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ABSTRACT

Obesity is a multi-factorial, chronic metabolic disease that forms due to the imbalance
of energy metabolism. Scientists are actively working to identify potential therapeutic targets
to combat obesity. Pituitary adenylate cyclase-activating polypeptide (PACAP) has been
recognized as a neuropeptide involved in regulating adaptive thermogenesis, a physiological
mechanism of energy expenditure. The role of PACAP in catecholamine secretion is well-
studied at the sympatho-adrenomedullary axis; however, the function of PACAP in the
peripheral sympathetic nervous system (SNS) is not characterized. We developed an ex vivo
model aiming to study PACAP’s role in the peripheral ganglia in regulating catecholamine
secretion and downstream adrenergic signaling. To validate the model, we used two nicotinic
acetylcholine receptor (nAChR) agonists (dimethylphenylpiperazinium (DMPP), nicotine) to
stimulate postganglionic nerves of the stellate ganglia and assessed molecular markers
(cyclic adenosine monophosphate (cAMP) and phospho-hormone-sensitive lipase (p-HSL)
(Ser563)) of norepinephrine-stimulated adrenergic signaling in interscapular brown adipose
tissue (1IBAT). Delivering nAChR agonists to the stellate ganglia did not increase the
production of cAMP and p-HSL (Ser563) in iBAT, demonstrating that, as currently
implemented, our model is not suitable to study PACAP’s function in the peripheral ganglia.
Although the model was deemed to be unsuccessful, outcomes of this study have helped us
understand the challenges of working with a sympathetic ganglion, and the optimization of
protocols to measure molecular markers of adrenergic stimulation established in this study

will be useful for future studies examining sympathetic nerve activity in peripheral organs.
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Chapter One: Introduction to Endocrine Regulation of Energy

Homeostasis



1.1 OBESITY: AN IMPAIRMENT OF ENERGY HOMEOSTASIS

Worldwide, the prevalence of obesity has increased by 28% over the last 30 years and
is growing exponentially (Smith and Smith 2016). In the United States, it was found in a
2014 report that a single obese person’s health cost was $1,901 per year, making $149.4
billion in health costs at the national level (Chooi, Ding, and Magkos 2019). The estimated
annual health cost of obesity in Canada is around $11 billion (Campbell-Scherer and Sharma
2016). The impact of obesity on morbidity, mortality, and health care costs makes it a public
health burden with detrimental effects on quality of life and mental health (Upadhyay et al.
2018).

The World Health Organization (WHO) defines overweight and obesity as abnormal
or excessive fat accumulation that drives potential health issues (World Health Organization
2015). Body mass index (BMI) is one of several clinical indicators used to assess the
presence of obesity. BMI is calculated using a person’s height (m) and weight (kg). Having a
BMI value of more than 25 kg/m?® is considered overweight, and greater than 30 kg/m” is
classified as obese (World Health Organization 2015). Although BMI is used as a measure of
obesity, it is not a direct approach to measuring body fat, and there is no linear relationship
between the percentage of body fat and BMI (Rothman 2008).

Although there is a misconception that obesity is caused by a lack of an ideal meal
plan and physical exercise, it has been experimentally proven that obesity is a multifactorial
medical condition influenced by genetic, metabolic, behavioral, social, and environmental
aspects (Upadhyay et al. 2018). A proper balance between three biochemical and behavioral
processes controls body weight: food intake, energy expenditure, and energy storage

(Spiegelman and Flier 2001). It is well-known that the regulation of food uptake depends on



the interaction of a homeostatic component focusing on energy balance and a hedonic
component seeking food-associated pleasure (Figure 1.1). While the homeostatic control of
food intake relates to adipose and gastrointestinal hormones (e.g., leptin, insulin, ghrelin) that
convey the level of energy stores and intake to the brain, the hedonic control of food intake
associates with reward mechanisms mediated by neurotransmitters such as dopamine and
serotonin (Pinto, Cominetti, and da Cruz 2016).

In a state of positive energy balance, energy consumption (nutrient intake) is higher
than energy expenditure (physical exercise, basal metabolic rate, and thermogenesis). In this
state, excess energy gets deposited as triglycerides in fat cells (Chooi et al. 2019). This
deposition of fat increases the mass and size of fat tissues through the hyperplasia and
hypertrophy of fat cells. The expansion of fat tissue (known as adipose tissue) is associated
with the development of other diseases, including type 2 diabetes, osteoarthritis, heart
disease, and cancer, in part through the development of a pro-inflammatory state that alters
adipose tissue function and its communication with the central nervous system (CNS) and
other peripheral tissues (Bray 2004). The connection between energy metabolism, adipose
tissue dysfunction and metabolic disorders makes adipose tissue a potential target organ for

further research in medical science.

1.2 THE ROLE OF ADIPOSE TISSUE IN ENERGY HOMEOSTASIS

Adipose tissue is composed of adipocyte cells, macrophages, endothelial cells,
fibroblasts, and collagen (Cinti 2005). One of the major functions of this tissue is to store
lipids as an energy reservoir. The plasticity of this tissue makes it a dynamic, metabolically
active organ critical for the regulation of energy metabolism, insulin sensitivity, body

temperature, and immune responses (Sakers et al. 2022). There are three types of adipocytes-
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white, beige, and brown (Figure 1.2). White adipocytes are associated with lipid storage and
release, and beige and brown adipocytes are the key sites of adaptive thermogenesis, a
biochemical process that results in the production of heat in response to thermogenic stimuli
such as cold and overfeeding (Chen et al. 2020). WAT stores excess energy for future use in
times of nutrient scarcity, but extended fat deposition leads to chronic obesity and contributes
to comorbidities, including metabolic disease. The plasticity makes WAT flexible to drive
either the storage of energy as triglycerides (lipogenesis) or the release of energy as free fatty
acids (lipolysis) based on the organism’s energetic needs. For instance, in response to
thermogenic stimuli such as a cold environment, the subcutaneous white adipocyte undergoes
a ‘beiging’ or ‘browning’ process that induces thermogenic pathways to produce heat (Harms
and Seale 2013). However, this structural transdifferentiation of subcutancous white
adipocyte is reversed in five weeks of warm adaptation (Rosenwald et al. 2013). Thus, the
ability of adipocytes to interconvert from white to beige features is an example of plasticity
that is being explored as a therapeutic target to combat obesity by maintaining energy
balance.

Adipose tissue is also an endocrine organ, secreting a variety of hormones
collectively known as adipokines. Adiponectin and leptin were the first two discovered
adipokines that led to the exploration of other adipose-derived hormonal factors (Funcke and
Scherer 2019). Both of these adipokines are involved in regulating energy metabolism in the
body. Adiponectin can increase fatty acid oxidation and reduce glucose levels by lowering
gluconeogenesis in the liver, thus promoting insulin sensitivity (Esteve, Ricart, and
Fernandez-Real 2009). Leptin, on the other hand, acts in the hypothalamus to communicate

the level of energy stores by circulating at levels that relate to the amount of white adipose
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Figure 1.2 Morphology of three adipocytes. White adipocytes have a large lipid droplet which
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adipocytes differentiate within white adipose tissue depots to suppart thermogenic capacity. Beige
adipocytes contain smaller lipid droplets and more abundant mitochondria than white adipocytes.
Brown adipocytes have multilocular lipid droplets and abundant mitochondria that drive adaptive
therinogenesis. The figure was created with BioRender.com.



tissue. For example, in a lean state with small amounts of adipose tissue, circulating leptin is
present at low levels, stimulating food-seeking behavior and restricting energetically
expensive behaviors, such as reproduction. The endocrine role of adipose tissue is thus
critical to the control of energy homeostasis (Pan and Myers 2018).

The classical brown adipocyte is found at the interscapular region and is called the
interscapular brown adipose tissue (iBAT). Recent experiments have shown that human
brown adipocytes are functionally similar to beige adipocytes in mice (Wu et al. 2012).
Brown adipose tissue (BAT) is rich in mitochondria and proteins, making it structurally
distinguishable from WAT (Figure 1.2). BAT is a specialized tissue famous for being able to
conduct adaptive thermogenesis, a process initiated to maintain body temperature in response
to thermogenic stimuli (e.g., cold, overfeeding). These stress conditions stimulate the
sympathetic nervous system (SNS) to release norepinephrine from the postganglionic nerve
terminal, which initiates lipolysis in BAT and produces heat (Cannon and Nedergaard 2004)
(Figure 1.3). BAT’s ability to produce heat from oxidative metabolism in response to
thermogenic stimuli is due to the expression of a specialized mitochondrial protein,
uncoupling protein-1 (UCP1). This thermogenic feature makes BAT a potential organ that

can counteract obesity by burning calories.

1.3 ADAPTIVE THERMOGENESIS IN BROWN ADIPOSE TISSUE

Adaptive or non-shivering thermogenesis is a regulated heat production process
induced in BAT under cold stress conditions. A persistent cold stimulus that will threaten the
maintenance of body temperature is detected, integrated at the level of the hypothalamus, and
the SNS is activated. Norepinephrine is secreted from sympathetic nerve endings innervating

BAT, which binds with adrenergic receptors located on brown adipocytes. Although
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norepinephrine can bind with all three types of adrenergic receptors (al, a2, and B), B-
adrenergic, specifically B3, stimulation of thermogenesis is well-established (Cannon and
Nedergaard 2004). The elevated level of stored fat found in B3-adrenergic-receptor null mice
also supports the role of the B3-adrenergic receptor in energy expenditure (Susulic et al.
1995). The B3-adrenergic stimulation activates adenylyl cyclase to generate cyclic adenosine
monophosphate (cAMP). cAMP then stimulates protein kinase A (PKA) to phosphorylate
hormone-sensitive lipase (HSL) to form the activated phospho-HSL (p-HSL). p-HSL
catalyzes the second step of the lipolysis reaction to liberate free fatty acids (FFAs) from
triglycerides (Duncan et al. 2007) (Figure 1.3). These FFAs work as a primary energy source
for thermogenesis and eventually activate UCPl-mediated proton flux (Cannon and
Nedergaard 2004).

BAT mitochondria are rich with UCP1, which maximizes the inner membrane proton
conductance capacity and diffuses the proton gradient independently from adenosine
triphosphate (ATP) production, leading to heat generation (Cannon and Nedergaard 2004).
FFAs released by lipolysis are transferred into mitochondria through the carnitine transporter
and converted into acyl CoA by enzymes. Acyl CoA is then B-oxidized and entered in the
tricarboxylic acid cycle (TCA) cycle to produce the electron carriers: nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH). The NADH and FADH
molecules are oxidized by the electron transport chain (ETC), which results in the pumping
out of protons from the mitochondrial matrix and the generation of proton-motive force.
Unlike typical mitochondrial energy production (ATP synthesis), UCP1 utilizes this proton-
motive force to drive protons from the intermembrane space to the mitochondrial matrix, thus

uncoupling the TCA and oxidative phosphorylation by the ETC from ATP production. The
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proton-motive force energy is dissipated as heat through this UCP1-mediated proton leak
process (Cannon and Nedergaard 2004) (Figure 1.4).

Another well-studied mechanism of thermogenesis is the futile cycling of
mitochondrial substrates in beige adipocytes, where creatine leads to futile cycling by
increasing ADP-dependent respiration. In beige fat, the classic adaptive thermogenic
pathway described above exists (Cannon and Nedergaard 2004). In addition, heat is produced
due to the coupling of mitochondrial creatine kinase (Mi-CK) to oxidative phosphorylation
by the ADP/ATP carrier (Chen et al. 2020) (Figure 1.4). Kazak (2015) has demonstrated that
cold exposure can trigger Mi-CK activity to induce creatine metabolism in beige fat. When
the endogenous creatine level was reduced in UCP1-deficient mice, the body temperature
was found to be significantly lower compared to the UCPI1-deficient control group,
suggesting the participation of creatine in the thermogenesis process. They also showed that
the expression of genes involved in creatine metabolism was induced in UCP1-deficient mice
as a compensatory mechanism for lack of UCP-1-dependent thermogenesis, supporting the
involvement of creatine metabolism futile cycle in thermal homeostasis (Kazak et al. 2015).

Impairment of energy homeostasis triggers the neuroendocrine and autonomic stress
systems, such as the SNS, to activate metabolic processes that will assist in balancing energy
levels. Adaptive thermogenesis is one of these metabolic processes activated through the

SNS under cold stress.

1.4 SYMPATHETIC REGULATION OF CATECHOLAMINE SECRETION
The SNS is part of the autonomic branch of the peripheral nervous system that
responds to “fight-or-flight” conditions. Besides the hypothalamic-pituitary-adrenocortical

(HPA) axis, the SNS is a well-known stress-response pathway, which includes the sympatho-
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adrenomedullary axis, to respond to different stressors (Goldstein and Kopin 2018). The
target tissue of the SNS receives the stress signal from the CNS via neural tracts composed of
preganglionic and postganglionic neurons. It is well-established that the SNS is involved in
regulating WAT and BAT functions, lipolysis and adaptive thermogenesis, respectively, and
these SNS-innervating tissues communicate with the CNS via sensory neurons (Vaughan
2014).

According to the “homeostat” theory, “stress is defined as a situation when a
comparator senses a discrepancy between sensed afferent input and a response algorithm,
resulting in an altered effector outflow” (Goldstein 2021). Stressors can be categorized as
psychogenic and systemic stressors. While psychogenic stressors are consciously processed
by the brain, such as work-related stress, systemic stressors are related to physiological
stress, such as body temperature change, and are unconsciously processed by the brain
(Mustafa 2013). The HPA and SNS axes respond to both systemic and psychogenic stressors
and assist in maintaining the body’s homeostatic condition (Figure 1.5). The sympatho-
adrenomedullary axis responds to stressors by increasing the secretion of catecholamine from
the adrenal medulla (Rhoades and Bell 2013) (Ulrich-Lai and Herman 2009) (Figure 1.5).

The postganglionic sympathetic nerves and the chromaffin cells of the adrenal
medulla are the key sources of catecholamine in the body (Lymperopoulos, Brill, and
McCrink 2016). The sympatho-adrenomedullary axis contains the greater splanchnic nerve,
which innervates the adrenal medulla. Under a stress condition, either psychogenic or
systemic, the splanchnic nerve works as a preganglionic neuron and secretes
neurotransmitters, such as acetylcholine (ACh). The chromaftfin cells of the adrenal medulla

hold receptors for binding with secreted neurotransmitters, working as a postganglionic
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Figure 1.5 An illustration of two major stress-responsive pathways in the body. In the
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neuron. This ligand and receptor binding trigger the chromaffin cells to synthesize and
release catecholamines, particularly epinephrine and norepinephrine (Figure 1.6). The
released catecholamines reach the targeted organs via the portal system and influence
metabolic activities to cope with stressful conditions (Eiden et al. 2018; Lymperopoulos et al.
2016).

The participation of the peripheral SNS in catecholamine synthesis is supported by
finding a high expression of tyrosine hydroxylase (TH), a rate-limiting enzyme of
catecholamine synthesis, at postganglionic neurons of several peripheral ganglia, including
superior cervical ganglia and stellate ganglia (Horwitz and Perlman 1984; Mackay and
Iversen 1972). The superior cervical ganglia contain preganglionic projection neurons from
the thoracic spinal cord (T1-4) and postganglionic sympathetic neurons that innervate to
organs of the head and neck regions (Beaudet, Braas, and May 1998). The stellate ganglion is
another peripheral ganglia, and its postganglionic neurons were found to innervate the BAT
(Frangois et al. 2019). While the presence of cholinergic and non-cholinergic signaling
involved in catecholamine release has been identified in both ganglia, the experimental

evidence of catecholamine assessment in peripheral ganglia is not available in the literature.

1.5 CATECHOLAMINE SYNTHESIS AND TURNOVER

Catecholamines consist of three neurotransmitters and hormones named dopamine,
epinephrine, and norepinephrine, derived from 3,4-dihydroxyphenylalanine (DOPA), a
catecholic amino acid and precursor of catecholamine synthesis. The biosynthesis starts with
taking the tyrosine amino acid in the sympathetic neuronal cytoplasm, where the amino acid
converts into DOPA catalyzed by TH. DOPA, located in the axonal cytoplasm, is then

converted into dopamine by the dopa decarboxylase (DDC) enzyme. Dopamine can now
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norepineplrine, and phenylethanolamine N-methyliransferase (PNMT) converts norepineplwrine
into epineplrine. The figure was created with BioRender.com with inforimation from Eiden ef al.
2018.
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shift from the cytoplasm to the vesicle, where the dopamine B-hydroxylase (DBH) enzyme is
present to convert dopamine into norepinephrine. The produced norepinephrine can be stored
in the vesicle, leaked into the cytoplasm, or released into the synapse (Kgedal and Goldstein
1988) (Figure 1.7).

Catecholamines maintain a dynamic equilibrium by having a constant level in
vesicular stores and in the cytoplasm surrounding the vesicle (Figure 1.7). The outward
leakage of catecholamine from vesicular stores is balanced by inward active transport
through monoamine transporters, allowing a state of equilibrium. Catecholamine turnover is
the amount of catecholamine being metabolized and the release of catecholamine into the
bloodstream. Although catecholamines can be metabolized in the neuronal cytoplasm after
leakage and in the bloodstream after release, it has been identified that 75% of
norepinephrine metabolizes intraneuronally (Eisenhofer, Kopin, and Goldstein 2004). It is
also well-established that the metabolism of neuronal catecholamine occurs in the nerve cell
where the amines are synthesized. The exocytotic release of catecholamine is a part of
catecholamine turnover, which can be adjusted by neuronal reuptake and vesicular
sequestration (Eisenhofer et al. 2004).

The first step of catecholamine metabolism is oxidative deamination by the
monoamine oxidase (MAQO) enzyme located in the mitochondrial outer membrane. This
deamination process produces a deaminated aldehyde, which is then reduced by aldehyde
reductase to form alcohol or acid-deaminated metabolites. It is now well-known that 3,4-
dihydroxyphenylglycol (DHPG) is the main metabolic product of norepinephrine
deamination, and the plasma level of DHPG refers to the intraneuronal disposition of

norepinephrine. DHPG is then catalyzed by the catechol O-methyltransferase (COMT)
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Figure 1.7 An illustration of the vesicular-axoplasmic monoamine exchange process involved in
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Pharmacological Reviews.
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enzyme and produces 3-methoxy-4-hydroxyphenylglycol (MHPG). MHPG is eventually
converted into vanillylmandelic acid (VMA), the main end-product of norepinephrine
metabolism. Norepinephrine can also be metabolized by following the extraneuronal
pathway, a minor pathway where norepinephrine is catalyzed by COMT and generates
normetanephrine (NMN), which then goes through the oxidative deamination steps to
produce VMA (Eisenhofer et al. 2004).

In addition to ACh, researchers have identified that a novel neuropeptide named
pituitary adenylate cyclase-activating polypeptide (PACAP) acts as a co-transmitter with the
classical neurotransmitter ACh to induce synthesis and prolonged secretion of
catecholamines under chronic stress conditions (Eiden et al. 2018; Stroth et al. 2013) (Figure

1.6).

1.6 PITUITARY ADENYLATE CYCLASE-ACTIVATING POLYPEPTIDE

PACAP is a novel neuropeptide first identified in anterior pituitary cell cultures
(Miyata et al. 1989). This neuropeptide was named based on its ability to activate adenylyl
cyclase, which increases cAMP production. The highly conserved amino acid sequence of
PACAP across species reflects PACAP’s significance in regulating essential biological
functions, and this conserved nature makes scientists interested in doing further research on it
(Vaudry et al. 2009). PACAP belongs to the glucagon/secretin superfamily, a group of
structurally nearly identical peptide hormones. PACAP is encoded by the ADCYAP1 gene
and translated as a 176aa precursor, which is then spliced into the mature PACAP peptide
(Vaudry et al. 2009). The most common forms of PACAP present in vertebrates are PACAP-

38 and the C-terminally truncated PACAP-27 (Sherwood, Krueckl, and Mcrory 2000).
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PACAP has been identified in both the CNS and peripheral nervous system and
associated tissues. In the CNS, PACAP has been identified in the brainstem nuclei,
hypothalamic nuclei, thalamic nuclei, cerebral cortex, medulla oblongata, posterior pituitary
and other regions (Arimura et al. 1991). PACAP is found at the highest levels in the
hypothalamus, particularly in the paraventricular nucleus (PVN), a region involved in
regulating stress-responsive energy homeostasis (Hashimoto et al. 2011). Although PACAP
has versatile roles working as a neurotransmitter, neuroprotectant, neuroregulator, and
neuromodulator, PACAP’s major function is regulating stress (Mustafa 2013). The ability to
regulate both stress axes, the HPA and SNS, to respond to both systemic and psychogenic
stress denotes PACAP as a master regulator of stress (Gray and Cline 2019; Mustafa 2013).
It was found that the PACAP null mice provided an increased level of corticosterone in
plasma under systemic stress but showed a significant drop in corticosterone level under
psychogenic stress, stating the role of PACAP in the HPA axis activation to respond to
psychogenic stress, but not systemic stress (Lehmann et al. 2013).

PACAP has been identified at the splanchnic adrenomedullary synapse, where
PACAP is released from the splanchnic nerve in response to systemic and psychogenic stress
(Stroth et al. 2011). PACAP, released from the preganglionic nerve, then binds with
receptors on chromaffin cells of the adrenal medulla and regulates the synthesis and secretion
of catecholamine. Down-regulation of the messenger RNA (mRNA) level of catecholamine
synthesis-related enzymes, TH and phenylethanolamine N-methyltransferase (PNMT), found
in PACAP null mice provides insight into the role of PACAP in catecholamine biosynthesis
(Stroth et al. 2013). The PACAP antagonist (PACAP 6-38) was able to significantly reduce

the catecholamine secretion in adrenal slices, supporting the role of PACAP in catecholamine
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secretion (Kuri, Chan, and Smith 2009). The ability of PACAP to induce prolonged secretion
of catecholamine came to researchers’ attention from the amperometric recording where
adding PACAP in ACh-desensitized adrenal slices provided a high spike density (Kuri et al.
2009; Stroth et al. 2013). Besides the splanchnic adrenomedullary synapse, PACAP and its
receptors have also been found in superior cervical ganglia and stellate ganglia (Beaudet et
al. 1998; Braas and May 1999; Pandher et al. 2023); however, the functional role of PACAP
receptors in catecholamine production and release in peripheral ganglia is yet to be
determined.

Designing a PACAP null mice model by scientists (Gray et al. 2001; Hamelink et al.
2002) has created opportunities to explore the role of PACAP in vivo. Hamelink (2002) used
the PACAP null mice strain to show that PACAP is required to balance the plasma glucose
levels during hypoglycemic stress (Hamelink et al. 2002). The role of PACAP in adaptive
thermogenesis was also established by using the PACAP null mice model, where researchers
(Gray et al. 2002) showed the temperature-sensitive phenotype of PACAP null mice with a
survival rate of only 11% when raised at 21°C (Gray et al. 2002). The administration of
PACAP to the ventromedial nucleus (VMN) of the hypothalamus increased the body
temperature and mRNA levels of UCP1 in iBAT, supporting the central thermogenic action
of PACAP (Resch et al. 2011). Researchers have recently identified PACAP receptors on
BAT (Cline et al. 2019) and on postganglionic nerves of the stellate ganglia (Pandher et al.

2023), which suggests a peripheral role for PACAP in adaptive thermogenesis.

1.7 PACAP RECEPTORS AND RELATED AGONISTS AND ANTAGONISTS
PACAP plays its functional role once it binds with three G-protein coupled receptors

(GPCRs) called PAC1, VPACI, and VPAC2. The mRNA expression of the PACI1 receptor is
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profound in the brain, pituitary, and adrenal gland. VPACI and VPAC2 are abundant in the
lung, liver, and testis (Vaudry et al. 2009). All of these receptors belong to class B GPCRs
that bind with PACAP and another structurally similar peptide named vasoactive intestinal
peptide (VIP). It has been found that VPACI and VPAC2 receptors (type II binding site)
have affinity for both PACAP and VIP, whereas the PACI1 receptor (type I binding site)
shows high affinity and specificity for PACAP (Harmar et al. 2012; Vaudry et al. 2009).
VPAC and PAC receptors have been found to be distributed in central and peripheral nervous
systems and associated tissues (Dickson and Finlayson 2009).

The presence of introns in VPAC and PAC receptor genes allows alternative splicing,
which produces splice variants that potentially impact the downstream signaling process. The
splice variation is well-characterized in the PACI receptor with 11 known isoforms in
mammals (Dickson and Finlayson 2009). The coding sequences of the N-terminal
extracellular domain, transmembrane domain, and intracellular loop of the PACI receptor
have been found with alternative splicing (Figure 1.8). Alternative splicing in the
extracellular N-terminal domain, particularly at exons 3, 4, 5, and 6, produces four isoforms
of PACI (Harmar et al. 2012). Splicing of exons 4 and 5 (21 amino acids) results in a splice
variant called PAC1-short, which was found to have similar affinity for PACAP-38, PACAP-
27, and VIP (Dautzenberg et al. 1999). Another PACI splice variant is PAC1-very short
(PAClvs) formed by excluding exons 3, 4, and 5 (57 amino acids), and this isoform showed
higher affinity for PACAP (PACAP-38> PACAP-27) than VIP, though the affinity was 100
fold lower than the un-spliced PAC1 (Dautzenberg et al. 1999; Pantaloni et al. 1996). The
addition of exon 3a (24 amino acids) in between exon 3 and 4 forms another isoform of

PACI1 receptor called PACI1-3a found in rats, which showed a reduced affinity to PACAP
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Figure 1.8 An illustration of the PACI1 receptor with its known splice variants. The asterisk (*)
sign demonstrates the number of splice variants produced by alternative splicing in the N-terminal
extracellular domain, transmembrane domain (TM), and third intracellular loop containing ‘hip’
and ‘hop1/2’ exons. The figure was generated with BioRender.com with information from Dickson
and Finlayson 2009.
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(Daniel et al. 2001). Substitution and deletion of amino acids in the fourth transmembrane
domain makes another receptor variant; however, the existence of this variant is not well-
established (Dickson and Finlayson 2009). Six splice variants have been found in the third
intracellular loop containing hip, hop1, and hop2 exons. The presence of these exons alone or
in a combination produces PACI variants, such as PACI-hip, PAC1-hopl, PAC1-hop2,
PACI1-hiphopl, and PAC1-hiphop2; however, the PACI null variant has no cassette in the
third intracellular loop (Dickson and Finlayson 2009). These third intracellular loop splicing
variants displayed altered affinity to PACAP and different levels of cAMP and phospholipase
C (PLC) production depending on the activation of a specific G protein (Gs and Gg)
(Spongier et al. 1993; Yoshimura et al. 1995).

Alternative splicing also produces splice variants in VPAC1 and VPAC2 receptors,
but their distribution and functional role still need to be well-studied. Four splice variants
have been explored for alternations in amino acid sequence of intracellular domain,
transmembrane domain, and C-terminal domain of VPAC1 and VPAC2 receptor genes
(Dickson and Finlayson 2009).

Besides PACAP, which acts as an agonist for all three GPCRs, researchers have
explored some other VPAC/PAC receptor agonist and antagonist molecules (Table 1.1) that
have different specificity for the various receptors. The potency of these natural or synthetic
molecules influencing cAMP production or intracellular calcium signaling was used to
denote them as an agonist or antagonist of VPAC/PAC receptors (Dickson and Finlayson
2009). Maxadilan, a peptide isolated from the sand fly Lutzomyia longipalpis and found to
have a different amino acid sequence than PACAP, has been identified as a potent, specific

PACI1 receptor agonist; however, the modified version of this peptide named M65 behaves as
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Table 1.1 A list of PACAP receptors (PACI, VPACH!, and VPAC2) agonist and antagonist molecules.
4+’ sign denotes agonist and ‘-’ sign denotes antagonist property.

Reagents PAC1 VPACI VPAC2

vip Not determined + +

Me65 B Not determined Not determined
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an antagonist of PACI1 receptor (Moro and Lerner 1997; Uchida et al. 1998). A truncated
version of PACAP (PACAP 6-38) acts as an antagonist of the PACI1 receptor for its ability to

inhibit cAMP production elevated by PACAP (Leyton et al. 1999).

1.8 THESIS SCOPE AND SIGNIFICANCE

The SNS is well-known for its ability to respond to stress by regulating the secretion
of catecholamines, norepinephrine and epinephrine (Rhoades and Bell 2013). It is well-
established that the SNS innervates and controls BAT function, with norepinephrine as the
key initiating factor for lipolysis and adaptive thermogenesis (Kooijman, van den Heuvel,
and Rensen 2015). The temperature-sensitive phenotype of PACAP null mice provides
insight into PACAP’s role in thermogenesis (Gray et al. 2002). Eiden et al. and Stroth et al.
have robustly established that PACAP presents at the splanchnic adrenomedullary synapse
and regulates the synthesis and sustained secretion of catecholamine from chromaffin cells of
the adrenal medulla (Eiden et al. 2018; Hamelink et al. 2002; Stroth et al. 2011). Besides this
splanchnic adrenomedullary synapse, the superior cervical ganglia and stellate ganglia
receive PACAP-positive preganglionic neurons, and PAC1/VPAC receptors are expressed on
postganglionic neurons (Braas and May 1999; Pandher et al. 2023). However, the functional
role of PACAP in catecholamine turnover in the peripheral SNS has not been conclusively
determined.

The cell bodies of the postganglionic neurons of the stellate ganglia have been found
to express PAC1 and VPACI receptors (Pandher et al. 2023), and neural tracing studies have
shown iBAT to be innervated by postganglionic neurons originating in the stellate ganglia
(Frangois et al. 2019). Therefore, we hypothesize that stimulating the stellate ganglia with

PACAP will trigger catecholamine-regulated signaling in downstream brown adipose tissue.
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The first step in testing this hypothesis is developing an ex-vivo model to deliver PACAP to
stellate ganglia. Molecular assessment of the adrenergic signaling stimulation by PACAP
will be done focusing on marker molecules involved in the lipolysis process in iBAT,
considering lipolysis is a well-established downstream target for measuring adrenergic
receptor activation. In the following chapters, I will explain our experimental approach to
measure the marker molecules of the adrenergic signaling involved in lipolysis. The results
of these experiments will assist in understanding the role of PACAP in energy homeostasis
by regulating thermogenesis in BAT, proposing PACAP as a therapeutic target to deal with

obesity.
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Chapter Two: Assessing a New ex-vivo Model to Study the Role of

PACAP in Catecholamine-induced Adaptive Thermogenesis
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2.1 INTRODUCTION

The SNS is a branch of the autonomic nervous system, and its major function is to
respond to stress. Stressors activate the SNS to secrete the stress-responsive hormones
epinephrine and norepinephrine (Figure 2.1). For instance, hypoglycemia, a systemic stress,
activates the SNS to release epinephrine from chromaffin cells of the adrenal medulla that
reach adrenergic receptors expressed on cells of the liver via the bloodstream to activate
glycogenolysis and gluconeogenesis and restore blood glucose levels to normal levels
(Rhoades and Bell 2013). Cold stress is an example of a stressor that stimulates
postganglionic neurons of the SNS to release norepinephrine and induce adaptive
thermogenesis in adipose tissues, such as iBAT to generate heat to maintain body
temperature at 37°C (Cannon and Nedergaard 2004).

The response of SNS to stressors is mediated by ACh neurotransmitter. ACh is a
well-known neurotransmitter of the autonomic nervous system that acts as both a first order
and second order neurotransmitter to regulate both the SNS and parasympathetic nervous
system (PNS). In the SNS, ACh plays its functional role by binding with the nicotinic
receptors on postganglionic neurons. In the PNS, ACh binds with the nicotinic receptors on
postganglionic neurons and is released from the postganglionic neurons again as a second
order neurotransmitter to bind with muscarinic receptors on target tissues (Kandel et al.
2021). Since SNS is the experimental focus of this thesis, I will further describe the ACh-
mediated signal transduction in SNS. ACh is secreted from preganglionic sympathetic
neurons and binds with nicotinic acetylcholine receptors (nAChR) located on chromaffin
cells or postganglionic neurons to regulate epinephrine and norepinephrine secretion,

respectively. The nAChR is categorized into two groups based on its primary expression
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Figure 2.1 The pathway of catecholamine synthesis in chromaffin cells of the adrenal medulla and
postganglionic neurons of the sympathetic nervous system. Tyrosine hiydroxylase (TH)* is the
rate-limiting enzyine of catecholamine synthesis. The diagram was created with BioRender.com.
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sites: muscle receptors, which are found at the neuromuscular junction, and neuronal
receptors, found throughout the central and peripheral nervous systems. Based on RT-PCR
data, twelve receptor subunits (02-010 and 2-p4) have been identified to be involved in
forming different neuronal nAChR subtypes with a wide range of pharmacological profiles
(Hogg, Raggenbass, and Bertrand 2003). For example, the CNS highly expresses 042 and
a7 subtypes of nAChR, whereas the heteromeric a3p4 subtype is highly expressed in the
peripheral SNS and is the key nAChR subtype involved in ganglionic neurotransmission in
the autonomic nervous system (Zaveri et al. 2010).

The nAChR is a pentameric receptor and a member of the ligand-gated ion channel
superfamily. Each subunit of the nAChR contains an extracellular ligand binding N-terminal
domain, a transmembrane domain (TM1-4), an intracellular loop between TM3 and TM4,
and a short extracellular C-terminal domain (Hogg et al. 2003). A circular arrangement of
five subunits forms a central ion pore. Upon binding of ACh or agonist molecules to the
ligand binding site, the nAChR undergoes a conformational change that results in the passage
of ions (largely the influx of Na” due to the concentration gradient) into the cell through the
central pore, thus depolarizing the cell and opening of voltage-gated sodium channels to
trigger an action potential (Kandel et al. 2021). The generated action potential induces
calcium influx into the cell and mediates the exocytotic release of catecholamine from
calcium-dependent large dense-core vesicles (Eiden et al. 2018; Kandel et al. 2021).

Known agonists of nAChR that mimic the function of endogenous ACh by binding
with the nAChR include nicotine and dimethylphenylpiperazinium (DMPP) (Haass and
Kiibler 1997). Binding of these agonists to the nAChR has been shown to mimic the actions

of ACh, stimulating the release of catecholamine from peripheral postganglionic nerve
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terminal and chromaffin cells of the adrenal medulla (Haass and Kiibler 1997). For example,
DMPP’s ability to stimulate nAChR involved an experiment using isolated, intact superior
cervical ganglia incubated with 100 uM DMPP, which resulted in an increased TH and
DOPA in culture media, precursor compounds of catecholamine synthesis (Horwitz and
Perlman 1984) (Figure 2.1). DMPP’s ability to mimic ACh activity was shown with respect
to energy expenditure when subcutaneous administration of DMPP to diet-induced obese
mice reduced body weight and fat mass along with increased UCP1 expression in BAT
(Clemmensen et al. 2018). Nicotine is another well-known nAChR agonist. In vitro
experiments in primary cultures of chromaffin cells demonstrated nicotine’s ability to evoke
endogenous catecholamine release by activating the nAChR (Mizobe and Livett 1983). The
nicotine-induced catecholamine release was found to be significantly higher in the presence
of extracellular Ca®’, demonstrating that calcium promotes the exocytotic release of
catecholamine from chromaffin granules. Finding an increased norepinephrine content in
iBAT of rats after delivering nicotine subcutaneously also supports the role of nicotine in
catecholamine release (Haass and Kiibler 1997; Lupien and Bray 1988).

nAChR-mediated catecholamine release is well-established. Finding the expression of
PACI1 receptor along with nAChR on chromaffin cells suggested the role of PACAP as a
second neurotransmitter in augmenting the cholinergic stimulation of catecholamine
production and release (Eiden et al. 2018; Kao et al. 2001). Researchers have demonstrated
that PACAP is a neuropeptide that is a co-transmitter with ACh and augments catecholamine
release during stress. The inability of ACh alone to restore and maintain blood glucose levels
in PACAP null mice following insulin-induced hypoglycemia demonstrated the necessity of

PACAP for sustained epinephrine-induced reversal of hypoglycemia (Eiden et al. 2018;
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Stroth et al. 2011). The splanchnic adrenomedullary synapse is a well-studied part of the
SNS. PACAP and ACh are secreted from the splanchnic nerve and bind with PACI1 receptor
and nAChR, respectively, located on the adrenal chromaffin cells to stimulate the
catecholamine synthesis and release (Eiden et al. 2018; Stroth et al. 2013) (Figure 1.6). The
mechanism of PACAP-induced catecholamine release in chromaffin cells has been reviewed
by Eiden (2018) (Figure 2.2). Activation of the PACI1 receptor by PACAP binding activates
Gs and Gy proteins, where Gs stimulates cAMP production by adenylyl cyclase and Gq
activates PLC beta (PLCP) to catalyze the conversion of phosphatidylinositol 4,5-
bisphosphate into IP; and diacylglycerol (DAG). cAMP produced by Gs activates exchange
protein activated by cAMP (EPAC), a guanine nucleotide exchange factor, which stimulates
PLC epsilon (PLCE) catalysis and forms IP; and DAG. IP; mediates the exocytotic release of
Ca”" from the endoplasmic reticulum through the IP; receptor, which results in increased
intracellular Ca®" jons necessary for the exocytotic release of catecholamine. DAG and
released Ca’" activate protein kinase C, which phosphorylates and activates phospho-
dependent depolarizing cation conductance (PDCC), an ion channel required for voltage-
gated calcium channel activation and secretion of catecholamine by PACAP signaling. The
calctum channels activated by PDCC augment calcium influx and calcium-dependent
exocytotic release of catecholamine from chromaffin granules (Eiden et al. 2018; Tanaka et
al. 1996) (Figure 2.2).

Besides the chromaffin cells of the adrenal medulla, postganglionic neurons of
several sympathetic ganglia have been found to express PACAP receptors, including the

superior cervical ganglia and the stellate ganglia (Braas and May 1999; Pandher et al. 2023).
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Figure 2.2 A schematic diagram of catecholamine release induced by PACAP signaling. PACAP
binding with PACI receptor activates G profeins (Gs and Gq). Gs stimulates adenylyl cyclase (AC)
to produce cAMP, cAMP activates exchange protein activated by cAMP (EPAC) fo stimulate
phospholipase C epsilon (PLCE). Gq protein stimulates PLC beta (PLCB). PLC catalyzes
phosphatidylinositol 4,5-bisphosphate (PIP2) conversion info inositol friphosphate (IP;) and
diacylglycerol (DAG). IP; binds with IP; receptor and mediates Ca’" ion release from the
endoplasmic reficulum (ER). DAG and Ca’" activate protein kinase C (PKC), which phosphorylates
phospho-dependent depolarizing cation conductance (PDCC) channel to activate voltage-gated
calcivin chamels (VGCCs). Activated VGCCs auginent calcivm influx and calcivim-dependent
exocytofic release of catecholamine from clhromaffin granules. The image was created with
BioRender.com with information from Eiden ef al. 2018.
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This has prompted scientists to explore the role of PACAP receptors in catecholamine
synthesis and release in postganglionic neurons originating from peripheral ganglia. While
epinephrine is the final end-product of catecholamine synthesis occurring in the chromaffin
cells of the adrenal medulla (Figure 2.1), norepinephrine is the primary neurotransmitter
released by the postganglionic neuron of peripheral sympathetic ganglia to activate SNS-
innervated organs, such as BAT (Eiden et al. 2018). Interestingly, release of catecholamines
from the adrenal medulla and peripheral sympathetic ganglia is stressor-specific, and the
inter-relationship between these stress-responsive pathways was analyzed by plasma
epinephrine and norepinephrine levels (Goldstein and Kopin 2018). For example,
hypoglycemia, a metabolic threat, provided a higher epinephrine level in plasma than
norepinephrine, indicating the stimulation of the adrenomedullary axis during hypoglycemia.
Cold stress, on the other hand, elicited a higher norepinephrine level in plasma compared to
epinephrine (Goldstein and Kopin 2018), identifying activation of peripheral sympathetic
ganglia during cold stress as the primary signal for initiation of thermogenesis in BAT.

As described in section 1.3 of Chapter 1, adaptive thermogenesis induced in BAT is
controlled by norepinephrine secreted from sympathetic nerve terminals. The discovery of
the high-density sympathetic nerve fibers in BAT aligns with the important role of the SNS
in regulating energy expenditure (Kooijman et al. 2015). Recently, the origins of sympathetic
nerve fibres in BAT have been confirmed. Frangois et al. (2019) used pseudorabies virus
retrograde tracing to show that iBAT is innervated by postganglionic nerves originating in
stellate ganglia and T2-T5 sympathetic chain ganglia (Frangois et al. 2019).

Norepinephrine secreted by postganglionic neurons innervating iBAT binds G-protein

coupled B3-adrenergic receptors on brown adipocytes, activating adenylyl cyclase, and
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increasing the second messenger cAMP, a classical marker of the 3-adrenergic receptor
stimulation (Kandel et al. 2021). Elevated cAMP molecule triggers PKA to phosphorylate
cAMP response element-binding protein (CREB), a transcription factor essential for
expressing another transcription factor called peroxisome proliferator-activated receptor
gamma that increases B-oxidation of fatty acids and expression of the thermogenic protein,
UCP1 (Nedergaard, Alexson, and Cannon 1980). PKA also phosphorylates HSL, a 83-kilo
Dalton (kD) intracellular lipase that is the rate-limiting enzyme of a three steps reaction
converting triacylglycerol to FFAs (Lass et al. 2011). Characterization of HSL null mice that
had impaired dyslipidemia due to impaired triacylglycerol hydrolysis, demonstrated the
critical role of HSL in regulating lipolysis and energy expenditure (Harada et al. 2003).
HSL’s catalytic activity is induced by phosphorylation of the protein (p-HSL) (Althaher
2022). The phosphorylated version of HSL (also 83 kD) translocates from the cytosol to the
lipid droplet surface, where it associates with adipose triglyceride lipase (ATGL) and other
lipase enzymes to mediate triglyceride hydrolysis. /n vitro peptide mapping studies revealed
the primary structure of HSL and identified the PKA-mediated amino acid phosphorylation
site of HSL (Ser563) (Belfrage et al. 1997; Garton et al. 1988). Later, Anthonsen (1998) used
site-directed mutagenesis to identify two additional phosphorylation sites (Ser659 and
Ser660), demonstrating that HSL is subject to complex activity regulation involving multisite
phosphorylation (Anthonsen et al. 1998). Measuring the relative expression of p-HSL is a
classical target to assess lipolysis induced by B3-adrenergic receptor activation (Arisawa et
al. 2024; Cero et al. 2020).

The Gray lab has a long standing interest in studying PACAP’s role in thermogenesis.

The cold-sensitive phenotype, reduced expression of B3-adrenergic receptor, and low
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norepinephrine content in BAT of PACAP null mice demonstrated the role of PACAP in
sympathetic regulation of thermogenesis in BAT (Diané et al. 2014; Filatov et al. 2021; Gray
et al. 2002). Additionally, given the identification of PACAP receptors (PAC1 and VPAC1)
in the stellate ganglia (Pandher et al. 2023), one of the peripheral ganglia from which
postganglionic nerves innervating BAT originate (Frangois et al. 2019), I was interested in
developing an ex vivo model to stimulate the stellate ganglia with PACAP and assess
molecular markers of norepinephrine activity (CAMP and p-HSL) to understand if PACAP
functions to regulate catecholamine secretion in peripheral sympathetic ganglia. Since the
iBAT is innervated by postganglionic neurons originating from the stellate ganglia, we
hypothesize that pharmacological stimulation of PACAP receptors on neurons of the stellate
ganglia will up-regulate catecholamine release and adrenergic signaling in iBAT, as assessed

by the two molecular markers, cAMP and p-HSL (Ser563).

Before working with PACAP, nAChR agonists (DMPP and nicotine) were used as a positive
control to validate the approach used to stimulate the stellate ganglia. The method section
will describe two approaches to delivering nAChR agonists to the stellate ganglia and
optimization of techniques used to measure molecular markers of adrenergic stimulation. The
goals for future experiments designed to assess PACAP-mediated stellate ganglia stimulation

will be explained in Chapter Three.

The objectives of this chapter are as follows:

AIM 1: Develop an ex vivo model using C57BL/6 mice to deliver nAChR agonist to the
stellate ganglia to stimulate postganglionic neurons.

AIM 2: Assess downstream adrenergic receptor activation following stimulation of ganglia

with nAChR agonist by:
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1. Measure the concentration of cAMP using the competitive enzyme-linked
immunosorbent assay (ELISA) technique in iBAT collected after delivering
nAChR agonist to the stellate ganglia.

2. Measure the ratio of phosphorylated HSL to total HSL using the Western blotting
technique in iBAT collected after delivering nAChR agonist to the stellate

ganglia.

2.2 MATERIALS AND METHODS
Animals and Experimental Design

Two cohorts of six-week-old wild-type male C57BL/6NCrl (strain code 027) mice
were purchased from Charles River Laboratories (Sherbrooke, Quebec, Canada) and kept at
the Northern Health Sciences Research Facility for an additional six weeks, so mice were 12
weeks old at the time of experiments. Mice (3-5 per cage) were housed on a HEPA-filtered
caging system (APC Filtration Inc., Brantford, Ontario, Canada) with sterile corncob bedding
and placed on a 12:12-hour night:light cycle (700-1900h). Mice had ad libitum access to
rodent chow diet (LabDiet 5001, LabDiet Inc., Brentwood, Leduc, Alberta, Canada;
metabolized energy 3.02 kcal/g) and water. The body mass (g) of mice was recorded once a
week to socialize mice to be handled and to monitor any potential health declines for stress.
Twenty-four hours before dissection, mice were housed in an individual cage with all
amenities. On the day of experiments, mice were individually taken to the lab immediately
before dissection to minimize environmental stress that can be induced by waiting in the lab.
All protocols using animals were approved by the Animal Care and Use Committee at the
University of Northern British Columbia in compliance with standards outlined by the

Canadian Council on Animal Care (CCAC).
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The first cohort of ten mice was categorized into two groups (n=5): DMPP-treated
and phosphate-buffered saline (PBS)-treated (vehicle control) and used to test DMPP (100
uM) as a nAChR agonist (positive control) to stimulate postganglionic neurons originating in
the stellate ganglia. The second cohort of 28 mice was divided into four groups (»=7): DMPP
(100 uM)-treated, nicotine (100 pM)-treated, PBS-treated, untreated and used to test 2
different nAChR agonists, and a modified delivery approach based on feedback from my
committee at my second progress report in April 2024. The second cohort included a second
agonist, nicotine, to determine which agonist would be most robust in terms of stimulating
the nAChR. In addition, an untreated group was added in addition to the vehicle control, to

assess whether the technical approach was influencing the ganglia stimulation.

Ganglia Stimulation and Tissue Collection

First cohort: Mice were euthanized with an intraperitoneal injection of Euthanyl
(2000 mg/kg, approximately 0.25 mL). Blood (approximately 0.7 mL) was collected via
cardiac puncture to reduce blood release during the dissection of mice, giving a better
visualization of the stellate ganglia. The skin on the ventral surface was removed carefully,
keeping the neural contact with iBAT intact. The stellate ganglia are located in line with the
neck of the first rib, inferior to the subclavian vein, posterior to the medial edge of the
superior subclavian artery (Gray 2008; Pandher et al. 2023), and these anatomical landmarks
were used to identify the stellate ganglia (Figure 2.3). Mice and dissection tools were placed
on a thermal pad (37°C) to avoid cold stimulation of nerves throughout the dissection. 1 pL.
of 100 uM DMPP solution (catalog no. D5891, Sigma Aldrich, St. Louis, Missouri, United
States) heated at 37°C was dropped on each ganglion using a P10 pipette and the solution

was allowed to incubate for 3 minutes before collecting the iBAT. PBS (catalog no. D8537,
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Figure 2.3 The location of stellate ganglia in mouse. The image was captured during dissection
and exposure of the ganglia. The mouse schematic was created with BioRender.com.
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Sigma Aldrich, St. Louis, Missouri, United States) (vehicle control) heated at 37°C was
delivered to ganglia in the same way. The timing from starting the dissection to collecting the
iBAT, including the post-administration interval, was 14.3+1.8 minutes. Collected iBAT was
stored at -80°C.

Second cohort: Three mice dissecting steps were changed for this cohort to expect a

better stimulation of the stellate ganglia: 1. mice were euthanized with diluted pentobarbital
(800 mg/kg, approximately 0.2 mL) as per the recommended dose in the euthanasia reference
manual; 2. A new nAChR agonist, 100 pM nicotine solution (catalog no. N3876, Sigma
Aldrich, St. Louis, Missouri, United States), was used to stimulate the stellate ganglia; 3.
37°C heated PBS, DMPP, and nicotine solutions were injected into the stellate ganglia of the
designated group’s mice using a syringe with a 32G needle. An untreated group was added to
this cohort, where the iBAT was directly collected without touching the stellate ganglia to
avoid neuronal firing by dissecting tools. The timing from starting the dissection to collecting
the iBAT, including 3 minutes post-administration interval, was 15.1£3.1 minutes, except for

the untreated group, where the timing was 1.8+1.2 minutes.

Protein Extraction and Concentration for Western blotting

iBAT collected from both cohorts of mice were processed in a similar way to extract
proteins. Half of the iBAT lobe was used to extract proteins for Western blotting, and the
remaining half of the lobe was used for the cAMP assay. The frozen iBAT was ground with
an individual mortar and pestle for each group in the presence of liquid nitrogen, and the
powdered tissue was solubilized in the protein-extracting solvent. Five hundred pL of the
radio-immunoprecipitation assay (RIPA) lysis and extraction buffer (catalog no. 89900,

ThermoFisher Scientific, Waltham, Massachusetts, United States) prepared with halt™
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protease and phosphatase inhibitor cocktail (100X) and 0.5M ethylenediaminetetraacetic acid
(EDTA) (100X) (catalog no. 78440, ThermoFisher Scientific, Waltham, Massachusetts,
United States) was used to extract protein for Western blotting. The tissue lysates were
centrifuged at 14,000 x g for 15 minutes, and the supernatant was transferred into a new
eppendorf tube.

The protein concentration of supernatants was quantified using the bicinchoninic acid
(BCA) assay kit (catalog no. 23227, ThermoFisher Scientific, Waltham, Massachusetts,
United States). The supernatant was further diluted (1:5) in the protein-extracting solvent. A
serial dilution of bovine serum albumin (BSA) ranging from 2,000 pg/mL to 0 pg/mL was
used to prepare the standards for the BCA assay. Twenty five pul of each standard (triplicate)
and diluted sample (individual) were loaded into a 96-well plate, followed by adding 200 pl
of working solution in each well. The plate was then incubated at 37°C for 30 minutes. After
the incubation, the plate was placed in the BioTek Synergy Neo2 microplate reader (Agilent,
Santa Clara, California, United States) to read the absorbance at 562 nm. The average net
optical density (OD) for each standard and sample was calculated by subtracting the average
absorbance of the blank. Protein concentration (ug/mL) of samples was determined by
plotting the net OD values in the standard curve (GraphPad Software, version 9 for

Macintosh, San Diego, California, United States).

Tissue Extraction for cAMP assay

The remaining half lobe of the iBAT was ground with an individual mortar and pestle
for each group in the presence of liquid nitrogen, and the powdered tissue was dissolved in
ten volumes of 0.1M HCI (catalog no. ab290713, Abcam, Cambridge, United Kingdom) to

extract cAMP molecule and proteins. The tissue lysates were centrifuged at 14,000 x g for 15
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minutes, and the supernatant was transferred into a new eppendorf tube. The protein
concentration of supernatants quantified by following the BCA assay protocol described
above was used to normalize the cAMP concentration (pmol cAMP/mg protein) as per the

manufacturer’s instructions.

cAMP assay

The intracellular cAMP in iBAT was quantified using the colorimetric competitive
immunoassay kit (catalog no. ab290713, Abcam, Cambridge, United Kingdom, intra-assay
CV=4.09% and inter-assay CV=18.69% for 2 pmol/mL, minimum detection limit=0.006
pmol/mL). Before working with samples from the first cohort, an optimized protocol was
established following the acetylated format and using different dilution factors (1:3, 1:5) for
samples. The optimized protocol described below was used for both cohorts’ samples to
assess the cAMP concentration.

The tissue lysates were further diluted (1:5) in 0.1M HCI. The 2,000 pmol/mL stock
standard solution was used to prepare 20 pmol/mL standard 1, and the remaining four
standards were prepared using serial dilution of standard 1 in 0.1M HCIL. The acetylating
reagent prepared by mixing acetic anhydride and triethylamine (1:2) was added to diluted
samples and standards to increase the sensitivity of the assay.

The anti-rabbit antibody (secondary antibody) coated 96-well plate was used to run
the assay. Since 0.1M HCI was used as the diluent, the neutralizing reagent was loaded into
wells. One hundred pl of each standard (triplicate) and diluted sample (individual) were
loaded into the appropriate wells. Fifty ul of alkaline phosphatase conjugated-cAMP antigen
and cAMP-specific rabbit antibody (primary antibody) were aliquoted to wells, respectively,

making a competition between the alkaline phosphatase conjugated-cAMP and cAMP in
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tissue lysates to bind with the cAMP-specific antibody. The plate was then incubated at 25°C
for 2 hours on a plate shaker shaking at 500 rpm.

Following incubation, the plate was washed with 1X wash buffer 3 times before 200
ul of the p-nitrophenyl phosphate (pNpp) substrate was added to the wells, followed by 1.5
hours of incubation at 25°C with shaking at 500 rpm. The enzymatic reaction was stopped by
adding 50 pl of the Stop Solution, and the plate was placed in the BioTek Synergy Neo2
microplate reader (Agilent, Santa Clara, California, United States) immediately to read the
absorbance at 405 nm. The average absorbance for each standard and sample was measured
by subtracting the average absorbance of the blank. The average net OD for each standard
and sample was calculated by subtracting the average non-specific binding absorbance
measurement from the average absorbance measurement. The concentration (pmol/mL) of
cAMP in tissue lysates was quantified by interpolation of net OD values in the standard
curve (GraphPad Software, version 9 for Macintosh, San Diego, California, United States)

and normalized by dividing by the total protein concentration (mg/mL).

Western blotting

The expression of the rate-limiting enzyme for triglyceride hydrolysis, HSL and p-
HSL (Ser563) was quantified using the Western blotting technique as a marker of adrenergic
receptor activation. Before working with samples from the first cohort of mice, an optimized
Western blotting protocol was established for target proteins by trying different protein
amounts, process of protein transfer, and dilution factors of primary and secondary antibodies
(Table 2.1). Rather than using a housekeeping protein (B-actin, B-tubulin), total protein (100
to 37 kD) in each lane was used to normalize the target protein’s expression. The specificity

of HSL and p-HSL (Ser563) antibodies and expression of HSL and p-HSL (Ser563) protein
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in iBAT was assessed using the lung tissue as a negative control (Figure 2.5). Working with
several tissues to assess the expression level of HSL by immunoblotting, lung tissue was
identified as one of the tissues expressing a low amount of HSL protein (Kraemer et al.
1993). Based on the experimental evidence and tissue-specific HSL expression data in the
National Center for Biotechnology Information, lung tissue was used as a negative control to
confirm the HSL antibody specificity in iBAT samples. A standard curve (Figure 2.6) was
also made for HSL and p-HSL (Ser563) using a series of protein amounts from a sample
(n=1) giving maximum p-HSL (Ser563) protein band intensity and following the protocol
described below.

Based on findings from protocol optimization and standard curve for HSL and p-HSL
(Ser563), 10 ug of protein for HSL and 25 pg of protein for p-HSL were selected to run
protein samples from both cohorts. The protein samples were prepared with MilliQ water and
loading dye (0.25M Tris-HCI (pH 6.8), 20% (v/v) glycerol, 4.08% (w/v) sodium dodecyl
sulfate (SDS), 0.1% (w/v) bromophenol blue). Two individual acrylamide gels (10%
resolving gel and 4% stacking gel) were made for HSL and p-HSL (Ser563) using Tris-
Glycine eXtended stain-free™ fastcast' ™ kit (catalog no. 1610182, Bio-Rad Laboratories,
Hercules, California, United States), 0.05% (w/v) ammonium persulfate (APS), 0.01% (w/v)
SDS, and 0.05% (v/v) tetramethylethylenediamine (TEMED). Protein samples and a protein
ladder (catalog no. 1610373, Bio-Rad Laboratories, Hercules, California, United States) were
loaded in gels and ran at 120V for an hour and 15 minutes. After the gel electrophoresis, the
dye in the gel was activated for 45 seconds under the ChemiDoc imaging system (Bio-Rad
Laboratories, Hercules, California, United States) to visualize proteins in gels. The Bio-

Rad stain-free gel system includes a proprietary trihalo compound that binds to tryptophan
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residues to enhance protein fluorescence after a brief ultraviolet activation provided by the
imaging system.

The wet transfer process was followed to transfer proteins from the gel to 0.45 pm
polyvinylidene fluoride (PVDF) membrane (catalog no. IPVH00010, MilliporeSigma,
Burlington, Massachusetts, United States). The transfer sandwich in cassette was placed in
the tank with transfer buffer (Tris-glycine (24.7 mM Tris, 191.8 mM glycine, pH 8.8), 20%
(v/v) methanol, 0.025% (w/v) SDS, MilliQ water) for 16 hours at 30 mA. After the protein
transfer, the PVDF membrane was visualized under the imaging system to get the total
protein in each lane.

The membrane was blocked in 5% BSA (catalog no. a7906, Sigma Aldrich, St. Louis,
Missouri, United States) in Tris-buffered saline (TBS) (4.8 mM Tris, 15.2 mM Tris-HCI, 150
mM NaCl, pH 7.6) (0.1% Tween 20) for 2 hours and incubated with blocking buffer diluted
rabbit primary antibodies, 1:10000 diluted HSL (catalog no. 4107, Cell Signaling
Technology, Danvers, Massachusetts, United States) and 1:1000 diluted p-HSL (Ser563)
(catalog no. 4139, Cell Signaling Technology, Danvers, Massachusetts, United States),
overnight at 4°C. The membrane was washed 3 times using TBS (0.1% Tween 20) and
incubated with 1:5000 diluted goat anti-rabbit horseradish peroxidase-linked secondary
antibodies (catalog no. 7074, Cell Signaling Technology, Danvers, Massachusetts, United
States) for an hour. The membrane was washed again with TBS (0.1% Tween 20) 3 times
and set under the imaging system to detect the target protein using the Clarity Max enhanced
chemiluminescence substrate (catalog no. 1705062, Bio-Rad Laboratories, Hercules,
California, United States). The exposure time was less than a minute to detect both targeted

proteins. The ImageJ software was used to calculate the protein band density. Multiple gels
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for one target protein were calibrated by dividing the protein band density values by the
geomean of inter-gel calibrators (the first sample from each group). For samples where the p-
HSL (Ser563) band is invisible, half of the minimum normalized protein band density value
across gels was used as protein band density. HSL and p-HSL were individually normalized
to total protein (100 to 37 kD). The normalized HSL and p-HSL (Ser563) values were further
divided by the geomean of the saline group to calculate the relative expression of HSL and p-
HSL. The bar graph (Figure 2.9B,C; 2.10B,C) was made by plotting the geometric mean

value with 95% confidence interval.

Statistical Analysis

All data are presented as mean + SEM and were analyzed by GraphPad Prism
(GraphPad Software, version 9 for Macintosh, San Diego, California, United States). Each
group consisted of n = 5-7, and 0.05 was set as the p-value to detect significant differences
(»<0.05) in cAMP and relative p-HSL (Ser563) expression in iBAT among groups. The
unpaired two-tailed #-test was used to compare between groups, and one-way analysis of
variance (ANOVA) was used with multiple comparisons using Dunnett’s test to detect

differences in data obtained from Western blotting and cAMP assay between the groups.

2.3 RESULTS
Animals and iBAT Morphology

The overall body mass of mice before dissection did not differ significantly between
groups (Figure 2.4A,C), which confirms the healthy growth of mice during the acclimation
period. The mass of iBAT collected after dissection was not significantly different between

groups (Figure 2.4B,D).
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Figure 2.4 Whole body and inferscapular brown adipose tissue (iBAT) mass (g). The overall body
mass (g) of first cohort mice (A) and the mass of iBAT (% body mass) (B) were measured using a
laboratory scale, and data were compared befween groups (w=>5) using an unpaired, two-tailed,
student’s r-fest. No significant difference was identified between groups (p=0.05). The body mass
(g) of the second cohort mice (C) and mass of iBAT (% body mass) (D) were measured using a
laboratory scale, and analyzed using a one-way analysis of variance (ANOVA) followed by
muliiple comparisons fests using Dwme#t’s test to compare data between phosphate-buffered saline
(PBS) control group and experimental groups (»=7). No significant difference between groups was
idengified.
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Antibody Specificity and Standard Curves of HSL and p-HSL (Ser563)

The expression of HSL and p-HSL (Ser563) protein was found in iBAT samples, but
not in the lung tissue sample (Figure 2.5). A linear graph was identified for HSL between 7.5
ng and 1.87 pg of protein (Figure 2.6A), and the linear graph for p-HSL (Ser563) was found

between 30 ug and 7.5 pg of protein (Figure 2.6B).

cAMP assay Analysis

Treatment of the stellate ganglia with DMPP (100 uM), a nAChR agonist, did not
alter the cAMP production in iBAT compared to the PBS-treated control group (p=0.3519)
(Figure 2.7A,B).

Changing the approach of delivering DMPP to stellate ganglia and treating the stellate
ganglia with nicotine (100 pM), another nAChR agonist, did not result in elevated cAMP
production in iBAT compared to the PBS-treated control group (PBS vs DMPP: p=0.3064;
PBS vs nicotine: p=0.6990) (Figure 2.8A,B). The untreated group, expected to produce a low
amount of cCAMP in iBAT compared to the PBS-treated control group, was not found to be

significantly different than the PBS-treated control group (p=0.0553) (Figure 2.8B).

Relative Expression of HSL and p-HSL (Ser563) in iBAT

The expression of HSL (83 kD) protein was detected in all iBAT samples collected
after delivering PBS and DMPP to the stellate ganglia (Figure 2.9A,C); however, p-HSL
(Ser563) (83 kD) protein was detected in 4 out of 5 PBS and DMPP-treated samples (Figure
2.9A). Treatment of the stellate ganglia with DMPP (100 uM) did not increase the relative
expression of p-HSL (Ser563) compared to the PBS-treated control group (p=0.2342) (Figure

2.9B).
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Figure 2.5 Expression of horinone-sensitive lipase (HSL) (83 kD) and phospho-HSL (p-HSL)
(Ser563) (83 kD) protfein in interscapular brown adipose tissue (iBAT) (positive control) {(n=6)
and lung tissue (negative conirol) (w=1) (the entire blot with protein ladder images are in Figure
A2 of appendix). 15 ng of protein for HSL and 25 pg of protein for p-HSL were loaded on to
gels, proteins were transferred from the gel to a polyvinylidene fluoride (PVDF) membrane, the
membrane was incubated with primary antibodies (1:5000 HSL, 1:5000 p-HSL (Ser563)), later
secondary anfibodies (1:5000 goat anti-rabbit) and visualized by chemiluminescence substrate.
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Figure 2.6 A standard curve for the detection of hormone-sensitive lipase (HSL) and phospho-
HSL (p-HSL) (Ser563) protein using Western blotting. A series of protein amounis (1.87-30 ng)
from an interscapular brown adipose tissue (iBAT) sample (»=1) giving maximun p-HSL
(Ser563) protein band infensity was run following the Western blotting protocol. A. Expression of
HSL (83 kD) in profein samples ranging from 15 ng to 1.87 pg of protein. The membrane was
incubated with 1:10000 anti-HSL antibody and 1:5000 secondary antibody. HSL band of all
profein amounis was norimalized to HSL band of 3.75 pg protein, and a linear graph was found
between 7.5 ng and 1.87 pg of protein. B. Expression of p-HSL (Ser563) (83 kD) in profein
samples ranging firom 30 pg to 3.75 ng of protein. The membrane was incubated with 1:1000 anti-
p-HSL (Ser563) antibody and 1:5000 secondary antibody. p-HSL band of all protein amounts was
norimalized to p-HSL band of 7.5 pg protein, and a linear graph was found befween 30 pg and 7.5
ng of protein. linages were analyzed by Iimagel software.
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Figure 2.7 The concentration of cAMP in interscapular brown adipose tissue (iBAT) samples (first
cohort) collected after treating the stellate ganglia with phosphate-buffered saline (PBS) and
dimethylphenylpiperazinivin (DMPP) (100pM). A. A standard cwrve for cAMP conceniration
ranging from 20 to 0.078 pmol/ml generated by following the competitive ELISA fechnique.
Tissue lysates were diluted (1:5) in 0.1M HCI and loaded onfo the anti-rabbit antibody coated 96-
well plate, alkaline phosphatase conjugated-antigen and rabbit antibody were aliquoted to wells,
respectively, pNpp subsirate was added to wells after washing the plate, and the absorbance reading
was taken at 405 nm after adding the stop solution. B. Quantification of cAMP conceniration
(pmol/ml) was norinalized to protein concentration {mg/ml). An unpaired, two-tailed s-test was
used to compare cAMP quantities between groups (»=5), and no significant difference (ns) between
groups was identified.
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Figure 2.8 The concenfration of cAMP in interscapular brown adipose fissue (iBAT) samples
(second cohort) collected after freating the stellate ganglia with phosphate-buffered saline (PBS),
dimethylphenylpiperazinivin (DMPP) (100uM), nicotine {100pM), and without freatment. A. A
standard curve for cAMP conceniration ranging fiom 20 fo 0.078 pmol/ml generated by following
the competitive ELISA fechnique. Tissue lysates were diluted (1:5) in 0.1M HCI and loaded onto
the anti-rabbit antibody coated 96-well plate, alkaline phosphatase conjugated-antigen and rabbit
antibody were aliquoted fo wells, respectively, pNpp substrate was added to wells after washing the
plate, and the absorbance reading was taken at 405 nm after adding ihe stop solution. B.
Quantification of cAMP concenfration (pmol/ml) was norinalized to protein conceniration
(img/ml). A one-way analysis of variance (ANOVA) was used followed by a multiple comparisons
fest using Dunne’s test to compare cAMP quantities between PBS conirol group and experimental
groups (»=7). No significant difference {ns) between groups was identified.
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Figure 2.9 Expression of hormone-sensitive lipase (HSL) (83 kD) and phospho-HSL {p-HSL)
(Ser563) (83 kD) protein in inferscapular brown adipose tissue (iBAT) samples (first cohort)
collected after freating the stellate ganglia with phosphate-buffered saline (PBS) and
dimethylphenylpiperazinivim {GMPP) (100uM). A. Representative Western blot images of HSL and
p-HSL (Ser563) expression (the entire blot with protein ladder images are in Figure A3 of
appendix). 10 pg of protein for HSL and 25 pg of protein for p-HSL were loaded on to gels,
proteins were fransferred from the gel to a polyvinylidene fluoride (PVDF) membrane, ihe
membrane was incubated with primary antibodies (1:10000 HSL, 1:1000 p-HSL (Ser563)), later
secondary antibodies (1:5000 goat anti-rabbit) and visualized by chemiluminescence subsirate. B.
Densitometric analysis of p-HSL (Ser563) was norinalized fo tofal protein (100-37 kD), C.
Densitometric analysis of HSL (83 kD) was normalized to total protein (100-37 kb). The geometric
mean value with 95% confidence inferval was plotied fo make the bar graph. Half of the mininmin
norimalized protein band density value was used for samples (PBS: P4; DMPP: D1) expressing no
visible p-HSL profein band. An unpaired, two-tailed rtest was used o compare relative protein
quantities between groups (#=>5), with no significant difference (ns) between groups identified.
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Figure 2.10 Expression of horinone-sensitive lipase (HSL) (83 kD) and phospho-HSL (p-HSL)
(Ser563) (83 kD) protein in interscapular brown adipose tissue (iBAT) samples (second colhort)
collected after freating the stellate ganglia with phosphate-buffered saline (PBS),
dimethylphenylpiperazinivin (DMPP) (100pM), nicotine (100uM), and without ifreatment. A.
Representative Western blot images of HSL and p-HSL (Ser563) expression (the entire blot with
protein ladder images are in Figure A4, AS, and A6 of appendix). Asterisks (*) denotes the inter-gel
calibrators (the first sample from each group). 10 pg of protein for HSL and 25 pg of protein for p-
HSL were loaded on to gels, proteins were fransfemred from the gel to a polyvinylidene fluoride
(PVDF) membrane, the membrane was incubated with primary antibodies (1:10000 HSL, 1:1000 p-
HSL (Ser563)), later secondary anfibodies (1:5000 goat anti-rabbit) and visualized by
chemiluninescence subsirate. B. Densitometric analysis of p-HSL (Ser563) was norinalized fo total
protein (100-37 kD), C. Densitomeiric analysis of HSL (83 kD) was normalized fo fotal protein
(100-37 kD). The geometric mean value with 95% confidence interval was plotted to make the bar
graph. Half of the minimun normalized protein band density value across gels was used for
samples (PBS: P6; DMPP: DS5; nicotine: N2; unireated: U3, U4) expressing no visible p-HSL
protein band. A one-way analysis of variance (ANOVA) was used followed by a multiple
comparisons fest using Dume#t’s test to compare relative protein quantities between PBS control
group and experimental groups (v=7), and no significant difference (ns) befween groups was
idengified.
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A different approach applied to the second cohort mice injecting nAChR agonists into
the stellate ganglia did not alter the relative expression of p-HSL (Ser563) in iBAT compared
to the PBS-treated control group (PBS vs DMPP: p=0.9544; PBS vs nicotine: p=0.2225)
(Figure 2.10B). The expression of HSL (83 kD) protein was detected in all iBAT samples
(Figure 2.10A,C), but p-HSL (Ser563) (83 kD) protein was detected in 6 out of 7 PBS,
DMPP, and nicotine-treated and 5 out of 7 untreated samples (Figure 2.10A). Using nicotine
(100 uM) as a second nAChR agonist did not increase the relative expression of p-HSL
(Ser563) in iBAT compared to the PBS-treated control group (p=0.2225) (Figure 2.10B).
Although the untreated group was expected to provide a baseline expression of p-HSL
(Ser563) in iBAT collected without touching the stellate ganglia, this group was not found to

be significantly different than the PBS-treated control group (p=0.2446) (Figure 2.10B).

2.4 DISCUSSION

It is well-established that PACAP has a role in augmenting the cholinergic
stimulation of catecholamine release at the sympatho-adrenomedullary axis (Eiden et al.
2018; Stroth et al. 2013); however, the action of PACAP in catecholamine release at
peripheral SNS has not been measured directly. We developed an ex vivo model and focused
on the stellate ganglia to study PACAP’s role in catecholamine release and stimulating
downstream adrenergic signaling in iBAT. The assessment of the model using two nAChR
agonists demonstrated that our model is unsuccessful in stimulating the expression of
molecular markers (cAMP, p-HSL (Ser563)) of the adrenergic signaling (Figure 2.7-2.10).
The identification of PACAP expression in preganglionic nerves and the expression of the
PAC1 receptors in postganglionic neurons of the superior cervical ganglia suggests

functionality of PACAP signaling in peripheral ganglia (Beaudet et al. 1998; Braas and May
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1999), but direct evidence of contribution to catecholamine release has not been identified.
One member of our lab was able to show the presence of PACAP in synaptic vesicles
adjacent to postganglionic cell bodies of the stellate ganglia using the immunohistochemistry
technique (data not shown, unpublished). The expression of PACAP receptors (PACI,
VPACI1) in postganglionic neurons of the stellate ganglia was confirmed by a member of our
lab (Pandher et al. 2023); however, the function of these receptors at ganglia is not known,
which intrigued us to address the functional significance of these receptors in catecholamine
release using an ex vivo model.

Developing an ex vivo model was the first challenging step for this thesis, considering
the experimental approach to deliver nAChR agonists to the ganglia, which could contribute
to neuronal firing and manipulate the experimental data. The inability of nAChR agonists to
increase cAMP and p-HSL (Ser563) production (Figure 2.7-2.10) in iBAT provides insight
into the challenges of studying a sympathetic ganglion using an ex vivo model. The small size
and complex structure of the ganglia containing a cluster of nerve cell bodies made it
challenging to confirm the delivery of nAChR agonists to the ganglia. Since the peripheral
ganglia, one of the stress-responsive pathways, was the experimental focus of this thesis,
minimizing the environmental stress on the model was crucial to avoid activation of the
stress pathway by environmental stressors. Considering all these factors, optimizing the mice
dissecting protocol and approach to deliver nAChR agonists to ganglia were critical to
validate further experimental data. Optimizing molecular techniques was also essential for
robust quantification of molecular markers in iBAT.

HSL is a hallmark of norepinephrine-stimulated adrenergic signaling in BAT

(Cannon and Nedergaard 2004; Duncan et al. 2007). The activation properties of HSL are
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present in its phosphorylated form, and it has been found that HSL can be phosphorylated by
PKA at multiple positions (Ser563, Ser659, Ser660) (Anthonsen et al. 1998). While we had
aimed to assess the induction of multiple forms of p-HSL as a molecular readout of our
protocol, an 83 kDa band was not detected in iBAT protein extracts using the p-HSL
(Ser660)-specific antibody (Figure Al in appendix) in our protocol optimization step.
However, the p-HSL (Ser563)-specific antibody revealed the positive immunoreactivity with
a band at 83 kDa (Figure 2.9A, 2.10A). While I was not able to continue with both
antibodies, p-HSL (Ser563) was decided to be a robust molecular marker of HSL activity, as
most of the studies related to BAT activation and function in the literature have focused on
the Ser563 position (Arisawa et al. 2024; Cero et al. 2020), considering Ser563 has been
found to be the primary phosphorylation site of HSL (Belfrage et al. 1997; Garton et al.
1988). A positive immunoreactivity of p-HSL (Ser563) antibody was identified using in
vitro, in vivo, and ex vivo models with different experimental conditions (Abe, Sato, and
Murotomi 2023; Arisawa et al. 2024; Cero et al. 2020; Zhu et al. 2019), validating the
specificity of the antibody. As such, the p-HSL (Ser563)-specific antibody was used in
subsequent experiments to quantify the relative expression of p-HSL in BAT collected after
stimulating the stellate ganglia with nAChR agonists.

Based on the literature review, the ratio of p-HSL to HSL was found to be a well-
established parameter to assess the sympathetic activation of BAT and thermogenesis via
lipolysis (Abe, Sato, and Murotomi 2023; Arisawa et al. 2024; Cero et al. 2020; Zhu et al.
2019). However, standard curves for HSL and p-HSL accuracy and limits of detection were
not found in papers. As such, we generated standard curves for HSL and p-HSL (Ser563)

(Figure 2.6) and plotted the pooled sample from each group to identify the ideal protein
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amount and antibody concentration to support semi-quantitative analysis of Western blotting
for both proteins (HSL and p-HSL). The linear curve of the p-HSL (Ser563) antibody at the
conditions tested demonstrated it could be used for reliable quantification; however, the HSL
antibody was found to be inconsistent in terms of sensitivity and provided a high background
signal that raised concerns about using HSL expression as a denominator to calculate the
relative expression of p-HSL. As a result, we normalized the p-HSL protein to total protein
rather than HSL to find the relative expression of p-HSL in iBAT.

Despite DMPP is a well-established nAChR agonist, the production of cAMP and
relative expression of p-HSL (Ser563) were not increased in iBAT collected after treating the
stellate ganglia with 100 uM DMPP (Figure 2.7B, 2.9B). It is possible that the ability of
DMPP to stimulate the nAChR may have been masked by the extracellular matrix and
vascular tissues that obstacle the delivery of DMPP to sympathetic nerve cells. To assess this,
a new approach for delivery of DMPP was applied to the second cohort where DMPP
solution was injected into the stellate ganglia; however, injecting DMPP into the stellate
ganglia did not elicit an elevated cAMP production and relative expression of p-HSL
(Ser563) in iBAT (Figure 2.8B, 2.10B). Previous work has reported that incubation of intact
superior cervical ganglia in a medium containing 100 uM DMPP increased the DOPA
production fivefold (Horwitz and Perlman 1984).

Another nAChR agonist, nicotine, tried with the second cohort did not augment
cAMP production and relative expression of p-HSL (Ser563) in iBAT (Figure 2.8B, 2.10B).
Previous reports have shown that incubation of the primary cultured (a splanchnic nerve-free
in vitro system) bovine adrenal chromaffin cells in a medium containing 10 uM nicotine

elevated endogenous catecholamine release (Mizobe and Livett 1983), which was consistent

59



with findings from a similar experiment worked with ACh to evoke the catecholamine
release (Livett et al. 1979). Our ex vivo model required the selection of a higher nicotine dose
(100 uM) than used in the in vitro system, but the dose was not higher than the threshold
(>10 M) that causes desensitization of the nAChR (Thesleff and Katz 1957), so it is unlikely
that 100 M nicotine dose could inhibit nicotine’s ability to activate the nAChR.

In trying to speculate why I was not able to achieve stimulation of cAMP or p-HSL
with DMPP or nicotine, it is possible that the 3-minute nAChR agonist incubation period
may not be adequate to observe the ganglia stimulation effect on adrenergic signaling in
iBAT. Previous time course experiments reported that the first 15 minutes of DMPP
incubation elicited the maximum nAChR response to produce DOPA, a precursor compound
of catecholamine synthesis, in superior cervical ganglia (Horwitz and Perlman 1984).
Another relevant research showed that 90 to 100% of maximum catecholamine release from
adrenal chromaffin cells occurred within 5 minutes of nicotine incubation (Mizobe and Livett
1983). Unlike culturing the chromaffin cells in the in vitro system where a treatment reagent
directly accesses the cell environment, we used an ex vivo model and focused on a peripheral
ganglia where the sympathetic nerve cells, our experimental focus, are covered by dense
connective tissue, vascular tissue, and extracellular matrix (Gray 2008), which might demand
a higher dose and long incubation time for the nAChR agonist solutions to reach the
sympathetic nerve cells. We focused on analyzing the preganglionic neurons secreted
catecholamine effect on adrenergic signaling in iBAT innervated by the long postganglionic
neuron of the peripheral ganglia, which might require a long incubation time than 3 minutes
to observe the ganglia stimulation effect on downstream adrenergic signaling cascade in

iBAT.
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It was surprising that the PBS-treated group (vehicle control) and the DMPP-treated
group expressed near similar levels of p-HSL (Ser563) and cAMP in iBAT (Figure 2.7B,
2.9B), which indicates touching the ganglia by dissection tools might cause the neuronal
firing. In order to analyze the cause of unexpected increase in p-HSL (Ser563) and cAMP
production in the PBS-treated group, we added an untreated group to the second cohort
where the iBAT was collected without exposing the ganglia. Although there was no
significant difference between the PBS and untreated group based on the relative expression
of p-HSL (Ser563) in iBAT (Figure 2.10B), the p-value was very close to significance
(p=0.0553) according to the cAMP level (Figure 2.8B) between groups. It is possible that
dissection tools may influence the activation of nAChR, and delivering the nAChR agonists
may cause desensitization of the receptor, which results in the inactivation of ion channels
and reduction of the nicotinic receptor response (Kandel et al. 2021). Based on these data, it
is likely that our experimental approach is not ideal to observe the actual stimulation of
nAChR by nAChR agonists in the stellate ganglia.

From the statistical perspective, it is possible that due to using a small sample size (n
= 5-7) for each group, there may not have been enough statistical power to detect a difference
between groups. The data (Figure 2.7B, 2.8B, 2.9B, 2.10B) from our experiments represent
variability with a high standard deviation in each group, which means more overlap between
two distributions and less power to detect a difference between groups. Ideally, a power
calculation would be conducted prior to starting the experiment to estimate the sample size
necessary to detect a difference between groups (Howell 2013). The power analysis of a
study depends on multiple factors, and one of the essential factors is a predefined effect size

(Howell 2013). We developed an ex vivo model and used a novel approach to stimulate the
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ganglia by nAChR agonists, hence the effect size was not available in the literature. Since the
relevant effect size and actual variability within the data were not known, a power calculation
was not completed. Considering a novel experimental approach without a known probable
effect size and using animals as a model that raises ethical concerns, we decided to use a
small sample size (n = 5) for the first cohort to validate the experimental model and approach
first. To provide more statistical power to minimize the overlap of means from different
distributions and detect a difference between groups, we decided to increase the sample size
(n = 10) for the second cohort. However, we had to exempt some mice from the experimental
design due to their aggressive behavior and stress, which reduced the sample size to n=7 for
each group.

In order to reduce the variability, a few factors were considered in the experimental
design, including using an inbred mouse strain (backcrossed C57B16 mouse line), the
established anatomical landmark to detect the stellate ganglia precisely, and molecular
techniques known to be sensitive, specific, and efficient to detect molecules, such as cAMP

and proteins (competitive ELISA and Western blotting, respectively).

2.5 CONCLUSION

Experimental evidence in the literature demonstrates that PACAP has a role in
regulating catecholamine secretion at the sympatho-adrenomedullary axis; however,
PACAP’s role in peripheral sympathetic ganglia is not well-characterized. While we aimed
to develop an ex vivo model to study the effect of PACAP on catecholamine activity in BAT,
model testing using two nAChR agonists (DMPP, nicotine) was unsuccessful. Both potential
nAChR agonists failed to increase the expression of molecular markers (cAMP, p-HSL

(Ser563)) of the adrenergic signaling, even though DMPP and nicotine are well-known for
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nicotinic receptor stimulatory action in SNS. According to our experimental data, further
modification to the protocol or an alternate approach will need to be developed to analyze
PACAP receptor function in the peripheral sympathetic ganglia. Alternative approaches
could include, incubating the intact stellate ganglia or primary cultured postganglionic
neurons in a PACAP-containing medium. Further attempts to develop such a model will
support experiments designed to enhance the understanding of PACAP’s role in regulating

catecholamine synthesis and release in peripheral ganglia.
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Chapter Three: Concluding Remarks and Future Prospects on

Investigating PACAP’s Functional Role in Peripheral Ganglia
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3.1 SUMMARY

The work presented in this thesis aimed to enhance our understanding of the role of
PACAP in peripheral SNS, specifically, the functional role of activated PACAP receptors
located in peripheral ganglia in regulating catecholamine secretion and peripheral effector
organ activation. In support of this, Chapter Two presents data that demonstrate an approach
to develop and assess an ex vivo model to study the function of PACAP receptors in the

stellate ganglia. The objectives for generation of this model were the following:

1. Develop an ex vivo model and validate the model and experimental approach by using
two nAChR agonists (DMPP, nicotine) before working with PACAP.

2. Assess two molecular markers (cAMP, p-HSL (Ser563)) of the adrenergic signaling
in iBAT collected after administering the nAChR agonist to the stellate ganglia.

3. Optimize the protocol of two molecular techniques, competitive ELISA and Western
blotting, and measure the expression of cAMP and p-HSL (Ser563) in iBAT

following the above techniques, respectively.

Chapter Two addressed objectives 1 to 3 above, first developing a novel dissection
protocol to stimulate the stellate ganglia by delivering nAChR agonists. I then measured the
expression of cAMP and p-HSL (Ser563) in iBAT, expecting ganglia stimulation to increase
these molecular markers levels. DMPP (100 pM) administered to the stellate ganglia by
dropping or injecting into the ganglia did not elevate the level of cAMP and p-HSL (Ser563)
in iBAT compared to vehicle administration (Figure 2.7-2.10). These negative findings
directed us to try another nAChR agonist (nicotine, 100 uM) to stimulate the stellate ganglia.
Injecting the nicotine solution into the stellate ganglia also did not augment the expression of

cAMP and p-HSL (Ser563) in iBAT (Figure 2.8, 2.10) compared to vehicle treatment. These
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results demonstrate that the novel experimental model and approach for stimulation were not
successful in stimulating the stellate ganglia, and a different method will need to be tested to
study PACAP’s functional role in the peripheral ganglia of the SNS.

Chapter Three will discuss the future aims and experimental design to study
PACAP’s role in the stellate ganglia by using other approaches or modifications to the
method (in vivo or in vitro). The necessity of PACAP to sustain the secretion of
catecholamine under a stress condition has been well-characterized in adrenal chromaffin
cells (Eiden et al. 2018; Stroth et al. 2013). Finding the expression of PACAP in
preganglionic synaptic vesicles and PACAP receptors in postganglionic neurons supports the
presence of PACAP signaling in the peripheral ganglia (Beaudet et al. 1998; Pandher et al.
2023). The cold-sensitive phenotype and low norepinephrine content found in the iBAT of
PACAP null mice suggest the role of PACAP in thermogenesis in response to cold stress
(Diané et al. 2014; Gray et al. 2002). Considering all experimental evidence, it is convincing
that PACAP must have a role in regulating catecholamine release under stress.
Unfortunately, assessment of the model described in Chapter Two using a novel dissection
approach to deliver two nAChR agonists to the ganglia did not result in an increased level of
downstream markers of adrenergic signaling in iBAT and thus is not ideal for studying
PACAP’s function in the peripheral ganglia. These results have motivated me to consider
different methods to explore the functional role of PACAP and its receptors in the peripheral

SNS.

3.2 FUTURE EXPERIMENTS WITH PACAP
PACAP has been identified in both central and peripheral nervous systems involved

in regulating the sympathetic response to systemic and psychogenic stress (Gray and Cline

66



2019; Mustafa 2013). It has been shown that PACAP is a principle neurotransmitter
responsible for catecholamine release during stress (Eiden et al. 2018). Finding a low level of
norepinephrine in iBAT of PACAP null mice introduced to cold stress also suggested a role
for PACAP in catecholamine secretion (Gray et al. 2002). PACAP displays physiological
functions through binding with three receptors: PAC1, VPACI1, and VPAC2. All three
PACAP receptors belong to class B GPCRs, the Secretin family of GPCRs that have been
found to relate to pathophysiology (Couvineau and Laburthe 2012), thus getting attention for
further study as therapeutic targets for disease. In addition to PACAP, there are other ligands,
such as VIP, that bind with class B GPCRs. The N-terminal domain and transmembrane
domain seven of GPCRs recognize and bind with ligands, which trigger a conformational
change of the receptor, resulting in up-regulation or down-regulation of the downstream
signaling cascades (Duc, Kim, and Chung 2015).

As described in section 1.7 of Chapter 1, alternative splicing generates functional
diversity in PACAP receptors by changing the amino acid sequence. Radio-ligand binding
studies revealed ligand specificity of the three PACAP receptors. VPAC1 and VPAC2 have
higher affinity for VIP than PACAP, and PAC1 has 100-fold more affinity for PACAP than
VIP (Harmar et al. 2012) (Table 1.1). Besides the endogenous ligands, there are some
synthetic peptides (Table 1.1) that have an affinity for the PACAP specific receptor. The
differences in ligand affinity impact the receptor’s mechanism of action and downstream
signaling.

The presence of the PACI1 receptor in the adrenal chromaffin cells involved in
catecholamine secretion is well-studied (Eiden et al. 2018). The PACI1 receptor was also

found in the postganglionic neuron of the superior cervical ganglia (Braas and May 1999).
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Two of three PACAP receptors (PAC1, VPACI) have been identified in the stellate ganglia
with one N-terminal splice variant and two third intracellular loop splice variants of PACI1
receptor (Pandher et al. 2023); however, the functional role of these receptors and selectivity
to ligands are not characterized. Given the negative results described in Chapter Two, using
these known agonist and antagonist molecules (Maxadilan, M65, and PACAP 6-38) to assess

PACAP receptor activity in the ganglia will require a modified or novel approach.

Suggested Modifications to Current Model

Before the model is abandoned, the sample size will be increased (» = 10) for future
experiments to provide enough statistical power to detect a difference between groups. In
order to find reliable and reproducible data, designing the experiment and methodology is
crucial before conducting the experiments. Calculating the sample size is an essential
component of experimental design, as a small sample size may produce inconclusive results,
and a large sample size may produce statistically significant but biologically irrelevant
results. In addition, an overly large sample size raises ethical concerns about the waste of
resources, including animal lives (Charan and Kantharia 2013; du Sert et al. 2020).
Therefore, the sample size should be calculated using a power calculation. However, as
previously described in the discussion of Chapter Two, power calculations are challenging to
conduct for studies that use a novel experimental approach to observe physiological changes
in animals.

Based on the updated Animal Research: Reporting /n Vivo Experiments (ARRIVE)
guidelines (Percie du Sert et al. 2020; du Sert et al. 2020), sample size counting relies on the
purpose of the study. In this thesis, our objective was to determine the function of PACAP

receptor activation in the stellate ganglia by assessing downstream markers of adrenergic
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signaling. A power analysis depends on predefined, biologically relevant effect size,
estimated variability, significance level, and sample size (Howell 2013; du Sert et al. 2020).
The possible effect size and estimated variability within the measurements were not known
to us, considering that we were using a novel approach to stimulate the ganglia. As a result,
we could not do the power calculation to estimate the sample size. Another ANOVA-based
formula used to determine the sample size is the calculation of the E value. The E value is
determined by subtracting the total number of groups from the total number of animals used
in the experiment (Charan and Kantharia 2013). The E value of less than 10 indicates that
adding more samples will increase the chance of finding a difference between groups, which
was the case for the first cohort mice (E=8) used in this thesis. The E value of more than 20
indicates that it is unlikely to find a difference between groups by adding more samples
(Charan and Kantharia 2013), which was the case for the second cohort mice (E=24).

However, this formula is not as robust as a power calculation.

Suggested Future Model

The primary culture of postganglionic neurons can be a potential in vitro model for
studying the role of activated PACAP receptors in the stellate ganglia in regulating
catecholamine release. The primary culture of postganglionic sympathetic neurons is a well-
established model to characterize receptors that regulate catecholamine release. The
electrophysiological experiments demonstrated that the primary culture of mouse
postganglionic sympathetic neurons dissociated from the ganglia is a robust model for the
study of norepinephrine secretion (Trendelenburg et al. 1999). The cultured neurons develop
short dendrites and axon branches that interconnect with soma bodies and form synaptic

contacts. Soma and somato-dendritic regions have been found to hold receptors (nicotinic
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and muscarinic AChRs, PACAP and VIP receptors, etc.) regulating catecholamine release,
and the branching axons have been identified as the major site of catecholamine release
(Boehm and Huck 1997). There are two methods to dissociate the postganglionic neurons
from the ganglia: 1. mechanical agitation, 2. enzymatic action (trypsin, papain, collagenase,
and dispase) followed by trituration (Boehm and Huck 1997).

Following the protocol for primary culture of postganglionic neurons described by
May, Brandenburg, and Braas (1995), the stellate ganglia will be dissected from mice, and
the postganglionic neurons will be dissociated by trituration. The cell suspension found after
trituration will be plated onto a culture dish containing culture medium, nerve growth factor,
and other components. The culture dish will be incubated at 37°C for 7 days in an
atmosphere of 5% CO,/95% air to grow the nerve cells. After 1.5 days, cytosine B-D-
arabinofuranoside will be added to the culture dish for 24 hours to reduce non-neuronal cell
growth. The culture medium will be replaced with the fresh medium after 3 days. On day 7,
cells will be fixed and incubated with anti-TH antibodies to confirm the presence and growth
of postganglionic neurons. An aliquot of PACAP receptor agonist and antagonist (Table 1.1)
solution will be added to the culture dish to incubate cells with agonist and antagonist
compounds at 37°C for a period of time. Afterwards, cells will be extracted in an acid solvent
and will be centrifuged along with the culture medium to quantify the catecholamine amount
in cells and released into the medium. The electrochemical catecholamine assays following
reversed phase high-performance liquid chromatography (HPLC) will be used to assess
catecholamine and metabolite levels in cells and medium (May, Brandenburg, and Braas
1995).

Primary cell culture is the best representative of in vivo biology, being recognized as
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an ideal model for analyzing the effects of treatment on physiological changes. This model
confirms the same genetic background of all cells, thus reducing the physiological variability.
The monolayer cultures of dissociated postganglionic neurons confirm that receptors in
postganglionic neurons activated by treatment compounds are the only source of
catecholamine secretion. Our ex vivo model was challenging from this perspective, where the
technical approach might influence receptor activation. The primary culture of dissociated
neurons allows direct access of treatment compounds to the cell environment, which results
in quick response of receptors to low concentrated treatment compounds (high potency) and
stimulation of signaling cascade. Our ex vivo model, on the contrary, focused on the intact
ganglia that demand a higher dose of treatment and long incubation time compared to the in
vitro model to depolarize receptors. While the advantages of primary cell culture make it a
promising in vitro model, some drawbacks also persist, including easy contamination of
medium, limited lifespan of cells, and high costs of medium components. All these
limitations of the in vitro model made us interested in developing an ex vivo model, which

could be a potential model for pharmacological studies if the model was successful.

3.3 SIGNIFICANCE

Obesity is one of the world’s contemporary health concerns, getting serious attention
for its detrimental effect on quality of life and the economic burden of health care. The
conventional idea of managing body weight by following a proper meal plan and physical
exercise has been unsuccessful in restraining the growing rate of obesity in our population. A
coordinated action of nutritional, hormonal, and neuronal signals is involved in regulating
energy homeostasis. The connection of neuroendocrine to energy metabolism is an

expanding area of research to identify potential therapeutic targets for treating obesity.
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PACAP is a neuropeptide that functions via SNS, and one of its major functions is inducing
thermogenesis in iBAT. Adaptive thermogenesis is an energy expenditure mechanism that
contributes to maintaining energy homeostasis. This thesis aimed to characterize PACAP’s
role in regulating BAT function, thus this work will help in understanding the potentiality of
PACAP as a therapeutic target to combat metabolic diseases.

The preliminary assessment of our model using nAChR agonists elucidates the
challenge of working with an ex vivo model focusing on the sympathetic ganglia, which are
very small structures that may fire with handling or become unable to be stimulated by
following the dissection protocol. This thesis developed an ex vivo model, which could be a
potential alternative to in vitro model associated with a few limitations. Our ex vivo model
could create an exciting opportunity to further study PACAP receptor’s specificity by using
agonist and antagonist molecules and the connection of PACAP to the larger context of
energy homeostasis if the model was successful. We established an optimized Western
blotting and cAMP assay protocol and made standard curves for HSL and p-HSL (Ser563),
which will be a significant addition to future studies investigating BAT activation and
thermogenesis. Collected iBAT after ganglia stimulation will be a valuable resource for Gray
lab to analyze the catecholamine content in iBAT in collaboration with the National Institute
of Health, which will make a more robust conclusion of this thesis.

In summary, this thesis has contributed to understanding the challenge of studying the
effect of sympathetic ganglia stimulation on peripheral organs in vivo, considering the long
axons of postganglionic fibers that may slow down the action potential signals to release
catecholamine and activate the target tissue. The results of this thesis will inform the Gray

lab’s next steps, such as their decision to use a different method (in vivo or in vitro) to
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address the functional role of PACAP receptors in peripheral ganglia. Outcomes from future
experiments demonstrating the function of PACAP and its receptors in peripheral ganglia

will enhance the understanding of PACAP’s role in SNS physiology.
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APPENDIX

Figure A1 Immuno-blotting image to detect phospho-horinone-sensitive lipase (p-HSL) (Ser660)
protein in interscapular brown adipose tissue (iBAT) (»=5) used o optimize the Western blotting
protacol. 25 pg of protein was loaded on to the gel. proteins were fransferred from the gel to a
polyvinylidene fluoride (PVDF) membrane, the membrane was incubated with 1:5000 anti-p-HSL
(Ser660) antibody and 1:5000 secondary antibody. p-HSL {Ser660) (83 kD) protein band was not
detected after adding the chemiluminescence substrate.
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Figure A2 Visualization of the polyvinylidene fluoride (PVDF) membrane after protein fransfer fo
detect tofal protein (100 to 37 kD) (A) used fo normalize the expression of hormone-sensitive lipase
(HSL) (83 kD) (B) detected after adding the chemiluminescence substrate. Similarly, the PVDF
membrane for the phospho-HSL (p-HSL) (Ser563) protein was visualized after profein fransfer to
detect total protein (100 to 37 kD) {C) used to normalize the expression of p-HSL (Ser563) (83 kb))

(D).
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Figure A3 Visualization of the polyvinylidene fluoride (PVDF) membrane after protein fransfer to
detect total protein (100 to 37 kD)) {A) used to normalize the expression of horinone-sensitive
lipase (HSL) (83 kD) (B) detected afier adding the chemiluminescence subsirate. Similarly, the
PVDF membrane for the phospho-HSL (p-HSL) (Ser563) protein was visualized after protein
fransfer to defect total profein (100 to 37 kD) (C) used o normalize the expression of p-HSL
(Ser563) (83 k) (D). P1 to PS5 are PBS-treated samples and D1 to DS are DMPP-treated samples

from the first cohort.
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Figure A4 Visualization of the polyvinylidene fluoride (PVDF) membrane after protein fransfer to
detect tofal profein (100 to 37 kD) {A) used to normalize the expression of horinone-sensitive
lipase (HSL) (83 kD) (B) detected afier adding the chemiluminescence subsirate. Similarly, the
PVDF membrane for the phospho-HSL (p-HSL) (Ser563) protein was visualized after protein
fransfer to defect total profein (100 to 37 kD) (C) used o normalize the expression of p-HSL
(Ser563) (83 kD) (D). P1 10 P3 are PBS-treated samples, D1 to D3 are DMPP-freated samples, N1
to N3 are nicotine-freated samples, and Ul to U3 are unireated samples from the second cohor?.
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Figure AS Visualization of the polyvinylidene fluoride (PVDF) membrane after protein fransfer fo
detect tofal protein (100 to 37 kD) (A) used fo normalize the expression of horimone-sensitive lipase
(HSL) (83 kD) (B) detected after adding the chemiluminescence substrate. Similarly, the PVDF
membrane for the phospho-HSL (p-HSL) (Ser563) protein was visualized after profein fransfer to
detect total protein (100 to 37 kD) {C) used to normalize the expression of p-HSL (Ser563) (83 kb))
(D). P4 and PS5 are PBS-treated samples, D4 and DS are DMPP-treated samples, N4 and NS are
nicotine-treated samples, U4 and US are unireated samples from the second cohart. Asterisks (%)
denotes the inter-gel calibrators (the first sample from each group).
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Figure A6 Visualization of the polyvinylidene fluoride (PVDF) membrane after protein fransfer fo
detect tofal protein (100 to 37 kD) (A) used fo normalize the expression of hormone-sensitive lipase
(HSL) (83 kD) (B) detected after adding the chemiluminescence substrate. Similarly, the PVDF
membrane for the phospho-HSL (p-HSL) (Ser563) protein was visualized after profein fransfer to
detect total protein (100 to 37 kD) {C) used to normalize the expression of p-HSL (Ser563) (83 kb))
(D). P6 and P7 are PBS-ireated samples, D6 and D7 are DMPP-treated samples, N6 and N7 are
nicotine-treated samples, U6 and U7 are unireated samples from the second cohart. Asterisks (%)
denotes the inter-gel calibrators (the first sample from each group).
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