboratories, Burlingame, 

CA). NR2A, GluR2, and MC4R were amplified with a biotinylated antibody (1:5000, 

anti-rabbit biotinylated, BA-1000, or 1:5000, anti-mouse biotinylated, BA-9200; both 

from Vector Laboratories, Burlingame, CA), overnight at 4 C followed by streptavidin-

Cy5 (1:2000, 434316, Invitrogen) overnight at 4 C. For anti-GFP and anti-VGLUT2 

secondary antibodies anti-chicken IgG-Alexa 488 (1:2000, A11039, Invitrogen) and anti-

guinea pig IgG-Alexa 594 (1:2000, A11076, Invitrogen) were used, respectively and 

incubated overnight at 4 C. Sections were then mounted on slides, and cover slipped with 
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VECTASHIELD Vibrance containing DAPI (H-1800, Vector Laboratories, Burlingame, 

CA). Puncta colocalized to the soma or within 15 µm of the proximal process in 15-40 

neurons were counted from four-five mice in each group. Z-stack images were acquired 

by Zeiss 880 confocal laser scanning inverted microscope, and 3D reconstruction was 

performed as described above.  

cFOS-positive kisspeptin and POMC neurons. Kiss1-Cre+/--EGFP and POMC 

neuronal activity was analyzed by determining cFOS expression. Coronal sections 

containing the arcuate nucleus were stained with anti-GFP (1:5000, chicken anti-GFP, 

AB13970, Abcam) to visualize kisspeptin neurons, or anti- β-endorphin (1:5000, rabbit 

anti-β-endorphin, H-022-33, Phoenix Pharmaceuticals) to visualize POMC neurons, and 

anti-cFOS (1:10,000, guinea pig anti-cFOS, 226 308, Synaptic systems) for 72 hours at 

4ºC. Secondary antibodies: anti-chicken IgG-Alexa 488 (1:2000, A11039, Invitrogen); 

anti-rabbit IgG-Alexa 488 (1:2000, A11034, Invitrogen); biotinylated anti-guinea pig 

(1:5000, BA-7000 Vector Laboratories, Burlingame, CA) followed by streptavidin-Cy5 

(1:2000, 434316, Invitrogen) were incubated overnight at 4 C. 10 to 15 sections, 

containing over 300 neurons per animal, were quantified using Fiji ImageJ version 1.45f, 

and data was presented as a percent of co-labeled neurons.  

Viral targeting of kisspeptin and POMC. To determine the percent targeting of 

DREADDs  in kisspeptin neurons and POMC neurons, sections from Kiss1-Cre+/--EGFP 

or POMC-Cre+/- mice containing the arcuate nucleus of the hypothalamus were stained 

using primary antibodies for GFP (1:5000, chicken anti-GFP, AB13970, Abcam) to 

visualize kisspeptin neurons, or β-endorphin (1:5000, rabbit anti-β-endorphin, H-022-33, 
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Phoenix Pharmaceuticals) to visualize POMC, and mCherry (1:5000, anti-mCherry, 

M11217, Invitrogen) to visualize neurons with viral expression. Secondary antibodies 

were anti-chicken IgG-Alexa 488 (1:2000, A11039, Invitrogen), anti-rabbit IgG-Alexa 

488 (1:2000, A11034, Invitrogen), and anti-rat IgG-Alexa 594 (1:2000, A11007, 

Invitrogen). Sections were mounted on charged slides, and then cover slipped with 

VECTASHIELD vibrance with DAPI (H-1800, Vector Laboratories, Burlingame, CA). 

Percent targeting was determined by dividing the number of colocalized GFP and 

mCherry positive kisspeptin neurons by the total number of kisspeptin neurons, and 

dividing the number of colocalized β-endorphin and mCherry positive POMC neurons by 

the total number of POMC neurons.  

 

Statistical analyses 

Normal distribution was determined by Shapiro-Wilk test. Statistical differences 

between measurements in CTR and HFD groups (p < 0.05) were determined by t-test or 

ANOVA as appropriate, followed by Tukey’s post-hoc test for multiple comparisons, 

using Prism software (GraphPad, CA). 
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3.4 Results  

Male mice on a high-fat diet experience lower LH pulse frequency 

To investigate the mechanisms driving reproductive dysfunction in obese males, 

we utilized the diet-induced obesity (DIO) model. A week after weaning, mice were 

randomly placed on CTR or HFD for 12 weeks. We previously reported that HFD mice 

experience hyperleptinemia, reduced testosterone levels, and lower sperm count [6, 32, 

35]. Consistent with our previous reports, mice on HFD gained significantly more weight 

than mice on CTR (final weights after 12 weeks: CTR 27.5g and HFD 46.88g) and 

demonstrated a 170% higher weight than CTR (Fig. 1A; each point represents a mouse, 

and the bar represents the group average +/- SEM). HFD mice had significantly lower LH 

levels than CTR (Fig 1B; CTR, 0.35 ng/ml compared to HFD, 0.18 ng/ml). To determine 

if lower LH levels stem from lower pulse frequency of LH secretion, we analyzed LH 

pulsatility by frequent blood sampling (Fig. 1C, representative pulse profiles). We 

determined a decrease in LH pulsatile secretion in HFD males. CTR males had 3 pulses 

in 3 hours, while HFD males had 1.6 pulses during the sampling period (Fig. 1D). On the 

other hand, LH amplitude was not significantly affected by HFD (Fig. 1E; 0.22 ng/ml in 

CTR compared to 0.12 ng/ml in HFD). Given that a pulse of LH directly corresponds to a 

pulse of GnRH [49], these results suggest a dysregulation of GnRH pulsatile activity in 

obesity.  

Since the pituitary secretes LH in response to GnRH, and we observed lower LH 

in HFD males, we investigated whether HFD exposure modified pituitary responsiveness 

to GnRH stimulation. Two samples taken before GnRH injection determined lower basal 
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LH in HFD males, consistent with previous results. GnRH injection resulted in rapid LH 

secretion with peak levels after 10 minutes in both groups. LH increased from 0.11 ng/ml 

to 3.7 ng/ml in CTR (n=5), and from 0.063 ng/ml to 2.58 ng/ml in HFD (n=5) (Fig. 1F). 

Since the basal LH levels differed in CTR and HFD animals, to determine pituitary 

responsiveness to exogenous GnRH, we normalized LH values to the basal LH level, as 

in previous publications analyzing gonadotropin induction is response to GnRH [50-54]. 

Fold change from basal LH was calculated and determined that in CTR, GnRH injection 

resulted in 33.9-fold increase in LH, while in HFD, GnRH injection resulted in 41-fold 

induction in LH levels (Fig 1G).   Fold change of LH in response to GnRH was not 

statistically different between CTR and HFD, implying that pituitary responsiveness was 

unaffected by HFD. Given that pituitary responsiveness to exogenous GnRH is not 

affected by HFD, the lower LH pulse frequency and lower basal LH in HFD suggests the 

dysregulation of the GnRH pulse generator, prompting us to investigate kisspeptin. 

 

Peripheral and central response to kisspeptin suggests kisspeptin neurons are suppressed 

by HFD 

Since our data revealed decreased LH pulse frequency and kisspeptin neurons are 

a key population that regulates GnRH neuron pulsatility, we investigated the response to 

exogenous kisspeptin in HFD. CTR and HFD male mice were injected intraperitoneally 

(i.p.) with 1 µg/g kisspeptin (kiss, Fig. 2A), and LH levels were analyzed as above.  

Kisspeptin injection in CTR mice caused a rapid LH secretion from 0.24 ng/ml before 

injection to 2.4 ng/ml after 10 minutes and a peak of 3.50 ng/ml after 40 minutes; while 
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in HFD, LH levels increased from 0.07 ng/ml to 2.3 ng/ml at 10 minutes and a peak of 

2.50 ng/ml at 40 minutes (Fig. 2A, left). Area under the curve (AUC) was greater in CTR 

compared to HFD (Fig. 2A, right), which is consistent with previous studies [8]. Due to 

the differences in basal LH levels, we analyzed LH fold change as above and determined 

that in CTR, LH increased 10-fold at 10 minutes and 14.6-fold after 40 minutes; while in 

HFD, LH increased 33-fold after 10 minutes and 35.7-fold after 40 minutes (Fig. 2B, 

left). AUC determined that kisspeptin injection results in a remarkably higher fold 

induction of LH secretion in HFD compared to CTR (Fig. 2B, right).  

Given these unexpected results, we investigated the effects of central injection of 

kisspeptin to circumvent peripheral influences. A cannula was placed in the lateral 

ventricle of CTR and HFD males, and 1 nmol kisspeptin was injected. Central injections 

of kisspeptin elicited a robust LH secretion, similarly to previous studies [55-57]. LH 

secretion demonstrated no differences in LH levels achieved by central kisspeptin 

injection at 10 and 40 minutes between CTR and HFD (CTR, from 0.24 ng/ml to 2.77 

ng/ml at 10 minutes; HFD from 0.13 ng/ml to 2.75 ng/ml at 10 minutes) (Fig. 2C). 

However, at 90 minutes, we observed a significantly higher LH levels in CTR of 4.2 

ng/ml compared to 3.78 ng/ml in HFD (Fig. 2C). The AUC revealed no significant 

difference between CTR and HFD (Fig. 2C, right). As above, due to differences in basal 

LH levels, we calculated fold changes and determined that CTR mice had 11.5-fold 

increase in LH response at 10 minutes, and 17.5-fold increase at 90 minutes. HFD mice 

again had a higher fold change of 21.1-fold at 10 minutes and 29.10-fold change at 90 

minutes (Fig. 2D, left). The significant increase in LH fold change observed in HFD was 
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consistent when AUC was calculated (Fig. 2D, right). Together, lack of differences in LH 

levels after kisspeptin treatment demonstrate that GnRH neurons and the pituitary 

gonadotropes in HFD respond normally to exogenous kisspeptin, to either central or 

peripheral kisspeptin injection, implicating reduced kisspeptin signaling as a cause of 

lower LH in obesity. Fold change calculations result in higher LH induction in HFD 

males imply that endogenous kisspeptin neurons are suppressed in obesity.  

To further investigate this hypothesis, we used chemogenetics to activate 

endogenous kisspeptin neurons and analyze LH response. Kiss1-Cre-EGFP mice were 

used to express hM3Dq in kisspeptin neurons, after AAV virus was stereotactically 

injected in the ARC. Bilateral stereotaxic injection of 5.4 × 1012 GC/ml AAV9-hSyn-

DiO-hM3D(Gq)-mCherry (hM3Dq) resulted in infection of 76% of kisspeptin neurons, 

as determined by colocalization of EGFP reporter with mCherry, after Cre-mediated 

recombination in kisspeptin neurons (Fig. 3A). To ensure that DREADD activation with 

CNO did not maximize the response that would prevent us to observe differences in HFD 

compared to control, we performed a dose response analyses and injected 0.3 mg/kg and 

1 mg/kg CNO i.p.. A robust dose-dependent secretion of LH occurred in response to 

CNO. 0.3 mg/kg CNO resulted in 6.9-fold increase in LH at the peak after 20 minutes 

(from 0.21 ng/ml at time 0, to 1.44 ng/ml at 20 minutes), while 1 mg/kg CNO resulted in 

10.7-fold induction at the peak after 30 minutes (from 0.18 ng/ml to 1.92 ng/ml; Fig. 3B). 

To control for CNO off-target responses, Kiss-Cre- mice were also bilaterally injected 

with hM3Dq and treated with 0.3 mg/kg CNO, which did not result in increased LH 

secretion (Fig. 3C). In addition, Kiss-Cre+ mice, that were bilaterally injected with 
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hM3Dq, were treated with sterile saline, which confirmed absence of increased LH 

secretion without CNO (Fig. 3C). These data support specific activation of Kiss1-Cre 

neurons expressing hM3Dq after CNO injections. Then, mice with Kiss1-Cre+ neurons 

expressing hM3Dq were injected i.p. with 0.3 mg/kg CNO and LH measured. Activation 

of kisspeptin neurons resulted in an increase of LH from 0.23 ng/ml to 1.40 ng/ml at 20 

minutes post CNO in CTR mice, compared to an increase from 0.07 ng/ml to 1.01 ng/ml 

in HFD males. The difference at peak levels 20 minutes after CNO injection between 

CTR and HFD was not significant (Fig. 3D). Due to the difference in basal level before 

CNO induction, fold change was analyzed and determined that CNO injection resulted in 

6.1 fold increase in LH in CTR mice, and 14.4-fold increase in LH secretion in HFD 

mice (Fig. 3E). These results determined that HFD male mice responded more robustly to 

kisspeptin than CTR male mice, in all treatments: to peripheral and central injection and 

DREADD-mediated neuron activation. Together, our data suggest that the ability of ARC 

kisspeptin neurons to regulate GnRH neurons and LH secretion is not affected by HFD, 

and that in fact, kisspeptin neurons are likely suppressed in obesity.  

 

Glutamatergic regulation of kisspeptin neurons is suppressed in HFD 

Several studies demonstrated that glutamatergic stimulation, specifically N-

methyl-D-aspartate (NMDA) treatment, increases LH secretion, without increased 

expression of cFOS in GnRH neurons [44, 58], while recent evidence suggested that 

kisspeptin neuron synchronization and pulse initiation is dependent on glutamate [16, 

17]. Since our result above indicated kisspeptin neurons were impaired in obesity, we 
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then investigated glutamatergic innervation of kisspeptin neurons and LH secretion in 

response to NMDA in HFD. To investigate LH response to NMDA in CTR and HFD, we 

implanted a cannula into the lateral ventricle and centrally injected 7 nmol NMDA. LH 

levels increased from 0.15 ng/ml before treatment to 2.16 ng/ml 10 minutes after 

injection in CTR, while in HFD LH levels increased from 0.1 ng/ml to 0.59 ng/ml (Fig. 

4A). For consistency, fold change was calculated, and CTR mice exhibited a 14.4-fold 

increase in LH 10 minutes post injection, while HFD mice had a 5.9-fold increase in LH 

(Fig. 4B). Our results revealed that LH secretion in response to NMDA was diminished 

in HFD male mice. It is possible that kisspeptin neuron synchronization and pulse 

initiation are dysregulated in HFD due to a decrease in glutamatergic innervation at the 

level of the kisspeptin neuron.  

To examine glutamatergic innervation of kisspeptin neurons, CTR and HFD 

brains were sectioned, and sections were triple stained for GFP to visualize kisspeptin 

neurons and either AMPA receptors containing the GluR2 subunit and presynaptic 

vesicular glutamate transporter 2 (VGLUT2); or NMDA receptors containing the NR2A 

subunit and VGLUT2, to visualize glutamatergic innervation. GluR2 is an obligatory 

subunit for synaptic AMPA receptors impermeable to Ca2+ [59], and NR2A is an 

obligatory subunit of synaptic NMDA receptors [60]. Representative images show 

relative levels of AMPA receptors (Fig. 5A, top) or NMDA receptor (Fig. 5C, top) on 

kisspeptin neurons in CTR and HFD, and 3D reconstruction to facilitate counting of 

direct contacts only with kisspeptin neurons (Fig. 5A, 5C, bottom). The relative numbers 

were quantified and revealed no difference in GluR2-containing AMPA receptor 
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immunoreactivity (Fig. 5B, top); but a significant decrease in VGLUT2 puncta in HFD 

kisspeptin neurons compared to CTR. VGLUT2 levels were decreased by 55% at the 

soma and by 68% in 1-15µm segment from the soma (Fig. 5B, bottom). Quantification of 

NMDA receptors revealed a decrease in NR2A levels in HFD animals compared to CTR; 

CTR had 23.7 NMDA puncta at the soma, while HFD had 16.3 puncta at the soma (Fig. 

5D). More importantly, there was a significant decrease in GluR2 and VGLUT2 

colocalization in kisspeptin neurons, which decreased by 67% at the soma, and by 83% at 

the proximal process (Fig. 5E).  There was also a significant decrease in NR2A and 

VGLUT2 colocalizations in kisspeptin neurons, from 7.4 colocalized puncta in CTR to 

2.5 puncta in HFD at the soma, and from 1.7 in CTR to 0.4 in HFD in the proximal 

process (Fig. 5F). This decrease in glutamatergic innervation can lead to diminished 

kisspeptin neuron pulse initiation and synchronization.  

 

Lack of LH response to aMSH injection and POMC chemogenetic activation in HFD  

Since reproduction is a very energy-demanding process, reproductive circuitry 

and feeding circuitry neurons in the hypothalamus interact to integrate their functions 

[20, 61]. Specifically, kisspeptin neurons interact with POMC neurons, a population of 

neurons that sense energy stores through leptin secreted from fat [22, 62, 63]. POMC 

neurons regulate satiety and energy expenditure by secreting αMSH that binds MC4R 

receptors [64]. Given that 1) αMSH injection can stimulate LH secretion, which is 

dependent on kisspeptin [27] 2) kisspeptin neurons express MC4R [24], and 3) POMC 

neurons respond to obesity [30], POMC neurons are a good candidate to affect kisspeptin 
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neuron changes observed here. First, to determine if POMC neurons are affected by HFD, 

CTR and HFD sections were stained for β-endorphin to visualize POMC neurons, and 

cFOS, a marker of neuronal activity. CTR mice had 25.5% cFOS-positive POMC 

neurons, while HFD mice had 36% cFOS-positive POMC neurons, suggesting that 

excess adiposity leads to more active POMC neurons in HFD (Fig. 6A). This increase in 

active POMC neurons is attributed to higher leptin levels, since leptin signaling leads to 

activation of POMC neurons [21].  

To further determine LH response to POMC regulation in CTR and HFD, we 

chemogenetically activated POMC neurons using DREADDs. POMC-Cre+ were placed 

on CTR or HFD for 12 weeks and then POMC-Cre+ mice were injected bilaterally with 

200 nl of hM3Dq and allowed to recover for two weeks for optimal transduction, on their 

respective diets. Validation of proper targeting was performed after experiments were 

completed and determined that 73% of POMC neurons expressed mCherry (Fig. 6B). 

Controls lacked the response to saline injection (Fig. 6C). After CNO injection LH 

increased from 0.3 ng/ml to 3.96 ng/ ml in CTR mice, while LH secretion did not 

increase in HFD (Fig. 6D). CNO injection of POMC-Cre+ - hM3Dq mice resulted in 

13.2-fold increase in LH secretion 120 minutes after injection in CTR males; however, 

there was no response in HFD males.  

To investigate if LH response to POMC neuron product was altered in HFD, we 

centrally injected αMSH and analyzed LH secretion. We determined that after αMSH 

treatment LH increased from 0.41 ng/ml to 2.83 ng/ml at 10 minutes post injection in 

CTR mice, while in the HFD mice this response was abolished (Fig. 6E). We postulate 
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that the difference in the timing of LH secretion following CNO injection versus αMSH 

injection may be due to the time required to synthesize and process POMC to αMSH. 

αMSH stimulated a 6.9-fold increase in LH secretion 10 minutes after injection in CTR; 

however, there was no response in HFD. Lack of LH response in HFD mice to αMSH 

treatment and chemogenetic POMC neuron activation supports that POMC - kisspeptin 

interaction is dysregulated in obesity. 

To investigate POMC – kisspeptin interaction in CTR and HFD, we analyzed 

levels of MC4R in kisspeptin neurons by immunohistochemistry.  Kiss1-Cre+-EGFP 

mice on CTR and HFD were stained for GFP and MC4R. (Fig 7A, top, confocal images; 

Fig 7A, bottom, 3D reconstruction). Kisspeptin neurons in HFD males had significantly 

fewer MC4R. HFD resulted in a 47% decrease in the immunoreactivity of receptors at the 

soma and 52% decrease in the proximal process (Fig. 7A, right).  

We then quantified the percent of cFOS-positive kisspeptin neurons, as an 

indication of their activity. We determined CTR mice had 11.1% cFOS-positive 

kisspeptin neurons, compared to 2.9% in HFD (Fig. 7B). Therefore, HFD resulted in 74% 

decrease in active kisspeptin neurons, consistent with our previous hypothesis that 

kisspeptin neurons are suppressed in HFD. Together, our results revealed a decrease in 

kisspeptin neuron activity, impaired LH secretion in response to NMDA, αMSH, and 

POMC neuron activation in HFD, likely stemming from overactive POMC neurons that 

dysregulate the communication between the feeding and reproductive circuit. 
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3.5 Discussion  
 

Mechanisms that underlie negative effects of obesity on reproductive function are 

not clear, despite clinical findings that obesity causes decreased testosterone, lowered 

sperm numbers, and impaired sperm quality [4, 5]. Studies in animal models by us and 

others confirm clinical findings in humans [6, 8, 65-69]. Males are more prone to obesity-

mediated pathologies, while females may be protected [70, 71] and our previous studies 

focused on delineating mechanisms of sex differences in response to obesity [6, 33-35]. 

Herein, we focus on understanding mechanisms of reproductive impairment in males. 

Several studies, including ours, determined that primary effects of diet-induced obesity 

are central, at the level of the hypothalamus, resulting in lower basal LH [6, 20, 72, 73]. 

Obesity-associated reduction in testosterone is accompanied by lower LH, compared to 

the age-related lower testosterone, which is correlated with higher LH, due to a lack of 

negative feedback [7], again indicating central effects in obesity.  However, mechanisms 

whereby obesity affects reproductive circuitry in the hypothalamus are not clear. Herein, 

we report several novel findings that contribute to our understanding of obesity-mediated 

hypogonadism: 1) we determined lower LH pulse frequency in obese animals, implying 

dysregulation of GnRH pulse generator; 2) we determined that kisspeptin neurons are 

suppressed in obesity and exogenous kisspeptin results in higher LH response in obese 

animals; and 3) cross-talk of POMC neurons, that comprise the feeding circuitry and are 

particularly affected by high fat diet, with kisspeptin neurons is altered due to diminished 

receptor levels.  We postulate that changes in receptor levels may stem from chronically 

higher activity of POMC neurons, because of increased leptin, that leads to 
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downregulation of MC4R and glutamate receptors on target neurons.  New results 

presented here expand our understanding of obesity-mediated hypothalamic impairment.  

Whether pituitary responsiveness is altered in obesity, in addition to the 

hypothalamus, has also been investigated. Our results here indicate that pituitary 

responsiveness, more specifically, gonadotrope response to GnRH injection, is unaltered 

in obese animals. Our recent study analyzed the pituitary changes in obesity, and 

demonstrated that somatotrope and lactotrope populations exhibit plasticity, however 

changes in the gonadotrope may result from either hypothalamic effects or direct impact 

[32]. One study postulated direct effects on the pituitary, since LH pulses showed lower 

amplitude but unaltered frequency, during overnight sampling [74]. A more recent study 

by the same group determined that pituitary responsiveness to GnRH is unchanged, that 

in both obese and lean individuals GnRH injection caused the same fold increase of LH 

[75], which agrees with our results presented here.  Lower basal LH in our experiments 

here in mice, above-mentioned study in humans [75], and rats [8], may obscure LH 

induction in response to treatment, a reason we analyzed LH secretion as the fold change 

from basal, to determine the level of response after normalizing basal levels.  This 

allowed us to uncover that pituitary responsiveness to GnRH is unchanged, while 

kisspeptin treatment caused higher LH secretion in HFD. 

We demonstrated that in obesity kisspeptin neurons are suppressed, and that 

exogenous kisspeptin, administered via peripheral or central injection, or by 

chemogenetic kisspeptin neuron activation, results in higher LH fold response in obese 

animals than in controls. We also showed that kisspeptin neurons are less active since in 
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obese mice, a lower percentage of kisspeptin neurons express cFOS, a marker of neuronal 

activation. They may be suppressed because they exhibit fewer glutamate receptors, and 

glutamate may play a role in kisspeptin pulse generation [16]. Kisspeptin neurons in 

obesity also have lower levels of MC4R, an aMSH receptor that allows stimulation by 

POMC neurons that produce aMSH. Bidirectional communication between POMC and 

kisspeptin neurons has been demonstrated, indicating close integration of feeding and 

reproductive circuits [22]. Kisspeptin excites POMC neurons, via kisspeptin neuropeptide 

and glutamate release [23, 63, 76], while POMC neurons project to ARC kisspeptin 

neurons [24] and POMC product, aMSH stimulates LH secretion via kisspeptin [27].  It is 

not clear how is this interaction altered during chronic obesity, that we examined here, 

since long-lasting obesity may lead to receptor downregulation, leptin resistance [77], 

biphasic changes in aMSH levels [78], and endoplasmic reticulum stress that modulates 

neuropeptide processing [79], all of which may exert different effects on POMC – 

kisspeptin crosstalk. Due to its chronic nature, it is also difficult to distinguish cause and 

effect, or pinpoint timing of each change. Nonetheless, we determined changes in 

kisspeptin neuron activity and postulate that these changes are caused by alterations in 

neuropeptide receptors and/or synaptic, neurotransmitter receptor levels. 

Several studies determined that aMSH treatment causes LH secretion in humans 

[80, 81] and rodents, in the cycle stage dependent manner [72, 82]. MC4R receptor 

agonist also stimulates LH in sheep [25, 83] and rodents [27]. In this study, we also show 

that aMSH icv treatment causes rapid LH secretion. Although aMSH elicited ~7-fold 

change in LH levels, response was more variable than response to kisspeptin or NMDA, 
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and we postulate that variability may stem from the timing of food intake prior to 

injection. Consistent with a response to aMSH, here we show for the first time that 

chemogenetic activation of POMC neurons stimulates LH release. LH secretion 

following POMC neuron activation with CNO occurred after 2 hours, compared to 20 

minutes after kisspeptin neuron activation. This may imply indirect effects of POMC 

neuron activation, likely via kisspeptin neurons. Additionally, this timing may reflect the 

need to synthesize and process POMC to aMSH. Previous studies using DREADD-

mediated approaches to regulate POMC neuron activity, demonstrated cFOS induction in 

POMC neurons 90 minutes after CNO injection, a timeframe close to LH section [88; 

89]. The physiological effects on food intake, that reflect the function of POMC neurons, 

required 3 days of CNO treatment [88]. To our knowledge, the shortest time frame to 

observe effects of POMC neuron activation via DREADDs was 8 hours [90]. 

Considering these, the time frame in our studies may not be unexpected. Surprisingly, 

HFD-mediated obesity completely abolished LH response to aMSH injection and to 

POMC neuron activation. We postulate this is due to the MC4R receptor downregulation 

by chronically active POMC neurons. MC4R levels are 50% lower in kisspeptin neurons 

of HFD mice. As mentioned above, we hypothesize that changes in MC4R levels may 

stem from increased leptin-mediated chronic activation of POMC neurons [84]. This 

implies regulation of POMC – kisspeptin interaction by tightly controlled receptor levels. 

In addition to changes in neuropeptide receptor levels, we also observed changes 

in neurotransmitter receptor levels. Synaptic changes in obesity have been an area of 

intense investigation and may occur due to receptor downregulation after prolonged 
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stimulation, alterations in neuron activity, or neuroinflammation-mediated synaptic 

remodeling by activated astrocyte and microglia. We postulated in our previous studies 

that neuroinflammation leads to synaptic remodeling [6, 12]. A decrease in a number of 

synapses following HFD was reported previously in the arcuate nucleus, specifically 

fewer inhibitory synapses on POMC neurons, which was postulated to cause increased 

POMC expression and higher POMC neuron activity [85]. Reduced levels of synaptic 

proteins, synapses, and fewer dendritic spines in HFD, were observed in hippocampal 

neurons [86], and in prefrontal cortex [87], in addition to our studies in the hypothalamus 

[6]. We also reported decreased synapses in GnRH neurons in our previous study [6] and 

in kisspeptin neurons in the current. Future studies will determine mechanisms of 

synaptic changes that alter POMC-kisspeptin crosstalk in obesity.  

In summary, studies presented here demonstrate impaired POMC-kisspeptin 

crosstalk in obesity, resulting from lower neuropeptide receptor levels and fewer 

innervations, that lead to suppression of kisspeptin neurons and lower pulse frequency of 

LH, which results in lower basal LH, and ultimately hypogonadisms.    
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Figure 3.1. Male mice on a high fat diet experience lower LH pulse frequency. A, 
Weights of male mice after 12-week control (CTR) or high fat diet (HFD) exposure 
(CTR, gray bars; HFD, red bars; each dot represents one animal, bars represent group 
mean +/- standard error); B, HFD males have lower LH than CTR; C, Representative LH 
pulse profile from CTR (top) and HFD (bottom) male mice. D, LH pulse frequency, 
calculated using DynPeak freeware; E, pulse amplitude was determined by subtracting 
the basal value from the LH value at the peak and averaged for each mouse. Statistically 
significant difference between CTR and HFD (indicated with a *, p < 0.05), was 
determined with t-test followed by Tukey’s post hoc test. F, Intraperitoneal (i.p.) injection 
of 1 µg/kg GnRH in CTR (n=5) and HFD (n=5) mice was performed and LH levels in the 
circulation at times indicated in the graphs analyzed by ELISA. The arrow represents 
timepoint 0, when GnRH was administered; each dot represents the group mean +/- 
standard error. G, Since basal levels of LH, prior to injection, differ between CTR and 
HFD, LH fold change was determined by normalizing all points to the basal level.   
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Figure 3.2. Kisspeptin treatment produces higher LH response in HFD mice than CTR. 
A, C, Left, CTR (n=5) and HFD (n=5 in A, n=6 in C) mice were injected i.p. with 1 
mg/kg kisspeptin (A) or intracerebroventricularly (icv, C) with 1 nmol kisspeptin; and 
LH measured at times indicated in the graph. * indicates statistical difference between 
CTR and HFD at the same time point. Right, area under the curve (AUC) was calculated 
and statistically significant difference (*, p<0.05) between CTR and HFD determined by 
t-test. Each dot represents one animal, bars represent group average. B, D, Left, Due to 
the difference in basal LH levels, fold change from basal levels was calculated. * 
indicates statistical difference between CTR and HFD at the same time point. Right, area 
under the curve (AUC) was calculated and statistically significant difference (*, p<0.05) 
between CTR and HFD determined by t-test. 
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Figure 3.3. Chemogenetic activation of kisspeptin neurons also resulted in higher LH 
induction in HFD mice. A, Kiss1-Cre+-EGFP colocalization with virally transduced 
hM3Dq-mCherry (red) two weeks after bilateral injection, demonstrates DREADDs 
targeting to kisspeptin neurons. B, Fold induction of LH secretion after i.p. injection of 
0.3 mg/kg (n=6) or 1 mg/kg (n=4) CNO demonstrates dose dependent effects. * indicates 
statistical difference in response to different CNO concentration at the same time point.  
C, LH secretion in response to i.p. injection 0.3 mg/kg CNO in Kiss1-Cre- animals 
injected bilaterally with AAV9 hM3Dq-mCherry (CTR n=4, HFD n=4) and in Kiss-Cre+ 
injected with AAV9 hM3Dq-mCherry (CTR n=7, HFD n=8) injected with saline 
demonstrate specificity of response. D, LH levels in response to 0.3 mg/kg CNO injection 
(CTR, n=6; HFD, n=5). * indicates statistically significant difference (p < 0.05) between 
CTR and HFD at the same time point. E, Fold change of LH from basal levels in 
response to 0.3 mg/kg CNO injection. 
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Figure 3.4. LH induction by NMDA is decreased in HFD mice compared to CTR. Left, 
LH secretion in response to icv injection of 7 nmol NMDA was lower in HFD mice. 
Right, Fold change from basal of LH response to icv NMDA injection was lower in HFD 
mice. Each dot represents the group mean +/- standard error (n=4). Statistical 
significance between CTR compared to HFD at the same time point is indicated with a * 
(p < 0.05). 
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Figure 3.5. Reduced glutamatergic innervation of kisspeptin neurons by HFD. A, AMPA 
receptors were quantified in kisspeptin neurons in CRL and HFD. Top, representative 
images of GluR2 (red) and VGLUT2 (green) colocalized to kisspeptin neurons (white, 
630x magnification). Bottom, 3D reconstruction using Imaris to assure counting of direct 
contacts with kisspeptin neurons. B, Quantification of GluR2 (top) and VGLUT2 
(bottom) in kisspeptin neuron soma (left) and proximal 15 mm of the process (right). 
Each dot represents an average for one mouse (15 - 40 neurons counted per animal), and 
bars represent the group average for CTR (gray) and HFD (red). C, Fewer NMDA 
receptors on kisspeptin neurons in HFD mice. Top, confocal and bottom, 3D 
reconstructed representative images of postsynaptic NR2A (red) and presynaptic 
VGLUT2 (green) on kisspeptin neurons (white). D, Quantification of NR2A numbers in 
CTR and HFD at the soma and 1-15 µm proximal process. E, Quantification of GluR2 
and VGLUT2 colocalization at the kisspeptin neuron soma and proximal 1-15 µm 
process in CTR (n=5) or HFD (n=5). F, Quantification of NR2A and VGLUT2 
colocalization at the kisspeptin neuron soma and proximal 1-15 µm process in CTR (n=5) 
or HFD (n=5).  
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Figure 3.6. HFD diminishes LH response to exogenous POMC activation and aMSH 
injection. A, Increased numbers of cFOS positive POMC neurons in HFD. Left, images 
of cFOS (red) colocalization with β-endorphin in POMC (green) neuron in CTR and 
HFD mice. Right, quantification of c-FOS positive POMC neurons, presented as percent 
of all POMC neurons. Each dot represents one animal and bars represent group average. 
* indicates significant difference determined by t-test.  B, Representative image of viral 
DREADD targeting (mCherry) in POMC neurons (green) to demonstrate 74% infection.   
C, LH levels in CTR (n=5) or HFD (n=7) POMC-Cre+ mice expressing hM3Dq 
DREADDs injected i.p. with saline (n=4). D, LH levels in CTR (n=5) or HFD (n=7) 
POMC-Cre+ positive mice expressing hM3Dq DREADDs injected after 1mg/kg CNO 
i.p. injection. E,  LH levels in response to icv injection of 3 nmol αMSH (CTR, black line 
n= 5; HFD, red line n=5). Significant difference between CTR and HFD at the same time 
point is indicated with a * (p < 0.05). 
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Figure 3.7. Fewer active kisspeptin neurons in HFD mice compared to CTR. A, Kiss-
EGFP (n=5) mice were fed CTR or HFD for 12 weeks, after which 
immunohistochemistry was performed to analyze MC4R and cFOS levels. Top, MC4R 
receptor (red) colocalized to kisspeptin neurons, identified by GFP (white); Bottom, 3D 
reconstruction; Right, MC4R puncta in 15-25 neurons per mouse were counted and 
averaged. B, Left, images of Kiss-GFP and cFOS after CTR and HFD; Right, percent of 
cFOS positive kisspeptin neurons determined through colocalization of cFOS (red) and 
kisspeptin neurons (green). Each dot represents one animal, bars represent group average, 
* indicates statistical difference between CTR and HFD (p<0.05).  
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CONCLUSION 

My findings provide direct evidence of GnRH network dysregulation due to diet 

induced obesity and Fmr1 mutations. Fmr1 mutations lead to central dysregulation at the 

level of the GnRH neuron, where a lack of FMRP promotes an increase in excitatory 

GABAergic innervation. The increase in innervation may promote an increase in GnRH 

pulsatility, driving high LH levels in females, which affects ovarian function. Young 

females affected by Fmr1 mutation with high LH ovulated more oocytes driving the 

premature exhaustion of ovarian reserve [1].  

Obesity due to high fat diet promoted a decrease in GnRH neuron GABAergic 

innervation and a decrease in kisspeptin neuron glutamatergic innervation. This is 

significant because kisspeptin pulse initiation is synchronized by glutamate and GABA is 

excitatory to GnRH neurons. This obesity induced synaptic change suppressed neuron 

function leading to central reproductive dysregulation. Further probing the potential 

suppression of kisspeptin neurons, chemogenetic activation of kisspeptin neurons 

revealed an enhanced LH response in obese mice, indicating suppressed kisspeptin 

neurons rather than disrupted GnRH regulation. Immunohistochemical assessment of 

cFos-positive kisspeptin neurons supported this hypothesis, indicating reduced activation 

in obese males. In addition, we determined that kisspeptin regulation by POMC neurons 

was significantly diminished due to a decrease in MC4R in kisspeptin neurons. 

Correspondingly, chemogenetic activation of POMC neurons caused LH secretion in 

controls but not in HFD males. These findings provide insight into the mechanisms 

affecting reproductive function due to FMR1 mutations and diet induced obesity.  
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In summary, these studies provide insight into the reproductive phenotypes of 

Fragile X mutation carriers and obesity-mediated hypogonadism in males. Mechanisms 

identified include dysregulation in GnRH neuron synchronization, elevated GABAergic 

innervation, and suppressed kisspeptin neurons in response to obesity-induced changes in 

the crosstalk between feeding and reproductive circuits. Understanding these 

complexities contributes to addressing infertility challenges and developing targeted 

interventions for affected individuals. 
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