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Abstract 
The non-secreted fibroblast growth factor (FGF) homologous factor (FHF) FGF13 

is a noncanonical FGF with identified roles in neuronal development, pain sensation, and 

cardiac physiology, but recent reports suggest broader roles. The in vivo functions of 

FGF13 have not been widely studied. In this study, we have generated a global 

heterozygous Fgf13 knockout mouse model. In these animals, we observed hyperactivity 

and accompanying reduced core body temperature in mice housed at 22 °C. In mice 

housed at 30 °C (thermoneutrality) we observed development of a pronounced obesity. 

Defects in thermogenesis and metabolism were found to be due to impaired central 

nervous system regulation of sympathetic activation of brown fat. Neuronal and 

hypothalamic specific ablation of Fgf13 recapitulated weight gain at 30 °C. In global 

heterozygous animals, norepinephrine turnover in brown fat was reduced at both housing 

temperatures, while direct activation of brown fat by a β3 agonist showed an intact 

response. Further, we found that FGF13 is a direct regulator of NaV1.7, a hypothalamic 

Na+ channel associated with regulation of body weight. Our data expand the physiologic 

roles for FGF13, and enhance the understanding of the multifunctional FHFs. 
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1. Introduction
1.1 Significance 

Weight gain, at its core, is a problem of energy balance. Disequilibrium between 

energy derived from caloric intake, and energy expended on the multitude of physiologic 

processes that make up life results in storage of excess energy in the case of overnutrition, 

or utilization of stored energy in the case of undernutrition. Despite the simple fundamental 

components of this problem, the contributing factors determining them are complex and 

numerous1.  

Maintaining a constant core body temperature, above that of the surrounding 

environment, is a beneficial evolutionary trait present in birds and mammals. Constant 

internal temperature permitted evolutionary optimization of cellular processes, and 

coincided with propagation of birds and mammals across the Earth into diverse and varied 

environments. Keeping warm, and defending ourselves against the cold, is something that 

humans have become exceedingly good at with the rise of modern housing, clothing, and 

environmental control. Even with these adaptations, maintaining body temperature is 

critical for physiology, is tightly regulated, and remains an evolutionary challenge today. 

Mechanisms to keep warm and generate heat (thermogenesis) are present throughout 

our biology, and several of these mechanisms are capable of expending significant 

amounts of energy. These adaptations may have the potential to be exploited to combat 

overnutrition, and resultant weight gain, obesity, and metabolic dysfunction. 

In this dissertation, I demonstrate a novel role for fibroblast growth factor 13 

(FGF13) in the regulation of thermogenesis and energy balance. I show that FGF13 
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positively regulates thermogenesis, and prevents obesity in mice that are free from 

thermal stress. Further, I identify a CNS-mediated role for FGF13 regulation of these 

processes. In this chapter, I summarize the burden of obesity and overnutrition, the 

mechanisms and significance of adaptive thermogenesis and thermoregulation, and the 

previously understood roles and functions of fibroblast growth factor homologous factors, 

of which FGF13 is a member. 

1.1.1 Role of white adipose tissue 

Excess energy during overnutrition can be stored as white adipose tissue (WAT), 

which serves multiple beneficial functions in mammalian physiology. During times of food 

deprivation, which was a frequent concern throughout humanity’s evolutionary past, and, 

for many, continues to be an issue today, WAT can be mobilized to produce fatty acids for 

metabolic oxidation, and sustain an organism until more nutrients can be obtained2. WAT 

also provides insulation, plays a role in inflammatory processes, acts as a secretory and 

endocrine organ to regulate satiety and energy balance3, and is critical for appropriate 

glucose homeostasis, as evidenced by severe metabolic dysfunction present in those with 

congenital lipodystrophies, or a lack of adipose tissue, and in lipodystrophic animal 

models4,5. Despite these beneficial functions, excessive accumulation of adipose tissue is 

associated with many health complications and death. 

1.1.2 Epidemiology, morbidity, and mortality of obesity 

Obesity, operationally defined as a body mass index (BMI) ≥ 30.0 kg/m2 in humans, 

is consistently associated with increased all-cause mortality and premature death 

compared to normal weight6,7. Overweight without obesity, or a BMI of 25.0 – 29.9 kg/m2, 
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has a more controversial mortality effect. A prominent 2013 study proposed that grade 1 

obesity (BMI 30.0 - 34.9 kg/m2) was not linked to increased mortality, and overweight was 

in fact associated with lower all-cause mortality compared to normal weight individuals 

(BMI 18.5 – 24.9 kg/m2)8. However, this study included a disproportional number of highly 

lean (BMI 18.5 – 20.0 kg/m2) individuals, and included smokers and those with chronic 

health conditions, which are states known to be associated with lower body weight. 

Reanalysis with exclusion of smokers and the chronically ill demonstrated that overweight 

and obesity indeed are associated with increased all-cause mortality9.  

There are concepts within the obesity field of “fat-but-fit” and metabolically healthy 

obesity (MHO)10–12. These are individuals who are obese, but have relatively good cardio-

respiratory fitness levels (fat-but-fit), or those who are obese and do not have metabolic 

syndrome (MHO). This population is of interest, as understanding resiliencies that prevent 

negative health consequences of obesity may allow targeting of treatments to those who 

will benefit from them most, and could identify novel therapeutic avenues targeting these 

resiliencies. Obese but fit men have higher risk of cardiovascular mortality than normal 

weight and fit men, but much lower risk than obese and unfit men, and, notably, lower risk 

than normal weight but unfit men13. While these concepts highlight the importance of 

cardiovascular fitness, and possibly represent a sizeable portion of the overweight and 

obese population12, it is important to note that these are likely unstable states, with many 

fat-but-fit or MHO individuals transitioning to metabolically unhealthy obesity and bearing 

the burden of associated health problems over time10.    

Beyond mortality, obesity is associated with many comorbidities. These include 

cardiovascular diseases, such as coronary heart disease14,15 and stroke16, all components 
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of the metabolic syndrome (including elevated blood pressure, increased waist 

circumference, hypertriglyceridemia, hyperglycemia, and low high-density lipoprotein 

cholesterol)17, type 2 diabetes mellitus, respiratory problems such as sleep apnea, 

osteoarthritis, and multiple forms of cancer18–20. Obesity also has significant effects on 

psychosocial health and cognitive function, and is associated with increased incidence of 

depression21,22. Given the significant health consequences of obesity, the rise of the 

obesity epidemic is alarming from a public health standpoint. 

According to the World Health Organization23, more than 1.9 billion adults, or 39% 

of the adult population are overweight (BMI ≥ 25.0 kg/m2). Of these, 650 million, or 13% 

of the world’s adult population are obese. This is a figure which has tripled since 1975. 

Unfortunately, this is not a public health problem that seems to be improving24. A 2008 

study projected that 38% of the world’s population would be overweight by 203025, a figure 

surpassed in 2016. A more recent projection suggests that 42% of the world’s population 

may be obese by 203026. The overweight and obesity epidemic is notably worse in 

developed nations, and in particular the United States. In the U.S., as of 2014, 40.4% of 

women, 35% of men, and 17% of children already have obesity27. Overweight and obesity 

is an epidemic that is already severe, and is worsening.  

1.1.3 Body weight determinants and treatments 

Obesity is influenced by many factors including psychosocial, cultural, 

environmental, and genetic. Because of the rapid rise of the overweight and obesity 

epidemic, it is unlikely that genetic factors are the primary cause of increased incidence. 

Rather, an environment that promotes increased energy intake through easy access to 

high energy food coupled with increased prevalence of sedentary lifestyles are probable 
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major drivers. However, while genetics may not be a primary driver of increased obesity 

rates, the heritability, or fraction of phenotypic variation attributable to genes, of body 

weight is between 71 and 86%28,29. Understanding how genes contribute to obesity can 

clarify mechanistic details of how energy expenditure, food intake, fat distribution, and 

body weight maintenance are regulated, and consequently identify novel pathways for 

treatment, therapy, and modulation. 

Obesity and metabolic sequelae are treated and managed through a diverse set 

of interventions with sustained weight loss, by increasing energy expenditure and limiting 

energy intake, as the goal. These include lifestyle interventions, diet modulation, and 

increased exercise for low risk individuals. Medical and surgical interventions can be used 

for high risk or treatment resistant individuals. Mechanisms that modulate energy 

expenditure, or energy intake, may serve as useful treatment targets. One such 

mechanism, responsible for a significant amount of energy expenditure over basal 

metabolism, is adaptive nonshivering thermogenesis.  

1.2 Relevance of adaptive thermogenesis 

1.2.1 Evolutionary function 

Maintaining a constant core body temperature is the key feature of homeothermic 

animals, and allows species to live in a large range of environments and climates30.  This 

trait provides an evolutionary advantage, minimizing dependence on environmental 

ambient temperature for optimal enzyme, tissue, and organ function. It allows longer 

periods of optimal activity, during the day-night cycle, and over the course of yearly 

temperature fluctuations. While homeothermy provides many evolutionary advantages, it 

is also a metabolically demanding trait. 
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 In mammals, brown adipose tissue (BAT), a specialized form of adipose tissue, 

has the ability to produce heat in response to a cold environment through the process of 

adaptive thermogenesis. Adaptive thermogenesis is a complex and coordinated response 

in homeothermic animals, which increases energy expenditure above baseline metabolic 

requirements to maintain a core body temperature in response to cold31. BAT is found only 

in mammals, primarily in Eutherian (placental) mammals32, and evolved at least 150 

million years ago.  

1.2.2 Historical context of adaptive thermogenesis 

BAT was originally identified in hibernating mammals in 1551 by the Swiss 

naturalist Conrad Gessner33, who described it as “neither fat, nor flesh, but something in 

between”. However, it was not until the early 20th century that it was discovered in human 

embryos34, and its role in thermogenesis was not appreciated until the 1960s35,36. BAT 

undergoes morphologic and functional changes in response to cold exposure that 

increases production of heat from the organ. This is known as cold-induced thermogenesis 

(CIT). BAT thermogenic capacity is mediated through a unique protein, uncoupling protein 

1 (UCP1), discovered and characterized in the 1970s and 1980s37,38. UCP1 uncouples 

mitochondrial respiration from production of adenosine triphosphate (ATP), and instead 

uses the energy gradient established through the electron transport chain to produce heat. 

Around this time period, BAT was also found to increase activity and thermogenic capacity 

in response to high fat diet, known as diet induced thermogenesis (DIT)39. This suggested 

that BAT may have both thermoregulatory and metaboregulatory functions, through 

increased heat production, and increased energy expenditure40,41.  
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Despite identification of BAT in human embryos and infants, it was long questioned 

whether BAT had any relevance to adult biology. Cadaveric studies performed in the 

1980s suggested there were small BAT depots present throughout life42, but the 

thermogenic and metabolic relevance of these sites was unclear. In 2009, due to the rise 

of positron emission tomography (PET), it became evident that metabolically active fat 

was indeed present at multiple sites in the adult human43,44. This metabolically active fat 

was found to express BAT-specific mRNA signatures, and was estimated to be able to 

expend significant amounts of energy if consistently stimulated40,45. The presence of 

functional, relevant BAT in humans renewed interest in understanding adaptive 

thermogenesis by the scientific community, as increasing energy expenditure through 

adaptive thermogenesis could serve as a treatment to facilitate weight loss and combat 

obesity and overnutrition. In 2012, The identification of brown-like adipocytes in WAT 

depots, which became known as brite (“brown in white”) or beige cells further compounded 

this renewed interest, as thermogenic, and energy expending, capacity of adipose tissue 

may extend beyond BAT46,47.  

1.3 Mechanism and regulation of adaptive thermogenesis 

1.3.1 Adipose tissue characteristics 

Brown adipocytes appear morphologically different from white adipocytes. While 

white adipocytes are characterized by a single large lipid droplet, with the nucleus and 

other organelles pushed to the cell periphery, brown adipocytes are smaller, have multiple, 

small lipid droplets, lending to a multilocular appearance, and have a robust density of 

mitochondria, similar to densities seen in skeletal and cardiac muscles (Fig 1). In fact, 

brown adipocytes are developmentally more similar to skeletal muscle than they are to 
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white adipocytes48. BAT is also a highly vascular and innervated tissue, with a rich blood 

supply, and many sympathoadrenergic nerve terminals. The density of mitochondria and 

the highly vascular nature of BAT give it the characteristic brown color on gross 

examination that differentiates it from WAT. 

Figure 1: White and brown adipocytes and tissue. Adapted from Betz and Enerbäck, 
201749 and reprinted with permission from Springer Nature. (A) Schematic of white and 
brown adipocytes. White adipocytes contain a single large unilocular lipid droplet, with 
cytoplasm and other organelles pressed to the cell periphery. Brown adipocytes contain 
multiple, smaller lipid droplets, with a high density of mitochondria. (B) Microphotographs 
of hematoxylin and eosin stained human adipose tissues. Left panel shows white adipose, 
while right panel shows brown adipose. 

1.3.2 Mechanism of adaptive thermogenesis 

Adaptive thermogenesis takes advantage of one of the most fundamental 

processes in eukaryotic life; oxidative phosphorylation and the electron transport chain. 
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Eukaryotic cells use enzymatically controlled processes to convert a portion of the energy 

stored in consumed foods into ATP molecules. ATP molecules are then used to perform 

cellular work. Metabolism of fuel sources, such as glucose and free fatty acids, generates 

NADH and FADH2. These molecules are then used as electron donors to the electron 

transport chain, a set of protein complexes that transfer electrons through a series of redox 

reactions. This process facilitates pumping of H+ ions outside of the inner mitochondrial 

membrane, and establishes a proton gradient. In most cells, this proton gradient is used 

to fuel generation of ATP. Protons reenter the matrix through the ATP synthase protein 

complex, which uses the energy from the established electrochemical gradient to drive 

synthesis of ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi).  

This reaction is a tightly coupled process; in other words, oxidation of fuel sources 

is coupled directly to production of ATP. Oxidation of NADH or FADH2 produce a specific 

number protons. These protons can then be used to generate a specific number of ATP 

molecules from ADP and Pi substrates. Further, this process does not work if all the 

components are not present. A critical function of the cell is to match rates of ATP 

synthesis with rates of ATP use. If ADP is not available, protons do not flow through the 

ATP synthase complex. Additionally, the established proton gradient, if not dissipated, 

inhibits further oxidation of fuel sources into the electron transport chain. This 

chemiosmotic coupling hypothesis describes a fundamental aspect of energy metabolism 

in eukaryotic cells and was the basis for the 1978 Nobel prize in Chemistry50,51.  

UCP1, alternatively known as thermogenin, is a member of the mitochondrial 

carrier protein family that bypasses the process of ATP synthesis. Protons pumped 

outside of the mitochondrial matrix during electron transport can, instead of reentering 
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through ATP synthase, reenter the matrix through UCP1. The stored electrochemical 

energy is then released as heat, instead of driving synthesis of ATP. Thus, when UCP1 is 

active, oxidation of fuel sources is no longer coupled to ATP generation (Fig 2).  

Adaptive thermogenesis can account for a remarkable amount of energy 

expenditure, which is modulated by multiple factors including cold exposure, thermal 

history, and diet content. In cold acclimated rats, adaptive thermogenesis can increase 

oxygen consumption and energy expenditure up to fourfold over the standard metabolic 

rate, which is the amount of energy expenditure present in an animal that is awake, resting, 

and living at thermoneutrality, or the ambient temperature at which an organism is not 

expending any additional energy to maintain body temperature52,53. This is comparable to 

energy expenditure levels observed during intense exercise. 
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Figure 2: Mitochondrial metabolism and UCP1 uncoupling. Reprinted from Lowell and Spiegelman, 200051 with permission 
from Springer Nature. Metabolism of fuel sources produces NADH and FADH2, which are used as electron donors to the 
electron transport chain. The electron transport chain pumps protons out of the mitochondrial matrix through a series of redox 
reactions, establishing a proton gradient containing stored electrochemical energy. This energy can be dissipated by reentry of 
protons through the ATP Synthase complex, driving synthesis of ATP from ADP and Pi, or by reentry through activated UCP1, 
where the electrochemical energy is converted into heat, uncoupling oxidative events from production of ATP. Abbreviations: 
ANC, adenine nucleotide carrier; CC, carnitine carrier; complex I, NADH–ubiquinone oxidoreductase; complex II, succinate–
ubiquinone oxidoreductase; complex III, ubiquinone–cytochrome-c oxidoreductase; complex IV, cytochrome-c oxidase; PiC, 
phosphate carrier; PyC, pyruvate carrier.  



 

 

12 

1.3.3 Neuronal regulation of adaptive thermogenesis 

Body temperature maintenance is one of the key homeostatic functions of 

mammalian life. Due to the critical importance of maintaining a constant body temperature 

in homeotherms, and the significant energy cost of thermogenesis, it is not surprising that 

thermogenesis is a tightly regulated body process. This regulation is performed primarily 

by the central nervous system (CNS). The hypothalamus in particular plays a major role 

in regulation of thermogenesis as well as a multitude of other homeostatic processes such 

as food intake, glucose metabolism, and circadian rhythms. The hypothalamus integrates 

thermosensory inputs and modulates thermoregulatory outputs to metabolically active 

tissues throughout the body, through complicated crosstalk among multiple anatomically 

distinct nuclei. While these regulatory processes have been studied and reviewed 

extensively elsewhere54–59, important and relevant points will be reviewed and 

summarized here (Fig 3). 
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Figure 3: Hypothalamic control of thermogenesis. Adapted from  Yang and Ruan, 201554 and reprinted with permission 
from Frontiers Media. Hypothalamic nuclei participating in regulation of thermogenesis and metabolism. Inhibitory signals and 
regulators are marked in red, stimulatory signals and regulators are marked in green.  Abbreviations:  POA, preoptic area of 
the hypothalamus; MnPO, median preoptic subnucleus; MPA, medial preoptic area; PVN (PVH throughout rest of document), 
paraventricular nucleus; LH, lateral hypothalamus; DMH, dorsomedial hypothalamus; VMH, ventromedial hypothalamus; ARC, 
arcuate nucleus; rPPa rostral raphe pallidus; 3V, 3rd ventricle; SCN, suprachiasmatic nucleus. 
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Temperature sensation occurs in the periphery, from abdominal viscera, and the 

skin, and centrally, from neurons in the spinal cord and in the brain itself. Thermosensation 

is generally considered to be split between cold sensation and warm sensation, with 

separate neurons for each mode of sensation. Cold sensation is primarily mediated by 

TRPM8, a member of the transient receptor potential cation channel family, and present 

in all cold sensing neurons60. The molecular identity of warm sensation is less clear, but 

several other TRP channels have been implicated in this process, including TRPV161–63. 

Within the brain, this thermal information is integrated in the preoptic area of the 

hypothalamus (POA), which is itself a potent sensor of temperature change, generating 

the largest effector response per degree of temperature alteration. The POA is the key 

integratory site of thermosensation, and lesion of the POA results in animals that are  

unable to defend body temperature in response to heat or cold64.  

The POA has abundant projections to many other areas of the hypothalamus 

which play a role in thermogenesis and thermoregulation, and acts as a relay from the 

periphery to these sites. Among these hypothalamic nuclei are the ventromedial 

hypothalamus (VMH)65,66, the dorsomedial hypothalamus (DMH)59, and, particularly for 

heat sensation, the paraventricular hypothalamus (PVH)67,68. The DMH is likely one of the 

most important relay receiving inputs from the POA. Lesioning the DMH prevents direct 

stimulation of the POA from inducing BAT thermogenesis, and the POA is the brain area 

most labeled by retrograde tracer injection into the DMH69. Many POA neurons are 

GABAergic, and tonically inhibit DMH neurons. Cold sensing neurons that integrate in the 

POA inhibit those DMH projecting GABAergic neurons, releasing DMH inhibition, 

permitting the DMH to promote BAT thermogenesis downstream. DMH neurons do not 

project directly to BAT, or to preganglionic BAT sympathetic neurons in the spinal cord, 



15 

but rather synapse in the brainstem, predominantly in the rostral raphe pallidus (rPPa) in 

the medulla, which is the major area for BAT premotor sympathetic neurons. The rPPa 

projects from the brainstem into the spinal cord, synapsing on preganglionic sympathetic 

neurons of the intermediolateral nucleus (IML), which then ultimately project to BAT, 

where adaptive thermogenesis can be stimulated. 

The principal adrenergic receptor responsible for activation of mature brown 

adipocytes is the β3 adrenergic receptor70. β3 receptors, stimulated by norepinephrine 

released by sympathetic nerve terminals, induce a rise in intracellular cyclic adenosine 

monophosphate (cAMP). This stimulates lipolysis through protein kinase A (PKA) 

mediated signaling. Lipolysis increases the presence of free fatty acids, which in turn are 

responsible for activation of UCP1, the protein responsible for adaptive thermogenesis. In 

addition to sympathetic stimulation due to changes in temperature or diet, β3 receptors 

can be activated directly and exogenously by agents such as CL 316,243, a selective β3 

receptor agonist71–74. 

While the POA – DMH – rPPa – IML – BAT circuit may be considered to be the 

main thermoregulatory circuit, this process is heavily modified by other brain regions. As 

discussed briefly above, while the primary function of adaptive thermogenesis is to 

produce heat and maintain body temperature, it also plays a role in energy homeostasis, 

and is induced by high fat diet (DIT). Indeed, a significant reason for scientific interest in 

adaptive thermogenesis is to understand how thermogenic mechanisms can be exploited 

to increase energy expenditure and treat metabolic dysfunction. Brain areas involved in 

energy homeostasis interact with the thermoregulatory circuit to modulate adaptive 

thermogenesis, but can also act independently of temperature fluctuation while still 

affecting BAT. These areas outside of the strict thermoregulatory circuit are referred to in 
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the literature as thermogenic modulatory or regulatory regions56,59. These areas include 

the arcuate nucleus (ARC), the lateral hypothalamus (LH), and the VMH and PVH, 

mentioned above.  

A major regulatory circuit of energy homeostasis is the melanocortin system75–78, 

also critical for modulating satiety, hunger, and food intake.  The ARC contains two distinct 

types of neurons that produce either orexigenic neuropeptides such as agouti related 

peptide (AgRP) and neuropeptide Y (NPY) which stimulate feeding behavior, or 

anorexigenic neuropeptides such as pro-opiomelanocortin (POMC), cocaine and 

amphetamine regulated transcript (CART), and α-melanocyte-stimulating hormone (α-

MSH), which inhibit feeding behaviors. These neurons are responsive to leptin, inhibited 

in the case of AgRP/NPY neurons, and stimulated in the case of POMC neurons. These 

two populations project to multiple other hypothalamic nuclei, and act on melanocortin 

receptors, perhaps the most significant of which is melanocortin receptor 4 (MC4R)79. 

Mc4r knockout animals exhibit a pronounced hypometabolic phenotype, coupled with 

hyperphagia resulting in obesity. DIT is impaired in these animals, and UCP1 is not 

induced upon stimulation, demonstrating the importance of MC4R in regulation of 

thermogenesis80. While the ARC projects to multiple nuclei, a significant projection site is 

the PVH, which serves as a major integrator of the orexigenic and anorexigenic signals 

from the ARC. 

The precise role of the PVH in food intake, energy balance, and thermogenesis 

regulation is controversial. This may be contributed to by the complexity of the nucleus. 

The PVH is one of the most heterogeneously organized nuclei in the brain81, with three 

major categories of neurons and up to ten different distinguishable areas within those 

subdivisions82,83. The PVH is the most densely labelled nucleus upon injection of 
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retrograde tract tracer pseudorabies virus (PRV) into BAT, demonstrating projection from 

PVH to BAT. Like the DMH, the PVH projects to the rPPa within the brain stem, but also 

has projections bypassing this part of thermoregulatory circuit, proceeding directly to 

preganglionic sympathetic neurons in the IML84, suggesting the PVH may influence 

thermogenesis outside of the typical thermoregulatory circuit.  However, reports conflict 

regarding the nature of the regulation between these areas. Lesion of the PVH was found 

to have no effect on body temperature85. On the other hand, lesion of the PVH has also 

been found to prevent DIT in rats86. Electrical stimulation of the PVH was found to have 

no effect87, inhibit88, and promote89 BAT mediated thermogenesis in three separate 

studies. Single-minded 1 (SIM1) is a protein critical to the formation and development of 

the PVH, and postnatal Sim1 knockout mice develop hyperphagic obesity90. Mc4r 

knockout animals, as mentioned above, develop a hypometabolic and hyperphagic 

obesity, but restoration of Mc4r to the PVH through Sim1-Cre transgene expression 

abolishes increased food intake, without affecting the reduced energy expenditure 

phenotype91. This study suggests PVH participates in food intake regulation, without 

affecting energy balance. Oxytocin is abundantly expressed in the PVH and has been 

implicated in regulation of BAT thermogenesis in response both to cold exposure92 and 

diet93. However, restoration of Mc4r expression in oxytocin expressing neurons does not 

rescue the hyperphagic or hypometabolic phenotypes observed in Mc4r knockouts94. 

Another factor with significant expression within the PVH is brain-derived neurotrophic 

factor (BDNF). BDNF expressing neurons within the PVH do not co-express MC4R, but 

ablation of BDNF results similarly in a hypometabolic and hyperphagic obesity95. In this 

study, ablation of BDNF within the anterior PVH was associated with hyperphagia and 

reduced locomotor activity, while ablation within the medial posterior PVH was found to 
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impair sympathoexcitatory BAT mediated thermogenesis. Given the wide range of effects 

the PVH participates in, and the complexity and heterogeneity of this nucleus of the 

hypothalamus, further investigation is warranted to elucidate all of the functions of the 

PVH. 

1.4 Fibroblast growth factor homologous factors 

1.4.1 History 

Fibroblast growth factor (FGF) homologous factors (FHFs), also known as 

intracellular fibroblast growth factors (iFGFs), are a subset of FGFs encoded by four genes 

(Fgf11-14). All FHFs undergo alternative splicing, with two variants existing for Fgf11,12, 

and 14, and 5 variants for Fgf13, resulting in 11 separate FHF isoforms96. First identified 

in 1996, FGF12 was discovered in the retina, exhibiting up to 27% amino acid identity with 

other previously identified FGF members97. The sequence of Fgf12 was used to identify 

FGFs 11, 13, and 14. It was based on this FGF homology that FHFs obtained their name. 

Despite homology present in a 120 residue core domain of the proteins, FHFs exhibit 

many functional differences compared to canonical FGFs. Unlike many FGFs, FHFs do 

not contain a recognizable secretory signal sequence. The prototypical FGFs, FGF1 and 

FGF2, also lack known secretory signal sequences, along with the FGF9 subfamily (FGF9, 

FGF16, FGF20), however these groups are successfully secreted from cells98,99. FHF 

secretion has not been observed. Furthermore, FHFs do not activate any known FGF 

receptors100. Rather, FHFs remain intracellular, where they have proven to be 

multifunctional.  
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1.4.2 Function 

1.4.2.1 Ion channel modulation 

All four FHFs bind to the C-terminal domain of voltage-gated sodium channels, 

which are the best characterized targets of FHFs101–105. Mutations disrupting interactions 

between FHFs and sodium channels have been identified in cardiovascular and 

neurologic diseases such as Brugada Syndrome, long QT syndrome, autosomal dominant 

cerebral ataxia, and epilepsy106–109. FHFs are abundantly expressed in the heart and the 

brain97, but individual FHFs and FHF isoforms exhibit varied expression patterns at a 

tissue and cellular level102,110. Additionally, FHF modulation of voltage-gated sodium 

channels appears to be a tissue and cell type dependent process (Fig 4).  
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Figure 4: FGF13 modulation of voltage-gated sodium channels.  Adapted from Wang et al., 2011, Pablo et al., 2016, and 
Yang et al., 2016102,111,112, reprinted with permission from Wolters Kluwer Health, Inc., and under the creative commons license. 
FGF13 modulates voltage-gated sodium channels in a cell type specific manner. (A) Sodium channel current traces of 
ventricular cardiomyocytes and hippocampal neurons transfected or infected with adenovirus delivering FGF13 shRNA or 
scramble control, or in the case of HEK293 cells, transfection of NaV1.5 + FGF13 VY isoform, or NaV1.5 alone. (B) Cell surface 
biotinylation experiments showing membrane fraction of sodium channel expression. Presence of FGF13 increases sodium 
current and membrane channel presence in ventricular cardiomyocytes but reduces current and channel presence in 
hippocampal neurons and heterologous expression systems. 
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In ventricular cardiomyocytes, loss of FGF13 is associated with decreased channel 

availability, current density, and reduced trafficking to the cell surface102,113. In primary 

hippocampal neurons, this modulation appears to be reversed. In hippocampal cultures, 

knockdown of FGF13 causes increased current density, and increased voltage-gated 

sodium channel presence at the cell membrane111. In heterologous expression systems, 

co-transfection of FGF13 isoforms U and VY with sodium channel decreases current 

density and membrane presence compared with sodium channel expression alone, while 

transfection of the FGF13 S isoform does not alter current density112. Within the same cell 

type, different FHFs perform separate but concerted actions to regulate voltage-gated 

sodium channels. In hippocampal neurons, FGF13 has been found to limit 

somatodendritic expression of sodium channels, while FGF14 promotes localization of 

sodium channels to the axon initial segment111.  

While the best characterized function of FHFs is modulation of sodium channels, 

there is also evidence that they regulate other ion channels. In ventricular myocytes, 

knockdown of FGF13 decreases CaV1.2 current density, and reduces CaV1.2 presence at 

the cell surface, causing decrease in cardiac action potential duration114. Modulation of 

calcium channel appears to be through a different mechanism than sodium channel 

modulation. While direct molecular interaction between FHFs and sodium channel have 

been identified, interactions between FHFs and calcium channel have not. Further, in 

FGF13 knockdown cardiomyocytes, calcium current defects can be rescued by 

overexpression of mutant FGF12 with a disrupted sodium channel interaction site. Sodium 

current defects can only be rescued by overexpression of WT FGF12107. In neurons, 

FGF14 positively regulates KV7.2 and KV7.3, voltage-gated potassium channels, and may 
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act as a bridge between potassium and sodium channels, organizing localization of 

multiple ion channels at the axon initial segment115. 

1.4.2.2 Non ion channel related functions 

Beyond ion channel modulation, FHFs appear to regulate a number of other 

diverse cellular processes.  FGF13 is overexpressed in multiple cancer types, including 

melanoma, pancreatic endocrine tumors, multiple myeloma, and lung cancer116–119. In 

cancer cell lines, FGF13 S isoform (also known as FGF13 1A) is expressed within the 

nucleolus, where it inhibits rRNA and global protein synthesis. While many oncogenes 

upregulate rRNA and protein synthesis, FGF13 may act as an “enabler” gene, allowing 

cells that have undergone cancerous mutations to cope with cellular stress associated 

with tumor transformation, preventing excess over-synthesis and initiation of a cell death 

program119,120.  

Roles for FHFs have also been identified in development. In skeletal muscle 

FGF13 inhibits proliferation and differentiation, by up-regulating p27 and down-regulating 

Spry1. The exact mechanism of this transcriptional regulation was not identified121. In 

smooth muscle FGF13 inhibits contractile gene expression and promotes a proliferative 

and migratory phenotype. This regulation was found to be through expression of a 

microRNA (miRNA) that exists within the third intron of FGF13, miR-504122. In the brain, 

FGF13 was reported to regulate neuronal polarization and migration. Specifically, FGF13 

U isoform (also known as IB) was found to polymerize tubulins and stabilize microtubule 

formation. Loss of FGF13 causes increased branching of axons in the cortex and the 

hippocampus, and results in defects in learning and memory in mice123. 

Recently, our lab has demonstrated a novel role for FHFs in cell membrane 

mechanoprotection through regulation of caveolae124. Caveolae are small, cholesterol-
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rich, membrane invaginations that serve as signaling platforms and membrane reservoirs, 

able to counter fluctuations in membrane tension and stress124. Through a proteomic 

screen from ventricular cardiac tissue, we identified that FGF13 immunoprecipitated with 

all three cavin proteins present in cardiac muscle, cavins 1, 2, and 4. Cavins are caveolae 

coat proteins that, along with caveolins, are critical to the formation of functional 

caveolae125. Additionally, we found that FGF13 co-fractionates with cavin proteins in lipid 

rafts, where caveolae are abundant. In an inducible, cardiac specific knockout model of 

FGF13, we found an unexpected cardioprotective phenotype in response to transverse 

aortic constriction (TAC) induced pressure overload. We expected that, due to known roles 

in regulation of both voltage-gated sodium and calcium channels, FGF13 knockout would 

worsen the response to TAC. Instead we saw preserved fractional shortening in knockout 

animals compared to controls, and reduced cardiac fibrosis. In addition to preserved 

cardiac function in vivo in response to TAC, we also demonstrated that FGF13 knockout 

protected against membrane rupture in vitro in response to acute osmotic stress, when 

isolated cardiomyocytes were placed in hypoosmotic media. This was ultimately attributed 

to increased presence of caveolae at the membrane of knockout cardiomyocytes as 

determined by electron micrograph analysis. FGF13 knockout also increased the ratio of 

cavin 1 protein presence at the membrane compared to cavin 1 protein present in the 

cytosol. This led to a model whereby FGF13 negatively regulates cavin 1 presence at the 

membrane, and subsequent functional caveolae formation, by sequestering cavins within 

the cytosol. FGF13 knockout in the heart releases cavins and causes a redistribution to 

the membrane, with increased caveolae formation, facilitating cardioprotection against 

increased membrane stress (Fig 5). 
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Figure 5: FGF13 regulation of caveolae. Adapted from Wei et al., 2017124 and reprinted under the creative commons license. 
(A) Electron micrographs of lateral sarcolemmal cardiomyocyte membranes from Myh6-MerCreMer (MCM) control mice and
MCM;FGF13Fl/Y

 cardiac specific FGF13 inducible knockout mice. Caveolae are highlighted by black arrows. (B) Quantification
of caveolae density normalized to length of membrane. (C) Model of FGF13 regulation of cardiac caveolae.
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1.4.2.3 Roles in metabolism and physiologic response to heat 

FHFs have also been implicated in roles related to physiologic response to 

temperature, thermosensation, and metabolism. In the heart, while we have demonstrated 

that Fgf13 ablation causes a cardioprotective phenotype in response to TAC, others have 

demonstrated a pathologic response to increased core body temperature in Fgf13 

knockout animals. Raising core body temperature by just 3 °C can cause progressive 

cardiac conduction failure, which is reversible upon return to normothermia126. This is likely 

related to a hyperpolarizing shift in steady state inactivation of sodium current, inhibiting 

action potential generation in cardiomyocytes at elevated temperatures. In the CNS, a 

heterozygous Fgf13 knockout mouse model exhibits hyperthermia induced seizures, likely 

due to disruption of excitability in inhibitory neurons108. FGF13 appears to facilitate proper 

ion channel function in response to elevated physiologic temperatures. 

In the peripheral nervous system (PNS), FGF13 has been shown to regulate 

thermosensation, and specifically heat nociception127. As discussed above, heat sensation 

is an incompletely understood process. While TRPV1 has been implicated as an important 

mediator of heat nociception, TRPV1 knockout animals still respond to intense heat 

noxious stimuli (> 52 °C), albeit at a reduced rate, and do not have an altered response to 

mildly noxious heat stimuli (< 48 °C)128,129. Ablation of FGF13 specifically in dorsal root 

ganglion (DRG) neurons abolishes heat nociception. Knockout animals had less 

preference between environments with noxious heat and innocuous temperature, while 

FGF13 knockout neurons were unable to generate sustained action potentials in response 

to noxious heat stimuli. Direct interaction of FGF13 with NaV1.7 was found to be critical to 

this regulation of heat nociception, demonstrating another important FHF – voltage-gated 

ion channel interaction. Presence of FGF13 maintained NaV1.7 membrane localization in 
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response to heat, whereas absence of FGF13 caused NaV1.7 disassociation from the 

membrane in response to heat. Further, disruption of the interaction between FGF13 and 

NaV1.7 attenuated action potential firing and behavioral response to heat stimuli127. 

Interestingly, NaV1.7 has also recently been identified in the hypothalamus, particularly 

within the ARC and PVH nuclei. Within the hypothalamus, NaV1.7 has been shown to 

regulate body weight130, but contribution of modulatory proteins to this process has not 

been investigated. 

Lastly FGF13 has been implicated in regulation of metabolism. Multiple 

transcriptomic and gene expression studies have reported Fgf13 to be upregulated in 

response to high fat diet and other obesity states, or downregulated in fasted, or calorie 

restricted states131–135. All of these studies identified differential expression of Fgf13 in 

WAT, despite adipose not being a site of known significant FGF13 expression relative to 

the abundant expression in the heart and the brain. FGF13 was not studied or manipulated 

directly in any of these reports, and other than these correlational studies, the role of 

FGF13 in metabolism is unknown. 

FHFs, despite their homology with other FGFs, have functionally separate roles. 

These roles are diverse. FHFs regulate multiple tissues, including neuronal, cardiac, 

smooth muscle, skeletal muscle, and possibly adipose. Additionally, FHFs regulate these 

tissues through multiple mechanisms (Fig 6), the most significant of which is modulation 

of voltage-gated sodium channels. Given the diversity of function, it is not clear that the 

full complement of FHF functions have been identified. The goal of this dissertation is to 

investigate additional roles for FHFs in thermogenesis and metabolism.
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Figure 6: FGF13 function in various cell types. Schematic demonstrating reported functions of FGF13 in cancer cells, 
cardiomyocytes, and neurons. 
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1.5 Research goals 

While FHFs were discovered two decades ago, and in vitro studies have 

characterized a number of their functions, limited information exists about their role in vivo. 

Three global FGF13 knockout mouse models have been generated previously108,123,126. 

However, none of these models have been used to investigate metabolic consequences 

of FGF13 deletion. In this dissertation I use a global heterozygous FGF13 knockout mouse 

model to (1) characterize a metabolic and thermogenic phenotype present in this model 

and (2) identify a CNS-mediated role for FGF13 regulation of thermogenesis and energy 

balance. 

1.6 Contributions of collaborators 

In consultation with Dr. Pitt, I designed, performed, and analyzed all of the 

experiments in this dissertation except for the following. 

Chapter 1: This is almost entirely work performed by others, however I participated 

in some of the research discussed here. I participated in the study by our lab investigating 

the role of FGF13 in cardiac caveolae124, assisting Eric Wei in analysis of electron 

micrographs, and in performing the hypoosmotic stress assay. I also participated in a 

study investigating modulation of NaV1.5 by FGF13 in an isoform specific manner112. I 

studied NaV1.5 surface expression in response to Fgf13 expression in HEK293 cells 

through biotinylation pulldown and Western analysis. 

Chapter 2: Fgf13 floxed mice were generated and provided by Dr. Chuan Wang 

and Dr. Hailin Zhang at Hebei Medical University in Shijiazhuang, China. In collaboration 

with me, metabolic cage data was organized, collected, and analyzed by Corey Holman 
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and CJ Bare, research technicians in Dr. David Cohen’s laboratory. They also helped 

organize and perform β3 agonist studies. Wilson Echeverria, our lab manager has helped 

me maintain and organize our mouse colonies, and has aided in collection of body 

weights. Institutional animal facility temperature data was provided by Kyla Costa, an 

assistant facility manager at Weill Cornell, and Steve Figueroa at Duke. 

Chapter 3: Electron microscopy services were provided by Neil Medvitz at Duke 

and Lee Cohen-Gould at Weill Cornell. I captured images from samples prepared for 

electron microscopy and performed analysis of images while blinded to genotype. Dr. 

Aravind Gade provided and helped collect additional data from Nestin-Cre knockout 

animals. Dr. Thu Huynh, from the lab of Dr. Conor Liston, taught me the technique of 

stereotactic intracranial injection. Dr. Alice Marino and CJ Bare assisted me with the 

norepinephrine turnover assay. Dr. Xiaolu Sun collected and analyzed electrophysiologic 

data on the effect of FGF13 on NaV1.7 current. 

Drs. David Cohen, Paul Cohen, and James Lo provided valuable feedback on a 

manuscript prepared reporting the work described in this dissertation. 
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2. Characterization of thermogenic and metabolic
dysfunction in Fgf13+/- mice
2.1 Introduction 

As discussed in Chapter 1, FHFs participates in a diverse set of physiologic 

functions in multiple tissue types.  Many of these functions are through modulation of ion 

channels, but FHFs also have alternative mechanisms. FGF13, encoded by Fgf13 on the 

X chromosome, appears to be particularly multifunctional, with demonstrated roles in ion 

channel modulation, temperature-mediated cardiac conduction, caveolae formation, 

caveolae-mediated cardioprotection, microtubule stabilization, heat nociception, smooth 

and skeletal muscle cell development, cancer, epilepsy, arrhythmia, and hypertrichosis136. 

An understudied function of FGF13 is its role in metabolism. 

Fgf13 has been identified in five previous studies131–135 to be differentially regulated 

in response to alterations in diet. Fgf13 was found to be upregulated in response to high 

fat diet or polygenic obesity, and downregulated in response to caloric restriction. 

However, FGF13 function specifically was not examined in any of these studies. While 

metabolic dysfunction and obesity have not been reported in previously published Fgf13 

knockout models, it has not been specifically investigated. Additionally, increased 

adiposity has been noted in unpublished observations of at least one of these models.  

We demonstrated that FGF13 is a negative regulator of cavin 1 membrane 

expression, and subsequently, caveolae formation and abundance in the heart. In addition 

to the heart, caveolae are present in skeletal muscle and adipose tissue. Mutations in 

cavin 1 in humans can cause muscular dystrophy and a generalized lipodystrophy, 

characterized by a loss of adipose tissue from the body137. This loss of adipose tissue is 

associated with severe metabolic complications such as insulin resistance and 
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hypertriglyceridemia. Deletion of Cavin1 in mice eliminates the presence of caveolae 

globally, and causes dyslipidemia and glucose intolerance138. Interestingly, cavin 1 has 

also been found to promote efficient rRNA transcription139, which FGF13 has been shown 

to negatively regulate119. The interaction between FGF13 and caveolar proteins, and the 

effect of FGF13 on caveolar abundance has not been studied outside of the heart. 

To elucidate additional functions of FGF13, and motivated by other studies and 

observations potentially linking FGF13 to metabolism, we developed and investigated an 

Fgf13 knockout model. Hemizygous male and homozygous female knockouts were 

embryonically lethal, but heterozygous Fgf13 knockout females displayed a striking 

metabolic phenotype, manifest as a reduced ability to defend core body temperature when 

mice were housed at 22 °C and as obesity when housed at 30 °C. Characterization of the 

thermogenic and metabolic phenotype described in this chapter allowed us to investigate 

the cause and mechanism of FGF13 thermogenic and metabolic regulation discussed in 

chapter 3. 
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2.2 Results 

2.2.1 Generation of global heterozygous Fgf13 knockout mouse 

To generate a global Fgf13 knockout model we used a previously generated 

mouse with a floxed third exon. This mouse was a generous gift from Dr. Chuan Wang 

and Dr. Hailin Zhang of Hebei Medical University (Fig 7)140. 

Figure 7: Generation of Fgf13-loxP mice (Fgf13Fl/Fl). Reprinted from Wang et al., 
2017140 with permission from Elsevier. Structure of mouse Fgf13 genomic locus (line 1). 
Targeting vector injected into mouse embryonic stem cells to introduce neomycin selection 
cassette and loxP sites flanking exon 3 (line 2). Recombined Fgf13 allele (line 3). Removal 
of selection cassette through FLP deleter cross to produce conditional allele (line 4). 

A targeting vector was generated by inserting one loxP site 322 bp upstream of 

exon 3 and a neomycin selection cassette containing another loxP site 226 bp 

downstream of exon 3. The vector was transfected into embryonic stem cells, and 

positively selected cells were injected into murine blastocysts to produce chimeric mice. 

The Neomycin cassette was then removed by crossing with a Flp deleter to produce 
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conditional Fgf13Fl/Fl animals. These mice were originally maintained on a C57Bl/6 

background. 

Conditional mice were then crossed with a germline specific Cre, FVBTg(Ddx4-

cre)1Dcas/J (Ddx4-Cre), to delete Fgf13 in the germline (Fig 8A). During initial crosses 

between floxed lines and Ddx4-Cre, somatic cells may undergo incomplete recombination, 

sometimes resulting in phenotypic consequences because of the deleted allele141. While 

this is more common in offspring with a maternal Cre donor, we observed partial global 

recombination in F1 offspring even with paternal Cre donors (Fig 8B and 8C). Mice 

exhibiting partial recombination had wild type, loxP, and recombination allele size bands 

present on PCR genotyping. While Ddx4-Cre+; Fgf13Fl/Y males were genetically possible 

from this cross, only one male was produced with this genotype in the F1 generation, 

indicating complete, or near-complete global FGF13 loss was nonviable. The one Ddx4-

Cre+; Fgf13Fl/Y male exhibited both loxP and recombination band sizes upon PCR 

genotyping, indicating enough of the loxP flanked Fgf13 gene was spared from 

recombination to be compatible with viability.  
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Figure 8: Generation of Fgf13 global heterozygous knockout mice using the Cre-LoxP system. (A) Structure of the Fgf13 
genomic locus with loxP sites inserted around exon 3140 and Cre-mediated recombination after crossing with the germline 
expressed Ddx4-Cre. Black boxes represent exons, red box represents LoxP targeted exon 3, and green triangles represent 
LoxP sites. (B) Diagram of allelic makeup in somatic and germline cells at each generation of the knockout line. Ddx4 shows 
partial global expression and ubiquitous germline expression. (C) PCR genotyping of wild-type (+/+), F0 Fgf13fl/fl females, F1 
Ddx4-Cre+;Fgf13+/fl females showing partial recombination in somatic cells, and F2 Fgf13+/- females showing full global 
heterozygous knockout.  
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F1 heterozygous females, in addition to incomplete recombination, also displayed 

a highly variable increase in body weight compared to WT littermate controls (Fig 9), while 

maintained on a normal chow diet. We speculated that this variable increase in weight 

was due to incomplete recombination of Fgf13 in somatic cells further compounded by 

random X inactivation throughout an individual mouse. Because of previous reports that 

Fgf13 is differentially expressed in adipocytes when mice are fed high fat diets or 

subjected to calorie restriction131–135, yet demonstration of abundant Fgf13 expression in 

other metabolically important tissues such as the brain97, and unpublished observations 

of increased adiposity in another global heterozygous Fgf13 knockout model, we chose to 

study this phenotype first in global knockouts, rather than initially focusing on a specific 

tissue. 

Figure 9: Weight variability of Ddx4-Cre+; Fgf13+/Fl mice. Ddx4-Cre+;Fgf13+/- mice 
exhibit high variation in weight at 16 weeks of age. n = 5-6 per genotype. F test was used 
to compare variances between genotypes. §§ P<0.01 
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To generate global Fgf13+/- heterozygous female offspring, F1 Ddx4-Cre+; Fgf13+/fl 

female mice were crossed with male WT mice on the C57Bl/6 background (Fig 8A). No 

partial recombination was observed in these offspring (Fig 8B and 8C). Additionally, no 

viable hemizygous knockout Fgf13-/Y males were produced from this cross. Over 210 

offspring were produced, and 50% of males from this cross would be expected to be Fgf13-

/Y knockouts by mendelian ratios. Lack of viable knockout males prevented attempts to 

generate homozygous Fgf13-/- females. Breeding was attempted with the one F1 male that 

exhibited incomplete recombination (Ddx4-Cre+;Fgf13Fl/Y), however no offspring were ever 

produced from this mouse. The lack of viability of Fgf13-/Y on a C57Bl/6 background has 

been previously reported108, although viable complete knockouts, both Fgf13-/- females 

and Fgf13-/Y males, have been reported by one other group123. Since we observed the 

variable increased weight in heterozygous Fgf13+/- (Het) females, we proceeded to study 

Het females along with littermate control Fgf13+/+ (WT) females. 

2.2.2 Fgf13+/- mice exhibit hyperactivity at 22 °C, and develop obesity 
at 30 °C (thermoneutrality)   

To investigate possible mechanisms of variable weight gain, we placed 12-week-

old Het and WT mice in metabolic chambers to monitor energy expenditure, food intake, 

and physical activity over 24 hours. After a 48-hour metabolic chamber acclimation period, 

Het mice housed at standard mouse environmental housing temperatures, ~22 °C, 

showed no difference in 24-hour energy expenditure or food intake when normalized to 

lean body mass via ANCOVA compared with littermate controls (Fig 10A and 10B, Fig 

11A and 11B). However, despite similar energy balance, Het mice were hyperactive, 

moving almost twice as much as WT littermates (Fig 10C and 10D). 
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Figure 10: Metabolic testing of Fgf13+/- mice at 22 °C and 30 °C. Mice were placed in 
metabolic chambers and allowed to acclimate, after which (A) energy expenditure, (B) 
food intake, and (C & D) physical activity were measured over 24 hours. Energy 
expenditure and food intake were normalized to lean body mass via ANCOVA. In panel 
(D) the dark cycle is indicated by shading. For (A-D), n = 7-11 per genotype at each
temperature. Two-way ANOVA was used on 24-hour sum data to assess effects of
genotype, temperature, and interaction effects. Comparisons between genotypes at each
temperature were made using Holm-Sidak’s test for multiple comparisons. *P < 0.05.
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Figure 11: Twenty-four-hour time course of metabolic data and RER. Data from Fig 
10 are plotted as a function of time over 24-hour monitoring period as (A) hourly energy 
expenditure and (B) cumulative food intake. RER plotted as (C) 24-hour average and (D) 
function of time over 24-hour monitoring period. Dark cycle is indicated by shading. For (A 
– D), n = 7-11 per genotype at each temperature. For (C) two-way ANOVA was followed
by Holm-Sidak’s test for multiple comparisons. No main effects of genotype or
temperature, or interaction effects were observed. Indicated significance is for
comparisons between genotype at the same housing temperature, *P<0.05.
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Observed hyperactivity occurred almost exclusively during the dark cycle. We did 

not observe a visible increase in shivering. Hyperactivity was not mirrored by an increase 

in the respiratory exchange ratio (RER) in Het mice at 22 °C (Fig 11C and 11D). A diurnal 

cycle with a rising RER during the dark phase was observed in both genotypes, indicating 

that both WT and Het mice utilize dietary carbohydrates in oxidative organs during active 

periods. That the Het mice showed increased activity without a compensatory increase in 

energy expenditure, and no obvious shivering phenotype, suggested to us that the Het 

mice had a deficit in adaptive non-shivering thermogenesis, which is normally active in 

mice at 22 °C142. 

To test this hypothesis directly, we housed mice at 30 °C starting at 5 weeks of 

age. For mice, this temperature is thermoneutrality, which, again, is the temperature at 

which no additional energy above basal metabolic rate must be expended by an organism 

to maintain core body temperature. Thermoneutral housing minimizes thermal stress, 

reduces metabolic demand143, and can uncover metabolic phenotypes masked by the 

metabolic challenges present at colder temperatures. After housing at thermoneutrality for 

7 weeks, we placed the now 12-week-old mice in metabolic chambers. Under these 

conditions, both WT and Het mice showed an expected reduction in both total energy 

expenditure and total food intake compared to mice that had been housed at 22 °C (Fig 

10A and 10B, Fig 11A and 11B). However, Het mice displayed a consistently lower RER 

than WT (Fig 11C and 11D), indicating reduced carbohydrate catabolism, possibly due to 

increased available fat mass or increased lipogenesis. Additionally, we observed an 

elimination of the excess activity displayed by Het mice at 22 °C (Fig 10C). While 

hyperactivity has been previously reported in Fgf13 knockout models123, the fact that 

increased activity observed at 22 °C is abolished by thermoneutral housing suggests that 
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hyperactivity seen here is due specifically to the lower housing temperature and is not 

likely a result of an unrelated abnormal behavior.  

We followed Het and WT mice housed at 22 °C and 30 °C until they were 16 weeks 

old. Het mice developed significant obesity compared to WT mice during 3 months of 

housing at thermoneutrality (Fig 12A and 12B). By MRI body composition analysis, both 

fat mass and total body mass were increased at 30°C (Fig 12C). Dissected interscapular 

brown adipose tissue (iBAT) and gonadal white adipose tissue (gWAT) depot weights 

were significantly increased at 30 °C (Fig 13A and 13B). Additionally, on gross 

examination, isolated iBAT pads were larger and paler than WT pads (Fig 13C). Isolated 

gWAT pads were significantly larger in Hets but did not show altered coloration, or 

otherwise altered gross appearance (data not shown). This increase in fat mass 

developed despite no change in food intake (measured over a 2-week period), as shown 

in Fig 13D. Although the mice gained significant weight, they did not appear to develop 

insulin insensitivity, as fasting blood glucose was unchanged (Fig 14). Since the Het mice 

gained weight at 30 °C without increasing food intake, their calculated metabolic efficiency 

(conversion of consumed energy into increased body mass, as opposed to expending 

energy on other body functions) was significantly higher in Hets (Fig 13E). We 

hypothesized that these data indicated a relative defect in BAT activity in Hets.  
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Figure 12: Fgf13+/- develop obesity at thermoneutrality. (A) Growth curve of Fgf13+/-
 mice and littermate controls raised at 

22 °C and 30 °C. Mice were placed in environmentally controlled chambers starting at 5 weeks of age and monitored weekly 
for 11 weeks. (B) Representative image of Fgf13+/-

 mouse and littermate control raised at 30 °C at 16 weeks of age. (C) Body 
composition, determined by MRI, as distribution of fat, lean, and total body mass (TBM). For A and C, n = 7-11 per genotype at 
each temperature. For A, two-way repeated measures ANOVA was used to assess main effects over time, as well as interaction 
effects. Comparisons between genotypes at each time point were made using Tukey’s test for multiple comparisons. Indicated 
significance is for comparison between Het and WT mice raised at 30°C. For C, two-way ANOVA for comparisons within fat, 
lean, and TBM data sets was performed and followed by Holm-Sidak’s test for multiple comparisons. *P < 0.05, **P < 0.001. 
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Figure 13: BAT, WAT is altered at thermoneutrality. Metabolic efficiency in Fgf13+/- is increased. A. Dissected 
interscapular BAT average weight. B. Dissected unilateral gonadal WAT depot average weight. C. Representative image of 
dissected BAT from mice housed at 30 °C. D. Food intake measured over 2 weeks in mice housed at 30 °C, from 14-16 weeks 
of age. E. Metabolic Efficiency calculated by measuring two-week weight gain of mice housed at 30 °C, divided by the kcal of 
food consumed over that time period. For A and B, n = 7-11 per genotype at each temperature. For D and E, n = average from 
2 cages, with 3-5 mice per cage, normalized to number of mice per cage. For A and B, two-way ANOVA was followed by Holm-
Sidak’s test for multiple comparisons. For D and E, statistical comparisons were made using Student’s t test. *P < 0.05, **P < 
0.001. 
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Figure 14: Fasting glucose. Fgf13 Hets show no differences in fasting glucose. 5 hour 
fasting glucose measured at 16 weeks of age. n = 6 per genotype at each temperature. 
Two-way ANOVA was followed by Holm-Sidak’s test for multiple comparisons.  

2.2.3 Differences between institutional housing environment 

During our study of this Fgf13+/- knockout model, our laboratory moved from Duke 

University in Durham, North Carolina to Weill Cornell in New York City, New York. Mice 

were originally generated at Duke, and during the move, were shipped to Weill Cornell 

and held in quarantine before transfer to Weill Cornell mouse housing facilities. However, 

due to breeding difficulties, the knockout model was largely regenerated from new crosses 

between Fgf13Fl/Fl and Ddx4-Cre+ animals. All of the data shown in this chapter thus far, 

and the vast majority of data presented in this dissertation, are from animals born and 

permanently housed at Weill Cornell. However, it is relevant to note that differences in 

phenotype have been observed between animals born in Duke facilities and animals born 

in Weill Cornell facilities. Fgf13+/- animals born at Duke, both in the F1 generation 

exhibiting incomplete recombination, and in the F2 generation with full recombination, 

developed obesity spontaneously at standard housing temperature (22 °C) on a standard 

chow diet (Fig 15). 
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Figure 15: Comparison between Duke raised and Cornell raised Fgf13+/- cohorts. 
n = 7-11 per genotype at each temperature for Cornell raised animals. n = 9-10 per 
genotype for Duke raised animals. The bottom panel is repeated from Figure 12 for ease 
of comparison. 
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It is interesting to note that Duke raised Het animals mirrored the growth curve of 

Cornell raised animals housed at thermoneutrality.  The mean weight of Duke Hets at 16 

weeks was 33.5g compared with 35.2g in thermoneutral Cornell Hets. Because 

thermoneutral housing caused a similar degree of obesity to that seen at Duke, we 

hypothesized that there may be subtle temperature differences between mouse housing 

facilities at the two institutions, and Duke animals may be naturally housed at a warmer, 

more thermoneutral temperature. However, analysis of temperature data reports from 

software monitoring animal facilities at both institutions revealed a small, but significant 

difference in the opposite direction. Duke animal facilities were on average 2 °C cooler 

than Weill Cornell facilities (Fig 16). 

Figure 16: Animal facility temperature comparison. Average monthly temperatures of 
animal housing facilities at Duke University and Weill Cornell Medical Center during 12-
month periods during which Fgf13+/- animals were present at each facility. *P < 0.05. 
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As altered temperatures did not appear to explain differences in Fgf13+/- 

susceptibility to obesity between institutions, another factor we considered was differences 

in gut microbiota. Gut microbiota composition plays an important role in nutrient 

absorption, vitamin synthesis, and energy homeostasis. While exact mechanisms and 

contributions of gut microbiota to the development of obesity and metabolic dysfunction 

are not yet fully understood, it is becoming increasingly clear that these niche organisms 

can increase energy production, promote inflammation, and alter fatty acid tissue 

composition depending on environmental context144–147.  

The main contributor to the diversity of gut microbiota is diet, accountable for up to 

57% of the variability between individuals148,149. However, in our mice, this is unlikely to be 

a causative factor for observed differences.  PicoLab Rodent Diet 20, 5053, is the standard 

rodent chow used by both Duke and Weill Cornell animal facilities. The mice in this study 

have only been maintained on 5053 rodent chow, and have never been fed high fat diet. 

Breeding animals at both facilities were fed PicoLab Rodent Diet 20, 5058, which has 

slightly higher energy content than 5053, but breeding animals were not used for study or 

analysis, and there was no difference between institutions. While animals were maintained 

on the same diets, it is worth noting that even on the same diet, mice in different rooms 

within the same facility can exhibit different microbiome compositions, so this is a sensitive 

state. 

Another contributing factor to microbiota diversity is drug or medication exposure. 

Antibiotics are the most studied drug category relating to microbiota makeup, and our 

mouse colonies have never been treated with antibiotics, either at Duke or at Weill Cornell. 

However, our colonies have been exposed to other medications. At Duke, a pinworm 

infestation affected a number of mice in our colony. While Fgf13+/- animals were not 
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directly affected, all mice in the colony were treated with fenbendazole for a period of 6 

months. Upon moving to Weill Cornell, mice were kept in quarantine for 3 months, and 

were prophylactically treated with a combination of fenbendazole and ivermectin despite 

no detected parasitic infection. Mice that have been part of the Fgf13+/- cohort regenerated 

entirely at Cornell have not been exposed to any chronic drug regimens. While the 

contribution of fenbendazole exposure to metabolic dysfunction in our mouse models is 

not entirely clear, fenbendazole treatment has been correlated with altered hepatic 

expression of cytochrome p450 isoforms in mice150, and, interestingly, has been 

associated with disturbance of gut microbiota makeup and disruption of metabolic energy 

homeostasis in the Amur tiger151. It would be of interest to study the differences in gut 

microbiota composition between animals raised at Duke and Weill Cornell.  Unfortunately, 

by the time we detected a phenotypic difference between these models, we no longer 

were housing any animals at Duke, and so were unable to collect feces or samples 

necessary for characterization of microbiota content. 

While we cannot make any firm conclusions about contributions of microbiome 

diversity to our observed metabolic phenotypes, it is known that the development of 

obesity is a sensitive process, and many factors can impact it, including environment, 

social interaction, and genetic background. The C57Bl/6 background on which our model 

was originally generated is particularly obesity prone152–154. It was noted that obesity has 

not been reported in previous Fgf13 knockout models, however, one of these models was 

generated on a 129/Sv background126. Of note, in addition to no detection of obesity, this 

model was also able to produce viable Fgf13-/Y hemizygous males and Fgf13-/- 

homozygous females. Because of these observations, we also set out to evaluate the role 

of Fgf13 in mice on the obesity resistant 129/Sv background. We intercrossed Fgf13+/- 
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C57Bl/6 females with 129/Sv WT males to produce an intercross line. In the F1 intercross 

generation we found that Het mice developed only a mild weight gain when housed at 

thermoneutrality (Fig 17A). Similar to the C57Bl/6 Hets, the 129/Sv Hets also exhibited 

hyperactivity at 22 °C (Fig 17B and 17C), despite no differences in energy expenditure or 

food intake (Fig 17D and 17E). Thus, the relative defect in BAT activity persists with a 

contribution of the 129/Sv background albeit in a milder form, likely explaining why 

previous Fgf13 knockout studies generated on backgrounds other than C57Bl/6 did not 

report obesity. Because weight gain was almost abolished with a single cross into 129/Sv, 

we did not pursue further studies in the 129/Sv background. 
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Figure 17: 129/SV-C57Bl/6 intercross strain shows mild metabolic phenotype. (A) Growth curve for 129/SV-C57Bl/6 
intercross strain. Fgf13+/- mice and littermate controls housed at 22 °C and 30°C. Mice raised at 22 °C were placed in metabolic 
cages at 12 weeks of age and had (B & C) physical activity, (D) energy expenditure, and (E) food intake measured over a 24-
hour period. Energy expenditure and food intake were normalized to lean body mass via ANCOVA. For (A), n = 6 per genotype 
at each temperature. For (B – E), n = 6 per genotype. For (A), two-way repeated measures ANOVA was used to assess main 
effects over time, as well as interaction effects. Comparisons between genotypes at each time point were made using Tukey’s 
test for multiple comparisons. Indicated significance is for comparison between Het and WT mice raised at 30°C. For (C-E), 
Student’s T-test was used for statistical comparisons on 24-hour cumulative data. *P < 0.05, **P<0.01. 
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2.2.4 Fgf13+/- mice exhibit impaired thermogenesis 

BAT activity expends consumed energy and contributes to maintenance of core 

body temperature. In our Fgf13+/- mice raised on a C57Bl/6 background, we found 

hyperactivity not accounted for by an expected increase in total energy expenditure in 

mice housed at 22 °C. Further, in mice housed at thermoneutrality we observed the 

development of pronounced obesity, that could not be explained merely by increased food 

consumption. Motivated by altered metabolic efficiency, physical activity, and gross 

appearance of BAT, and to test our hypothesis that Fgf13 Hets showed defects in BAT 

activity, we examined core body temperature during 22 °C and 30 °C housing. During 

housing at 22 °C, Hets exhibited a reduced core body temperature compared to WT. When 

thermal stress was minimized by housing at 30°C, no differences were observed between 

genotypes (Fig 18A). While the temperature difference between genotypes at 22 °C was 

small, at about 1 °C, thermoregulation is a tightly controlled process, and many cellular 

functions only work optimally within a narrow temperature range. To further examine 

Fgf13+/- ability to thermoregulate, we tested their response to an acute cold challenge (Fig 

18B).  Mice, acclimated to 30 °C housing, were placed into a 22 °C environment. Within 

60 minutes, core body temperature dropped in Hets, but not in WT. Animals were then 

moved to a colder, 4 °C, environment, and kept there for an additional 60 minutes. At 4 

°C, core body temperature in Hets fell more rapidly, and to a greater extent than in WT. 

Of note, when the cold-challenge response was analyzed per mouse, it was found that 

mouse weight was significantly correlated with loss of body temperature in response to 

cold (Fig 18C), supporting a link between the metabolic and thermogenic defects observed 

in this model. 
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Figure 18: Fgf13+/- show impaired core body temperature defense, correlating with degree of obesity. (A) Core body 
temperature recorded by rectal thermometer in mice housed at 22 °C or 30 °C. (B) Core body temperature of 30 °C housed 
mice in response to a thermal challenge of 1 hour at 22 °C followed by 1 hour at 4 °C. (C) Correlation between weight and core 
body temperature after 60 minutes of 4 °C exposure. For (A), n = 5-8 per genotype at each temperature. For (B) n = 5 per 
genotype. Statistical significance was determined by two-way ANOVA (A) or two-way repeated measures ANOVA (B) followed 
by Holm-Sidak’s test for multiple comparisons. *P<0.05, **P<0.01 for comparisons between genotype at same temperature or 
time point. 
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BAT mediated thermogenesis is a use dependent process. Animals with limited 

exposure to cold will not tolerate acute cold exposure for extended periods of time. 

Therefore, it is not surprising that WT, thermoneutral acclimated animals showed a 

reduction in core body temperature upon acute cold challenge. However, Het animals 

immediately drop core body temperature upon even mild thermal challenge, and then 

continue to lose heat more rapidly than control littermates in response to severe cold 

challenge suggesting that Het mice do not have adequate adaptive thermogenic 

mechanisms available to deal with cold, and are unable to compensate even in the short-

term with alternative thermogenic mechanisms such as increased shivering. These data 

support our hypothesis that BAT-mediated thermogenesis was defective in Hets.  

Impaired adaptive thermogenesis could be a consequence of different sites of 

dysfunction. Thermosensation could be dysfunctional, with temperature change and heat 

loss not being detected by the CNS. Alternatively, central mediated sympathetic drive to 

induce thermogenesis could be defective. The simplest explanation is that the tissue 

where adaptive thermogenesis takes place, BAT, is dysfunctional. To test whether BAT 

function was intact, we activated BAT exogenously in mice acclimated to thermoneutrality 

by daily administration of CL 316,243, a β3 adrenoreceptor agonist, for 14 days. After 

administration, we noted an abrupt arrest and reversal of weight gain exhibited by Het 

mice, with no weight changes observed in WT littermate injected mice (Fig 19A). 

Additionally, Het mice acutely injected with CL 316,243 exhibited the same increase in 

energy expenditure as WT littermates (Fig 19B and 19C). Together, these data suggest 

that the defect in thermogenic response in Hets resulted not from a defect in BAT itself, 

but rather in the CNS program regulating activation of BAT. 
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Figure 19: Fgf13+/- respond to exogenous adrenergic stimulation. (A) Weight of mice injected with CL 316,243 (0.2 
mg/kg/d). Mice were injected daily starting on day 14 of a 28-day monitoring period. (B) Energy expenditure averaged from 15 
minutes after a single injection of CL 316,243 (0.2 mg/kg) or saline (equivalent volume) to the end of an 8-hour monitoring 
period. Energy expenditure was normalized to lean body mass via ANCOVA. (C) Energy expenditure as a function of time over 
8-hour monitoring period. Injections occurred at hour 1. For (A) n = 5-7 per genotype. For (B) and (C), n = 4 per genotype. The
same animals were used for saline and CL injection. Statistical significance was determined by two-way repeated measures
ANOVA (A) or two-way ANOVA (B) followed by Holm-Sidak’s test for multiple comparisons. *P<0.05, **P<0.01 for comparisons
between genotype at same time point, or treatment conditions.
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2.3 Discussion 

While our lab has previously investigated the role of Fgf13 ablation in vivo, 

it was restricted to cardiac specific knockout124. Here we characterize a global 

heterozygous Fgf13 knockout model. Previous knockout models of Fgf13 have been 

reported108,123,126, but no obesity was noted. The lack of observed obesity in these models 

may be explained by strain differences, variable X-chromosome inactivation, and the 

absence of thermoneutral housing. The 129/Sv background, on which the model from Park 

et al., 2016126 was generated, are relatively resistant to obesity compared to the C57Bl/6 

on which our model was generated. Park et al. was also able to generate hemizygous 

Fgf13-/Y males without embryonic lethality. Interestingly, others have shown that a 50% 

intercross between WT C57Bl/6 and 129/Sv resulted in growth curves and metabolic 

profiles very similar to pure C57Bl/6 rather than 129/Sv153. In our model, the F1 intercross 

noticeably blunted weight gain at thermoneutrality. While some of the genetic 

determinants of obesity resistance in 129/Sv have been identified, such as Wnt-5a and 

PKCδ153, the full difference between strains is not completely understood.  

Other Fgf13 knockout models were generated on the C57Bl/6 background108,123 

and do not report obesity, but animals were not housed at thermoneutral temperatures. 

We found thermoneutral housing necessary to reveal the obesity phenotype, at least at 

Weill Cornell. In that context, it is interesting that Wu et al. observed hyperactivity123, as 

we also observed in Hets housed at 22 °C. That study interpreted hyperactivity as a 

neurobehavioral defect present in their mice. Since we did not observe the increased 

activity in Fgf13 Hets when they were housed at 30 °C, our data suggest that the 

hyperactivity at 22 °C is a compensatory thermogenic mechanism.  
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Wu et al. also reported viable full knockout (Fgf13-/Y and Fgf13-/-) animals. This 

study used two transgenic Cre expressing animals to delete Fgf13 in their Fgf13Fl/Fl mice, 

Emx-Cre and EIIa-Cre. Emx-Cre is primarily expressed in the CNS, and so would not 

cause a global recombination of Fgf13. EIIa-Cre is similar to Ddx4-Cre, in that both are 

germline expressed Cre lines, and should cause global deletion in a second generation of 

breeding. It is not entirely clear which generation of mice were examined in this study, and 

no discussion of partial global recombination is made in the article. In our F1 generation 

we detected the presence of the Fgf13 recombined allele, but the Fgf13 LoxP allele was 

also present, demonstrating incomplete recombination. Perhaps some of the Fgf13 

deficient mice reported in Wu et al had not undergone complete global recombination, 

permitting viability of partially recombined animals. Of note, Puranam et al. also reported 

nonviability in Fgf13-/- and Fgf13-/Y animals, and performed their studies on the role of 

FGF13 in epilepsy on Fgf13+/- female mice108. Additionally, while obesity was not reported 

in their study, it was in the model from Puranam et al. that a previous member of our lab 

first observed an increase in adiposity. 

The differences in development of obesity in our model between research 

institutions is an interesting one. While strain differences in our models demonstrate the 

sensitivity of obesity development to genetic background, institutional differences 

demonstrate how sensitive the development of obesity is to environmental factors. While 

we show that the differences are likely not due to differences in standard diet provided, or 

standard housing temperatures between animal facilities, it is unfortunate that we could 

not more fully investigate possible effects on the microbiome. It may be interesting in the 

future to directly investigate the effects of antiparasitic treatment in our model. Perhaps 
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addition of fenbendazole may make our model more susceptible to development of 

obesity. 

In summary, we show here that global heterozygous Fgf13 ablation results in 

defects in thermogenesis and metabolism. In the next chapter we investigate how FGF13 

may regulate these processes. 
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2.4 Methods 

2.4.1 Animals 

Animals were handled according to NIH Guide for the Care and Use of Laboratory 

Animals155. Treatment of animals used in this dissertation was approved by Weill Cornell 

Medical Center Institutional Animal Care and Use Committee (Protocol no. 10-04-2017). 

Genetically modified mice were maintained on a C57BL/6J (000664; The Jackson 

Laboratory) or 129S2/SvPasCrl (previously designated 129/SvPas) (Charles River 

Laboratories) genetic backgrounds, or on an F1 intercross background derived by 

breeding C57BL/6J mice with 129S2/SvPasCrl mice. All mice were maintained on a 

standard rodent chow diet (PicoLab Rodent Diet 20, 5053, LabDiets, St. Louis, MO) with 

a 12-h light/dark cycle (light cycle, 6 a.m. to 6 p.m.; dark cycle, 6 p.m. to 6 a.m.). Fgf13fl/fl 

mice were generated as described previously124,140, by flanking exon 3 of the mouse Fgf13 

gene with two loxP sites. To generate global heterozygous knockout females, female 

Fgf13fl/fl mice were crossed with male Ddx4-cre+ (FVBTg(Ddx4-cre)1Dcas/J) to produce an F1 

generation with germline specific deletion of the Fgf13 gene. In this F1 generation, 

incomplete recombination was observed in somatic cells, as has been previously 

reported141. F1 Fgf13+/fl;Ddx4-Cre+ females were crossed with wild type males to produce 

Fgf13+/- heterozygous females and Fgf13+/+ littermate controls. While Fgf13-/Y males were 

genetically possible from this cross, we did not observe any viable hemizygous male 

offspring. Mice were housed either at 22 °C or at 30°C in an environmentally controlled 

cabinet. For cold challenge studies, mice raised for at least 8 weeks at 30°C were 

transitioned to 22 °C for 1 h, followed by transition to 4°C for 1h, and had core body 

temperature recorded by rectal probe every 15 minutes until the end of the study. Mice 

were then returned to 30°C. 
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2.4.2 Metabolic measurement and data analysis 

Metabolic studies were performed as previously described156,157. Metabolic 

measurements were acquired through indirect calorimetry using the Promethion Metabolic 

Screening System for mice (Sable Systems International, Las Vegas, NV). Mice were 

single housed with cage floors in place of bedding for the duration of the experiment and 

had ad libitum access to food and water. Food and water intake along with body mass 

were continuously monitored using built-in hopper load cells. Metabolic cages were 

contained within two temperature-controlled cabinets (DB034 Laboratory Incubator, 

Darwin Chambers, St. Lois, MO) at stable ambient temperatures of either 22.0 ± 1.0 °C or 

30.0 ± 1.0 °C with a 12 hour light/dark cycle to eliminate environmental effects on the data. 

Cage systems were calibrated prior to each study. The mice were acclimated to the 

metabolic cages for 48 hours, followed by 24 hours of data recording starting at 0600 using 

the supplied Promethion data collection software, MetaScreen version 2.3.4 (Sable 

Systems International, Las Vegas, NV). Respirometry data, including oxygen consumption 

(VO2) and carbon dioxide production (VCO2), were acquired at a sampling frequency of 

1 Hz, with cage and baseline dwell times of 30 seconds and a baseline frequency of once 

every four cages, for a total cycle time of 240 seconds. Energy expenditure (EE) was 

calculated using the Weir equation158 as implemented in the Macro software provided with 

the Promethion system (ExpeData 1.9.14; UMC-10.1.8.1-mouse; Sable Systems 

International, Las Vegas, NV).  

𝐾𝐾 = 3.9 𝑉𝑉𝑂𝑂2 + 1.106 𝑉𝑉𝑉𝑉𝑂𝑂2  (Weir Equation) 

Where K = kcal expended, VO2 = O2 used, and VCO2 = CO2
 produced over a given time. 

Ambulatory activity was measured with an XY beam break array and converted to 

total activity with the Macro software by calculating the centroid position of the mouse and 
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analyzing its displacement and speed. Body composition including fat and lean mass was 

measured using NMR spectroscopy in an EchoMRI 3-in-1 Body Composition Analyzer 

(EchoMRI LLC, Houston, TX). Individual mice were placed in an EchoMRI plastic animal 

holding tube, allowed to acclimate to the tube for two minutes then gently immobilized 

using the supplied plunger for the duration of the 90 second scan. The live readings did 

not require anesthetization of the mice. 

The raw Macro data were sorted into time bins and averaged hourly, with 15 data 

points per mouse comprising each hourly average. For EE, the total (6am-6am), was 

summed, and normalized via an Analysis of Covariance (ANCOVA) using the VassarStats 

ANCOVA function (www.vassarstats.net) for differences in lean body mass (LBM). Food 

intake was also normalized for differences in LBM via ANCOVA. Outliers with a P < 0.05 

were removed via the Grubbs' test or removed if a known mechanical malfunction was 

present. Error is reported as SEM. 

2.4.3 CL 316,243 injections 

For Fig 19A, mice acclimated to thermoneutrality, aged 12-16 weeks, were 

weighed weekly for two weeks. They were then given daily CL 316,243 (Sigma) injections 

intraperitoneally at a dose of 0.2 mg/kg for 14 days and weighed daily. For Fig 19B and 

19C, mice acclimated to thermoneutrality, aged 12-16 weeks were injected with saline on 

day 1 at 8am, 1 hour into an 8-hour monitoring period (7am-3pm) in Promethion metabolic 

cages. On day 2 they were injected with CL 316,243 at a dose of 0.2 mg/kg at 8am. 

Respirometry data and energy expenditure were collected and calculated as described 

above. ANCOVA lean body mass normalization was performed on 8-hour sum energy 

expenditure data. 
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2.4.4 Statistical analyses 

Data are presented as mean ± SEM. Statistical significance between two groups 

was assessed using a two-tailed unpaired Student’s t test. For experiments with two 

factors, such as genotype and housing temperature, two-way ANOVA was performed, 

followed by Holm-Sidak’s test for multiple comparison to assess main effects, interaction 

effects, and direct comparisons between groups. For experiments with repeated measures 

over time, two-way repeated measures ANOVA was performed to test for main effects 

and interaction effects, followed by Tukey’s test for multiple comparisons to compare 

differences between genotypes at each time point. The F test was used to measure 

variance between groups in the F1 generation of mice. For all tests, statistical significance 

was set at P < 0.05. Analyses were conducted with GraphPad Prism 7. 
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3. FGF13 mediated regulation of thermogenesis and 
metabolism resides within the central nervous system 
3.1 Introduction 

In the previous chapter, I detailed characterization of a global heterozygous Fgf13 

knockout mouse model. During characterization we established that heterozygous loss of 

Fgf13 results in a thermogenic defect, manifest as reduced core body temperature at 

standard mouse housing ambient temperatures (~22 °C), and a rapid and severe loss of 

core body temperature in response to an acute cold challenge. Loss of Fgf13 also results 

in a metabolic defect in animals housed at thermoneutrality, where pronounced obesity 

develops within three months of thermoneutral housing. This obesity develops despite no 

appreciable changes in food intake. We also established that BAT in Fgf13 Het animals 

can be exogenously activated, and exogenous activation produces the same increase in 

energy expenditure observed in littermate controls. How Fgf13 regulates these 

thermogenic and metabolic processes still remains to be elucidated. 

Fgf13 was initially discovered through identified homology with Fgf12, which was 

found in the retina. Initial characterization of Fgf13 demonstrated abundant expression 

primarily in the nervous system, but with an additional strong expression signal found in 

the heart97. It is in these two systems that the majority of research into the function of 

FGF13 has been performed. However, since its initial characterization, roles outside of 

these systems have been suggested and studied. These include functions in cancer119, 

smooth and skeletal muscle development121,122, and in adipose tissue131–135, although the 

specific role of FGF13 in adipose is not well understood, and a role for FGF13 in 

metabolism has not been studied directly. 
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A previous study in our lab established that FGF13 regulates cavin proteins, which 

are critical structural proteins essential to the formation and function of caveolae124. While 

this study focused on the heart, and showed a cardioprotective effect of cardiac specific 

Fgf13 ablation, caveolae are present, and have important functions in other tissues, 

including skeletal muscle, and adipose tissue, both tissues where FGF13 has been 

studied. Mutations in cavins, and disruption of caveolae have been associated with both 

muscular and lipodystrophies5,137. Lipodystrophies are characterized by a significant 

absence of adipose tissue, but nonetheless are associated with severe metabolic 

dysfunction, glucose intolerance, and hypertriglyceridemia. Furthermore, in the heart, 

Fgf13 ablation caused increased caveolae abundance, and provided cardiomyocytes with 

increased capacity to buffer membrane stress. In adipose tissue, reduction in membrane 

stress has been associated with increased expandability of adipocytes, and development 

of metabolically healthy weight gain in mouse models159. Regulation of caveolae is one 

possible mechanism by which FGF13 may regulate metabolism, and explain metabolic 

phenotypes observed in the global Fgf13 ablation model used here. 

On the other hand, FGF13 has a well-established role in the CNS as an ion channel 

modulator. As described in chapter 1, the CNS is involved in precise and significant 

regulation of thermogenesis and energy balance, both of which are defective in Fgf13 

Hets. In the PNS, FGF13 is important for functional heat nociception127. This function is 

mediated through an interaction between FGF13 and the voltage-gated sodium channel, 

NaV1.7. NaV1.7 has primarily been studied in the PNS for its role in nociception. However, 

expression of NaV1.7 has also been identified in the hypothalamus130,160. Here, NaV1.7 has 

been found to regulate body weight in both the ARC and PVH. Targeted ablation of NaV1.7 

in the PVH induces a doubling of body weight within 30 days. Modulators of NaV1.7 within 
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the hypothalamus are currently unknown. Thus, modulation of ion channels in the CNS is 

another plausible mechanism through which FGF13 may regulate thermogenesis and 

metabolism. 

In this chapter I demonstrate that loss of Fgf13 does not increase caveolae 

abundance in adipose or skeletal muscle. Further, I show that there is no significant 

expression of FGF13 in adipose tissue as compared with neuronal tissue, and show that 

loss of Fgf13 within the CNS is sufficient for the development of observed metabolic 

phenotypes. I go on to demonstrate that ablation of Fgf13 specifically in the hypothalamus 

is able to recapitulate obesity seen in global Hets and identify reduced sympathetic output 

from the CNS to BAT in our knockout model. The data shown here support a CNS-

mediated role for FGF13 regulation of thermogenesis and metabolism, through modulation 

of sympathoexcitatory output to metabolically functional BAT. 
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3.2 Results 

3.2.1 Fgf13+/- mice do not have altered caveolae abundance in WAT or 
skeletal muscle 

Having previously demonstrated that cardiac specific knockout of Fgf13 increases 

caveolae density at the sarcolemma, providing cardiomyocytes with an increased 

membrane reservoir with which to buffer membrane tension124, we wanted to investigate 

effects of Fgf13 loss on caveolae density in other tissues. As in our previous study focusing 

on the heart, we quantified caveolae density along cell membranes in electron 

micrographs from skeletal muscle and white adipose tissue samples from Fgf13+/- Hets 

and WT littermates (Fig 20).  

We observed no significant differences in caveolae abundance, and the trend in 

both tissues was rather towards fewer caveolae per length of membrane. Further, unlike 

the cardiac specific knockout, we observed no alterations in membrane ultrastructure or 

increased convolutions. Unlike in the heart, heterozygous Fgf13 ablation did not appear 

to alter caveolae in other tissues where they are present. However, it is possible that 

FGF13 could regulate metabolism and obesity in these tissues through other mechanisms. 
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Figure 20: Caveolae density in adipose and skeletal muscle. Representative electron 
micrographs showing cell membranes of (A) adipocytes and (B) skeletal myocytes. 
Quantification of caveolae density normalized to membrane length is shown in lower 
panels. n = 30-40 micrographs analyzed from each genotype per tissue from three 
different animals per genotype. 

3.2.2 Fgf13 ablation does not cause obesity through effects on 
adipose tissue. 

 Motivated by multiple studies that reported differential expression of Fgf13 in 

adipose in response to high fat feeding or calorie restriction131–135, we investigated whether 

Fgf13 contributed to the observed metabolic phenotypes because of actions in adipose 

by first examining FGF13 expression in adipose. Using a validated antibody against 

FGF13102,124, we observed abundant Fgf13 expression in the heart and the brain (Fig 21A), 

where we and others108,111,123,124,126 previously documented Fgf13 expression and function. 

Moreover, we saw a relative reduction in FGF13 protein in Hets compared to WT in both 

heart and brain, confirming efficacy of the heterozygous knockout. We detected only weak 

signals in BAT and WAT (which were reduced to levels below detection in the Het mice). 

The strong expression in heart and brain and limited expression in adipose is consistent 
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with several previous studies that identified heart and the nervous system as major sites 

of Fgf13 expression in standard chow fed mice, with limited expression in adipose 

tissue97,161. Nevertheless, because of the multiple studies detecting differential Fgf13 

expression in adipose tissue, we generated an adipose-specific heterozygous knockout 

using Adiponectin-Cre to test for possible additional functions of Fgf13 in adipose. When 

housed at thermoneutrality, Adipoq-Cre+;Fgf13+/fl; mice did not show any weight gain 

compared to Adipoq-Cre+ controls (Fig 21B). Thus, although Fgf13 is differentially 

regulated by diet in adipose tissue, we conclude that it is expressed at low levels when 

mice are fed normal chow, and Fgf13 does not contribute to the metabolic phenotypes 

under the conditions studied here.  

We therefore turned our attention to the brain, and whether reduced BAT activation 

in Het mice resulted instead from decreased sympathetic drive, by generating brain-

specific Fgf13 heterozygous knockouts using Nestin-Cre. When housed at 

thermoneutrality, Nes-Cre+;Fgf13+/fl mice recapitulated the weight gain observed in global 

Hets. Nes-Cre+ controls, like WT controls, exhibited no weight gain (Fig 21C). This weight 

gain developed despite known metabolic effects of Nestin-Cre, which cause reduced body 

size162. These data implicate the brain as a critical site responsible for the phenotypic 

manifestations of Fgf13 Het mice. 
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Figure 21: FGF13 is expressed at low levels in adipose tissue and is abundant in 
the CNS. CNS specific heterozygous knockout of Fgf13 recapitulates an obesity 
phenotype when raised at 30 °C, while adipose tissue specific knockout of Fgf13 does 
not. (A) Western blot demonstrating FGF13 expression in various tissues. (B) Growth 
chart of Adipoq-Cre+; Fgf13+/fl mice and Adipoq-Cre+ littermate controls housed at 30°C. 
(C) Growth chart of Nes-Cre+; Fgf13+/fl mice and Nes-Cre+ littermate controls housed at
30°C. (A) is a representative image of 3 successful experiments. For (B) and (C) n = 5-6
per genotype. Two-way repeated measures ANOVA was used to assess main effects of
genotype and time, as well as interaction effects. Comparisons between genotypes at
each time point were made using Tukey’s test for multiple comparisons. Indicated
significance is for comparison between Het and WT mice at the given time point. *P <
0.05, **P < 0.01.



 

68 

3.2.3 Hypothalamic-specific deletion of Fgf13 causes weight gain with 
no changes in food intake. 

Within the CNS, the hypothalamus exerts multiple effects on metabolism, such as 

regulation of the autonomic nervous system, feeding behavior, energy balance, and 

thermogenesis. The paraventricular nucleus (PVH), in particular, has established roles in 

all of these functions86,90,92,95,163. Fgf13 is expressed within the hypothalamus, both during 

development and in the adult animal97,161 and may be concentrated within the PVH97,110,164. 

Because deletion of the NaV1.7 voltage-gated Na+ channels within the PVH130 leads to 

rapid obesity, and the best characterized function of Fgf13 is regulation of voltage-gated 

Na+ channel function102,112,126,140 including NaV1.7 in neurons127, we tested whether Fgf13 

deletion in the PVH recapitulated the global knockout phenotype. We targeted the PVH 

with viral Cre-GFP (or GFP as a control) by intracranial injection into Fgf13fl/fl mice (Fig 

22A) and monitored the animals’ weight for 30 days after injection while housed at 

thermoneutrality. By day 9, Cre-GFP injected mice gained significantly more weight than 

GFP-injected mice, and the Cre-GFP injected mice continued to gain weight throughout 

the 30-day monitoring period (Fig 22B) despite no increase in food intake (Fig 22C). 

Having demonstrated that targeted deletion of Fgf13 in the hypothalamus leads to weight 

gain, we asked whether the variable obesity in the global Hets correlates with Fgf13 

expression levels within the hypothalamus. We measured Fgf13 expression by RT-qPCR 

in hypothalami dissected from Fgf13 Hets housed at 30 °C and found an inverse linear 

correlation between the amount of Fgf13 expression and weight (Fig 22D). Together, 

these data show that loss of Fgf13 specifically in the hypothalamus recapitulates the 

metabolic phenotype seen in global Hets, and that degree of Fgf13 loss, likely due to 

differences in X inactivation in individual mice, correlates with severity of phenotype. 
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Figure 22: Hypothalamus-specific deletion of Fgf13 causes an increase in body 
weight. (A) Image of Cre-GFP expression in the hypothalamus of a Fgf13fl/fl mouse. (B) 
Weight gain of Cre-GFP and GFP injected Fgf13fl/fl mice over 30 days. For (A – C), n = 5 
per group. For (D), n = 5. Two-way repeated measures ANOVA showed a significant 
interaction effect of genotype and time, P<0.0001. Comparisons between genotypes at 
each time point were made using Tukey’s test for multiple comparisons. (C) 30-day 
cumulative food intake in intracranially injected mice. Statistical comparison made using 
Student’s t test. (D) Correlation of mouse weight and level of hypothalamic Fgf13 
expression in Fgf13+/- mice raised at thermoneutrality. Indicated significance, *P<0.05, 
**P<0.001 
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3.2.4 Sympathetic output from CNS to BAT is reduced in Fgf13+/- mice 

Recapitulation of obesity, both in brain-specific Fgf13 knockouts (with Nes-Cre), 

and after targeted Fgf13 deletion in the hypothalamus, supported our hypothesis that loss 

of Fgf13 in the CNS leads to decreased sympathetic outflow to BAT. We therefore 

assessed sympathetic outflow to BAT directly in the global Hets with a norepinephrine 

(NE) turnover assay in which we measured catecholamine levels in BAT by HPLC after 

injecting mice with alpha methyl-P-Tyrosine (AMPT) to inhibit de novo catecholamine 

synthesis. The rate of disappearance of norepinephrine from BAT after AMPT treatment 

is proportional to the rate of sympathetic nerve firing on the tissue70,165,166.  

We found that, while there is no difference in the basal levels of NE between 

genotypes at either temperature (Fig 23A), NE declined less in the Hets than WT after 4 

hours of AMPT inhibition. WT mice NE levels declined by 76% at both housing 

temperatures, while Het NE levels declined by 44 and 42% at 22 °C and 30 °C respectively 

(Fig 23B), demonstrating decreased NE turnover and a clear defect in sympathetic drive 

to BAT in Het mice. We also measured expression of β3 adrenergic receptor (Adrb3) in 

BAT, through which catecholamines activate the thermogenic program. In previous BAT 

denervation models, Adrb3 was upregulated167. Here, we observed that Adrb3 was 

significantly upregulated in Hets compared to WT in animals housed at both 22 °C and 30 

°C, consistent with reduced sympathetic drive to BAT in the Hets (Fig 23C).  
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Figure 23: Fgf13 loss causes decreased sympathetic drive to BAT. (A) Basal levels 
of norepinephrine (NE) in BAT of Fgf13+/- mice and littermate controls at 22 °C and 30 °C. 
(B) NE % decline after 4 hours of inhibition of tyrosine hydroxylase with AMPT. Rate of
NE decline in tissue is proportional to rate of sympathetic nerve firing. (C) qRT-PCR gene
expression of Adrb3. For (A) and (B), n = 6 per genotype at each temperature, half of
which were injected with AMPT. For (C), n = 6 per genotype at each temperature. Two-
way ANOVA was followed by Holm-Sidak’s test for multiple comparisons. Indicated
significance represents comparisons between genotypes at the same temperature.
*P<0.05, **P<0.001.
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3.2.5 FGF13 modulates NaV1.7 

In neurons, the best characterized role for Fgf13 is regulation of voltage-gated Na+ 

channels. Because NaV1.7 is expressed in the hypothalamus and NaV1.7 knockout in 

specific hypothalamic nuclei leads to marked weight gain, we hypothesized that loss of 

Fgf13 leads to reduced NaV1.7 Na+ channel current in the hypothalamus. We tested this 

by measuring the effects of FGF13 on NaV1.7 Na+ channel currents in a HEK293 cell 

heterologous expression system. Consistent with previous results127, we observed that the 

lack of FGF13 resulted in reduced NaV1.7 current amplitude (Fig 24). Further, the effect 

of FGF13 absence was more pronounced in higher temperature conditions, again 

consistent with previous findings in the heart and the PNS126,127. 

  



73 

Figure 24: Absence of FGF13 reduces NaV1.7 mediated Na+ current. INa current-
voltage relationship in HEK293 cells expressing NaV1.7 alone or NaV1.7 and FGF13. 
Experiments performed at (A) 22 °C or (B) 32 °C. 
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3.3 Discussion 

While our identification of Fgf13 as a regulator of obesity fits with multiple previous 

reports correlating Fgf13 transcription with changes in diet131–135, we were unable to detect 

significant FGF13 in adipose depots. Moreover, we observed an inverse correlation with 

Fgf13 transcript levels in the hypothalamus and weight, while the previous studies found 

a direct correlation between Fgf13 expression and obesogenic diets. Although we did not 

evaluate the effects of diet on Fgf13 expression or function in the CNS, our study in 

combination with those previous studies suggest that FGF13 may have multiple roles in 

metabolism. 

We investigated regulation of caveolae as one possible metabolic role within 

adipose tissue. A known modulatory target of FGF13, cavin 1, has been shown to regulate 

metabolic phenotypes in fat, and mutations in cavin1 cause a generalized lipodystrophy137. 

However, we found no effect of heterozygous Fgf13 ablation on caveolae abundance in 

WAT. We did not observe change in caveolar abundance in skeletal muscle either. While 

we found FGF13 to have low expression levels within both BAT and WAT, there is strong 

FGF13 expression in skeletal muscle. One suggested function of FGF13 within skeletal 

muscle is regulation of proliferation and differentiation in development through 

downregulation of Spry1 expression121. It is not clear if FGF13 expression within skeletal 

muscle may contribute to the metabolic phenotypes observed in our model. While we 

attempted to generate a skeletal muscle specific knockout of FGF13 by crossing Fgf13Fl/Fl 

animals with Acta1-Cre, poor breeding efficiency prevented production of enough animals 

to perform studies on. Acta1-Cre+; Fgf13+/- females did not exhibit pronounced weight gain 

at room temperature (data not shown), but this study was not repeated at thermoneutrality. 
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However, as Nes-Cre+; Fgf13+/- animals do recapitulate a weight gain phenotype, it is clear 

that the CNS does participate in the metabolic phenotype observed in global Hets. 

We show that heterozygous ablation of Fgf13 throughout the entire nervous 

system causes weight gain, but also recapitulate weight gain by specific deletion of Fgf13 

within the hypothalamus. While our injections of Cre into the hypothalamus do not rule out 

contributions of other areas of the CNS to the observed phenotype, they do identify a 

major area within which Fgf13 affects metabolism. Moreover, the effects after targeting 

Fgf13 in the hypothalamus are consistent with the well-characterized role of the 

hypothalamus as a critical regulator of energy balance, thermogenesis, and metabolism54–

56,168. While adenoviral delivery of Cre into floxed animals is an efficient method of gene 

ablation, it is not selective between cell types. All cells that are successfully targeted by 

virus will have Fgf13 deleted. It will be interesting moving forward to further characterize 

specific neuronal populations, both within the hypothalamus, and potentially other 

locations within the CNS, that are responsible for FGF13-mediated regulation of 

thermogenesis and metabolism. 

Here we demonstrated that severity of obesity phenotype is inversely related to 

the amount of Fgf13 present in the hypothalamus of Het animals. X-inactivation, whereby 

one of two X chromosomes is silenced as a mechanism of genetic dosage compensation, 

occurs randomly in each cell of the developing embryo169,170. This is likely responsible for 

a variable amount of Fgf13 expression within each heterozygous animal, as whether the 

WT or recombined allele predominates in any given tissue is a matter of chance. X-

inactivation of Fgf13 may have clouded metabolic phenotypes in previous studies. Indeed, 

we observed variable differences in weight and fat mass distribution in mice housed at 22 

°C. After elimination of metabolic demand to meet a thermal challenge (by thermoneutral 
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housing) we observed a larger effect on obesity, yet under these conditions we still 

observed significant inter-animal variation that inversely correlated with the level of Fgf13 

expression in the hypothalamus. Interestingly, the degree of random X inactivation has 

been shown to affect phenotype severity of X-linked disorder knockout models such as 

Rett Syndrome, and modulating X inactivation and subsequent mutant and WT allele 

expression may offer a novel therapeutic avenue for these disorders171,172. It may be of 

interest to correlate Fgf13 expression in other key tissues of expression with severity of 

observed phenotypes to determine the degree to which X inactivation may be playing a 

role. 

In summary, the data outlined in this chapter demonstrate a CNS-mediated role 

for FGF13 regulation of thermogenesis and metabolism, and show that sympathetic 

activation of BAT is defective in Fgf13+/- animals. 
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3.4 Methods 

3.4.1 Animals 

For tissue specific Cre studies, Fgf13+/fl females were crossed with male Adipoq-

Cre (B6.FVB-Tg(Adipoq-cre)1Evdr/J, 028020; The Jackson Laboratory) or Nestin-Cre 

(B6.Cg-Tg(Nes-cre)1Kln/J, 003771; The Jackson Laboratory) mice to produce Adipoq-

Cre+;Fgf13+/fl or Nestin-Cre+;Fgf13+/fl tissue specific heterozygous female knockouts and 

Adipoq-Cre+;Fgf13+/+ or Nestin-Cre+;Fgf13+/+ littermate controls. 

3.4.2 Electron microscopy 

Acutely dissected gonadal WAT, or soleus muscle were washed in PBS and fixed 

in 4% glutaraldehyde with 0.1 M phosphate buffer (pH 7.4) overnight at 4 °C. Tissue for 

electron-microscopic examination were postfixed for 1 h in 2% osmium tetroxide in 0.1 M 

phosphate buffer, dehydrated through successive acetones, and embedded in Epon 

(EMbed 812; ElectronMicroscopy Sciences) and polymerized at 70 °C overnight. Ultrathin 

(70-nm) sections were cut from tissue blocks with a Riechert-Jung Ultracut E Ultramicro- 

tome and collected on copper 200-mesh grids. Grids were counterstained with uranyl 

acetate and lead citrate and examined in a Philips CM-12 transmission mission electron 

microscope (FEI) equipped with an AMT XR-60 digital camera with AMT V600 image 

acquisition software (AMT Imaging). For quantification of membrane caveolae density, 

images were acquired at 19,500× from the cell membranes of adipose tissue or skeletal 

muscle. Thirty to 40 images were captured from each preparation and images were 

collected from three animals per genotype. I was blinded to genotype while I collected 

images. 

Following EM image acquisition, images were imported into ImageJ (NIH) in TIFF 

format, and caveolae density was measured by me, while I was blinded to genotype. 
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Caveolae were identified by their characteristic morphology as 50 - 100nm wide 

invaginations clearly connected to the plasma membrane. Caveolae density was 

calculated from each image by counting the number of caveolae and normalizing to the 

membrane length. 

3.4.3 Western blot 

Tissues were immersed in ice cold RIPA buffer supplemented with Halt protease 

and phosphatase inhibitor cocktails (ThermoFisher Scientific), and placed in a manual 

Dounce tissue homogenizer, in which they were homogenized for one minute on ice. The 

homogenate was then centrifuged at 21,000 x g at 4°C. Supernatant was collected and 

protein concentration was determined by BCA assay. Equivalent amounts of protein from 

each tissue were subjected to SDS/PAGE and western blot analysis. Rabbit anti-FGF13 

antibody was generated as previously described102. Mouse anti-GAPDH was purchased 

from Thermo Scientific (MA5-15738) and used as a reference marker.  

3.4.4 Intracranial viral injection 

The following viral vectors were used in this study: rAAV8/hsvn-EGFP (5.6 x 1012

vg/ml) and rAAV8/hsvn-GFP-Cre (6.5 x 1012
 vg/ml). Both vectors were purchased from the 

University of North Carolina at Chapel Hill Gene Therapy Center Vector Core. Female 

Fgf13fl/fl mice at least 8 weeks of age were anesthetized with isoflurane, and placed into a 

stereotaxic apparatus (Kopf instruments). The hair on the scalp was removed, and the 

skull was exposed via a small incision. Bregma was anatomically located, and two small 

holes were drilled into skull for virus injection. A 33-gauge Hamilton syringe loaded with 

virus was lowered to the following coordinates for bilateral PVH injection: bregma -

0.86mm; midline +/- 0.22mm; dorsal surface -5.1mm. 75 nl of virus were injected at each 

injection site at a rate of 25 nl/min. Injection needle was left at site for 2 minutes, before 
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slowly retracting. Skull drill sites were sealed with VetBond, and scalp was sutured closed. 

Metacam was administered IP for postoperative pain. Mice weights and food intake were 

monitored for 30 days after injection, after which mice were euthanized and perfusion 

fixed. Brains were removed and cryosectioned, and GFP expression was evaluated by 

fluorescence microscopy. Any animals that did not exhibit GFP expression were not used 

for analysis. 

3.4.5 Norepinephrine turnover assay 

Norepinephrine (NE) turnover was measured using the α-methyl-p-tyrosine 

(AMPT) method166,173. AMPT inhibits tyrosine hydroxylase, and prevents de-novo 

synthesis of catecholamines, including NE. After catecholamine synthesis blockade, 

endogenous norepinephrine declines at a rate proportional to the rate of sympathetic 

nerve firing. One half of animals in each genotype and housing temperature condition 

were killed immediately to obtain basal NE levels. The other half were injected 

intraperitoneally with AMPT (300 mg/kg) initially, and again 2 h later with an additional 

dose of AMPT (150 mg/kg) to ensure catecholamine synthesis inhibition. These mice were 

killed 4 h after the initial injection. BAT was rapidly dissected, weighed, snap frozen in 

liquid nitrogen and stored at -80 °C. NE content in harvested tissues was measured using 

reverse phase HPLC with electrochemical detection. Tissue was homogenized in solution 

containing 0.2 M perchloric acid (PCA), 1 mg/ml ascorbic acid, and dihydroxybenzylamine 

(DHBA) as an internal standard. Catecholamines were then extracted using activated 

alumina and eluted into PCA/AA. Norepinephrine was measured with an ESA (Bedford, 

MA) HPLC system with electrochemical detection (Coulochem II). Concentrations were 

determined against a norepinephrine standard and normalized to DHBA to control for 

extraction efficiency.  
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3.4.6 Quantitative real-time PCR 

After euthanasia, the brain and a sample of BAT were immersed in RNAlater 

(Invitrogen; AM7020) and frozen at -80°C. Before isolating RNA, the hypothalamus was 

dissected from brain samples, and RNA extraction was performed on BAT and dissected 

hypothalamus using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s 

instructions. Reverse transcription was performed using iScript cDNA synthesis kit (Bio-

Rad). Real-time PCR was performed in triplicate for each sample with an Applied 

Biosystems QuantStudio 3 machine using SYBR Green detection chemistry. Relative 

quantification was performed using the comparative threshold (CT) method (ΔΔCT) after 

determining the CT values for the reference (GAPDH for brain, Actin for BAT) and target 

genes. See Table 1 below for a list of primers used. 

Table 1: List of qPCR primers 

Species and Gene SYBR Green Primer Sequence 

Mouse Fgf13 5' - GATCAAGATCATTGCTCCTCCTG - 3' (Forward) 
5' - GTTCCGAGGTGTACAAGTATCC - 3' (Reverse) 

Mouse Gapdh 5' - CCTGGAGAAACCTGCCAAGTATGATG - 3' (Forward) 
5' - AGGGTGTAAAACGCAGCTCA - 3' (Reverse) 

Mouse Actb 5' - GATCAAGATCATTGCTCCTCCTG - 3' (Forward) 
5' - AGGGTGTAAAACGCAGCTCA - 3' (Reverse) 

Mouse Adrb3 5' - GATCAAGATCATTGCTCCTCCTG - 3' (Forward) 
5' - GTTGGTTATGGTCTGTAGTCTCG - 3' (Reverse) 

3.4.7 Electrophysiology 

HEK293T cells were maintained in DMEM containing 10% FBS and 1% Pen/Strep 

at 37°C. The cells were plated on 60-mm tissue culture dishes, grown to 50–70% 

confluency, and transfected with Lipofectamine 2000 (Invitrogen) in serum-reduced 
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medium (Opti-MEM; Invitrogen) according to the manufacturer’s instructions. cDNA used 

per dish included 3 µg NaV1.7 (pcDNA3mod-h1.7Sns), either with 1.7 µg FGF13-YV, or 

with equal amount of empty vector pcDNA. After 24 h, the cells were plated on poly-D-

lysine coated coverslips (50 µg/ml, Sigma-Aldrich) at a low density for recording the next 

day. Positive cells were identified by co-transfecting eGFP (~0.3µg) or using GFP tagged 

FGF13YV. Whole-cell currents were recorded with an extracellular solution containing 

(mM) 140 NaCl, 5.4 KCl, 1 CaCl2, 1 MgCl2, 10 HEPES, and 10 glucose. Borosilicate glass 

patch pipettes (resistance 1.5–2.5 MΩ) were filled with internal solution containing (mM): 

135 CsMeSO3, 5 CsCl, 0.5 EGTA, 1 MgCl2, 10 HEPES, 4 Mg-ATP, and 0.5 Na-GTP, with 

pH adjusted to 7.4 with CsOH. All drugs were from Sigma-Aldrich, except for TTX 

(Abcam). The signal was filtered at 5 Hz. The liquid junction potentials were not corrected. 

The transient Na+ current was elicited from a holding potential of −100 mV by 200 ms 

depolarizing pulses from -60 to 55 mV, in 5mV increments. Current density was obtained 

by normalizing peak Na+ current to membrane capacitance. All averaged data are 

presented as mean ± SEM.  

3.4.8 Statistical analyses 

Statistical techniques used in this chapter are the same as those used in chapter 

2. They are reprinted here for convenience. 

Data are presented as mean ± SEM. Statistical significance between two groups 

was assessed using a two-tailed unpaired Student’s t test. For experiments with two 

factors, such as genotype and housing temperature, two-way ANOVA was performed, 

followed by Holm-Sidak’s test for multiple comparison to assess main effects, interaction 

effects, and direct comparisons between groups. For experiments with repeated measures 

over time, two-way repeated measures ANOVA was performed to test for main effects 
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and interaction effects, followed by Tukey’s test for multiple comparisons to compare 

differences between genotypes at each time point. The F test was used to measure 

variance between groups in the F1 generation of mice. For all tests, statistical significance 

was set at P < 0.05. Analyses were conducted with GraphPad Prism 7. 
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4. Conclusion and future directions 
4.1 FGF13 regulates thermogenesis and metabolism 

FGF13 regulates a diverse set of physiological processes through a variety of 

mechanisms, most notably in the heart and the nervous system. While roles in metabolism 

have been suggested, they have not been studied directly. FGF13 has previously been 

implicated in sensation of heat127, and promoting proper ion channel function in the 

presence of heat126, but a role in the generation of heat has not been previously identified. 

Here, we identify novel roles for FGF13 in thermogenesis and metabolism and show that 

heterozygous ablation of Fgf13 in mice results in failure to maintain body temperature at 

22 °C and produces obesity at thermoneutrality, when the metabolic demand to keep 

warm has been removed. BAT is a specialized type of adipose tissue capable of 

expending significant quantities of energy to produce heat and maintain body temperature. 

While defective BAT mediated adaptive thermogenesis can explain the phenotypes 

observed in our model present at both housing temperatures, we demonstrate that BAT 

itself is functional, and can be activated exogenously with β3 adrenergic agonists. These 

newly discovered roles for FGF13 add to the already large set of functions performed by 

this noncanonical FGF. 

4.2 FGF13 in the CNS promotes sympathetic output to BAT 

Metabolism and thermogenesis are complex processes, precisely regulated, and 

influenced by multiple signals and tissues. We show that, despite previously demonstrated 

differential expression in response to diet, FGF13 is expressed at low levels in both brown 

and white adipose tissue, and ablation of Fgf13 within adipose tissue does not recapitulate 

metabolic phenotypes observed in global Fgf13 Hets. Conversely, in the nervous system, 

ablation of Fgf13 does induce weight gain in a thermoneutral environment. Further, 
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deletion of Fgf13 specifically within the hypothalamus, an area critical to regulation of both 

thermogenesis and metabolism, also induces weight gain over 30 days. Critically, we 

demonstrate that sympathetic drive, from the CNS to BAT, is impaired in Fgf13 

heterozygous mice at both 22 °C and 30 °C. This impaired sympathetic activity explains 

the compensatory hyperactivity and limited defense of body temperature in mice living 

below thermoneutrality, and explains the development of obesity in mice that are free from 

thermal stress but cannot activate the baseline energy burning properties of BAT. These 

data contribute to a more complete understanding of the complex yet critical functions of 

thermogenesis and energy homeostasis. 

4.3 Further discussion, open questions, and future directions 

4.3.1 Comparisons between ablation of Fgf13 and Ucp1 

Even though we detect only limited Fgf13 expression in adipose, brown or white, 

it is interesting to compare the consequences in our model to consequences of Ucp1 

knockout. Like Fgf13 Hets, Ucp1 knockout animals only develop significant obesity when 

housed at thermoneutrality143. At standard mouse housing temperatures (~22 °C), mice 

generally utilize non-shivering adaptive thermogenesis mediated by BAT to maintain core 

body temperature. To compensate for decreased BAT activity, alternative mechanisms of 

thermogenesis, such as increased motor activity (as seen in our model), or shivering, are 

recruited to respond to the thermal challenge present at 22 °C. When acutely challenged 

with an even colder environment, in which increased activity or shivering could not 

compensate for a deficit in BAT activity, Fgf13 Hets were unable to defend core body 

temperature, similar to Ucp1 knockouts174. On the other hand, when thermogenic drive 

was reduced (by housing at 30 °C), the excess energy, needed at 22 °C to maintain core 

body temperature, was stored as adipose, as indicated by the significant weight gain in 
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both Fgf13 Hets and Ucp1 knockouts. That our model recapitulates salient features of 

Ucp1 knockouts, yet direct activation of β3 receptors in the Fgf13 Hets induces BAT 

activity, adds further support to our hypothesis that obesity in our model results from 

decreased activation of BAT due to reduced sympathetic drive. 

Both Fgf13 and Ucp1 knockouts demonstrate the importance of thermoneutral 

housing and the energy expending capabilities of BAT well. BAT is maximally active and 

expends the largest amount of energy in cold-acclimated animals that are actively being 

challenged by cold. In rodents in these conditions, BAT can expend energy 400% above 

the basal metabolic rate, and food intake must be drastically increased to compensate53. 

In these animals 60% of all energy expenditure is occurring within BAT142,175. Dramatic 

effects on energy balance like this are not required to have significant effects on body 

weight over time. Some viewpoints espoused in the literature have claimed thermoneutral 

housing eliminates the contribution of BAT to metabolism. This is not the case. Housing 

at thermoneutrality reduces BAT mediated energy expenditure significantly, but it is not 

eliminated. Disruption of mechanisms that promote BAT function can have important 

metabolic consequences, even when these disruptions occur when active heat production 

by BAT is not required, as can be seen in both Fgf13 and Ucp1 knockout models. Further, 

thermoneutral housing can actually reveal these metabolic consequences, which may be 

otherwise masked by the increased metabolic demand present at standard housing 

temperatures, where a constant mild cold challenge is present and must be addressed.  

4.3.2 Consequences of impaired sympathetic activity 

The sympathetic nervous system is the single most important regulator of BAT 

function58,70. We show impaired sympathetic output from the CNS, with phenotypic 

consequences at multiple ambient temperatures. It is unclear what other consequences 
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may be present due to this sympathetic insult. While temperature is a major factor 

regulating BAT activity and sympathetic drive towards BAT, another is diet. Diet induced 

thermogenesis is an alternative energy expending function of BAT that can be modulated 

with no changes in temperature. While Ucp1 knockout animals develop obesity when 

housed at thermoneutrality, this effect is exaggerated on a high fat diet, and Ucp1 

knockout mice gain weight more quickly than WT animals on the same diet143. We did not 

examine effects of diet in our Het mice, but this may produce interesting results. This is 

especially true considering Fgf13 exhibits differential expression in response to changes 

in diet specifically within adipose tissue131–135. 

The sympathetic nervous system regulates many processes besides BAT-

mediated adaptive thermogenesis. It is possible that the CNS defect observed in our Het 

mice is a more general sympathetic lesion and has phenotypic consequences outside of 

thermogenesis and metabolism. Sympathetically responsive parameters such as blood 

pressure, pulse, and cardiac output have not been evaluated in our model, but may be 

illuminating. 

4.3.3 Neurocircuitry of CNS-mediated FGF13 regulation 

We establish a CNS-mediated role for FGF13 regulation of thermogenesis and 

metabolism, and identify the hypothalamus as at least one site critical to that regulation. 

Hypothalamic regulation of both of these processes is highly complex and regulated, 

involving many anatomically close, but functionally distinct nuclei and neuronal 

subtypes75,86,90,95,176. Additionally, the hypothalamus, while important, is one of many areas 

of the nervous system that can contribute to thermoregulatory and metaboregulatory 

processes54–56,177. It will be of interest to define the complete complement of nuclei and/or 

neuronal subtypes within the hypothalamus, and in other relevant brain areas, such as the 
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raphe nucleus, in which Fgf13 may be expressed to define further the mechanism(s) by 

which Fgf13 exerts its effects, especially in the context of the observed thermogenic 

phenotype with no effects on feeding behavior. While our antibody against FGF13 has 

been validated and used successfully for protein detection by western blot, optimizing 

conditions for immunohistochemical detection in the CNS has proven challenging. 

Alternatively, preliminary RNA in situ hybridization experiments indicate that Fgf13 within 

the PVH may be primarily expressed in glutamatergic neurons, but additional investigation 

is warranted. 

4.3.4 FGF13 as an ion channel modulator 

While FHFs have been shown to be multifunctional, their best characterized roles 

are as modulators of ion channels101,104,178. FHFs directly bind voltage gated sodium 

channels104,105,179, but have also been shown to regulate potassium115, and calcium 

channels114. Recently, FGF13 was found to interact with and regulate NaV1.7 in dorsal 

root ganglia of the PNS, and specific knockout within the PNS resulted in profound effects 

on heat nociception127. Interestingly, NaV1.7 has been identified as a regulator of body 

weight, specifically within the hypothalamus130. Virally targeted deletion of Scn9a, which 

encodes NaV1.7, within the PVH resulted in a doubling in body weight over 30 days. This 

is why we selected the PVH as a location for intracranial injection and Cre mediated 

deletion of Fgf13 in our study. We hypothesized that FGF13 regulates energy balance and 

obesity through its demonstrated modulation of NaV1.7 within the metabolic centers of the 

brain such as the hypothalamus. In support of that hypothesis, we confirmed, as previously 

reported127 that Fgf13 is a positive regulator of NaV1.7. Thus, we speculate that depletion 

of Fgf13 in the hypothalamus decreases NaV1.7-dependent Na+ currents, and therefore 

reduces the ability of the affected neurons to fire action potentials. As a consequence, 
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sympathetic output to BAT is reduced and thermogenesis is defective. However, it will be 

important to test this hypothesis in the future through examination of interactions between 

FGF13 and NaV1.7 within the CNS.  

In summary, our data establish a new role for FGF13 as a regulator of 

thermogenesis and energy balance. FGF13 supports effective sympathetic output to 

metabolically active BAT and promotes energy expenditure through thermogenesis. This 

function exists, at least in part, within the hypothalamus. Our data contribute to a more 

complete understanding of the multifunctional FHFs, and this model will provide a platform 

to further investigate how FGF13 regulates metabolism and thermogenesis within the 

central nervous system. 
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