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ABSTRACT

The rising prevalence of obesity poses a significant public health challenge, with
profound implications for metabolic disorders and associated health risks. In the United States,
approximately 40% of adults are considered obese. Obesity is caused by a prolonged increase in
energy intake coupled with a decrease in energy expenditure. Adipose tissue is a key player in
the regulation of energy balance. There are three different types of adipocytes that compose the
adipose tissue organ. White adipocytes are specialized for energy storage in the form of
triglycerides while brown and beige adipocytes excel in energy dissipation via thermogenesis.
Brown adipocytes are located in anatomically defined areas such as the intrascapular region
(iBAT) and beige adipocytes are dispersed in clusters within larger white adipose tissue depots.
Adipose tissue is densely innervated by the sympathetic nervous system (SNS), which is
indispensable in the induction of adipocyte thermogenesis and lipolysis. The SNS responds to
cold stimulus and excessive feeding by releasing catecholamines, which in turn activate
brown/beige adipocyte thermogenesis and lipolysis. The activation of brown and beige adipocyte
thermogenesis increases energy expenditure and promotes weight loss. Metabolic research has
primarily focused on the investigation of neuroendocrine pathways regulating SNS activity.
Hence, there exists a significant gap in knowledge regarding the role of SNS-targeted tissues,
such as adipose tissue, in the regulation of SNS activation and development. The adipose tissue-
derived hormone, leptin, has emerged not just as a master regulator of energy homeostasis, but
also potent modulator of nervous system development. In this study, we utilize a knockout
mouse model with sympathetic neuron specific deletion of the leptin receptor and additional

transgenic mouse models to investigate the role of peripheral sympathetic leptin signaling in



whole-body energy homeostasis. We have discovered a novel mechanism by which sympathetic

leptin signaling regulates SNS innervation of adipose tissue and diet-induced thermogenesis.

INDEX WORDS: Leptin, Leptin Receptor, Thermogenesis, Sympathetic Nervous System,
Energy Homeostasis, Innervation
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placed on HFD for 30 weeks when they were 6 weeks of age. (A) Body weight curve (n =
12 for both groups). (B) Body composition (fat mass n = 11 fl/fl, n = 12 SLRKO; lean
mass n = 11 fl/fl, n = 12 SLRKO). (C) Tissue weight (n = 10 for both groups). (D) H&E
staining for iIWAT and BAT (WAT & BAT n = 3 for both groups). (E) Oxygen
consumption (n = 12 for both groups; Light phase represented by white background;

Dark phase represented by grey background). (F) Energy Expenditure measured as heat
production (n = 12 for both groups; Light phase represented by white background; Dark
phase represented by grey background). (G) Food intake measurement of females during
week 24 on HFD, measurements recorded during the animal’s 30" week of life (n = 4 for
both groups). All data are expressed as mean+ SEM; * p < 0.05. ....coovvvviiiieneieniennnnn 45
Figure 6. HFD-fed female mice with sympathetic neuron specific LepR deletion exhibit
decreased expression of thermogenic genes and TH protein content in iWAT. (A)
Quantitative RT-PCR analysis of thermogenic gene expression in iWAT (n = 7-8 per
group). (B) TH protein content in iWAT (fl/fl n = 7, SLRKO n= 8). (C) Quantitative RT-
PCR analysis of thermogenic gene expression in BAT (n = 7-8 per group). (D) TH and

UCP1 protein content in BAT (n = 7). All data are expressed as mean + SEM; * p < 0.05.

Figure 7. Male mice with sympathetic neuron specific LepR deletion exhibit decreased energy
expenditure and a decrease in BAT weight. Male SLRKO and fl/fl littermates were
placed on HFD for 30 weeks when they were 6 weeks of age. (A) Body weight curve
(fI/fl n =10, SLRKO n = 12). (B) Body composition (fl/fl n = 10, SLRKO n = 12). (C)
Tissue weight (fl/fl n = 10, SLRKO n = 12). (D) H&E staining for iIWAT and BAT

(WAT & BAT n = 3 for both groups). (E) Oxygen consumption (flI/fl n = 10, SLRKO n =
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12; Light phase represented by white background; Dark phase represented by grey
background). (F) Energy Expenditure measured as heat production (fl/fl n = 10, SLRKO
n = 12; Light phase represented by white background; Dark phase represented by grey
background). All data are expressed as mean = SEM; * p <0.05. ......c.ccooeevvevvevnieenn. 47
Figure 8. HFD-fed male mice with sympathetic neuron specific LepR deletion exhibit no
changes in thermogenic gene expression. (A) Quantitative RT-PCR analysis of
thermogenic gene expression in iIWAT (n = 7-8 per group). (B) TH protein content in
IWAT (fl/fl n=7, SLRKO n =7). (C) Quantitative RT-PCR analysis of thermogenic
gene expression in BAT (n = 7-8 per group). (D) TH and UCP1 protein content in BAT
(n=8). All data are expressed as mean = SEM; * p <0.05.......ccoiiiiiiiiiniienie e 48
Figure 9. HFD-fed female mice with sympathetic neuron specific LepR deletion exhibit impaired
diet-induced thermogenesis. HFD-fed female SLRKO and fl/fl littermates were placed in
thermoneutral conditions (30 °C) then fasted for 16 hours (represented by the gold
background) and re-fed for 24 hours (light phase represented by white background; dark
phase represented by the grey background). (A) oxygen consumption (n = 6-7). (B)
Energy expenditure measured as heat production (n = 6-7). (C) Within groups mixed
model ANOVA comparison of oxygen consumption (n = 6-7, multiple comparison
calculated with Tukey HSD) . (D) Within groups mixed model ANOVA comparison of
energy expenditure (n = 6-7, multiple comparison calculated with Tukey HSD). All data
are expressed as mean = SEM; * p < 0.05. ...oooiiiiiiiiiicc e 52
Figure 10. Sympathetic LepR regulates IWAT sympathetic innervation and is required for the
neurotrophic effects of Leptin. (A) Representative pl11-tubulin Immunofluorescent

images of sympathetic ganglia neurons isolated from 6-week-old SLRKO and fl/fl
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female mice treated with phosphate-buffered saline (PBS) or Leptin (100 ng/ml) and
quantitation of total neurite length per neuron (fl/fl + PBS n = 20, fl/fl + Leptin n = 16,
SLRKO + PBS n = 16, SLRKO + Leptin n = 18). Statistical significance was analyzed
with two-way ANOVA (* Indicates statistical significance with Tukey’s multiple
comparisons test). (B) Representative images of TH-stained nerve fibers in WAT of 6-
week-old chow-fed SLRKO and fI/fl littermates. All data are expressed as mean + SEM;
F 0 K 0.05. covoorveeeeeee e st ee ettt e ettt ettt e ettt r et 54

Figure 11. RNA analysis of sympathetic ganglia from 6-week-old SLRKO and fl/fl females
reveals defects in mitochondrial oxidative metabolism. L1 sympathetic ganglia RNA
from SLRKO (n = 8) and fl/fl (n = 7) mice were diluted to equal concentrations and
pooled into 2 samples, respectively. (A) GO pathway analysis of downregulated genes in
SLRKO vs. fl/fl female mice. (B) Heatmap of the downregulated genes in SLRKO
female mice compared to fl/fl littermates. (C) Volcano plot of differentially expressed
genes involved in mitochondrial oxidative metabolism, contractile fiber function, and
synaptogenesis (Log2 fold change > 0.5) .......ccooviiiiiiiiiii 58

Figure 12. Schematic illustration of the role of adipose tissue-derived leptin and LepRb signaling
in the regulation of SNS innervation of adipose tissue. Leptin is secreted from adipose
tissue acts through its receptor, LepRDb, in sympathetic neurons to promote SNS

innervation of IWAT and potentially iBAT ..o 66
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1 INTRODUCTION

1.1 The Obesity Epidemic and Adipose Tissue Biology

The prevalence of obesity has increased drastically over the past few decades (Flegal et
al., 2016). Over 2 billion people, or around 30% of the global population, are currently classified
as either overweight or obese (Caballero, 2019). In the United States, 41.9% of adults aged 20 or
older are considered obese (BMI > 30 Kg/m?) (Stierman et al., 2021). This substantial surge in
obesity rates is due to a growing prevalence of sedentary lifestyles coupled with the widespread
availability of calorie-dense foods. More plainly, obesity is caused by a chronic energy
imbalance resulting from an increase in energy intake coupled with a decrease in energy
expenditure (Hill et al., 2012).

Obesity is associated with several secondary metabolic diseases such as type 2 diabetes,
dyslipidemia, cardiovascular diseases, and various types of cancer (Caballero, 2019). Adipose
tissue is a complex organ that plays an indispensable role in the regulation of whole-body energy
homeostasis. There are two distinct types of adipose tissue in mammals, white adipose tissue
(WAT) and brown adipose tissue (BAT). WAT comprises the largest adipose tissue volume in
mammals and is critical for energy storage in the form of triglycerides. In contrast, BAT
dissipates energy in the form of heat via adaptive thermogenesis (Kajimura et al., 2010).

The thermogenic activity of BAT is largely dependent on uncoupling protein 1 (UCP1),
which uncouples oxidative phosphorylation from adenosine triphosphate (ATP) synthesis
(Fedorenko et al., 2012). This results in a profound increase in energy expenditure as energy is
dissipated as heat instead of being trapped in ATP. Although BAT adaptive thermogenesis was

initially believed to only be active in smaller mammals and infant humans (Rosell et al., 2014;



Rosen & Spiegelman, 2000), recent studies have shown that brown fat is both present and active
in adult humans (Cypess, 2009; Virtanen et al., 2009; van den Berg et al., 2017). When
stimulated, BAT consumes more glucose per gram than any other peripheral tissue (Orava et al.,
2011). Hence, understanding the underlying mechanism regulating BAT thermogenesis is
paramount to combating the growing obesity epidemic. A third adipocyte type, the beige
adipocyte, has been shown to express high levels of UCP1 and is therefore capable of performing
adaptive thermogenesis. Furthermore, recent studies have proposed new UCP1-independent
mechanisms for beige adipocyte thermogenesis including creatine substrate cycling (Kazak et al.,
2015; Bertholet et al., 2017), and ATP-dependent Ca?* cycling via SERCA2b (Atp2a2) and the
Ca?" release channel ryanodine receptor 2 (RyR2) (Ikeda et al., 2017).

Unlike traditional brown adipocytes that develop prenatally in anatomically defined
areas, beige adipocytes are dispersed within WAT (Fedorenko et al., 2012). Indeed, beige
adipocyte differentiation from both preadipocytes (Wu et al., 2012) and transdifferentiation from
existing white adipocytes (Barbatelli et al., 2010) is induced by p-adrenergic stimulation and
cold (Wang & Seale, 2016). In fact, the thermogenic capacity of both brown and beige
adipocytes is highly dependent on direct f-adrenergic stimulation by the sympathetic nervous
system (SNS) (Cao et al., 2019). Recent studies have shown that SNS innervation of WAT is
required for beige adipocyte differentiation and thermogenesis (Cao et al., 2019).

The manipulation of adipose tissue in hopes of increasing brown and beige adipocyte
numbers as well as overall thermogenic capacity is a logical therapeutic approach. Although cold
exposure has been shown to be the most effective way to promote recruitment and activation of
thermogenic adipose tissue, it is unrealistic to expect humans to subject themselves to cold

environments for extended periods of time. Additionally, chronic cold exposure has been shown



to increase blood pressure and the risk of developing atherosclerosis (Dong et al., 2013). Hence,
a better understanding of SNS induced thermogenesis is critical for combatting the current

obesity epidemic.

1.2 Sympathetic Regulation of Adipose Tissue

It is currently well accepted that adipose tissue is under neuronal control from the
sympathetic nervous system. Adipose tissue is directly innervated by efferent projections of SNS
postganglionic neurons from the sympathetic chain. Sympathetic release of norepinephrine (NE)
is critically involved in several adipose tissue metabolic processes such as lipolysis,
thermogenesis, adipogenesis, and beiging (Hucking et al., 2003; Koivisto et al., 1975).
Furthermore, surgical or chemical SNS denervation results in the inhibition of lipolysis and
thermogenesis in WAT and BAT (Cantu & Goodman., 1967; Cao et al., 2019; Demas &
Bartness., 2001; Dullo & Miller., 1984).

Sympathetic outflow to adipose tissue is the primary initiator of lipolysis (Bartness et al.,
2010; Youngstrom & Bartness., 1995). Studies over half a century ago hinted at SNS-driven
lipolysis by electrically stimulating sympathetic fibers in WAT explants, which resulted in a
rapid release of free fatty acids (FFAs) and glycerol (Correl, 1963). More recently, several
studies have demonstrated that adipose tissue lipolysis is initiated as NE from SNS
postganglionic neurons acts on adipocyte B-adrenergic receptors (BAR) to activate lipolytic
enzymes that hydrolyze triacylglycerols (TAGSs) into FFAs and glycerol (Bartness & Song.,
2007). Furthermore, SNS regulation of lipolysis was elegantly supported via direct optogenetic
stimulation of sympathetic nerve fibers in adipose tissue, which is sufficient to elicit a local

lipolytic response (Zeng et al., 2015). In addition to NE, neuropeptide Y (NPY) is also released



by sympathetic nerve terminals and has been shown to inhibit lipolysis via signaling through its
receptor NPYR1 (Bradley et al., 2005; Serradeil-Le Gal et al., 2000; Lundberg et al., 1990). Still,
additional studies are needed to fully elucidate the role of NPY in the regulation of lipolysis.
Taken together, the current studies hint at the complexity of SNS-induced lipolysis. Although
WAT is the primary lipolytic adipose tissue, BAT and beige adipocytes also undergo lipolysis to
generate FFAs as substrate for  oxidation, which powers UCP1-dependent thermogenesis
(Cannon & Nedergaard, 2004). Additionally, BAT and beige adipocytes uptake FFASs in
circulation to support UCP1-dependent thermogenesis (Shin et al., 2017). Due to the ability of
BAT and beige adipocytes to actively oxidize lipids or use FFASs present in circulation, they are
an excellent therapeutic target for decreasing fat mass.

The SNS has long been implicated in the regulation of body temperature (Maickel et al.,
1967). Since then, sympathetic innervation has emerged as a critical regulator of BAT
thermogenesis (Martinez-Sanchez et al., 2022). Indeed, surgical and pharmacological
denervation of BAT results in a decrease in thermogenic capacity in addition to an increase in fat
mass without affecting food intake (Bartness & Wade, 1984; Cao et al., 2019; Labbé et al., 2018;
Takahashi et al., 1992). More recently, Lyons et al. (2021) optogenetically stimulated
sympathetic nerve fibers within BAT and observed an increase in UCP1 expression coupled with
an increase in core temperature in mice (Lyons et al., 2020). Unfortunately, the authors did not
report any changes to body weight, fat mass, or whole-body energy expenditure. Therefore,
evidence supporting the sufficiency of BAT activation in regulating body weight and energy
expenditure is still lacking.

SNS signaling induces the differentiation and activation of beige adipocytes in clusters

within WAT (Martinez-Sanchez et al., 2022). The process of beige adipocyte differentiation



from pre-adipocytes or transdifferentiation from existing white adipocytes is termed browning or
beiging. The beiging process has been shown to occur in response to cold exposure in inguinal
WAT (iWAT) areas containing the highest density of sympathetic nerves (Chi et al., 2018).
Additionally, the reduction of neonatal beige adipocytes starting at postnatal day (P) 20 (Xue et
al., 2007) temporally coincides with a decrease in Tyrosine Hydroxylase (a marker of
sympathetic nerve fibers) protein expression in WAT (Cui et al., 2021). Subsequent studies
performed by Dr. B. Xue’s research group have shown that this neonatal beiging occurs at least
partially via leptin-induced sympathetic innervation of iWAT (Wu et al., 2020). In accordance,
SNS denervation of iWAT resulted in a complete ablation of cold-induced beiging (Cao et al.,
2019).

In addition to its role as principal regulator of adipose tissue thermogenesis and lipolysis,
the SNS also regulates adipogenesis (Puente-Ruiz & Jais, 2022). Specifically, SNS-derived NE
inhibits adipogenesis (Jones et al., 1992). Indeed, SNS denervation of WAT increases
preadipocyte differentiation into mature white adipocytes (Bowers et al., 2004; Foster &
Bartness, 2006). Overall, most studies exploring mouse models with decreased adipose tissue
innervation also report either an increase in adipocyte quantity (Hyperplasia) or adipocyte size

(hypertrophy) (Chi et al., 2018; Cui et al., 2021; Wang et al., 2020).



1.2.1 Adrenergic Signaling

Sympathetic signaling occurs via norepinephrine and three isoforms of B-adrenergic
receptors (B-AR), B1-AR, B2-AR and B3-AR, the latter being the most abundantly expressed in
murine adipose tissue (Granneman et al., 1991). Notably, genetic deletion of all three B-ARs (B-
less) results in mice that are obese and intolerant to cold (Bachman et al., 2002). Additional
studies targeting specific deletions of each individual B-AR isoform have elucidated their
individual roles in the aforementioned B-less metabolic phenotype. For instance, although B1-AR
KO mice exhibit a normal basal metabolic rate, they are mildly deficient in cold-induced and
diet-induced thermogenesis (Ueta et al., 2012). In contrast, f2-AR KO mice exhibit normal
thermogenic capacity and body weight coupled with a mild disruption in glucose homeostasis
(Fernandez et al., 2014). Initial phenotypic characterizations of f3-AR KO mice described only
mild differences in thermogenic capacity and fat accumulation, even in response to HFD feeding
(Susulic et al., 1995). More recent studies, however, reported that f3-AR KO mice exhibit a
significant increase in body weight and fat mass compared to littermate controls on HFD (Preite
et al., 2016), and impairment in cold-induced thermogenesis and reduction in white adipocyte
beiging (Barbatelli et al., 2010). This discrepancy between early and more recent studies could
be due to a compensatory increase of B1-AR in cold acclimated B3-AR KO mice (Mattsson et al.,
2011) and length of HFD feeding. Regardless of the initially observed mild phenotype of 3-AR
KO mice, signaling via 3-AR has been a primary focus of metabolic research.

Functionally, NE binding to $3-AR results in the activation of adenylyl cyclase, which
converts ATP into cyclic AMP (cCAMP). As a second messenger, CAMP binds to the inhibitory

regulatory subunit of protein kinase A (PKA) resulting in the dissociation of the inhibitory



subunit and subsequent activation of PKA (Schena & Caplan, 2019). Activated PKA can
phosphorylate transcriptional factors such as cCAMP response element-binding protein (CREB),
peroxisome proliferator-activated receptor (PPAR) -y, and peroxisome proliferator-activated
receptor -y coactivator 1a (PGC-1 a) (Delghandi et al., 2005). Overall, NE-B3-AR signaling
results in increased expression and activation of several lipolytic markers such as Hormone
sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) (Christoffolete et al., 2004) as
well as thermogenic markers such as UCP1 (Delghandi et al., 2005) and iodothyronine
deiodinase 2 (DIO2) (Christoffolete et al., 2004).

Functional evidence for NE-B3-AR signaling in adipose tissue comes from several
studies employing the use of the selective B3-AR agonist CL-316,243 (CL). Indeed, CL
administration directly into WAT and BAT results in a robust increase in thermogenesis, fatty
acid oxidation, and a decrease in food intake (Albert et al., 2016; Grujic et al., 1997; Himms-
Hagen et al., 1994; Mottillo et al., 2014; Susulic et al., 1995). Despite these well accepted
findings, the KO of B3-AR in BAT does not impair adaptive thermogenesis due to a cold
challenge (Mattsson et al., 2011; Susulic et al., 1995). In contrast, 3-AR deficiency in WAT
results in a decrease in thermogenic capacity (Jimenez et al., 2003). Furthermore, BAT specific
re-expression of 3-AR in otherwise B3-AR null mice does not reinstate the previously observed
effect of CL on thermogenesis. However, re-expression in both BAT and WAT fully reinstates
the effect of CL on thermogenesis (Grujic et al., 1997). Taken together, this suggests that B3-AR
signaling in BAT is neither necessary nor sufficient to induce thermogenesis in mice.

Moreover, genetic impairment of lipolysis by deleting adipocyte triglyceride lipase
(ATGL) in BAT did not impair $3-AR and cold-induced thermogenesis, but deletion in both

BAT and WAT did (Schreiber et al., 2017). This was a surprising result since lipolysis is a



critical source of FFAs to fuel thermogenesis. However, B3-AR stimulation and cold exposure
increase BAT uptake of FFAs from circulation (Bartlet et al., 2011; Wu et al., 2006). The source
of the FFAs may be cardiac muscles (Schreiber et al., 2017) or WAT (Shin et al., 2017). Overall,
these findings suggest that B-AR signaling and therefore sympathetic input to both WAT and

BAT are necessary for thermoregulation and whole-body energy metabolism.

1.3 Sympathetic Innervation of Adipose Tissue

Although catecholaminergic signaling has long been known to cause WAT lipolysis, the
source of catecholamines was largely believed to originate from the adrenal medulla (Bartness et
al., 2014). This original assertion was likely due to the fact that studying sympathetic innervation
of WAT had proven very difficult with conventional histological techniques. Due to the relative
sparse innervation of adipose tissue, especially WAT, structural analysis of nerve fibers is
difficult in sectioned samples. However, with recent advances in light-sheet microscopy and
tissue clearing techniques, it is now possible to completely visualize adipose tissue innervation
(Chi et al., 2018). Recent studies using catecholaminergic reporter animals in conjunction with
synaptophysin labeling revealed that the overwhelming majority of adipose tissue innervation is
indeed sympathetic (Zeng et al., 2015; Jiang et al., 2017).

Retrograde tracing techniques were also employed to map the central origins of SNS
outflow onto adipose tissue. Early fluorogold retrograde tracing studies in Siberian hamsters
showed that sympathetic nerves innervating iIWAT were projected from cell bodies present in
T13 sympathetic ganglion (Youngstorm & Bartness, 1995). Further use of polysynaptic tracers
such as pseudo rabies virus (PRV), has allowed for the identification of several brain areas that

project to both WAT and BAT. Commonly labeled hypothalamic areas are the preoptic area



(POA), dorsomedial hypothalamus (DMH), and paraventricular nucleus (PVH) (Foster et al.,
2010; Yu et al., 2018; Nguyen et al., 2017). Indeed, lesions in the PVH result in an increase of
fat accumulation (Foster et al., 2010), while norepinephrine injections into the DMH result in an
increase of serum FFAs and a decrease in triacylglycerols (Zaia et al., 1997).

Recent studies employing the use of PRV injections into iWAT or BAT of sympathetic
TH-tomato reporter animals coupled with whole torso clearing has allowed investigators to
identify the preganglionic and postganglionic inputs to iWAT and BAT. These findings support
previous observations that iIWAT is primarily innervated by sympathetic neurons in the T13/L1
sympathetic ganglia and that these neurons are innervated by preganglionic inputs from the
intermediolateral nucleus (IML) of T7-L2 in the spinal cord (Huesing et al., 2021). BAT on the
other hand is directly innervated by postganglionic neurons in the T1-T5 sympathetic ganglia,
which are in turn innervated by T1-T5 preganglionic neurons in the IML (Francois et al., 2019).
Hypothalamic neurons can connect to cholinergic preganglionic neurons of the SNS directly and
indirectly via connections to the hindbrain. Hypothalamic neurons that directly project to
cholinergic preganglionic SNS neurons that are consistent with the spinal cord levels that
innervate iWAT and BAT include, oxytocin and vasopressin-expressing neurons in the PVN
(Bains & Ferguson, 1995; Badoer, 2001)), and pro-opiomelanocortin (POMC) and cocaine and
amphetamine-regulated transcript (CART) -expressing neurons in the lateral hypothalamus (LH)
and arcuate of the hypothalamus (ARC) (Farzi et al., 2018; Elias et al., 1999). However, their
role in adipose tissue regulation remains a mystery. Indirect connections to preganglionic SNS
neurons occur via premotor neurons sites in the hindbrain. Commonly labeled hindbrain areas
are the nucleus of the solitary tract (SOL), intermediate (IRt) and paraventricular reticular nuclei

(PCRt) (Nakamura et al., 2017), and the raphe pallidus (RPa) (Nguyen et al., 2017).
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Furthermore, multiple studies have demonstrated that RPa input to the SNS mediates BAT

thermogenesis in response to a cold challenge (Dib et al., 1994; Kong et al., 2012).

1.3.1 Known Modulators of Adipose Tissue SNS Innervation

Sympathetic nervous system development and the subsequent innervation of adipose
tissue is a complex process. Postganglionic sympathetic neurons originate from neural crest cells
(NCCs) that migrate ventrally from the neural tube toward the dorsal aorta to form sympathetic
ganglia along a sympathetic chain (Scott-Solomon et al., 2021). Upon completion of initial
proliferation and differentiation, mature sympathetic neurons must then begin to develop axons
and dendrites. The process in which the SNS establishes functional circuits with peripheral
organs such as adipose tissue can be separated in four distinct growth stages: (1) Initiation of
axon growth, (2) Proximal axon extension, (3) Distal axon extension and target innervation, (4)
Neuron survival and growth inhibition signals (Scott-Solomon et al., 2021).

During early development, postganglionic sympathetic axons experience rapid elongation
and extension alongside arteries as they are attracted by vascular-derived neurotrophins such as
neurotrophin 3 (NT3) (Elshamy & Ernfors., 1996; Enomoto et al., 2001). Interestingly, Makita
and colleagues demonstrate that postganglionic neurons of the superior cervical ganglia (SCG)
actively distinguish and “choose” to project either along the internal or external carotid arteries
leading to target innervation of the face or salivary glands, respectively. A subset of SCG
neurons expressing the endothelin receptor type A (EdnrA) receptor for the neurotrophin
endothelin-1, which is only produced by the external carotid, primarily innervates the salivary

glands (Makita et al., 2008). These findings suggest that distinct neuron subtypes with varied
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expression profiles exist prior to final target innervation. Furthermore, tissue specific signals
expressed during early development may play a role in sympathetic axon elongation.

Sympathetic innervation of target tissues starts during embryonic stages and continues for
several weeks into the postnatal period (Scott-Solomon et al., 2021). Sympathetic innervation of
WAT can be observed as early as P6. Although at this stage, sympathetic fibers are still wrapped
around major blood vessels with very few nerve endings visible in the adipose tissue parenchyma
(Chi et al., 2021). The key signal controlling early stages of adipose tissue innervation is the
neurotrophin nerve growth factor (NGF). Consistent with its role in early adipose tissue
innervation, NGF is highly expressed in undifferentiated preadipocytes and decreases in mature
white adipocytes (Kim et al., 2016; Peeraully et al., 2004). Furthermore, SNS specific deletion of
the NGF receptor, Tropomyosin receptor kinase A (TrkA) results in a robust decrease in WAT
innervation (Jiang et al., 2017).

Other neurotrophic factors from the same family as NGF, such as brain derived
neurotrophic factor (BDNF) and NT3, have been shown to modulate adipose tissue SNS
innervation. BDNF is of interest since it is an important modulator of whole-body energy
homeostasis, through its actions in the CNS (An et al., 2015; Rios et al., 2001). Localized
deletion of BDNF in the ventromedial hypothalamus results in the development of obesity due to
an increase in food intake (Unger et al., 2007), while both central and peripheral administration
of BDNF decreases food intake and increases energy expenditure (Nakagawa et al., 2000;
Nonomura et al., 2001). Although the peripheral effects of BDNF have not been extensively
interrogated, several studies have identified BDNF expression in adipose tissue (Bernhard et al.,
2013; Hausman et al., 2006). Subsequent studies targeting adipocyte-specific deletion of BDNF

and its receptor, Tropomyosin receptor kinase B (TrkB), did not result in metabolic phenotypes
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or a decrease in adipose tissue BDNF levels (Nakagomi et al., 2015). These findings suggest that
adipocytes are not the source of adipose tissue BDNF. A more recent study conducted by
Blaszkiewics et al. (2020) elucidated the cellular source of adipose tissue BDNF and its effect on
SNS innervation. BDNF appears to be synthesized by LysM+ myeloid cells in the stromal
vascular fraction (SVF) of adipose tissue. Furthermore, LysM+ myeloid specific BDNF KO
results in a decrease of both SNS innervation and thermogenic capacity of WAT (Blaszkiewicz
et al., 2020). Although NT3’s role in SNS development during the embryonic period has been
known for decades, its specific role in promoting direct adipose tissue innervation has just
recently been elucidated. Cui et al. (2021) has shown that NT3 is indeed expressed in adipose
tissue and modulates SNS innervation of adipose tissue, through signaling via the Tropomyosin
receptor kinase C (TrkC). Within BAT, NT3 expression is equally abundant in adipocytes as it is
in the SVF. However, within WAT, NT3 expression occurred primarily in mature adipocytes.
Furthermore, NT3 expression is maximized at P15-20, which temporally coincides with the
appearance of developmentally induced beige adipocytes in WAT (Cui et al., 2021; Xue et al.,
2007). An additional study by Bové et al. (2021) also underlines the effects of NT3-TrkC
signaling on adipocyte differentiation, beiging, and overall thermogenic capacity. However, this
study claims NT3 is primarily released by tissue-irrigating blood vessels instead of adipocytes
within WAT (Bové et al., 2021). Therefore, further studies are needed to fully examine the
cellular source of NT3 within adipose tissue.

Additional signals have been proposed to act as neurotrophic factors affecting SNS
innervation of adipose tissue. These signals include Sarcolipin (Bal et al., 2017), PR domain
containing protein 16 (PRDM16) (Chi et al., 2018), S100 calcium-binding protein (S100B)

(Zeng et al., 2019), and Leptin (Wang et al., 2020). Leptin is of particular interest due to its well-
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established effects on energy metabolism through discrete central pathways. Although leptin’s
role as a central neurotrophic factor has been observed for several years (Bouret et al., 2004;
Bouret & Simerly., 2007; Komori et al., 2006), its effect on SNS innervation of adipose tissue
remains understudied. Wang and colleagues (2020) show that leptin can act via central circuits in
the arcuate nucleus (ARC) of the hypothalamus to regulate WAT and BAT innervation. Briefly,
the authors claim that leptin-LepR signaling in POMC and agouti-related peptide (AGRP)
neurons in the ARC regulate BDNF expression in neurons of the paraventricular nucleus (PVH).
These BDNF-expressing PVH neurons in turn project directly to sympathetic preganglionic
neurons in the spinal cord, providing a potential means for regulating postganglionic innervation
of adipose tissue (Wang et al., 2020). Although, BDNF is known to act both retrogradely and
anterogradely to promote axon growth and target tissue innervation (Altar et al., 1997; Choo et
al., 2017; Fawcett et al., 1998; Wang et al., 2022), polysynaptic neurotrophic action such as the
proposed PVH — SNS preganglionic neuron — SNS postganglionic neuron — adipose tissue by
BDNF has not been previously described. Therefore, the proposed leptin-BDNF central pathway
may involve additional unknown mechanisms at both the SNS preganglionic neuron — SNS
postganglionic neuron and SNS postganglionic neuron — adipose tissue synapses. Moreover, the

direct effects of leptin on SNS neuron growth and adipose tissue innervation remains unstudied.
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1.4 Leptin Regulates Energy metabolism.

Leptin is a peptide hormone secreted primarily by adipocytes and has been shown to play
an important role in central and peripheral regulation of energy homeostasis (Caron et al., 2018;
Collins et al., 1996). Studies conducted in the 1950s by Ingalls and colleagues identified a
recessive obese (ob) mutation in mice that as the name suggests resulted in the development of
extreme obesity (Ingalls et al, 1950). However, it was not until 1994 that the ob gene was finally
identified and shown to be primarily expressed in adipose tissue as a 14-kDa polypeptide that
would later be named, leptin (Zhang et al., 1994). Initial studies showed that leptin
administration decreased body weight and adipose tissue weight in wild-type and ob/ob mice,
which are leptin deficient (Pelleymounter et al., 1995: Campfield et al., 1995). Interestingly, the
depletion of fat mass after leptin treatment is distinct from what is observed after food restriction
in a number of respects: leptin treatment mostly spares lean body mass and potently
stimulates glucose metabolism, while starvation results in a loss of lean body mass and causes
insulin resistance (Duska et al., 2005; Halaas et al., 1995). Unfortunately, obesity resulting from
leptin deficiency only accounts for a small percentage of human obesity. Most obese patients
have high levels of circulating leptin due to massive fat storage but exhibit impaired
responsiveness to leptin signaling (leptin resistance) (Gruzdeva et al., 2019). Circulating leptin
levels are directly proportional to fat mass. Hence, leptin administration is not a viable means for
treating most forms of obesity.

Leptin is an anorexigenic hormone, thereby reducing food intake and increasing energy
expenditure. The brain is responsible for maintaining body weight homeostasis via regulating

feeding behavior and energy expenditure. A low energy state (e.g. starvation) is characterized by
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a shape decrease in circulating leptin levels resulting in food seeking behaviors and
complementary neuroendocrine responses to help conserve energy (Friedman, 2019).
Conversely, as energy storages increase, circulating leptin levels increase, which restricts food
intake while increasing energy expenditure (Obradovic et al., 2021). Leptin has a total of six
receptors isoforms that are encoded by diabetes (db) gene, but only the long form of the receptor
(LepRb), which is expressed in several tissues including the brain, has been shown to exert
metabolic actions (Dodd et al., 2014; Masuo et al., 2008; Villanueva & Myers, 2008). This is
where leptin has been most extensively studied, specifically in the arcuate nucleus (ARC) of the
hypothalamus (Villanueva & Myers, 2008), where it acts on both Agouti-related protein (AgRP)

and pro-opiomelanocortin (POMC) neurons to decrease food intake (Coté et al., 2018).

1.4.1 Leptin-Leptin Receptor Signaling

The leptin receptor is a class 1 cytokine family receptor that exists as six alternatively
spliced variants referred to as, LepRa, LepRb, LepRc, LepRd, LepRe, and LepRf (Léllmann et
al., 1997; Tartaglia et al., 1995). While all LepR isoforms contain a Janus kinase (JAK)-binding
domain, only the LepRb isoform also includes signal transducer and activator of transcription
(STAT)- binding sites (Baumann et al., 1996). The binding of leptin to LepRb results in receptor
dimerization, which activates JAK2 kinase. The activated JAK2 phosphorylates itself and three
tyrosine residues (Y985, Y1077, Y1138) on the intracellular C-terminal of the receptor. These
phosphotyrosines in turn serve as binding sites for signaling molecules. Although the binding of
leptin to LepRb activates a number of signaling pathways, its actions on energy homeostasis are
primarily mediated via the JAK2/STAT3 and insulin receptor substrate

(IRS)/phosphatidylinositol 3 kinase (PI13K) pathways.
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Upon initial phosphorylation of the tyrosine residues on the C-terminal of the LepRb by
JAK2, STAT3 binds to Y1138 and is subsequently phosphorylated by JAK 2 kinase. STAT3
phosphorylation is critical for the effects of leptin on body weight and overall energy
homeostasis. Once phosphorylated, STAT3 moves from the cytoplasm to the nucleus, where it
binds to agrp and pomc promoters, decreasing AgRP and increasing POMC expressions. Indeed,
STATS3 deletion in these neurons increases AgRP and decreases POMC expression, resulting in
decreased energy expenditure, hyperphagia, and obesity (Gao et al., 2004). Additionally, once
phosphorylated JAK?2 then phosphorylates IRS, which in turn regulates PI13K activity. The PI3K
pathway is primarily responsible for the effects of leptin on the membrane potential of POMC
and AgRP/NPY neurons (Hill et al., 2008; Morrison et al., 2005). As expected, inhibition of

PI3K in the brain prevents leptin induced anorexia (Niswender et al., 2001)

1.5 Leptin Signals via Central Pathways

The relatively broad central and peripheral expression of LepRb in mice suggests that the
diverse effects of leptin signaling are mediated via discrete tissues and signaling pathways.
Although LepRb is expressed in many brain regions, it is concentrated in the ARC of the
hypothalamus, ventromedial hypothalamus (VMH), dorsomedial hypothalamus (DMH), and
Lateral hypothalamus (LH). By far the most extensively studied leptin signaling pathway takes
place within the ARC of the hypothalamus, where leptin exerts antagonistic effects on POMC
and AGRP/NPY neurons. This brain region is located adjacent to the median eminence, an organ
with porous blood-brain barrier (BBB), potentially explaining how leptin enters the CNS.
Indeed, the majority of leptin’s action on ARC neurons is mediated by direct effects on neuronal

projections close to the median eminence (Langlet et al., 2013; Balland et al., 2014). Leptin can
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also be detected within the cerebral spinal fluid (CSF) suggesting that it is able to cross the BBB.
Studies conducted in 2013 and 2014 suggested that leptin was transported into the CSF via
tanycytes (Langlet et al., 2013; Balland et al., 2014). However, more recent studies have been
unable to detect Leptin receptor in tanycytes (Yoo et al., 2019), potentially indicating a leptin
receptor-independent mechanism for leptin transport via tanycytes (Yoo et al., 2020).

Within the ARC, AGRP/NPY and POMC neurons display an antagonistic relationship
while regulating food intake. AGRP/NPY neurons activation promotes feeding via the release of
AGRP and NPY, while POMC neuron activation inhibits feeding via the release of a-melanocyte
stimulating hormone (a-MSH) (Elias et al., 1999). Leptin signaling hyperpolarizes AGRP/NPY
neurons by opening Katpand BK channels (Shanley et al., 2022; Spanwick et al., 1997).
Conversely, Leptin directly activates POMC neurons via depolarization through the opening of
transient receptor potential-canonical channels (TRPC) (Qiu et al., 2010) and indirectly by
inhibiting AGRP/NPY neurons (Cowley at el., 2001). This is possible because AGRP/NPY
neurons co-express GABA and synapse with local POMC neurons in the ARC (Rau & Hentgens,
2017). More recent studies employing the use of a CRISPR-Cas9 mediated deletion of LepRb in
either AGRP/NPY or POMC neurons have revealed that the effects of leptin on food intake are
primarily mediated via AGRP/NPY neurons rather than POMC neurons (Xu et al., 2018).
Indeed, LepRb deletion in AGRP/NPY neurons resulted in a drastic increase in food intake and
body weight, while LepRb deletion in POMC neurons resulted in a mild increase in body weight
without an increase in food intake (Xu et al., 2018). This finding is indicative that leptin
regulates body weight homeostasis via other means besides food intake.

Evidence suggesting that leptin regulates body weight homeostasis via additional

mechanisms has existed for almost two decades. In 1996, Levin and colleagues conducted pair-
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feeding experiments in leptin deficient ob/ob mice treated with exogenous leptin. They observed
that leptin-treated ob/ob mice lost significantly more weight than untreated but pair-fed ob/ob
mice. Interestingly, the untreated ob/ob animals lost significantly more lean mass than the treated
group (Levin et al., 1996). These findings indicate that leptin promotes energy expenditure
through increased fat utilization independently of feeding. In contrast to the well-defined
mechanisms of leptin-induced regulation of feeding, information regarding the role of leptin on
the energy expenditure is limited. The hypothalamus is still the primary area of focus regarding
leptin-induced regulation of energy expenditure. This is likely due to it being the primary site
mediating the appetite-suppressing effects of leptin and its role in the regulation of
thermogenesis. Lesions in the DMH and VMH are associated with a decrease in core body
temperature (Landry et al., 2011; Monda et al., 1997), while stimulation of the DMH and VMH
resulted in an increase in core body temperature (Halvorson et al., 1990; Zaretskaia et al.,

2002).

Leptin injections into the DMH increase core body temperature without affecting food
intake (Rezai-Zadeh et al., 2014). Interestingly, a study by Dodd et al. (2014) describes a distinct
population of prolactin releasing peptide (PrRP) neurons responsible for partially mediating the
observed thermogenic effects of leptin injections into the DMH. Furthermore, the thermogenic
effects of leptin in the DMH are mediated via the SNS (Enriori et al., 2011). Evidence indicating
that leptin activates certain neurons in the DMH is relatively strong (Dodd et al., 2014; Simonds
etal., 2014), but LepRb is expressed in both GABAergic and glutamatergic neuron populations
(Han et al., 2023; Xu et al., 2013). This raises ambiguity concerning both the pathway and

mechanism by which leptin regulates energy expenditure via the DMH.
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The VMH has also been implicated in leptin-induced regulation of energy expenditure.
Leptin infusion into the VMH increases plasma catecholamine levels, an outcome that was
abolished in VMH-lesioned animals (Satoh et al., 1997; Satoh et al., 1999). Moreover, the
deletion of LepR in the VMH leads to an increase in adiposity (Bingham et al., 2008).
Interestingly, VMH leptin infusions cause an increase in glucose uptake by BAT, which is
prevented by sympathetic denervation (Minokoshi et al., 1999). Recent studies have focused on
distinct neuronal populations within the VMH such as steroidogenic factor 1 (SF-1) neurons.
LepRb deletion in SF-1 neurons results in obesity without hyperphagia (Dhillon et al., 2006), and
when fed a high fat diet (HFD), SF-1 KO mice display impaired thermogenic capacity (Kim et al.,
2010). In addition, neuron specific KO of LIM domain only 4 protein (LMO4) in the VMH
results in impaired thermogenesis and the development of obesity in mice. However, exogenous
leptin administration partially ameliorated the phenotype by increasing BAT thermogenesis
compared to litter-mate controls (Zhou et al., 2012).

Lastly, leptin has also been shown to regulate energy expenditure by targeting
AGRP/NPY and POMC neurons in the ARC. Functional evidence comes from several studies
measuring SNS activity and thermogenesis. In addition to its effects on feeding, LepRb deletion
within the ARC decreases SNS activity and diet induced thermogenesis (Harlan et al., 2011).
Leptin’s effect on the SNS activity and thermogenesis appears to be mediated by its inhibition of
AGRP/NPY, which results in a decrease in NPY release. NPY displays potent orexigenic effects,
resulting in increased food intake and decreased thermogenesis in rodents (Paul et al., 2005;
Székely et al., 2005). Indeed, NPY overexpression and infusion in the ARC decrease SNS
activity and BAT thermogenesis in rodents (Lopez-Valpuesta et al., 1996; Shi et al., 2013). As

expected, due to their antagonistic nature, LepRb deletion in POMC neurons resulted in the
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opposite effect compared to AGRP/NPY neurons. Germline deletion of LepRb in POMC neuron
results in reduced SNS activity after leptin infusion compared to littermate controls (Balthasar et
al., 2004; Do Carmo et al., 2011). However, induced POMC specific deletion of LepRb in adult
mice did not alter energy expenditure compared to littermate controls (Caron et al., 2018). Both
AGRP/NPY and POMC neurons project to the paraventricular nucleus of the hypothalamus
(PVH) and VMH to regulate SNS activity and thermogenesis. Functional evidence comes from
NPY infusions into the PVH, resulting in increased SNS activity and BAT thermogenesis
(Billington et al., 1994; Kotz et al., 2000). In addition to PVH infusion of melanotan II, a
melanocortin-4 (MC4) receptor agonist (receptor target of a-MSH) increases SNS activity
(Haynes et al., 1999). Overall, there are several parallel pathways that mediate the effects of
leptin on energy expenditure. One commonality they all share is their reliance on the SNS to
enact these effects on metabolic tissues such as adipose tissue. Yet, the potential direct actions of

leptin on the SNS remains unclear.

1.6 Leptin as a Neurotrophic Factor

In addition to its metabolic effects, leptin also displays potent trophic effects on nervous
system development. Early studies by Bereiter and Jeanrenaud (1979, 1980) described that the
brains of ob/ob and db/db (mice lacking functional LepR) were structurally distinct compared to
littermate controls (Bereiter & Jeanrenaud, 1979; 1980). Subsequent studies by Ahima et al.
(1999) described that the same mutant animals had reduced brain weight and abnormal levels of
several growth-associated proteins in the hypothalamus, neocortex and hippocampus (Ahima et
al., 1999). Furthermore, leptin treatment during early life could restore normal brain weight and

developmental patterns (Steppan & Swick., 1999). Leptin acts as a powerful neurotrophic signal
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that promotes the formation of ARC projection into the PVH. Leptin stimulates axonal growth of
ARC neurons in vitro (Bouret et al., 2004). Additionally, leptin deficient ob/ob display a 5-fold
decrease in ARC axons projecting to the PVH (Bouret et al., 2004). Consistent with earlier
findings, exogenous leptin treatment of ob/ob neonates restores normal innervation patterns,
while leptin treatment in adult ob/ob mice at P80 does not (Bouret et al., 2004). Taken together,
these findings suggest that leptin exerts its neurodevelopmental effects during a critical neonatal
period. However, leptin still exerts neuroplastic effects in adult ob/ob mice, resulting in synaptic

rearrangement of AGRP/NPY and POMC neurons within the ARC (Pinto et al., 2004).

1.6.1 Leptin Regulates SNS Development

A recent study using adipose tissue clearing methods revealed that ob/ob, db/db, and
leptin resistant diet-induced obese (D10) mice display significantly decreased sympathetic
innervation of WAT and BAT. Moreover, chronic peripheral leptin treatment of ob/ob adult mice
restored WAT and BAT innervation (Wang et al., 2020). This is especially interesting since
leptin treatment in adult ob/ob animals fails to restore normal hypothalamic development in the
ARC and PVH (Bouret et al., 2004). In accordance, leptin stimulates sympathetic axon growth in
vitro via STAT3 phosphorylation (Pellegrino et al., 2014). Furthermore, LepR has been detected
in postganglionic neurons of the SNS system (Czaja et al., 2002; Miller et al., 1999). These
findings suggest that leptin may directly regulate SNS development and adipose tissue
innervation via LepR signaling in sympathetic neurons. However, the physiological relevance of
peripheral sympathetic leptin signaling in SNS development and energy metabolism remains

unstudied.
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2 DISSERTATION GOALS

This dissertation is dedicated to unraveling the functional and physiological relevance of
peripheral sympathetic leptin signaling in the regulation of whole-body energy homeostasis. We
hypothesize that peripheral sympathetic leptin signaling regulates energy expenditure by
modulating sympathetic innervation of adipose tissue in response to developmental and
environmental cues. The hypothesis was tested across three major experiments.

Experiment 1. We first examined whether catecholaminergic postganglionic sympathetic
neurons that directly innervate adipose tissue express LepRb. To this end we generated a
transgenic mouse model that expresses a fluorescent protein in LepRb+ cells. Additionally, we
also investigated the electrophysiological and trophic effects of leptin on sympathetic neurons in
vitro.

Experiment 2: We next investigated the role of peripheral sympathetic leptin signaling
in regulating whole-body energy metabolism by generating a novel, sympathetic neuron specific
LepR knockout mouse model. We employed various metabolic characterization tools to
investigate the role of peripheral sympathetic leptin signaling in regulating various metabolic
parameters such as food intake, energy expenditure, glucose homeostasis, and adiposity.
Metabolic characterization was replicated in adult and 6-week-old male and female mice to
examine the potentially age dependent and sexually dimorphic effects of sympathetic leptin
signaling.

Experiment 3: Lastly, we explored the potential functional and genetic mechanisms

underlying the effects of peripheral sympathetic leptin signaling on whole body energy
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metabolism. This was accomplished via RNA-seq analysis and by examining sympathetic
innervation of adipose tissue in vivo.

Collectively, this dissertation stands as a pivotal advancement in our understanding of the
mechanisms by which leptin regulates whole-body energy homeostasis. This work provides
complementary evidence to leptin’s role in increasing energy expenditure while uncovering
sympathetic neurons as a previously unidentified target for direct leptin signaling. Furthermore,
this study elucidates a novel mechanism through which sympathetic leptin signaling regulates

energy metabolism.
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3 METHODS

3.1 Animals

Mice with sympathetic-specific deletion of LepR (SLRKO) were generated by crossing
LepR-floxed mice (LepR ™) with TH-Cre mice. LepR ™ mice were obtained from Jackson
Laboratories, Stock #008327 (Cohen et al., 2001); TH-Cre mice were also obtained from Jackson
Laboratories Stock #008601 (Savitt et al., 2005). Therefore, LepR 7 mice were used as the

control group and LepR ™" ::THCre mice were used as the experimental group.

Reporter mice that express a red fluorescent protein variant (TdTomato) under the control
of LepR promoter (LepR-Cre::Ail4) were generated by crossing LepR-Cre mice (Jackson
Laboratories # 008320) (Defalco et al., 2001) with mice expressing a LoxP-flanked STOP
cassette followed by TdTomato gene inserted into the Gt(ROSA)26Sor locus (Jackson

Laboratories # 007914) (Madisen et al., 2010)

For Fast Blue injection, LepR-Cre::Ail4 mice were anesthetized via isoflurane, and a
dorsal or ventral 2 cm incision was made to expose iBAT or iWAT. The retrograde tracer Fast
Blue (FB) (2%; Polysciences, PA) was injected with a microsyringe into 5-10 separate loci
(1 wl/locus) of each adipose tissue. Animals were given 10-14 days to recover and allow for

retrograde Fast Blue transport.

All animal procedures were approved by the Institutional Animal Care and Use
Committee of Georgia State University and were in compliance with the Public Health Service

and the United States Department of Agriculture guidelines.
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3.2 Metabolic Measurements

All mice were housed with a 12/12 h light—dark cycle in temperature- and humidity-
controlled rooms with free access to water and food (ambient temperature: 20-22 °C,
thermoneutral temperature: 30 °C; humidity: 30-70%). SLRKO and littermate controls were fed
either regular chow diet (LabDiet 5001, LabDiet, St. Louis, MO, 13.5% calories from fat) or
high fat diet (HFD) (Research Diets D12492, 60% calorie from fat) for up to 40 weeks. Mice
were housed at either ambient temperature (20-22 °C) or thermoneutrality (30 °C) to avoid any
nonshivering thermogenesis that may be induced by mild cold stress in mice housed under
ambient room temperature (20-22 °C). Various metabolic measurements were recorded as
follows: (1) Body weight was monitored weekly. (2) Food intake, energy expenditure, and
activity levels were measured using PhenoMaster metabolic cage systems (TSE Systems,
Chesterfield, MO). (3) Body composition was analyzed using a Minispec NMR body
composition analyzer (Bruker BioSpin Corporation; Billerica, MA). (4) Insulin sensitivity was
determined by glucose tolerance and insulin tolerance tests (GTT and ITT, respectively) as
previously described (Cui et al., 2021). At the end of metabolic measurements, various tissues
including WAT, iBAT, muscle, liver, and sympathetic ganglia were collected for further analysis

of gene-expression, protein-expression, and immunohistochemistry.

3.3 Cold Exposure

SLRKO mice and their respective littermate controls were subjected to chronic 7- day

cold challenge (4 °C). Wild type mice were subjected to acute 6- hour, 1-day, and chronic 7-day
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cold challenges (4 °C). At the end of the experiments, various tissues were collected for further

analysis of gene-expression, protein-expression, and immunohistochemistry.

3.4 Quantitative RT-PCR

Total RNA from various tissues were isolated using Tri Reagent kit (Molecular Research
Center, Cincinnati, OH) as previously described (Wang et al., 2016). The expression of genes of
interest was measured by a one-step quantitative RT-PCR with a TagMan Universal PCR Master
Mix kit (ThermoFisher Scientific, Waltham, MA) using an Applied Biosystems QuantStudio 3
real-time PCR system (ThermoFisher Scientific) as we previously described (Cui et al., 2021).
The quantitation of gene expression was normalized by the housekeeping gene cyclophilin. All
Tagman primers and probes used were purchased from Applied Biosystems (ThermoFisher

Scientific) or commercially synthesized.

3.5 RNA-Sequencing Analysis

RNA-seq library preparation, sequencing, and basic bioinformatics data analysis from SG,
WAT, iBAT, and muscle were performed by BGI Americas (Cambridge, MA). Equal amount of
RNAs from 6 animals/groups were pooled and used for RNAseq analysis. Differentially

expressed genes between groups were defined as Log2 fold change > 0.5 or <0.5.

3.6 Immunoblotting

Protein expression in adipose tissue was assessed by immunaoblotting as previously
described (Cui et al., 2021). Briefly, Tissues were homogenized in a modified

radioimmunoprecipitation assay (RIPA) lysis buffer supplemented with 1% protease inhibitor
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mixture and 1% phosphatase inhibitor mixture (SigmaAldrich, St. Louis, MO) and tissue lysates
were resolved by SDS-PAGE. Proteins on the gels were transferred to nitrocellulose membranes
(Bio-Rad, Hercules, CA), which were then blocked, washed, and incubated with various primary
antibodies, followed by Alexa Fluor 680-conjugated secondary antibodies (Life Science
Technologies). The blots were developed with a Li-COR Imager System (Li-COR Biosciences,

Lincoln, NE). The antibodies were listed in Supplemental Table 1.

3.7 Immunohistochemistry

WAT or iBAT tissues were fixed in 10% neutral formalin and embedded in paraffin, which
was further cut into 5 um sections. The sections were either processed for hematoxylin and eosin
(H&E) staining or immuno-staining with UCP1 antibodies as we previously described (Cui et al.,
2021). Briefly, paraffin-embedded sections of iBAT and iWAT tissues were incubated with anti-
UCP1 antibodies (Abcam, Boston, MA) overnight at 4°C and then incubated with biotin-
conjugated anti-rabbit secondary antibodies (Jackson ImmunoResearch, West Grove, PA) for 30

min at room temperature.

Sympathetic ganglia were sectioned and immunostained as previously described (Cui et
al., 2021). Briefly, SG were carefully harvested and transferred to an 18% sucrose solution in
0.1 M PBS containing 0.1% sodium azide at 4 °C. All ganglia were then sectioned longitudinally
at 10-um-thick sections using a cryostat. They were directly mounted onto slides (Superfrost
Plus; VWR International, West Chester, PA) in four series with every fifth section on the same
slide. Sections were then incubated with chicken anti-Tyrosin hydroxylase (TH 1:1000, Abcam,
ab76442) antibody for 48 hours. Sections were then incubated with Cy3-donkey anti-rabbit

(2:500; Jackson Immunoresearch, West Grove, PA) or Alexa Fluor 488-Donkey Anti-Chicken
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(1:500; Jackson Immunoresearch, West Grove, PA) secondary antibodies for 2h (supplementary
table 1). Sections coverslipped using ProLong Gold Antifade Reagent (Life Technologies, Grand
Island, NYY). Images were captured using an Olympus DP73 photomicroscope and CellSens
software (version 1.6) (Olympus, Waltham, MA). The captured images were evaluated with the
aid of Image J software (version 1.5.2). The neurons were considered positively labeled based on

the fluorescent intensity, cell size, and shape.

3.8 Adipose Tissue Whole-Mount Clearing and Immunostaining

A whole-mount adipose tissue clearing with the Adipo-Clear approach was conducted to
allow immunostaining, followed by three-dimensional visualization and quantitation of
sympathetic nerve innervation by light sheep microscopy. Briefly, adipose tissue was processed
with a series of steps including dehydration, delipidation, and permeabilization, which was
further stained with primary anti-TH antibodies (AB152, 1:1000, Millipore) and secondary
antibodies (Cy™3 AffiniPure Donkey Anti-Rabbit IgG (H+L), 1:2000, Jackson
ImmunoResearch, 711-165-152) (Supplementary Table 1). Tissues were further cleared with
dibenzyl ether (DBE) and imaged with Bruker Multi-View (MuVi) Selective-Plane Illumination
Microscope (SPIM). Three-dimensional image reconstruction was performed using the Imaris

Image Analysis Software (version 9.5.1).

3.9 Sympathetic Neuronal Culture and Neurite Growth Measurements

SG at thoracic T1-T4 levels from 6- to 8-week-old mice were dissected and digested with
collagenase | followed by Trypsin digestion. Dispersed neurons were cultured in complete

neurobasal media (Fisher 10888022) with 1X B-27 (Fisher 17504044) and 200 uM I-glutamine
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(Fisher 25030149) in poly-d-lysine and Laminin coated dishes. Cells were cultured for 6, 12 or
36 hours with Leptin (100 ng/ml) in phosphate-buffered saline (PBS) or PBS as a control. Cells
were then immunostained with Alexa Fluor® 488-conjugated antibodies against neurite growth
marker BIII-tubulin (1:400, AB15708A4, Millipore) (Supplementary Table 1). Neurite growth

was then quantitated by Image J (version 1.5.2) with Neuron J plugin (version 1.4.3)

3.10 Electrophysiology

For electrophysiological recordings, sympathetic neurons were extracted from LepR-
Cre::Ail4, SLRKO, and respective fl/fl littermates and dissected and digested as described
above. Dissociated neurons were plated into 35 mm plastic dishes coated with poly-D-lysine and
used for recording 2-3 days after plating. TdTomato+ sympathetic neurons were visualized using
a mCherry/RFP-filtered excitation and emission fluorescent light under an inverted microscope.
Patch-clamp recordings were performed using a Multiclamp 700B amplifier, Digidata 1440A
interphase, and pClamp 10 software (Molecular Devices, Union City, CA) under voltage-clamp
and current clamp modes. The external solution (pH 7.3) consisted of 152 mM NaCl, 2.8 mM
KCL, 10 mM HEPES, 2 mM CaCl2, and 10 mM glucose. The intracellular solution (pH 7.3)
consisted of 130 mM K-gluconate, 10 mM HELES, 0.6 mM EGTA, 0.3 mM K-ATP, 0.3 mM

Na-GTP, and 10 mM phosphocreatine.

3.11 Statistical Analysis

Data was expressed as mean £ SEM. All graphs were created with GraphPad Prism

(v9.1.5, GraphPad Software Group, San Diego, CA). The statistical tests were performed using



30

SPSS software (version 16.0, SPSS Inc, Chicago, IL, USA). Experimental data was analyzed by
unpaired Student’s t-test, one-way Analysis of Variance (ANOVA) followed by Bonferroni post-
hoc analysis where appropriate, or two-way repeated measures ANOVA followed by Tukey’s
HSD post-hoc analysis where appropriate. For all experiments, differences among groups were

considered statistically significant at P < 0.05.
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4 RESULTS

4.1 Leptin Receptor is Expressed in Sympathetic Ganglia and Regulates Sympathetic

Neuronal Growth

The adipokine leptin regulates energy homeostasis by targeting the hypothalamus.
Indeed, genetic ablation of LepRb within the hypothalamus results in animals that are morbidly
obese (Harlam et al., 2011). Unsurprisingly, metabolic researchers have primarily focused on
understanding the central effects of leptin signaling. However, LepRb is expressed in various
peripheral targets (Fei et al., 1997). To investigate if LepRb is expressed in the sympathetic
nervous system, we generated a reporter mouse model, which expresses the red fluorescent
protein, TdTomato in LepRb + cells (LepR-Cre::Ail4). This was achieved by crossing Ail4
mice designed with a loxP-flanked STOP cassette preventing transcription of TdTomato
(Madisen et al., 2010) with LepR-Cre mice where Cre-recombinase is inserted immediately 3' of
the stop codon in the last exon of the LepR gene (Defalco et al., 2001). This design ensures that
TdTomato expression will be localized in cells that express the long form of the leptin receptor
(LepRb). Sympathetic ganglia from 6-week old LepR-Cre::Ail4 reporter mice were dissected,
digested and cultured in vitro. We observed robust expression of LepRb in sympathetic neurons
as well as in non-neuronal cells in sympathetic ganglia (Fig. 1A). To further study whether
LeprRDb is expressed in catecholaminergic neurons that specifically innervate iWAT, we injected
the retrograde fluorescent neuronal tracer Fast Blue (FB) into iWAT of LepR-Cre::Ail4 reporter
mice. Following FB injection, animals were allowed 10-14 days to recover and allow for
retrograde transport of FB. Sympathetic ganglia in the lumbar L1 level, which innervates iwAT
(Huesing et al., 2021), were dissected, sectioned, and stained with the catecholaminergic neuron

marker tyrosine hydroxylase (TH) (Fig. 1B). Consistent with our in vitro observations, we
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observed widespread expression of LepRb within the L1 sympathetic ganglia. Interestingly, ~ 8
TH+ FB+ LepRb+ neurons were observed, indicating that LepRb is expressed in
catecholaminergic neurons that specifically innervate iWAT (Fig. 1B). Furthermore, the
widespread TdTomato fluorescence potentially indicates that LepRb is expressed in non-
neuronal glial cells in L1 ganglia (Fig. LA-B). Similar results were also observed in thoracic T2
ganglia (Supplementary Fig. 1A), which innervates iBAT (Francois et al., 2019).

Cold exposure is a strong activator of the SNS and has been shown to activate adaptive
thermogenesis and beiging in iBAT and WAT, respectively (Cao et al., 2019; Wang & Seale,
2016). Moreover, Leptin has been shown to elicit adaptive thermogenesis in adipose tissue
(Enriori et al., 2011; Zhou et al., 2012). Indeed, an acute 1-day cold challenge significantly
increased serum leptin levels in 6-week-old mice, while a longer 7-day cold challenge did not
(Fig. 1C). Additionally, iWAT leptin mRNA levels increased 10-fold and 5-fold in response to a
1-day and 7-day cold challenge, respectively (Fig. 1D). In contrast, leptin mRNA levels in iBAT
were decreased in response to both cold challenges (Fig. 1E). Taken together, these data suggest
that leptin may regulate SNS activity and thermogenesis during energetic challenges, such as
cold exposure.

To elucidate the direct effects of leptin on sympathetic neurons, we first tested leptin’s
electrophysiological effects on sympathetic neurons in vitro. We found that leptin (100 nM)
treatment significantly decreased the firing frequency of sympathetic neurons (2 £ 0.4 Hz)
compared to PBS treated controls (13 + 1.3 Hz) (Supplementary Fig. 1B). Additionally, leptin
treatment significantly hyperpolarized the membrane potential of sympathetic neurons by -5.2 +
1.0 mV compared to PBS treated controls (Supplementary Fig. 1C). Since leptin has been shown

to act as a neurotrophic factor that regulates SNS neuron growth and adipose tissue innervation
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(Pellegrino et al., 2014; Wang et al., 2020), we then tested leptin’s effect on sympathetic neurite
growth in primarily cultured sympathetic neurons from LepR-Cre::Ail4 in vitro. We observed
that 100 nM leptin treatment significantly stimulated sympathetic neurite growth in LepRb+
neurons, as described by the increased total neurite length per neuron, maximum nerite length
per neuron, and mean neurite length per neuron (Fig. 1F). Interestingly, these differences
decreased with treatment time, and were no longer significant after 36 hours (Supplementary Fig.
1D-1E). This may indicate that leptin is especially important during early neurite development,
synaptogenesis, and potentially adipose tissue innervation. All in all, our data strongly suggests
that leptin directly regulates sympathetic neuron membrane potential, spike activity and neurite

growth.
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Figure 1. LepR is expressed in sympathetic ganglia and LepR signaling promotes neurite
growth. (A) Representative gl11-tubulin Immunofluorescent images of sympathetic ganglia
neurons isolated from 6-week-old LepR-Cre::Ail4 reporter mice. (B) Representative images of
TH, Fast Blue (FB) and LepRb-TdTomato labeling in L1 sympathetic ganglia. (C) Serum Leptin
protein level in WT mice at different length cold challenges (N=6 for all measurements). (D)
Quantitative RT-PCR analysis of Leptin mRNA expression in iWAT (RT n =6, 1D Cold n =5,
7D Cold n = 6). (E) Quantitative RT-PCR analysis of Leptin mRNA expression in BAT (n = 6).
(F) Representative gll1-tubulin immunofluorescent images of sympathetic ganglia neurons
treated with Leptin (100 ng/ml for 12 hours) or PBS from 6-week-old LepR-Cre::Ail4 reporter
mice and quantitation of the number of neurites per neuron, total neurite length per neuron,
maximal neurite length per neuron, and average neurite length per neurite per neuron (PBS n =
24, Leptin n = 28). All data are expressed as mean = SEM; * p < 0.05.
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4.2 6-Week-Old Female Mice with Sympathetic Neuron Specific Deletion of LepR

Exhibit Decreased Energy Expenditure

Leptin binds with high affinity to its cognate receptor, LepR. Leptin deficient ob/ob and
LepR deficient db/db mice exhibit the same metabolic phenotype and decreased levels of SNS
innervation of adipose tissue (Wang et al., 2020). LepR immunoreactivity has been detected in
neurons within sympathetic ganglia of rodents (Miller et al., 1999) (Fig. 1B and Supplementary
Fig. 1A), indicating the potential importance of leptin-LepRb signaling in regulating SNS-
induced energy metabolism. Additionally, previous studies showed that leptin treatment in young
ob/ob mice was able to restore normal hypothalamic innervation patterns, while leptin treatment
in adult ob/ob mice did not (Bouret et al., 2004; Steppan & Swick., 1999). Therefore, we
hypothesized that leptin-LepR signaling in sympathetic neurons may regulate SNS innervation of
adipose tissue and whole-body energy metabolism in young, 6-week-old mice.

To explore the importance of leptin-LepR signaling in regulating axon growth, adipose
tissue innervation and whole-body energy homeostasis, we generated mice with sympathetic-
specific deletion of LepR. This was achieved by crossing LepR-floxed mice (fl/fl), where exon 1
of the LepR gene is flanked by loxP sites (Cohen at al., 2001) with TH-Cre mice where Cre-
recombinase expression is under the control of the TH promoter (Savitt et al., 2005). As
expected, LepR expression in sympathetic ganglia was reduced by ~ 40% in KO mice compared
to fl/fl littermate controls, while no changes in LepR expression in the VTA (a brain area rich in
catecholaminergic neurons) was observed (Supplementary Fig. 2A-2B and Supplementary Fig.

3A-3B). Furthermore, the ~ 40% decrease in LepR expression was measured via quantitative
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RT-PCR analysis of the entire sympathetic ganglia, including non-neuronal cells. Since we
observed LepRb expression in non-neuronal cells (Fig.1A-1B) and our animal model was
designed to only delete LepR in sympathetic neurons, we expect the KO efficiency to be much
higher among sympathetic neurons in the ganglia. Therefore, fl/fl mice were used as our control
group and SLRKO mice were defined as being homozygous LepR-fl/fl and heterozygous TH-
Cre (TH-Cre::LepR-fl/fl, or SLRKO). SLRKO mice were born with expected Mendelian
frequency and displayed no noticeable developmental abnormalities.

To elucidate the role of leptin-LepR signaling in young 6-week-old mice, we conducted
metabolic characterization of 6-week-old SLRKO and fl/fl control mice fed standard chow diet
ad libitum. 6-week-old SLRKO female mice displayed a trend increase in body weight (p=0.101)
compared to fl/fl littermates (Fig. 2A). Furthermore, SLRKO female mice exhibited increased
iBAT, iWAT, and gWAT fat mass (Fig. 2B) with larger adipocyte size (Fig. 2C). This difference
in fat pad mass and body weight was due to decreased energy expenditure evident by reduced
oxygen consumption and heat production (Fig. 2D-E), as there was no difference in food intake
(Fig. 2F). There were no noticeable differences in locomotor activity (Supplementary Fig. 2D) or
gene expression in the gastrocnemius muscle between animal groups (Supplementary Fig. 2C).
This indicates that the observed decrease in energy expenditure of SLRKO female mice is likely
due to deficiencies in the thermogenic capacity of adipose tissue. Indeed, SLRKO females
exhibit downregulated expression of several thermogenic genes such as uncoupling protein 1
(UCP1), peroxisome proliferator-activated receptor-gamma-1 alpha (Pgcla), and iodothyronine
deiodinase 2 (D102) in both iBAT and iWAT (Fig. 3A & 3C). Furthermore, we observed a trend
decrease (p=0.061) in Atp2a2 expressions levels (Fig. 3A). The Atp2a2 gene encodes the Ca2+-

ATPase2b (SERCA2b) pump that has recently been shown to regulate UCP1-independet beige



37

adipocyte thermogenesis (lkeda et al., 2017). Consistently, UCP1 protein levels are reduced in
IWAT evident by a decrease in UCPL1 staining (Fig. 3E) indicating decrease in the abundance of
thermogenic beige adipocytes within the iWAT depot. On the other hand, UCP1 protein levels
were not reduced in iBAT of SLRKO female mice (Fig. 3D). Interestingly, the observed
decrease in beige adipocytes, overall thermogenic capacity of iIWAT and iBAT, and decrease in
whole-body energy expenditure is correlated with a significant decrease in TH protein levels in
IWAT and trend decrease in iBAT (p=0.086) (Fig. 3B & 3D). This potentially indicates that the
observed decrease in whole-body energy expenditure in SLRKO female mice may be due to
decreased sympathetic innervation of adipose tissue. This is further supported by the
upregulation of B3AR in iIWAT (Fig. 3A), potentially indicating a feedback mechanism
increasing B3AR expression due to decreased sympathetic innervation and norepinephrine (NE)
levels in iIWAT.

Interestingly, 6-week-old SLRKO male mice did not exhibit the same metabolic
phenotype as females. There was no noticeable difference in body weight (Fig. 4A) or fat pad
mass (Fig. 4B). Furthermore, SLRKO males did not exhibit any differences in oxygen
consumption (Fig. 4C), energy expenditure (Fig. 4D), food intake (Fig. 4E), and locomotor
activity (Supplementary Fig. 3D). The lack of phenotypic differences was not due to lower
sympathetic-specific LepR KO efficiency as LepR expression levels were reduced by ~ 40%,
similar to SLRKO females (Supplementary Fig. 3A-3B). Surprisingly, SLRKO males exhibited a
significant downregulation of the thermogenic genes UCP1, DIO2, Cidea in iWAT (Fig. 4F).
However, we did not observe a difference in UCP1 protein levels in IWAT (Fig. 4H). In iBAT,
however, there were no changes in thermogenic gene expression (Fig. 4G and Supplementary

Fig. 3E). We hypothesize that the phenotypic and gene expression differences between males
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and females is due to mild cold stress induced thermogenesis, since male mice experience cold-
induced thermogenesis at lower ambient temperatures than females (Gomez-Garcia et al., 2022).

Metabolic characterization at thermoneutral conditions is necessary to confirm this hypothesis.
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Figure 2. 6-week-old female mice with LepR deficiency in sympathetic neurons exhibit
decreased energy expenditure and increased adiposity. (A) Body weight at the time of analysis
(n = 6). (B) Tissue weights (n = 6). (C) H&E staining of iWAT and BAT (iWAT n = 4 for both
groups, BAT n = 3 for both groups). (D) Oxygen consumption (n = 6 for both groups; Light
phase represented by white background; Dark phase represented by grey background). (F)
Energy Expenditure measured as heat production (n = 6 for both groups; Light phase
represented by white background; Dark phase represented by grey background). (E) Food
intake measurement of 6-week-old females, measurements recorded during the animal’s 6th
week of life ( n = 6 for both groups). All data are expressed as mean £ SEM; * p < 0.05.
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Figure 3. 6-week-old female mice with LepR deficiency in sympathetic neurons exhibit

decreased thermogenic gene expression and TH protein levels in IWAT and BAT. (A)

Quantitative RT-PCR analysis of thermogenic gene expression in iWAT (n = 5-6 per group). (B)
TH protein content in iIWAT (n = 6). (C) Quantitative RT-PCR analysis of thermogenic gene
expression in BAT (n = 5-6 per group). (D) TH and UCP1 protein content in BAT (n = 6). (E)

UCPL1 staining in iWAT and BAT (iWAT n = 3, BAT n = 4). All data are expressed as
mean + SEM; * p < 0.05.
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decreased iWAT thermogenic gene expression with no associated metabolic phenotype. (A) Body
weight at the time of analysis (n = 6). (B) Tissue weights (n = 6). (C) Oxygen consumption (n =
6 for both groups; Light phase represented by white background; Dark phase represented by
grey background). (D) Energy Expenditure measured as heat production (n = 6 for both groups;
Light phase represented by white background; Dark phase represented by grey background). (E)
Food intake measurement of 6-week-old males, measurements recorded during the animal’s 6th
week of life (n = 6 for both groups). (F) Quantitative RT-PCR analysis of thermogenic gene
expression in iWAT (n = 5-6 per group). (G) Quantitative RT-PCR analysis of thermogenic gene
expression in BAT (n = 6 per group). (H) UCP1 staining of iWAT (n = 2 for both groups). All
data are expressed as mean = SEM; *p < 0.05.
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4.3 Female Mice with Sympathetic Neuron Specific Deletion of LepR are Prone to Diet-

Induced Obesity

The observed increase in fat mass and decrease in energy expenditure led us to
hypothesize that SLRKO mice would be more prone to the development of diet-induced obesity
(DIO). Indeed, we discovered that a high fat diet (HFD) consisting of 60% calories from fat
markedly increased body weight in SLRKO females when compared to fl/fl control mice (Fig.
5A). Interestingly, SLRKO females were already significantly heavier at 6-weeks of age before
HFD feeding, but the body weight difference was further exacerbated after 30 weeks on HFD
(Fig. 5A). By using a Minispec NMR body composition analyzer, we also observed a significant
increase in overall fat mass coupled with a decrease in overall lean mass (Fig. 5B). Tissue
analysis revealed an increase in iBAT, iWAT and gWAT mass (Fig. 5C). Histological analysis in
the form of H&E staining revealed an increase in adipocyte size in both iWAT and iBAT of
SLRKO females compared to fl/fl controls (Fig. 5D). We next measured food intake and energy
expenditure to understand the underlying cause of the difference in body weight and fat mass.
Similar to chow-fed 6-week-old mice, HFD-fed SLRKO and fl/fl control mice have comparable
food intake (Fig. 5G), LepR and neuropeptide expression in the ARC (Supplementary Fig. 4A).
However, SLRKO mice displayed reduced energy expenditure when compared to fl/fl controls in
the dark and light phases (Fig. 5E-5F), suggesting that sympathetic LepRb KO affects energy
expenditure but not food intake in female mice. Furthermore, SLRKO females did not exhibit
differences in locomotor activity (Supplementary Fig. 4B). As obesity can lead to Type 2
Diabetes development in humans and mice, we explored the glucoregulatory ability of HFD-fed

SLRKO and fl/fl mice. We observed a mild difference in circulating glucose levels at 45 and 60
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minutes following an insulin tolerance test (ITT) (Supplementary Fig. 4C). However,
sympathetic LepR deletion did not alter glucose disposal during a glucose tolerance test (GTT)
(Supplementary Fig. 4D). Lastly, there were no differences in the respiratory exchange ratio
(RER) between SLRKO and fl/fl controls (Supplementary Fig. 4E), indicating no difference in
the preferential utilization of glucose or fatty acids as fuel.

We then hypothesized that the DIO susceptibility and reduced energy expenditure in
SLRKO female mice was due to decreased thermogenic capacity of iWAT and iBAT, similar to
what was observed in chow-fed 6-week-old mice (Fig. 2C-2E and Fig. 3). Indeed, we discovered
a significant reduction in thermogenic genes such as UCP1, DIO2, Atp2a2, and Cidea in iWAT
of SLRKO female mice (Fig. 6A), while only D102 was downregulated in iBAT (Fig. 6C).
Moreover, we found a trend decrease of TH protein content (p=0.0784) in SLRKO iWAT
compared to fl/fl littermates (Fig.6B). We did not observe differences in TH or UCP1 proteins
levels in SLRKO iBAT compared to fl/fl controls (Fig. 6D). Together, these data suggest that the
increased DIO susceptibility and decreased energy expenditure in SLRKO females is primarily
due to decreased thermogenic capacity and SNS innervation of iWAT.

Like chow-fed males, HFD-fed SLRKO males did not exhibit a body weight difference
compared to fl/fl littermates (Fig. 7A). Interestingly, SLRKO males exhibited a decrease in fat
mass (Fig. 7B) reflected by a significant decrease in iBAT tissue weight (Fig. 7C) coupled with
no difference in lean body mass (Fig. 7B). H&E staining revealed no abnormalities in adipocyte
morphology in both iWAT and iBAT of SLRKO male mice (Fig. 7D). Moreover, SLRKO males
displayed a mild decrease in oxygen consumption (Fig. 7E) and energy expenditure (Fig. 7F).
This decrease was significant only during the dark phase (Fig. 7E-F) when mice are more active.

Locomotor activity, however, was unchanged between SLRKO and fl/fl male mice
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(Supplementary Fig. 5A). We next examined adipose tissue gene expression with a continued
focus on thermogenic genes as these were downregulated in chow-fed 6-week-old males and
females and HFD-fed females. Within iWAT, only epithelial V-like antigen 1 (EVA1) was
downregulated (Fig. 8A), while in iBAT we observed a mild upregulation in Cidea (Fig. 8C). TH
protein levels were only mildly decreased by 20% in the iIWAT of SLRKO males, although not
statistically significant (p=0.19) (Fig. 8B). In addition, there were no differences in TH and
UCP1 protein levels in iBAT (Fig. 8D). We next explored any potential glucoregulatory
differences between animal groups. Surprisingly, SLRKO males showed more pronounced
glucose intolerance and insulin resistance when compared to fl/fl littermates (Supplementary Fig.
5C-5D), even though they displayed no difference in body weight (Fig. 7A) and a mild decrease
in adiposity (Fig. 7B). This may be due to a decrease in iBAT weight (Fig. 7C) and potential
changes in glucose utilization in iBAT as no meaningful differences in gastric muscle mRNA

levels were observed (Supplemental Fig. 5B).
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Figure 5. Female mice with sympathetic neuron specific LepR deletion are prone to diet-
induced obesity due to decreased energy expenditure. Female SLRKO and fl/fl littermates were
placed on HFD for 30 weeks when they were 6 weeks of age. (A) Body weight curve (n = 12 for
both groups). (B) Body composition (fat mass n = 11 fl/fl, n = 12 SLRKO; lean mass n = 11 fl/fl,
n = 12 SLRKO). (C) Tissue weight (n = 10 for both groups). (D) H&E staining for iWAT and
BAT (WAT & BAT n = 3 for both groups). (E) Oxygen consumption (n = 12 for both groups;
Light phase represented by white background; Dark phase represented by grey background). (F)
Energy Expenditure measured as heat production (n = 12 for both groups; Light phase
represented by white background; Dark phase represented by grey background). (G) Food
intake measurement of females during week 24 on HFD, measurements recorded during the
animal’s 30" week of life (n = 4 for both groups). All data are expressed as mean + SEM; * p <
0.05.
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= 7). (C) Quantitative RT-PCR analysis of thermogenic gene expression in BAT (n = 7-8 per
group). (D) TH and UCP1 protein content in BAT (n = 8). All data are expressed as
mean = SEM; * p < 0.05.



49

4.4 LepR Signaling Regulates Diet-Induced Thermogenesis but Not Cold-Induced

Thermogenesis in Adult Mice

To investigate the role of sympathetic neuron leptin-LepR signaling in cold-induced
thermogenesis, we placed adult SLRKO mice (Females: 6-month-old n = 7, 4-month-old n = 1;
Males: 6-months-old n = 6) and fl/fl littermates (Females: 6-month-old n = 6, 4-month-old n = 2;
Males 6-months-old n = 7) in a chronic 7-day 4°C cold challenge. Unexpectedly, neither male
nor female SLRKO mice exhibited any differences in iWAT, eWAT, or iBAT fat pad mass
compared to fl/fl controls (Supplementary Fig. 6A-6B). Furthermore, thermogenic gene
expression analysis showed no differences in mRNA expression between SLRKO and fl/fl
animals in both iWAT and iBAT (Supplementary Fig. 6C-6D). To explore the reason behind this
apparent lack of differential phenotype between SLRKO and fl/fl mice, we measured serum
leptin levels in WT adult male mice (6-month-old) after varying lengths of cold exposure
(Supplementary Fig. 6E). We observed that adult mice experienced a steady decrease in serum
leptin content the longer they were exposed to a cold environment (4°C). This steady decrease
reached statistical significance after 7 days at 4°C (Supplementary Fig. 6E). This contrasted with
what we previously observed in younger 6-week-old WT mice. Younger mice displayed a surge
in serum leptin after 1 day at 4°C, which eventually decreased back to baseline levels after 7
days at 4°C (Fig. 1C). We also measured iWAT and iBAT leptin mRNA levels in adult WT mice
(Supplementary Fig. 6F-G). Leptin expression was unchanged in iWAT and was greatly
decreased in iBAT after 6 hours or 1 day at 4°C (Fig. 6F-G). In contrast, 6-week-old WT mice
experienced a 10- and 5-fold increase in IWAT leptin expression after 1 day and 7 days at 4°C,

respectively (Fig. 1D). Cold-induced changes in iBAT leptin expression were similar in adult
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and 6-week-old WT mice. Both groups experienced a downregulation of leptin expression,
although this downregulation appears to be more pronounced in adult mice (Supplementary Fig.
6G and Fig. 1E). The lack of an increase in serum protein and iWAT mRNA leptin levels may
lead to a lack of leptin-induced thermogenesis in aging WT mice, which may explain why we did
not observe a difference in thermogenic gene expression between SLRKO and fl/fl controls.
Furthermore, the serum leptin content of adult mice was significantly higher than that of 6-week-
old mice while housed at room temperature (RT) (Supplementary Fig. 6H). This is likely due to
the adult mice having a larger adipose tissue organ than 6-week-old mice, as serum leptin level is
directly proportional to adipose tissue size. The higher RT leptin levels may potentially indicate
that the adult animals may be leptin resistant. Leptin resistance would result in decreased leptin
signaling and potentially a decrease in leptin-induced thermogenesis in WT mice, which could
further explain why there was no difference in thermogenic capacity between adult SLRKO and
fl/fl mice during a cold challenge. However, future studies looking at cold challenged 6-week-
old mice are necessary to fully elucidate the role of sympathetic leptin-LepR signaling in cold-
induced thermogenesis.

We next examined if sympathetic leptin-LepR signaling regulates diet-induced
thermogenesis. To this end, we measured oxygen consumption and energy expenditure in
SLRKO and fl/fl control female mice that underwent a 16-hour fast followed by a 24-hour re-
feeding period. Furthermore, these mice were housed in thermoneutral conditions (30 °C) to
avoid adaptive thermogenesis that may be induced by mild cold stress in ambient temperature
environments (20-24°C) (Cui et al., 2016). When housed in thermoneutral conditions and
allowed ad lib access to HFD, SLRKO females exhibited significantly decreased oxygen

consumption and energy expenditure compared to fl/fl controls. However, this difference was no
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longer statistically significant during a 16 hour fast (Fig. 9A-9B). SLRKO females once again
exhibited significantly decreased oxygen consumption and energy expenditure during the re-
feeding period (Fig. 9A-9B, see section labeled “Re-feed”). Since mice are most active and
consume 70% their daily calories during the dark phase of the light/dark cycle (Ellacott et al.,
2010) and to further assess the impact of feeding on energy expenditure, we compared oxygen
consumption and energy expenditure between the dark phases of each feeding period (Fast, Re-
feed, Ad Lib) within fl/fl and SLRKO animal groups. Indeed, fl/fl females exhibited a significant
increase in oxygen consumption and energy expenditure during the re-feed dark and ad lib dark
feeding periods compared to the dark phase fasting period (Fig. 9C-D). This indicates that fl/fl
females experience diet-induced thermogenesis, since their energy expenditure is significantly
higher in feeding periods compared with fasting. Interestingly, SLRKO females did not display
any differences in oxygen consumption or energy expenditure between these three feeding
periods (Fig. 9C-D). This indicates that SLRKO females did not experience diet-induced
thermogenesis as feeding did not increase energy expenditure compared with fasting.
Furthermore, SLRKO females had a significantly increased respiratory exchange rate (RER)
during the re-feeding period indicating preferential utilization of glucose as fuel (Supplementary
Fig. 7A). Since these animals were HFD-fed during the RER measurement, this observed RER
increase may also be due to potentially impaired fatty acid oxidation in SLRKO mice. Taken
together, our data strongly suggests that sympathetic Leptin-LepR signaling regulates diet-

induced thermogenesis in female mice.
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Figure 9. HFD-fed female mice with sympathetic neuron specific LepR deletion exhibit
impaired diet-induced thermogenesis. HFD-fed female SLRKO and fl/fl littermates were placed
in thermoneutral conditions (30 °C) then fasted for 16 hours (represented by the gold
background) and re-fed for 24 hours (light phase represented by white background; dark phase
represented by the grey background). (A) oxygen consumption (n = 6-7). (B) Energy expenditure
measured as heat production (n = 6-7). (C) Within groups mixed model ANOVA comparison of
oxygen consumption (n = 6-7, multiple comparison calculated with Tukey HSD) . (D) Within
groups mixed model ANOVA comparison of energy expenditure (n = 6-7, multiple comparison
calculated with Tukey HSD). All data are expressed as mean = SEM; * p < 0.05.
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4.5 LepR Signaling Regulates Sympathetic Axon Growth and White Adipose Tissue

Innervation

To further explore the mechanism by which leptin regulates sympathetic innervation in
adipose tissue, we investigated the importance of LepR in regulating sympathetic neuron growth
and iIWAT innervation. Therefore, we treated L1 sympathetic neurons isolated from fl/fl or
SLRKO mice with leptin and found that deleting LepR in sympathetic neurons significantly
suppressed leptin-induced neurite growth (Fig. 10A, fl/fl + leptin vs. SLRKO + leptin) without
affecting basal growth (Fig. 10A, fl/fl + PBS vs. SLRKO + PBS). This indicates that leptin’s
neurotrophic effects on sympathetic neurons require LepR signaling. Unsurprisingly,
sympathetic neuron growth stimulated by trophic factors used in vitro such as NGF is not
impaired by LepR deletion as.

Additionally, by using a modified version of the Adipo-Clear approach, we were
able to render the iIWAT depot for our mice transparent. This coupled with TH immunostaining
and light sheet microscopy allowed us to fully visualize sympathetic nerve fibers within the
IWAT. Interestingly, we observed a profound decrease of sympathetic innervation in the iIWAT
of 6-week-old SLRKO females when compared to fl/fl controls (Fig. 10B). Thus, our data
strongly supports the importance of leptin-LepR signaling in regulating sympathetic innervation
of iIWAT. Furthermore, this explains the observed decrease in energy expenditure (Fig. 2F),
thermogenic gene expression (Fig. 3A), TH and UCP1 protein content (Fig. 3B & 3E), and

increased adiposity (Fig. 2A-C) in SLRKO female mice when compared to fl/fl controls.
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Figure 10. Sympathetic LepR regulates iWAT sympathetic innervation and is required for
the neurotrophic effects of Leptin. (A) Representative gllI-tubulin Immunofluorescent images of
sympathetic ganglia neurons isolated from 6-week-old SLRKO and fl/fl female mice treated with
phosphate-buffered saline (PBS) or Leptin (100 ng/ml) and quantitation of total neurite length
per neuron (fl/fl + PBS n = 20, fl/fl + Leptin n = 16, SLRKO + PBS n = 16, SLRKO + Leptin n
= 18). Statistical significance was analyzed with two-way ANOVA (* Indicates statistical
significance with Tukey’s multiple comparisons test). (B) Representative images of TH-stained
nerve fibers in WAT of 6-week-old chow-fed SLRKO and fl/fl littermates. All data are expressed
as mean = SEM; * p < 0.05.
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4.6 LepR Regulated Mitochondrial Oxidative Metabolism is Important for Sympathetic

Neuronal Growth.

To gain further insight into the underlying mechanisms governing leptin/LepR-induced
neurite growth and iWAT innervation, we performed RNA-seq analysis in lumbar L1
sympathetic ganglia that innervates iWAT from 6-week-old SLRKO and fl/fl littermates. This
allowed us to unbiasedly examine differentially expressed genes and genetic pathways.

Our RNA-seq analysis revealed a total of 665 differentially regulated genes between
young SLRKO and fl/fl female mice (Log2(fold change) >0.5 or <-0.5); out of which 526 were
downregulated, and 139 were upregulated. Axonal outgrowth and guidance toward final
innervation targets involve complex coordination of various cellular programs including axonal
transport of mitochondria toward the distal axon and growth cone, ATP synthesis to power
various cellular processes, and synthesis, transport, and assembly of cytoskeletal polymer protein
to promote axon extension (Dent et al., 2011; Goldberg, 2003). Pathway analysis revealed
several differentially regulated genetic pathways. Among them, several downregulated pathways
involved in mitochondrial oxidative metabolism, ATP production, and formation of contractile
fibers were observed (Fig. 11A). The primary role of mitochondria is energy production in the
form of ATP. Indeed, increasing ATP synthesis via the stimulation of mitochondrial oxidative
respiration results in increased peripheral nerve growth (Zhou et al., 2016). On the other hand, a
reduction in mitochondrial oxidative respiration reduced axon outgrowth (Han et al., 2016).
Interestingly, STAT3 overexpression increases both mitochondrial oxidative respiration and
retinal ganglion axon regeneration after optic nerve injury (Luo et al., 2016). Since leptin is a

strong activator of STAT3 via LepRb signaling (Vaisse et al., 1996), LepRb deletion in
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sympathetic neurons could explain the observed downregulation in mitochondrial oxidation gene
and decrease in sympathetic axon growth (Fig. 10A-B). Our heatmap analysis (Fig. 11B) and
volcano plot (Fig. 11C) revealed several downregulated mitochondrial oxidation genes, including
several subunits of the mitochondrial ATP synthase (Atp5al, Atp5b, Atp5cl, Atp5pb, Atp5g1,
and Atp5j), several subunits of mitochondrial cytochrome ¢ oxidase (COX) (Cox4il, Cox5a,
Coxbb, Cox6al, Cox6a2, Cox6c, Cox7al, Cox7a2, Cox7c, Cox8a, and Cox8b), and 4 subunits of
mitochondrial complex 1 NADH: ubiquinone oxidoreductase (Ndufa2, Ndufa4, Ndufs4, and
Nduvl) (Fig. 11B-C). The downregulation of these genes is indicative of robust perturbations in
mitochondrial oxidative metabolism and ATP production. A decrease in ATP production and
availability is a potential mechanism for the suppressed sympathetic axon growth and iWAT
innervation that we observed in our animals with sympathetic specific LepR deletion.
Furthermore, transglutaminase 2 (Tgm2) and transglutaminase 3 (Tgm3) were
downregulated in SLROKO female mice. Transglutaminase 2 has been shown to act as a
calcium-dependent transmediating enzyme, GTPase, disulfide isomerase, and most recently a
potent transcription factor regulating neuron viability and neurite growth (Begg et al., 2006;
Gundemir et al., 2011; Yunes-Medina et al., 2018). Indeed, neuronal depletion of Tgm2 results in
greatly decreased total neurite length and neuron viability in rodent cortical neurons (Yunes-
Medina et al., 2018). We also found several myosins and troponins downregulated in SLRKO
female mice, including myosin heavy chain 1 (Myh1), myosin light chain 1 (Myl1), myosin light
chain 6 (Myl6), troponin C2 (Tnnc2), troponin | (Tnni2), troponin T2 (Tnnt2) (Fig. 11B-C).
Although these genes are primarily associated with muscle contraction, Myh1 downregulation
has recently been implicated in the development of the neurodegenerative disease Amyotrophic

lateral sclerosis (ALS) (Xu et al., 2019). Thus, these various myosin components may be
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previously unidentified components of axonal cytoskeletal proteins that are regulated by Leptin-
LepR signaling and are of importance for sympathetic axon growth and innervation of adipose
tissue.

Lastly, we observed the upregulation of several protocadherin (Pcdh) genes, which
regulate intercellular adhesion and cell-cell communications (Fig. 11C). These genes include,
protocadherin 1 (Pcdhl), protocadherin alpha 7 (Pcdha7), protocadherin gamma subfamily B 4
(Pcdhgb4), protocadherin gamma subfamily B 2 (Pcdhgbb2), and protocadherin gamma
subfamily A 7 (Pcdhga7) (Fig. 11C). Protocadherins exist as 3 linked gene clusters, Pcdha
(Pcdha), Pcdhf (Pcdhb), and Pcdhy (Pcdhg) (Chen & Maniatis., 2013). Although protocadherins
are expected to promote axon growth and target tissue innervation within the brain (Pancho et
al., 2020), differential overexpression of protocadherin clusters such as Pcdhg and Pcdha (as
observed in this study) have been shown to reduce olfactory sensory neuron axon convergence
and formation of glomeruli (Mountoufaris et al., 2017). Additionally, forebrain serotonergic
neurons express the same Pcdha-c isoform, which mediates axonal repulsion ensuring even
serotonergic axon distribution in the forebrain (Chen et al., 2017). Therefore, the observed
decrease in sympathetic adipose tissue innervation could partially be due to contact mediated
sympathetic axon repulsion between axons overexpressing identical combinations of Pcdh
isoforms. However, the mechanism by which leptin signaling regulates differential expression of

protocadherins is still unknown.
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Figure 11. RNA analysis of sympathetic ganglia from 6-week-old SLRKO and fl/fl
females reveals defects in mitochondrial oxidative metabolism. L1 sympathetic ganglia RNA
from SLRKO (n = 8) and fl/fl (n = 7) mice were diluted to equal concentrations and pooled into
2 samples, respectively. (A) GO pathway analysis of downregulated genes in SLRKO vs. fl/fl
female mice. (B) Heatmap of the downregulated genes in SLRKO female mice compared to fl/fl
littermates. (C) Volcano plot of differentially expressed genes involved in mitochondrial
oxidative metabolism, contractile fiber function, and synaptogenesis (Log?2 fold change > 0.5)
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5 DISCUSSION

The global prevalence of obesity continues to rise at an increasingly alarming rate.
Multiple countries have reported a two to three-fold increase in the prevalence of obesity in the
last three decades alone (Tiwari & Balasundaram, 2023). In the United States, 41.9% of adults
aged 20 or older and 19.7% of children and adolescents aged 2-19 are considered obese (BMI >
30 Kg/m?) based on a national health and nutrition examination survey conducted from 2017 to
March 2020 (Stierman et al., 2021). Furthermore, the obesity prevalence in the United States is
expected to have significantly increased since March 2020 due to the Covid-19 pandemic and
government-regulated lockdowns (Nour & Altintas, 2023). Obesity is a major risk factor for the
subsequent development of various obesity-related metabolic disorders such as insulin
resistance/Type 2 diabetes, hypertension, dyslipidemia, cardiovascular diseases, and some types
of cancer (Hill et al., 2012). Therefore, obesity prevention and reversal are critically important in
controlling the prevalence of obesity-related disorders. The dramatic increase in obesity rates is
due, in part, to an increasingly sedentary lifestyle resulting in decreased energy expenditure
coupled with an increase in the consumption of high calorie processed foods resulting in
increased calorie intake. Simply stated, obesity is observed when energy intake exceeds energy
expenditure. There are various metabolic and genetic factors that contribute to this imbalance in
energy metabolism (Yang et al., 2022). Hence, a comprehensive interrogation of genetic and
molecular mechanisms governing the regulation of energy homeostasis is critical in our efforts to
combat the escalating obesity epidemic.

Leptin, an anorexigenic adipokine primarily recognized for its role in energy

homeostasis, targets the hypothalamus orchestrating metabolic regulation. Besides regulating
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long term food intake and energy expenditure (Collins et al., 1996), leptin also regulates energy
metabolism post-prandially by acutely increasing thermogenesis in rodents (Perry et al., 2020).
Leptin acts on several hypothalamic nuclei like the ARC, DMH, VMH, and LH to influence
feeding behavior and energy expenditure. Leptin's actions on ARC neurons—AGRP/NPY and
POMC—exemplify its role in regulating food intake. Leptin hyperpolarizes AGRP/NPY neurons
while depolarizing POMC neurons, resulting in a decrease in feeding (Qiu et al., 2010; Shanley
et al., 2022). Beyond the relatively well-understood effects of leptin on feeding regulation,
leptin's role in energy expenditure, particularly in promoting fat utilization and thermogenesis,
has been evident. Several studies have continued to highlight the importance of hypothalamic
leptin signaling in the DMH, VMH, and ARC in the regulation of energy expenditure.
Interestingly, most of these studies conclude that hypothalamic leptin signaling relies on
downstream SNS activation to enact the observed effects on energy expenditure, primarily by
targeting metabolic tissues such as adipose tissue.

Central signals capable of activating the SNS driving iBAT and beige adipocyte
thermogenesis have been a major research focus (Muenzberg et al., 2016). However, several
studies have also shown that peripheral signals are able to influence SNS activity, growth, and
target tissue innervation. Various neurotrophic factors such as NGF, BDNF, and NT3 have been
implicated in SNS development and innervation of adipose tissue. For instance, SNS specific
deletion of the NGF receptor, TrkA, results in a significant decrease in WAT innervation (Jiang
etal., 2017); LysM+ myeloid specific BDNF deletion in the SVF of adipose tissue decreases
SNS nerve density and thermogenic capacity of WAT (Blaszkiewicz et al., 2020); Adipocyte
derived NT3 overexpression increases adipose tissue innervation and SNS specific deletion of

the NT3 receptor, TrkC, decreases sympathetic adipose tissue innervation (Cui et al., 2021).



61

Furthermore, a iBAT-derived secretory protein, S100b regulates SNS innervation of iBAT via a
calsyntenin-3 pathway (Zeng et al., 2019). Based on these studies, it is evident that target
tissue-derived signals play an important role in SNS innervation.

The role of leptin as a central neurotrophic factor has been described by various studies.
Briefly, leptin deficient ob/ob and LepR deficient db/db mice exhibit a structurally distinct brain
anatomy compared to WT mice (Bereiter & Jeanrenaud, 1979; 1980), reflected by a robust
decrease in ARC projections to the PVH (Bouret et al., 2004). Interestingly, exogenous leptin
treatment in young ob/ob mice restores normal ARC to PVH connections, while leptin treatment
in adult ob/ob or db/db mice does not (Bouret et al., 2004). This indicates that the central
neurotrophic effects exerted by leptin require LepR signaling during a developmentally critical
period. A recent study has implicated leptin signaling in SNS innervation of adipose tissue
(Wang et al., 2020), suggesting that leptin signaling in ARC neurons projecting to BNDF-
expressing neurons in the PVVH regulates sympathetic postganglionic innervation of adipose
tissue. The proposed top-down synaptic pathway of BDNF-releasing neurons in the PVH— SNS
preganglionic neuron — SNS postganglionic neuron — adipose tissue, does not fully explain
how BDNF-induced modulation of preganglionic neurons in turn regulates postganglionic
neuron innervation of adipose tissue (Wang et al., 2020). Furthermore, LepR expression extends
beyond the central nervous system, being expressed in postganglionic sympathetic neurons
(Czaja et al., 2002; Miller et al., 1999). These data indicate that SNS innervation of adipose
tissue may, at least partially, rely on peripheral sympathetic leptin signaling. In this study, we
demonstrate that leptin-LepR signaling in sympathetic neurons regulates SNS innervation of

WAT in response to developmental cues.
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In this dissertation, we employed in vitro leptin treatments, genetic mouse models,
adipose tissue clearing, light-sheet microscopy, RNA-seq analysis, and various metabolic
phenotype characterization tools to elucidate the physiological function of leptin-LepR signaling
in sympathetic neurons. Our LepR-Cre::Ail4 reporter mice enabled us to visualize LepRb
expression in sympathetic neurons both in vitro and in vivo that directly innervate adipose tissue.
Interestingly, we also observed LepR expression in glial cells within the sympathetic ganglia.
Since glial cells play an indispensable role in supporting sympathetic neuron function and
growth (Hanani & Spray, 2020), future studies aiming to elucidate the functional significance of
LepR signaling in sympathetic glial cells should be conducted. Metabolic characterization of our
SLRKO mouse model demonstrated that sympathetic specific deletion of LepR results a
significant increase in adiposity reflected by an increase in the weight of subcutaneous and
visceral fat pads in chow-fed 6-week-old females. The increase in adipose tissue mass appears to
be primarily due to a decrease in energy expenditure explained by an observable decrease in
beige adipocyte quantity, thermogenic gene markers, and a profound decrease in sympathetic
innervation of adipose tissue. Although, we found a significant decrease in several thermogenic
gene markers in the iIWAT of 6-week-old SLRKO males, these mice did not exhibit the increase
in adiposity and decrease in energy expenditure, we observed in their female counterparts.
Another difference between 6-week-old males and females lies in iBAT thermogenic gene
expression. Females displayed a decrease in several iBAT thermogenic markers while males did
not, implicating the role of iBAT thermogenesis in the regulation of energy expenditure in young
mice. Interestingly, studies have shown that cold-induced thermogenesis is activated at higher
temperatures in females (22 °C) than males (18°C) (Gomez-Garcia et al., 2022). Since these

animals were housed under ambient temperatures (20-24 °C) during their metabolic
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characterization, mild cold stress experienced by females but not males could account for the
differences observed. Therefore, a potential impairment in cold-induced thermogenesis in 6-
week-old SLRKO mice coupled with mild cold stress experienced by both 6-week-old fl/fl and
SLRKO females could result in the upregulation of iBAT thermogenic genes, increasing energy
expenditure in fl/fl but not in SLRKO females (Bastias-Perez et al., 2020). In contrast, the lack of
mild cold stress experienced by males could explain the absence of an observable difference in
energy expenditure between SLRKO and fl/fl males. However, additional studies investigating
the phenotype of 6-week-old SLRKO mice under thermoneutral conditions (30°C) are needed to
confirm this hypothesis.

The observed phenotype in 6-week-old SLRKO females was greatly exacerbated by HFD
feeding. HFD-fed SLRKO females did not exhibit any differences in food intake but have greatly
decreased energy expenditure. This resulted in the mice being significantly heavier after 30
weeks on HFD due to an increase in fat mass across all major fat depots, despite a mild decrease
in lean mass. The analysis of gene expression profiles in the ARC, and VTA have ruled out the
contribution of impaired leptin-LepR signaling in these nuclei in the regulation of energy
homeostasis. Furthermore, we did not observe an impairment in cold induced thermogenesis but
rather an impairment in diet-induced thermogenesis, as shown by fasting and re-feeding SLRKO
females in thermoneutral conditions. On the other hand, HFD-fed SLRKO males did not display
a difference in body weight throughout the 30 weeks on HFD. Interestingly, they did exhibit a
mild decrease in energy expenditure, although no changes in thermogenic gene expression were
observed. This can be explained by the observed decrease in iBAT tissue mass, since a decrease
in iIBAT size is accompanied by a decrease in diet-induced thermogenesis (Von Essen et al.,

2017). However, the reason behind this decrease in iBAT weight is still unknown. Since iBAT
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proliferation requires intact sympathetic innervation (Géloén et al., 1992), further experiments
aimed at investigating the impact of sympathetic specific deletion of LepR on iBAT innervation
should be conducted.

We also show that sympathetic leptin-LepR signaling directly stimulates sympathetic
axon growth and is required for normal sympathetic innervation of iWAT, as seen via adipose
tissue clearing coupled with light sheet microscopy. Using RNA-seq analysis, we have
identified genes in several important pathways that are differentially regulated in sympathetic
ganglia of 6-week-old SLRKO females compared to fl/fl controls. These include several genes
involved in mitochondrial oxidative metabolism and ATP production, which is indispensable for
proper axon growth, target tissue innervation, and synaptic transmission (Chamberlain & Sheng,
2019; Smith & Gallo, 2018). Indeed, mitochondrial disfunction is seen in a plethora of
neurodegenerative diseases including Alzheimer’s Disease (AD), Parkinson’s Disease (PD),
Huntington’s Disease (HD), and Amyotrophic lateral sclerosis (ALS) (Chen & Chan, 2009;
Raefsky & Mattson, 2017). Since several studies implicate STAT3 in central and peripheral axon
growth/regeneration (Bareyre et al., 2011; Mehta et al., 2016; Pernet et al., 2013; Selvaraj et al.,
2012), and mitochondrial metabolism in neurons (Su et al., 2020; Zhou & Too, 2011) and other
cell types (Szczepanek et al., 2011; Wegrzyn et al., 2009), we believe that leptin-LepR induced
STATS3 activation is an important regulator of sympathetic neuron growth. Although we expect
STATS3 phosphorylation levels to be decreased in LepR deficient sympathetic ganglia, further
experiments are needed to test this hypothesis. We also saw a downregulation in several genes
involved in cytoskeletal composition, promoting shape change and locomotion during
sympathetic nerve growth. Lastly, we saw an upregulation in several protocadherins of the Pcdhy

gene cluster potentially leading to contact mediated repulsion of sympathetic axons.
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6 CONCLUSION

In summary, this dissertation serves as a significant step forward in our understanding of
how leptin regulates whole-body energy homeostasis with a focus on peripheral sympathetic
leptin signaling. We have discovered a novel mechanism in which sympathetic leptin-LepR
signaling regulates SNS growth and innervation of adipose tissue (Fig. 12) Our data indicates
sympathetic leptin signaling may be required for proper SNS innervation in young mice and for
the regulation of diet-induced thermogenesis in adult mice. Additional experiments aimed at
establishing a concrete link between leptin-LepR induced STAT3 activation and sympathetic
nerve growth are currently being conducted. Further studies aimed at investigating the role of
sympathetic leptin signaling in cold-induced thermogenesis and sexual dimorphism in whole

body energy homeostasis should be conducted to build upon our findings.
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Figure 12. Schematic illustration of the role of adipose tissue-
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Supplementary Figure 1. LepR is expressed in T2 sympathetic ganglia and Leptin
regulates sympathetic neuron membrane potential and activity. (A) Representative images of TH,
Fast Blue (FB) and LepRb-TdTomato labeling in T2 sympathetic ganglia. (B) Spike Frequency of
sympathetic neurons in reponse to a 20 pA depolarizing current (n = 9 for all groups). (C)
Change in membrane potential of sympathetic neurons after PBS or Leptin treatments (n = 8 for
all groups). (D) Quantitation of the number of neurites per neuron, total neurite length per
neuron of sympathetic ganglia neurons treated with Leptin (100 ng/ml for 24 hours) or PBS from
6-week-old LepR-Cre::Ail4 reporter mice (PBS n = 16, Leptin n=18) . (E) Quantitation of the
total neurite length per neuron of sympathetic ganglia neurons treated with Leptin (100 ng/ml
for 36 hours) or PBS from 6-week-old LepR-Cre::Ail4 reporter mice (PBS n = 13, Leptinn = 9).
All data are expressed as mean £ SEM; * p < 0.05.
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Supplementary Figure 2. LepR deficiency in sympathetic neurons of 6-week-old female
mice does not affect locomotor activity and LepR mRNA levels in the VTA. (A) KO efficiency of
SLRKO female mice (n = 6). (B) LepR mRNA levels in the VTA of SLRKO female mice (n = 6).
(C) Quantitative RT-PCR analysis of muscle fiber and thermogenic genes in gastric muscle (n =
6). (D) Locomotor activity measured as beam breaks (n = 6; Light phase represented by white
background; Dark phase represented by grey background). All data are expressed as
mean £ SEM; * p < 0.05.
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Supplementary Figure 3. LepR deficiency in sympathetic neurons of 6-week-old male
mice does not affect locomotor activity and LepR mRNA levels in the VTA. (A) KO efficiency of
SLRKO female mice (n = 6). (B) LepR mRNA levels in the VTA of SLRKO female mice (n = 6).
(C) Quantitative RT-PCR analysis of muscle fiber and thermogenic genes in gastric muscle (n =
6). (D) Locomotor activity in measured as beam breaks ( n = 6; Light phase represented by
white background; Dark phase represented by grey background). (E) Quantitative RT-PCR
analysis of additional thermogenic genes in iBAT (n = 5-6). All data are expressed as
mean = SEM; * p < 0.05.



70

= 11l Control - SRLKO

ARC

,54- = i Control e SLRKO _ 235000- : gﬂ;:gtml
g £ 2o @ 30000 "
2 H
5 o 2 £ 25000
2 g
] . 2 o 4 20000+
g 2 . 2 <
E 5 5
E § 10000- g
W 3 - 3
N |

Dark Light

NPY AgRP POMC LepR

Time {Hours)

@]
o

ITT GTT

n
&
=3

1

@

=1

=)

-=- fIffl Control
-+ SLRKO -=- flifl Control

N

=3

=3
L
o
=]
=3

-+ SLRKO

o
k-]
L

Glucose (mg/dl)
g

Glucose (mg/dl)

@
S
1

T T T T 1 0 T T T T 1
0 15 30 45 60 120 0 15 30 45 60 120
Time (Minutes) Time (Minutes)

= Ul Control & SLRKOD

= fl/fl Control
¢ SLRKO

0.85+

0.754

Time (Hours) Dark Light

Supplementary Figure 4. HFD-fed female mice with sympathetic neuron specific LepR
deletion exhibit no differences in ARC neuropeptide and LepR expression, locomotor activity,
and mild differences in glucose homeostasis. (A) Quantitative RT-PCR analysis of ARC
neuropeptides and LepR (n = 6). (B) Locomotor activity measured as beam breaks (n = 10-11;
Light phase represented by white background; Dark phase represented by grey background). (C)
Insulin tolerance test in female mice on HFD for 12 weeks, measurements recorded during the
animal’s 18th week of life (n = 12 for both groups). (D) Glucose tolerance test in female mice on
HFD for 14 weeks, measurements recorded during the animal’s 20th week of life (n =12 for both
groups). (E) Respiratory exchange ratio (n = 12 for both groups; Light phase represented by
white background; Dark phase represented by grey background). All data are expressed as
mean + SEM; * p < 0.05.
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Supplementary Figure 5. HFD-fed male mice with sympathetic neuron specific LepR
deletion exhibit defects in glucose homeostasis. (A) Locomotor activity measured as beam breaks
(n = 6-7; Light phase represented by white background; Dark phase represented by grey
background). (B) Quantitative RT-PCR analysis of muscle fiber mRNA expression in gastric
muscle (n = 6; Light phase represented by white background; Dark phase represented by grey
background). (C) Insulin tolerance test in male mice on HFD for 13 weeks, measurements
recorded during the animal’s 19th week of life (fl/fl n = 10, SLRKO n = 11). (D) Glucose
tolerance test in male mice on HFD for 15 weeks, measurements recorded during the animal’s
21st week of life (fl/fl n = 10, SLRKO n = 11). All data are expressed as mean = SEM; * p <

0.05.
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Supplementary Figure 6. Adult female and male mice with sympathetic neuron specific
LepR deletion do not exhibit defects in cold-induced thermogenesis. 6-month-old female and
male SLRKO and fl/fl littermates were placed in a 7-day cold challenge (4°C). (A) Female fat
pad weight (n = 8 for both groups). (B) Male fat pad weight (fl/fl n = 7, SLRKO n = 6). (C)
Quantitative RT-PCR analysis of thermogenic gene expression in iBAT for female mice (n = 8
for both groups). (D) Quantitative RT-PCR analysis of thermogenic gene expression in iWAT for
female mice (n = 8 for both groups). (E-G) 6-month-old WT mice were cold challenged at 4°C
with varying lengths (6-hours, 1-day, 7-days) or kept in room temperature (RT). Following each
cold challenge, blood, iIWAT, and iBAT tissues were isolated and used to measure, serum leptin
content (RT & 6H cold n = 6, 1D cold & 7D cold n = 4), iWAT Leptin mRNA expression (n = 4),
and IBAT Leptin mRNA expression (n = 4). (H) Serum leptin protein content (n = 6 for both
groups). All data are expressed as mean +=SEM; * p < 0.05.
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Supplementary Figure 7. HFD-fed female mice with sympathetic neuron specific LepR
deletion exhibit impaired diet-induced thermogenesis. HFD-fed female SLRKO and fl/fl
littermates were placed in thermoneutral conditions (30 °C) then fasted for 16 hours
(represented by the gold background) and refed for 24 hours (light phase represented by white
background; dark phase represented by the grey background). (A) Respiratory exchange rate (n
= 6-7). All data are expressed as mean + SEM; * p < 0.05.
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Antibody Company Catalog # Application

UCP1 Abcam ab23841 WE (1:1000)

UCP1 Abcam Ab10983 IHC (1:500)

T Millipore Ab152 WE (1:1000),
IF {1:500,
1:1000 for
whole mount
clearing)

TH Abcam Ab76442 IF (1:1000)

Blll-tubulin, Alexa Fluor® 488 Millipore AB15708A4  |IF (1:400)

Conjugate

o-Tubulin Advanced ABCENTAT/7 |WB (1:1000)

Biotin-SP (long spacer) i Jackson 711-065-152  |IHC (1:500)

Donkey Anti-Rabbit IgG (H+L)

Cy™3 AffiniPure Donkey Anti- Rabbit| Jackson 11165152 |IF (1:500,

IgG (H+L) ImmunoResearch 1:2000 for
whole mount
clearing]

Alexa Fluor® 488 AffiniPure Donkey | Jackson 703-545-155  |IF (1:500)

Anti-Chicken Ig¥ (IgG) (H*L) ImmunoResearch

Donkey anti-Goat IgG (H+L) Cross- Invitrogen A21084 WE (1: 5000)

Adsorbed Secondary Antibedy, Alexa

Fluor 680

Goat anti-Rabbit IgG (H+L) Highly Invitrogen A21109 WE (1:5000)

Cross-Adsorbed Secondary
Antibody, Alexa Fluor 680

Supplemental Table 1: Antibodies used in immunoblotting.
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