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Abstract

Obesity is a growing global concern and research is key to developing understanding and
mitigative strategies. Metabolic research often involves in vitro culture using cell lines
or isolated primary adipocytes, offering limited translatability to in vivo physiology, as
adipose is heterogeneous, with dense vascularisation and rich nervous innervation. How-
ever, nervous innervation of white adipose tissue (WAT) has not been fully resolved, with
literature offering contradictory reports on the frequency and type of nerve-adipocyte in-

teractions.

Here, adopting an alternative method of whole-mount immunocytochemistry, | present
evidence of nervous innervation of mouse subcutaneous WAT (SAT) in three major
modes: in coarse bundles, innervating vasculature, and parenchymal innervation, includ-
ing direct adipocyte-encapsulating structures. Contrary to other reports, instances of
direct nerve-adipocyte interactions were occasional, and were exclusively sympathetic.
These casual sympathetic interactions are sufficient for inducing lipolysis, as in a novel
neurogenic approach, the use of Na'-channel opener veratridine to stimulate nerves ex
vivo in SAT, successfully induced lipolysis to equivalent levels of norepinephrine. Con-
trary to literature in rodents, the (52-adrenergic receptor (AR), not 33-AR, was found
critical to veratridine-driven lipolysis, which presents a novel finding. Pharmacological
characterisation indicated norepinephrine as the sole driver of veratridine-evoked lipol-
ysis, with sensory neuropeptides and other sympathetic neurotransmitters neuropeptide
Y (NPY) and adenosine triphosphate (ATP), uninfluential in lipolysis. Interrogating the
role of purinergic signalling further, there was no role for identified P2X4 and P2Y6

receptors in regulating either stimulated, or basal lipolysis.

These data serve to improve understanding of murine SAT innervation, as well as
signalling molecules involved in regulating lipolysis in a model likely more representative
of physiology. The investigation into innervation and lipolysis using these approaches
could be further developed in rodent, but also human adipose, for study across obese &
diabetic states and to investigate other outcomes including lipogenesis, and adipokine
secretion. The ex vivo platform incorporating veratridine-induced lipolysis could be

harnessed for research and development in preclinical trials.
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Chapter 1

Introduction

1.1 Obesity

Obesity is defined as the excessive accumulation of adipose deposits within the body,
to the detriment of the individual's health (WHO.org). The current determination of
obesity is via the body-mass index (BMI) calculation, which divides body weight (in kg)
by the square of height (m?). The range for a healthy BMI is between 18.5 - 25, where
a BMI above this upper range increase the probability there is more mass and therefore
adiposity. Although, muscle mass is an unaccounted parameter in the BMI calculation
and as such, the BMI calculation serves only as an approximate indicator of obesity.
To echo other reports, obesity is reaching pandemic proportions, with the World Health
Organisation (WHO.org) reporting that in 2022, 43% of adults (representing 2.5 billion)
were considered 'overweight’ and 16% as 'obese’ globally.

In fact, if these trends persist, these statistics are predicted to worsen, with current
projections of 24% of the world’s population set to classify as obese by 2035 (equating
to 1.914 billion people) (World Obesity Atlas report, 2023). The outlook for obesity is
therefore concerning, as within the World Obesity Atlas report from 2023, no countries
have reported declines in obesity prevalence within their population. Further, regions
where obesity was less prevalent are now unfortunately seeing increases, such as in
Africa and South East Asia, likely due to "Westernisation" of dietary and lifestyle habits
(Boutari & Mantzoros 2022).

Obesity, therefore represents a growing global concern and one which cannot be amelio-

rated instantly. This in part is due to obesity spanning age groups, with more children
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than ever with an overweight/obese status (globally 8% in 1990 rising to 20% in 2022)
(WHO.org) and are statistically more likely to retain this status as they reach adulthood
(Simmonds et al. 2016). Solving obesity through fat loss is a protracted process, requir-
ing individuals’ motivation and dedication, which is ultimately difficult to instil and will

take time to reflect in longitudinal reports if intervention efforts succeed.

1.1.1 Obesity causes

There are a multitude of hereditary and lifestyle factors that contribute to the onset of
obesity, and those with a genetic background or medical conditions predisposing them to
obesity are at higher risk (NICE.org). Medical conditions such as hypothyroidism lower
the basal metabolic rate, which leads to changes in energy balance (Crowley 2008).
Medications such as (-blockers, can also promote obesity as they can simultaneously
interfere with (3-adrenergic controlled lipolysis (Sharma et al. 2001). Other factors such
as age and hormonal changes during menopause can also contribute to the development
of obesity (Crowley 2008).

However, lifestyle factors such as excess calorie intake versus expenditure due to over-
consumption of food and drink and/or inactivity, are particularly influential (Crowley
2008). Access to intensively processed and calorie-dense food in modern society is
likely responsible, at least in part, for the statistics previously described. Additionally,
depletion of 'green space’ due to growth and expansion of urban and suburban areas is
also associated with obesity, which will only exacerbate as global populations continue to
rise (Kim et al. 2021). As a corollary, obesity is considered “one of the most important
public health problems facing the world today” (World Obesity Federation). Therefore,
with the awareness of projected statistics and recognition of the causes of obesity, its
vital research is directed to better understand metabolic physiology in order to support

increasing demands for mitigative treatments and intervention.

1.1.2 Obesity-associated diseases

Obesity poses a significant risk factor and is a precursor to a suite of serious long-term
health conditions. Eventually, as adipose depots continue to expand over time, patho-
logical responses occur as adipocyte secretions becomes dysregulated, described as the

"Phenotypic switch" (Kawai et al. 2021). This switch in adipocyte secretions results in
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inflammation of adipose tissue, which impairs it's ability to function as an endocrine and
storage organ. Resident immune cells, macrophages, become activated by chemoattrac-
tant molecules from the altered adipocyte secretions (Kawai et al. 2021). As a response,
activated macrophages release a suite of pro-inflammatory cytokines which characterise
the inflammatory phenotype and adipocytes lose the ability to respond to their extrinsic
regulatory signals (Kawai et al. 2021; Zhang et al. 2020). Increased plasma levels of
inflammatory molecules such as interleukins and tumour necrosis factor a (TNF«) are
often observed in obese patients, which can affect critical organs such as heart func-
tion, indicating the systemic impact adipose inflammation can have (Ouchi et al. 2011;
Ashraf et al. 2013). Aberrant expression of growth factors, cytokines and chemokines
in obesity are also linked to multiple cancers, such as uterus, gallbladder, colon, thyroid
and breast cancer (Pati et al. 2023). As consequence, impairment and unavailability of
fat stores leads to ectopic fatty deposits within vasculature and organs (Chusyd et al.
2016), resulting in pathologies such as cardiovascular diseases, non-alcoholic fatty liver

disease and liver cirrhosis, a seemingly endless list (Trayhurn 2013; Zhang et al. 2020).

A common pathological association with excessive (particularly visceral and abdom-
inal) adiposity is 'metabolic syndrome’ which describes a cluster of individual conditions
encompassing; insulin resistance, atherogenic dyslipidemia, hypertension as well as obe-
sity (Straznicky et al. 2009). Obesity-driven metabolic syndrome thereby acts as a risk
factor for a constellation of serious long-term health conditions, including type 2 diabetes
(T2D). The 'pre-diabetic’ state described in metabolic syndrome can quickly tip to a
T2D diagnosis due to a pre-existing degree of insulin resistance, which worsens and re-
sults in a loss of response to endogenous sources of insulin in peripheral tissues. In turn,
a compensatory over production of insulin by pancreatic 3 cells can ultimately lead to
their dysfunction/degradation with a decrease in insulin production and pathologically
increased blood glucose levels. Elevated blood glucose levels eventually spiral into a
plethora of related health conditions (Barella et al. 2021). Hyperglycemia-induced dam-
age to peripheral vasculature can lead to tissue necrosis, kidney damage and retinopathy
(Mota et al. 2020). Metabolic syndrome also lends to development of various cardiovas-
cular diseases including coronary heart disease, where arterial deposits of fat can result

in ischemia and myocardial infarction. When these deposits occur peripherally they can
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result in strokes (Zhang et al. 2020). Thus, obesity is intrinsically linked to a suite of

largely preventable pathologies which can reduce quality of life.

1.1.2.1 Runaway effects

Additional to the diseases and pathologies described above, there are 'runaway’ effects of
obesity which serve to perpetuate the obese state and increase difficulty in management.
As fat stores rapidly expand they experience remodeling in response to adipocyte hyper-
trophy, which manifests in loss of vascularisation of the tissue due to limited capacity of
vascular angiogenesis to match the rate of adipose expansion (Herold & Kalucka 2021).
Lack of vascularisation limits the delivery of circulating hormones, oxygenated blood
and uptake of free fatty acids (FFA), which promotes adipose hypoxia and FFA-induced
lipotoxicity. These ultimately generate unhealthy, inflamed adipose tissue states, which
can feed back on to existing microvasculature and induce further damage (Zatterale
et al. 2020). Re-vascularisation of adipose does eventually occur, due to adipocyte ex-
pression of pro-angiogenic factors in response to inflammation and hypoxia. However
the aberrant secretion of growth factors can lead to fibrosis of adipose, as additional
matrix components are deposited, such as collagen. Ultimately this changes adipose
structure/composition which makes mitigating via simple weight loss efforts challenging

(Guardia et al. 2024; Herold & Kalucka 2021; Reggio et al. 2013).

In parallel with obesity-induced remodeling, polyneuropathy from persistently high
blood glucose concentrations (Blaszkiewicz et al. 2019b; Blaszkiewicz et al. 2019a), high
levels of triglycerides, elevated blood pressure (Callaghan et al. 2020) and inflammatory
molecules (such as IL-1/3) occurs (Zatterale et al. 2020). These result in disabled com-
munication with, and depletion of, fat stores, limiting sympathetic nerve capacity to
reduce hypertrophy and regulate metabolism. This fits somewhat with the paradoxical
evidence that shows sympathetic nervous drive is increased in obesity, manifesting in
hypertension from increased vascular tone, yet adiposity can persist and progress (Kalil
& Haynes 2012). These affects of lost innervation contribute to what is known in obese
pathology as 'catecholamine resistance’ which can be described as loss of response to
endogenous norepinephrine (Duncan et al. 2007). Catecholamine resistance encom-

passes desensitisation and decreased expression of -adrenergic receptors (ARs) (33-AR
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in mice and 32-AR in humans) as well as downregulation of lipolysis mechanics (for ex-
ample lipases involved in lipolysis) (Duncan et al. 2007; Valentine et al. 2022), as well as
upregulation of anti-lipolytic mechanisms, such as a2-AR receptor expression in human
adipocytes (Arner 2005). Ultimately loss of peripheral sympathetic nerves innervating
adipose leads to a loss of control and perpetuation of obesity, as intervention efforts fail
to induce lipolysis.

Essentially, islands of isolated adipocytes where vascularisation and neuronal innervation
is perturbed lend to loss of control and perpetuation of obesogenic conditions, empha-

sising the importance of vascularisation and nervous innervation in adipose tissue health.

1.1.3 Impact

Obesity and associated diseases inevitably impose local & global economic costs and
strain on healthcare systems, together with millions of premature deaths. Correspond-
ingly, cardiovascular diseases are the leading cause of global deaths, accounting for nearly
17.9 million deaths annually in 2019 (WHO.org) (and an estimated 20.5 million deaths in
2021 [BHF 2024]), with ischemic conditions like stroke and coronary heart disease being
responsible for 6.6 & 9.1 million deaths, respectively (BHF 2024, [2019 data]). Diabetes
is another global leading cause for premature death and affects around 422 million peo-
ple globally, accounting for 1.5 million deaths per year (WHO.org). Diabetes costs the
NHS around £10 billion per year, with 90% of diabetic cases in UK being type 2, the
preventable form (Diabetes UK.org). According to government reports, obesity costs
the NHS £6.5 billion per year, which is expected to increase to £9.7 billion each year
by 2050 (Gov.uk 2022, 2023). As obesity is predicted to increase in prevalence globally,
as discussed in Section 1.1, these economic burdens are unlikely to abate. Therefore,
research into physiology surrounding metabolism is crucial to future understanding and

strategically tackling obesity with more targeted therapeutics.
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1.2 White adipose tissue

1.2.1 Adipocyte subtypes

There are three adipocyte subtypes characterised by their function and described by
their mitochondrial-derived appearance (Figure 1.1). Brown adipocytes are implicated in
mammalian non-shivering thermogenesis, generating heat opposed to adenosine triphos-
phate (ATP) in the mitochondrial electron transport chain, possessing greater numbers
of mitochondria to facilitate this process. [3-adrenergic receptor stimulation induces
liberation of FFAs from small lipid droplets which serves to fuel the electron transport
chain via (-oxidation, as well as FFAs binding to and activating uncoupling protein-1
(UCP-1) on the mitochondrial inner membrane. The uncoupling allows H* protons to
rapidly travel across the membrane via UCP-1 independently of ATP synthase dissipating
energy as heat, which would otherwise typically harness the gradient to generate ATP
(Cannon & Nedergaard 2004). These cells lie in brown adipose tissue depots such as
cervical, supraclavicular and perirenal depots, where their main role is the generation of
heat in response to cold stress and increased energy intake (Cannon et al. 2004) (Figure
1.1). Brown adipose is most abundant in human infants, however these depots decrease
with age and is a concept that researchers are keen to harness in obesity treatments

(Evans et al. 2019).

White adipocytes are functionally and visually distinct, with large volumes of lipid
stored in their cytoplasm (unilocular), they possess far fewer mitochondria than other
types and are non-thermogenic (Braun et al. 2018). Their increased capacity for lipid
sequestration facilitates their principle role as storage units for excess caloric intake in the
form of triglycerides, which can be released to fulfil increased energy demands. White
adipocytes congregate in white adipose depots and are the most abundant subtype in
adulthood. While beige adipocytes are also often found in white adipose tissue, white

adipocytes constitute the majority and denotes the classic 'white fat' phenotype.

Beige adipocytes are an intermediate subtype that falls between white and brown

adipocytes. They possess fewer mitochondria than brown adipocytes and higher vol-
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umes of stored lipids (multilocular), but not to the extents of white adipocytes. Beige
adipocytes are also capable of thermogenesis when induced by cold stress (termed 'brown-
ing'), underpinned by upregulating expression of UCP-1, allowing for an adaptive phe-

notypic switch in response to demand (Cannon et al. 2004).

The present PhD project is centred around signalling in white adipose tissue, with
particular focus on white adipocytes. Therefore, unless otherwise stated white adipocytes
are those being referred to and considered in the context of the work undertaken and

will remain the core subtype discussed.

White

Lipid

Nucleus
droplet

Brown adipose White adipose

Figure 1.1: Adipocyte subtypes. lllustrative figure of the three key subtypes of
adipocyte: brown, beige and white, alongside the depots they reside in. White adipocytes
possess the characteristic 'unilocular’ appearance, while beige and brown adipocytes

share the multilocular appearance.

1.2.2 White adipose tissue organ role and depots

White adipose tissue (WAT) is not only populated by white and beige adipocytes (which

approximate to one third of the cells in a given depot), but is enriched by blood and
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lymph vasculature, nerves, immune cells, fibroblasts, stromal cells, pre-adipocytes and
extracellular matrix components like collagen (chiefly type VI), which collectively com-
prise the tissue (Cavaliere et al. 2023). The heterogeneous nature of WAT makes it
dynamic and responsive to a plethora of signalling cues. Generally, white adipose has
two primary storage forms; subcutaneous adipose tissue (SAT), (which accounts for
around 80% of total body fat) and visceral adipose tissue (VAT) (accounting for 20%),
wherein visceral pertains to those around vital organs, and subcutaneous refers to those
'under the skin' (Cavaliere et al. 2023). The roles of these two forms differ, in that
the core purpose of visceral adipose is protection of vital organs, whilst subcutaneous
adipose is more implicated in storage and endocrine functions. As such, the depots can

differ in presentation and composition (Borgeson et al. 2022).

WAT can expand in volume to accommodate increased incoming energy sources
by both hypertrophy (increase in size/volume) and hyperplasia (increase in number) of
adipocytes. Hyperplasia of adipose occurs when resident adipocyte precursors differ-
entiate into adipocytes to increase the total adipocyte number in the depot and thus
increase the storage capacity. Hypertrophic expansion is associated with harmful and

adverse alterations of white adipose tissue remodelling as already mentioned in Section

1.1.2.1 (Choe et al. 2016).

1.2.2.1 Physiological role

Lipid storage as triacylglycerol, also referred to as triglycerides (TAG), in adipocytes
within the white adipose depot forms a critical adaptive mechanism that allows for
long periods of fasting. The principal role of subcutaneous WAT is therefore to store
excess dietary intake as lipids within large chasms in the cytoplasm through the process
of lipogenesis (Evans et al. 2019). WAT is dynamic, as fluctuations in dietary caloric
intake are mirrored by alterations in metabolism of lipids to balance whole body energy
and regulate metabolic homeostasis. WAT offers axillary roles as a protective 'padding’
underneath the skin, shielding from mechanical stress (Kwok et al. 2016). The protective
padding consequently facilitates thermal regulation as a physical insulating barrier to
cold, and WAT stores can also mobilise and redirect lipids under cold stress toward BAT

stores, to fuel thermogenesis (Choe et al. 2016). WAT is also the primary site for vitamin
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D storage which is crucial for skeletal health, extending the beneficial role of WAT (Park
et al. 2021).

1.2.2.1.1 WAT as an endocrine organ

Once regarded as a passive calorific reservoir, metabolic homeostasis is facilitated by the
endocrine function of WAT. A substantial portion of appetite control and energy balance
is governed by adipocyte-secreted factors known as adipokines. For example, the exten-
sively studied hormone leptin is secreted by adipocytes upon insulin stimulation (Tsai
et al. 2012), which acts on neurons AgRP and POMC in the arcuate nucleus within the
hypothalamus region of the brain, to reduce appetite and promote satiety (Caron et al.
2018) and increases sympathetic drive to peripheral tissues, including WAT (Zeng et al.
2015). Therefore, leptin acts as an 'adipostat’ to control adipose stores via a negative
feedback loop. Adiponectin is another key secreted adipokine, which acts both locally
in adipose tissue and systemically in skeletal muscle and liver. Adiponectin is considered
a health-promoting adipokine due to its numerous beneficial effects and correlates pos-
itively to longevity (Zhang et al. 2020). Adiponectin serves to reduce lipolysis, reduce
inflammation, increase insulin sensitivity and in the liver lowers hepatic glucose produc-
tion and promotes hepatocyte survival, all to the benefit of systemic metabolism (Zhang

et al. 2020).

Also, adipocytes secrete an array of cytokines, and chemokines; Interleukin (IL)-1,
IL6, IL8, IL10, monocyte chemoattractant protein-1 (MCP-1) & TNFe«, which can have
varying impacts on adipose and systemic health. Of these, IL-6 TNFa and MCP-1
are pro-inflammatory, while IL-1 & IL-10 are anti-inflammatory (Ouchi et al. 2011).
Metabolic health/state influences the adipokine profile during the aforementioned "phe-
notypic switch", wherein obesity-induced adipose dysfunction promotes the release of
pro-inflammatory molecules and downregulation of anti-inflammatory molecules, as above

(Choe et al. 2016).

1.2.2.1.2 WAT as an energy buffer

A facet of the WAT role is sequestering of lipids away from organs and vasculature in

dedicated and specialised organs, to prevent ectopic deposits, lipotoxicity and inflam-
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mation, all of which pertain to a suite of high-risk diseases as described in section 1.1.2
(Guilherme et al. 2008). WAT therefore acts as a metabolic 'sink’ to decrease the
post-prandial loads of circulating glucose and lipids which would otherwise be detrimen-
tal to health (Chusyd et al. 2016). As such, certain WAT depots such as gluteal and
femoral SAT depots actually incur beneficial protective effects linked with secretion of
anti-inflammatory adipokines, while storage in other sites such as abdominal SAT and
VAT are maladaptive and associated with the plethora of health concerns as already
discussed (Section 1.1.2) (Chusyd et al. 2016).

It is therefore important to note to the reader that adipose tissue is a valuable and
crucial part of our physiology. This is demonstrated in diseases such as partial or total
lipodystrophy and cachexia where body fat cannot be properly maintained or stored,
resulting in complications such as thrombocytosis, hypotriglyceridaemia, cardiovascular

disease, liver failure and ultimately premature death (Aradjo-Vilar et al. 2019).

1.2.2.2 Mouse and human adipose

Human and other mammalian adipose, such as rodent adipose, differ. These differences
likely correspond to evolutionary adaptations in behavioural and physiological roles of
each species, which have optimised for their lifestyle habits.

There are key differences in depot anatomical organisation. Mice have two key large
SAT depots, the inguinal WAT (iWAT) and axillary WAT (axWAT) which are located
anterior and posterior of the animal, respectively (Figure 1.2). Humans have three
key large SAT depots; abdominal WAT (abWAT), gluteal and femoral depots, which
divide into upper and lower divisions, with upper abWAT localised to the abdomen and
lower gluteofemoral WAT around the thighs and gluteal area (Figure 1.2). In humans,
abdominal SAT can be further divided into superficial subcutaneous tissue (sSAT) and
deep subcutaneous tissue (dSAT), which is congruent with VAT, and are separated by
the fascia superficialis (Chusyd et al. 2016). There are no such subdivisions in mouse
SAT as described in humans. However, in mice, the SAT and dermal layers of fat
are separated with a layer of smooth muscle (panniculus carnosus) which is absent in
humans, and is instead congruent with dermal adipose tissue (Figure 1.2) (Luong et al.
2019). Additionally, female mouse SAT is also mammary tissue and presents another key

distinction. The inguinal adipose depot in mice is geographically equivalent to the human
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gluteofemoral depots and experimental results of mouse iIWAT & human abdominal WAT

are considered 'comparable’ (Chusyd et al. 2016; Borgeson et al. 2022).

VAT depots common to humans and mice are pericardial, perirenal, retroperitoneal,
mesenteric and omental (Luong et al. 2019; Chusyd et al. 2016). Although while
these are technically shared depots, according to reports, visceral adipose is less com-
parable between species. Key differences being mice have very reduced mesenteric and
omental VAT compared to humans and are likely less implicated in regulating systemic
metabolism. Instead mice have large perigonadal/epididymal VAT depots, which are

very reduced in humans (Borgeson et al. 2022) (Figure 1.2).

Hypertrophy is the typical route of expansion in human SAT, as studies indicated
adipocyte number was constant across obese and lean patients (Spalding et al. 2008).
SAT expansion in both humans and mice is generally via hypertrophy, demonstrating im-
portant shared physiology allowing for better translation across species models. However,
differences in adipocyte size occur across different adipose depots, between species. Mice
reportedly have larger adipocytes in VAT depots and smaller more numerous adipocytes
in SAT depots, while for human SAT, this is largely the opposite (Borgeson et al. 2022).
Human SAT is suggested to have a lower vascular density than mouse SAT owing to
the differences in adipocyte size across depots (Song et al. 2016; Ledoux et al. 2008;
Borgeson et al. 2022). As adipocyte size is used as a qualitative descriptive of adipose
tissue health status, where a larger adipocyte corresponds to a hypertrophic phenotype
and thereby dysfunctional tissue, it means that comparisons using these adipocyte pa-
rameters may be more challenging to use in isolation. This means, depending on the
depots being compared, studies of pathology and effects on adipocyte hypertrophy or
hyperplasia aren’t directly translatable between species as a marker for adipose health.
Adipocyte size cannot be used as an absolute determining factor for dysregulation due

to these native differences.

Mice and humans also have a similar order of lipolytic responses to weight loss across
depots, with human weight loss efforts preferentially reducing VAT over SAT stores and
abdominal SAT opposed to gluteofemoral stores (generally). Similarly, mice undergoing
weight loss show greater preference for VAT and over SAT stores in general (Chusyd

et al. 2016). For example, the inguinal depot demonstrates plasticity to fasted weight
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loss, reducing in weight and dimension after visceral stores have depleted, which can

re-expand /recover under normal diet regimes (Tang et al. 2017).
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Figure 1.2: Mouse and human adipose depots. lllustrative figure of adipose depots
and divisions between species. Mice and humans share pericardial, mesenteric, perirenal
and retroperitoneal (not shown) visceral adipose depots (VAT). Mice have large perigo-
nadal (also known as epididymal) VAT, which is reduced in humans, instead possessing
large omental depots. Mouse subcutaneous adipose tissue (SAT) presents as two key de-
pots: the inguinal and axillary, whereas humans have gluteofemoral (buttock and thigh)
stores and abdominal SAT. Blue box illustrates human abdominal SAT is divided into
deep and superficial layers, separated by the fascia superficialis, a division not seen in
mice. Mouse skin has clearly defined dermal white adipose tissue (WAT) and SAT due
to separation by a sheet of smooth muscle, the panniculus carnosus. In humans this is
absent and dermal WAT is congruent with SAT. Figure adapted from Luong et al. 2019;
Borgeson et al. 2022; Griffin et al. 2020.
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1.2.3 Lipolysis

In addition to their ability to capture and store excess energy, white adipocytes have
an opposing mechanism to catabolise and liberate lipids from stores during periods of
fasting or increased energy demand (Frithbeck et al. 2014). Lipolysis is the hydrolysis of
intracellular stores of TAG during a sequential chain of lipase activity; adipose triglyc-
eride lipase (ATGL), hormone-sensitive lipase (HSL), monoacylglycerol lipase (MGL), to
generate one glycerol molecule and 3 fatty acids (one produced at each hydrolysis step).
Initially, TAG is hydrolysed into diacylglycerol (DAG) by ATGL, which is then hydrolysed
further to monoacylglycerol (MAG) by HSL, and lastly, MGL hydrolyses MAG to glycerol
(Grabner et al. 2021) (Figure 1.3).

The resulting products of lipolysis can then be utilised by cells in the body for
energetic rebalance. FFAs can be used directly for generation of important cell cycle
substrates (acetyl-CoA) via (-oxidation in various tissues like skeletal muscle and the
kidney, or converted to ketone bodies in the liver which can then be oxidized by other
cells (Bae et al. 2023; Nakagawa et al. 2016). Glycerol fuels production of glucose in
hepatic gluconeogenesis to ultimately increase blood glucose concentrations, providing
glucose for tissues which cannot utilise FFAs as energy, such as the brain (Malfacini
et al. 2023). Some FFAs are reuptaken by WAT and remain within the adipocyte to
be re-esterified back into stored TAG (Li et al. 2022). However, WAT has a limited
capacity to reuse released glycerol, due to adipocytes having low expression levels of

glycerol kinase (Treble & Mayer 1963; Bridge-Comer et al. 2023; Arner 2005).

Ultimately, lipolysis depletes stored triglycerides and buffers the body's energy de-
mand. Increased energy demand from physical activity and/or fasting leading to con-
sistent lipolysis, can result in body fat loss over time. Lipolysis and lipogenesis work in
synergy to regulate metabolism and lipolysis occurs at its greatest extent when induced
by external stimuli and is termed 'stimulated lipolysis’. Stressors such as aforementioned

periods of fasting stimulate a substantial lipolytic response.
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1.2.3.1 Stimulated lipolysis

Stimulated lipolysis must be carefully regulated through signalling-dependent mecha-
nisms for precise control of metabolism and represents a highly adapted metabolic re-
sponse to increased energy demands. The requirement for ligand-governed stimulation

of lipolysis is necessary to ensure stored energy is preserved for periods of genuine need.

Stimulated lipolysis is a complex multi-factorial process that comprises pro-lipolytic

signalling from hormones, cytokines and catecholamines (norepinephrine, epinephrine),
with varying degrees of influence (Grabner et al. 2021; Grant et al. 2015).
The principal means of inducing lipolysis under fasted conditions is via catecholamines
commanding TAG hydrolysis through intracellular enzyme activation and is considered
the ‘canonical’ lipolytic pathway (Grabner et al. 2021). Norepinephrine released from
sympathetic neurons binds to adrenergic receptors, chiefly G,-linked G-protein coupled re-
ceptors (GPCRs) (1, 2 & 33 adrenergic receptors (ARs), on the adipocyte cell surface.
The act of norepinephrine binding causes a conformational change to the intracellular
domain of the receptor, which activates the G-protein « subunit causing its dissociation
from the /5 and v counterparts (Wingler et al. 2020). The a-4 subunit is free to acti-
vate adenylyl cyclase (AC) and induce a signalling cascade. AC activity increases cyclic
adenosine monophosphate (cAMP) production, whereupon cAMP activates downstream
protein kinase A (PKA). After activation, PKA has dual effects, phosphorylating both
HSL and perilipin-1. At basal states, perilipin-1 sequesters a protein co-activator, com-
parative gene identification-58 (CGI-58), which is released post-PKA phosphoactivation
and stimulates ATGL activity in the initial stage of lipolysis. Phosphorylation of perilipin-
1 also causes disruption of its inhibitive coating on the lipid droplet surface, allowing
access of second-stage lipase, HSL (Duncan et al. 2007). PKA-activated HSL translo-
cates to the lipid droplet membrane and is primed to perform the sequential hydrolysis of
DAG to MAG (Li et al. 2022). While catecholamines represent dominant route for G,-
mediated lipolysis (Duncan et al. 2007), hormones such as thyroid stimulating hormone
(TSH), melanocortins; melanocortin stimulating hormone (MSH) & adrenocorticotropic
hormone (ACTH), and secretin, among others, also activate G,-linked receptors and
induce lipolysis as described above (Figure 1.3) (Grabner et al. 2021; Nielsen et al.
2014).
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1.2.3.1.1 Additional lipolysis pathways

cGMP-PKG pathway

An alternative to the canonical G,-coupled activation of lipolytic enzymes is cardiac-
derived natriuretic peptide hormone, atrial natriuretic peptide (ANP), which binds to
guanylyl cyclase-linked receptors to induce the production of cyclic guanosine monophos-
phate (cGMP). cGMP is an activator of protein kinase G (PKG) which acts analogously
to PKA, phosphorylating HSL and perilipin at the same sites and thus inducing lipolysis
(Sengene et al. 2003; Collins 2022). Due to the release of ANP being triggered by dis-
tention of muscle fibres in the atria of the heart, stresses such as physical exertion and /or
autonomic fight or flight responses result in this route of stimulating lipolysis (Lafontan
et al. 2005). This pathway is restricted to primates and there is little evidence of this
pathway in rodents (Lafontan et al. 2005).

MEK/ERK pathway

Additional to, and possibly independent of, PKA-mediated lipolysis, other intracellu-
lar pathways have been shown to increase lipolysis, such as the mitogen-activated protein
kinase kinase and extracellular-signal-regulated kinase pathway of kinases (MEK/ERK).
Typically induced via external signals such as growth factors and cytokines (Bost et al.
2005), the MEK/ERK pathway has been shown to increase lipolysis via [3-adrenergic
receptors 1, 52 and particularly 33-AR and is suggested to account for 20-25% of
lipolysis (Collins 2022). Researchers found at low agonist concentrations, inhibition of
PKA alone was sufficient to remove lipolysis. However, at higher agonist concentra-
tions, inhibition of PKA removed only 75-80% of lipolysis (in 3T3-L1 adipocytes) as
the ERK pathway was recruited to increase lipolysis in collaboration with canonical PKA
signalling, which was abolished with antagonism of MEK and kinase Src (Robidoux et al.
2006). The ERK signalling axis has been linked to the negative regulatory AC 'G;" path-
way, as ERK-induced lipolysis was found sensitive to G; inhibitor pertussis toxin (Soeder
et al. 1999). The [33-AR is particularly interesting as it can interchangeably couple to
both G; and G, proteins and recruit ERK independently of other scaffolding molecules
via direct binding of Src SH3 domains to the receptor (Collins 2012). Whereas, the
52-AR recruitment of ERK is thought to only be via post-stimulatory desensitisation of
the receptor, whereby the PKA-phosphorylated receptor recruits GPCR kinases (GRKs),

then S-arrestins which enable binding of Src which ultimately results in ERK activation.
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Researchers have shown the activation of ERK leads to phosphorylation of HSL to induce
lipolysis, using a Chinese hamster ovary (CHO) cell line expressing HSL (Greenberg et al.
2001), which is a feasible theory. Other recent research has suggested that phospho-
rylation of the $3-AR by activated ERK serves to potentiate/activate the cCAMP-PKA
axis (Hong et al. 2018). However the full downstream effects as to ERK activation of
lipolysis, such as targets of ERK that translate to lipolysis, have not been fully resolved

and require further research (Collins 2012).

1.2.3.1.2 [-adrenergic receptors in rodents versus humans

Humans and mice are both responsive to sympathetic-derived catecholamine signalling
through adrenergic receptors, however, the receptor subtypes dominant in regulating
lipolysis is different across species (Lafontan et al. 1995). Research has shown that
rodent lipolysis is primarily driven through the $3-AR opposed to 51 and $2-ARs and is
the dominantly expressed subtype in rodents, by orders of magnitude (Valentine et al.
2022; Merlin et al. 2018; Schena et al. 2019). Work from early studies inferred a role for
the $3-AR in WAT regulation, as genetically obese ob/ob mice exhibited a downregula-
tion of the $3-AR in response to obesity (Collins et al. 1994). In this work, obese mice
that were shown to have downregulated 53-AR mRNA experienced blunted AC activity
compared to controls in response to epinephrine stimulation, indicative of a prominent
role in conducting lipolysis (Collins et al. 1994). This notion was further supported in
comparisons of lipolytic response to a panel of non-selective adrenergic stimulants along-
side a 33-AR specific agonist. The 33-AR agonist (BRL 37344) raised lipolysis to equal
levels of catecholamines in mouse, hamster, rat and dog (but not human) adipocytes,
suggesting that 33-AR accounted for the entire catecholaminergic response (Carpéné

et al. 1998).

The patterns of 53-AR response to selective antagonists further affirms the role for
the receptor in rodent lipolysis, with mouse-derived 3T3-L1 adipocyte cell lines demon-
strating sensitivity of isoprenaline-stimulated lipolysis to 33-AR-specific antagonists (Jin
et al. 2018).

Challenging the importance of 53-AR in the context of the other subtypes, lipolysis in
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isolated rat white adipocytes demonstrated the greatest sensitivity to specific antagonism
of 53-AR above that of 51 & [52-AR subtypes, at higher concentrations of isoprenaline.
Although at lower concentrations, lipolysis was also mediated by $1-AR (Louis et al.
2000). These findings, implicating 53 & [1-AR, were echoed in other studies of rat
lipolysis (Germack et al. 1997). In more physiological settings, in vivo experiments
have shown that systemic doses of 33-AR antagonist SR59230A in mice under calorie
restricted 'stimulated’ conditions (to theoretically increase sympathetic drive to WAT)
had blunted lipolysis compared to controls, as measured by serum glycerol (Sipe et al.

2017).

Genetic knock-out (KO) studies in rodent models have also been used as a tool
to explore the role of 33-AR in lipolysis. Deletion of the 33-AR in mice saw a 42%
increase in total body fat under a standard chow diet. These metrics were exaggerated
under high-fat diet regimes, with a 56% increase in total body fat versus control mice
on the same diet, indicating that the 53-AR in mice plays a crucial role in maintaining
lipolysis, particularly under obesogenic conditions (Revelli et al. 1997). Comparisons of
epinephrine-stimulated lipolysis in isolated white adipocytes from wild type (WT) versus
whole-body 33-AR KO mice found that lipolysis was blunted in those lacking the receptor
(Preitner et al. 1998). In similar experiments, isolated adipocytes from $3-AR KO mice
demonstrated 67% reduced AC activity and 25% reduced glycerol release in response
to isoprenaline compared to WT controls, indicating similar trends across experiments
using different agonists and measurements of lipolysis (Susulic et al. 1995). More recent
evidence from an optogenetic model suggests that $3-AR is involved in leptin-induced
sympathetic drive to WAT, as under leptin-stimulated conditions, tissue-specific triple
KO (TKO) mice for all three adrenergic receptors had significantly higher body fat per-
centages than those lacking just 51 and 32-ARs (Zeng et al. 2015).

While there are some studies that support the 53-AR role in human white adipocytes,
demonstrating blunted isoprenaline-mediated lipolysis when isolated adipocytes were pre-
exposed to 33-AR antagonists (Cero et al. 2021), and lipolyic effects in patients taking
[3-AR agonists (Baskin et al. 2018), others fail to see 53-AR sensitivity (Carpéné et al.
1998; Rosenbaum et al. 1993). Instead, human lipolysis is mediated by 51 and possibly

(2-ARs and human adipocytes have low to negligible expression of 33-AR (Valentine
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et al. 2022; Arch 2008; Evans et al. 2019; Hostrup et al. 2022; Collins 2022). Addition-
ally, human WAT expresses high numbers of a2-ARs which negatively regulate lipolysis
via G;-linked reduction in cAMP. These are considered absent in rodent WAT and there-
fore represent key physiological differences as to how responses in lipolysis are not fully

translatable across species (Chusyd et al. 2016; Evans et al. 2019).

Anti lipolysis mechanisms

The 'brakes’ on lipolysis are achieved through a variety of pathways. The chief brake
on lipolytic activity is via post-prandial introduction of insulin, which binds to insulin
receptors (IR) on the adipocyte surface and drives the activation of phosphodiesterase 3
B (PDE3B) to degrade cAMP, disabling the activity of PKA and thus limiting lipolysis
(Grabner et al. 2021). The associated intracellular pathway is via ligand-driven autophos-
phorylation of the intracellular domains of the insulin receptor activating associated in-
sulin receptor substrate 1 (IRS-1) proteins. In turn, this causes phosphatidylinositol
3-kinase (PI3K) to produce phosphatidylinositol-3,4,5-triphosphate (PIP3), which acti-
vates a phosphoinositide-dependent kinase (PDK) to ultimately activate protein kinase
B (PKB) which mediates the induction of PDE3B (Figure 1.3) (Petersen et al. 2018).
These effects can also be achieved by the meal anticipation and hunger hormone, ghrelin,

produced by the stomach (Li et al. 2022).

A second route of reducing lipolysis is via G;-linked GPCRs on adipocyte membranes,
which can be activated by a number of signalling molecules. The activation of G; linked
receptors liberates the « subunit to downregulate the activity of AC to decrease the
production of cAMP, in opposition to stimulatory G, subunits. Examples of activators
of the G; pathway include adenosine binding to Al or A3 receptors, norepinephrine
producing both stimulatory (as above) and also inhibitory effects via the a2-AR (in
humans) and neuropeptide Y (NPY) Y1 and Y2 receptors (Figure 1.3) (Li et al. 2022).
Other pathways can indirectly reduce lipolysis though curtailing downstream effectors
of AC-produced cAMP, such as adiponectin, which suppresses PKA activity through
interference of the PKA positive regulatory subunit PKA Rlla (Qiao et al. 2011).
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Figure 1.3: Stimulated lipolysis and anti-lipolytic pathways. An illustrative fig-
ure describing common routes of stimulated lipolysis, namely Gg-linked receptors such
as [3-adrenergic receptors (ARs), melanocortin receptors (MCR) binding melanocortin
stimulating hormone & adrenocorticotropic hormone, thyroid stimulating hormone re-
ceptor (TSHR) and secretin receptors (SR). The Gy receptors culminate on increasing
adenylyl cyclase (AC) activity to raise cAMP-activated protein kinase A (PKA) activity.
Perilipin-1 (PLIN1) phosphorylation by PKA encourages dissociation from the droplet,
as well as release of adipose triglyceride lipase (ATGL) co-activator, comparative gene
identification-58 (CGI-58). Phosphorylated hormone sensitive lipase (HSL) relocates
to the lipid droplet to hydrolyse ATGL-produced diacylglycerol (DAG) into monoacyl-
glycerol (MAG). The final fatty acid is removed by monoacylglycerol lipase (MGL) to
produce glycerol. Other lipolytic routes include atrial natriuretic peptide binding to its
receptors (ANPR) and instead inducing activity of guanylyl cyclase (GC) and protein
kinase G (PKG) to phosphorylate HSL. ERK-induced lipolysis is yet to be fully resolved.
Anti-lipolytic mechanisms include G;-linked receptors which reduce AC activity, such as
adenosine Al & A3 receptors, NPY "Y' receptors, purinergic P2Y12,13 & 14 receptors
and a2-ARs. A core anti-lipolytic rote is via insulin receptor (IR)-induced phosphodi-

esterase 3 B (PDE3B) activity, which degrades cAMP, via PI3K pathway activation.
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1.2.3.2 Basal lipolysis

Basal lipolysis is the steady turnover of TAG at low levels, independent of external stim-
uli. In stimulated lipolysis, the key players have been identified as ATGL and HSL acting
in harmony to efficiently hydrolyse TAG to DAG, as illustrated by KO studies (Schweiger
et al. 2006). However, during basal lipolysis, HSL appears to play less of a role, with over-
expression having no upregulatory effect on basal lipolysis in human adipocytes (Bezaire
et al. 2009). While research into the signalling mechanism underpinning basal lipolysis
is ongoing, it is clear that ATGL is critical to the process. A core aspect preventing
uncontrolled lipolysis in the absence of extrinsic stimuli, is lipase localisation (Frithbeck
et al. 2014; Bezaire et al. 2009). During basal states, ATGL is dominantly located at the
lipid droplet membrane, while HSL is dominantly found in the cytosol, unassociated with
the lipid droplet membrane (Figure 1.4) (Granneman et al. 2009; Bezaire et al. 2009). It
is only when stimulated that translocation occurs, due to PKA phosphoactivity at both
HSL and perilipin-1, dually coordinating both the removal of perilipin-1 from the lipid
droplet and promoting HSL translocation toward the lipid droplet, whereupon HSL can

more freely access targets via the lipid droplet membrane.

Also, under stimulated conditions, PKA liberates the ATGL co-activator CGI-58 to
substantially increase activity of AT GL-induced TAG hydrolysis, which under basal condi-
tions is sequestered by perilipin-1 (Figure 1.4) (Granneman et al. 2009). However, ATGL
can still hydrolyse TAG in absence of CGI-58 at reduced rates (Lu et al. 2010; Granneman
et al. 2009). Negative ATGL regulation is compounded by the action of an accessory
protein trio, which interact with ATGL at the lipid membrane; G0O/S2 switch protein 2
(G0S2) (Yang et al. 2011), fat specific protein 27 (FSP27) and hypoxia induced lipid
droplet associated protein (HILPDA) (Grahn et al. 2014). The combined effect of these
negative influences on ATGL activity therefore maintains a low level of TAG turnover
and rate of basal lipolysis. Under stimulated conditions HSL is rate-limiting, as it is
the primary conductor of DAG hydrolysis (Schweiger et al. 2006). However under basal
conditions, evidence suggests ATGL also has lipase activity at DAG, owing to increased
glycerol release observed when ATGL is overexpressed alongside HSL silencing, in basal
conditions (Yang et al. 2011) (although ATGL has 10x lower specificity for DAG re-
sulting in reduced efficiency [Friihbeck et al. 2014]). Thus, the working hypothesis is
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that low levels of lipid droplet-dwelling ATGL activity in the absence of CGI-58 are driv-
ing basal lipolysis (Figure 1.4). Recycling of lipolysis products can occur, with glycerol
(although not much in adipocytes, as mentioned in Section 1.2.3) and around 50-70%
of FFAs (reports in mice and humans, respectively) released during basal lipolysis are
re-esterified back into TAG in lipogenesis (Li & Spalding 2022; Wang et al. 2003; Wolfe
et al. 1990).

Figure 1.4: Basal lipolysis. An illustrative figure describing basal lipolysis. Under

non-stimulated conditions, hormone sensitive lipase (HSL) remains dominantly in the
cytosol and the lipid droplet is coated in obstructive perilipin-1 (PLIN1) which also se-
questers adipose triglyceride lipase (ATGL) co-activator, comparative gene identification-
58 (CGI-58). Further to lacking it's co-activator, ATGL activity is additionally quashed
by negative regulators GO/S2 switch protein 2 (G0S2), fat specific protein 27 (FSP27)
and hypoxia induced lipid droplet associated protein (HILPDA). ATGL is proposed to
turn over triacylglycerol (TAG) and diacylglycerol (DAG) at low rates.
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1.2.3.3 Lipogenesis

Lipogenesis in white adipocytes is the counteracting pathway to lipolysis and is key to
its primary function as a storage organ. Lipogenesis refers to the synthesis of TAGs from
lipids in the circulation, whereupon free fatty acids (FFAs) are esterified to a glycerol
backbone and stored in the lipid droplet (Rowland et al. 2023). However not all con-
sumed energy comprise of lipids, therefore synthesis of fatty acids from non-lipid sources,
such as carbohydrates and protein, is essential to remove excess from the circulation and
economise dietary intake. This latter process is termed de novo lipogenesis (DNL). While
thought to contribute little to the overall TAG content compared to lipogenesis derived
from circulating lipids, it is an important process as it allows for buffering of circulating
glucose and amino acids away from other organs, safely converted into a storage com-
ponent/precursor to prevent vascular or organ damage (Rowland et al. 2023).

During lipogenesis, glucose is converted into glycerol-3-phosphate (G3P) during steps
in glycolysis, or from entry of circulating lipids and acts as a backbone for the ester-
ification of fatty acids (FAs), those either derived from circulation, those as products
from lipolysis, or synthesised FAs. FFA synthesis pathways generate acetyl-CoA which is
then utilised as a precursor to synthesise palmitate, for TAG synthesis (Hsiao & Guertin
2019). Key enzymes facilitating TAG synthesis from DNL-derived FAs are acetyl-CoA
carboxylase (ACC), and fatty acid synthase (FASN) (Hsiao & Guertin 2019).

Lipogenesis is more associated with the "fed" state induced by insulin, whereas DNL
can occur in either state, although is responsive to high levels of glucose from meals
(Luo & Liu 2016). However, adipocytes are also considered to have much lower rates of
DNL over standard lipogenesis pathways, owing to their lower numbers of DNL enzymes.
Most DNL occurs in the liver which generates circulating FFAs sequestered in lipoprotein

carriers for use by adipocytes (Possik et al. 2021).

1.3 Calcium signalling

Although there are key activators to induce the core lipolysis pathways, there are also

other signalling elements that act to modulate lipolysis, for example Ca?*.
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1.3.1 Calcium signalling

Calcium as a signalling molecule is critical in regulating cell homeostasis, survival, death
and gene regulation which transcends across the eukaryotes of the animal kingdom and
plants, to prokaryotes such as bacteria (Clapham 2007).

Adipocytes possess a suite of Ca?-permeable channels and receptors on their surface
membranes, including; store-operated calcium entry (SOCE) mechanisms via calcium
release activated channels (CRAC), voltage-gated calcium (Cay ) channels and puriner-
gic channels/receptors, as well as ion exchange mechanisms via (reverse-mode of) the
Na™/Ca?" exchanger (NCX) (Zhai et al. 2020). Activation of these can ultimately

influence/regulate the concentrations of cytosolic calcium.

For instance, activation of a G,-linked GPCR elevates calcium via the activation of
phospholipase C (PLC) at the intracellular membrane, which can then hydrolyse phos-
phatidylinositol 4,5-bisphosphate (PIP2) into two messenger molecules, diacylglycerol
(DAG) and inositol-1,4,5-triphosphate (IP3). DAG is free to activate protein kinase C
(PKC) and initiate other pathways, while IP3 binds to IP3 receptors on the surface of
the endoplasmic reticulum (ER) to release Ca** into the cytosol (Berridge 2016). The
increase in cytosolic Ca?* often induces further release from intracellular stores in the
process calcium induced calcium release (CICR), for example through Ca®*-sensitive

ryanodine receptors on the ER (Figure 1.5) (Bootman et al. 2002).

SOCE occurs after depletion of intracellular Ca?* stores which refill via CRAC chan-
nels at the cell surface membrane. The emptying of the ER stimulates resident protein
Stim1 to relocate to the ER surface. This induces relocation of the ER towards the cell
membrane, which can then interact with ORAIL proteins, inducing their reorganisation
to form CRAC channels permeable to Ca®** (Hachmane et al. 2018). These sequence
of events replenish intracellular calcium stores via smooth endoplasmic reticulum Ca®™
ATPase (SERCA) pumps at the ER, which actively facilitate the sequestering of Ca**
back into storage (Figure 1.5). However research suggests the SOCE also acts as a

general pathway to increase intracellular calcium in adipocytes (Maus et al. 2017).

Calcium can also enter via the activation of a membrane-bound ligand- or voltage-
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gated ion channels, which allows for cation entry directly into the cytosol (Figure 1.5).
In the case of voltage-gated calcium channel (VGCC) (Cay ), changes in the membrane
potential, as well as binding of growth hormones, govern gating of the pore (Catterall et
al. 2007; Gaur et al. 1996). There are several types of Cay channel; N, R, P & Q types
(Cay 2), 'high-voltage activated' L-type (Cay 1) and 'low-voltage activated’ T-type
channels (Cay 3) (Zhai et al. 2020). Members of these subtypes have been identified
on white adipocytes, including L & T-type channels (Uebele et al. 2009; Fedorenko et al.
2020).

Ca%" signalling is perceived in terms of frequency and amplitude by various intra-
cellular compartments. Thus, ensuring the Ca®* signal is appropriately terminated is
vital to function (Berridge 1997). Unregulated elevated levels of [Ca?T]i can induce cell
death pathways, therefore mechanisms are in place to extrude and reduce [Ca*T]i. For
instance active ATPases such as SERCA and plasma membrane Ca?* ATPases (PMCA)
which use energy from ATP hydrolysis to actively pump Ca?* into the ER or out of
the cell, respectively (Clapham 2007). More passive, gradient-driven mechanisms in-
clude Na™/Ca®* exchangers (NCX), however the reverse mode of the NCX also offers a
Ca** entry route following local accumulation of Na* (Figure 1.5) (Bentley et al. 2014;

Blaustein & Lederer 1999).

1.3.1.0.1 Calcium involvement in Lipolysis

Calcium signalling translates differently depending the function of a cell, underpinned by
the physiological "toolkit’ they possess. For example smooth muscle cells will have a dif-
ferent response to intracellular calcium than an adipocyte, based on their role (Berridge
2016). The roles of Ca®" in adipocytes are not restricted to lipolysis, with many other
outcomes identified in adipocytes such as differentiation and adipogenesis (Uebele et al.
2009), however roles relating to lipolysis remain the focus here. While Ca®™ signalling
in some cell types is clear, intuitive and well-characterised, the overall outcomes of Ca%*

signalling in adipocyte lipolysis are less clearly defined.

Lipolysis has previously been shown to be negatively regulated by Ca?™ increases in

human adipocytes, with increased [Ca®T]i reducing cAMP levels and HSL phosphory-
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lation, mediated by increased PDE3B activity (Xue et al. 2001). In studies observing
effects of dietary calcium and metabolism, elevated intracellular Ca®* via the action of
vitamin D3 in human adipocytes reportedly increases lipogenesis and suppresses lipoly-
sis, which can be ameliorated by increased dietary calcium to inhibit vitamin D3 (Zemel
2004). Although, the mechanism underpinning the Ca®*-induced decrease in lipolysis
has not been identified in their research.

Similar trends have been observed in mouse and rabbit white adipocyte responses to
Ca®™, under isoprenaline-stimulated and unstimulated conditions (Garca-Barrado et al.
2001). Blockade of rabbit adipocyte voltage gated Cay channels with elgodipine (T-
and L- type Cay antagonist) potentiated isoprenaline induced lipolysis, suggesting that
Ca?" may be inhibitory to stimulated lipolysis. In mouse adipocytes, increased [Ca®T]i
had no effect on lipolysis under stimulated or basal conditions, suggesting no role for
Ca®T in lipolysis and inferring potential differences between species (Garcia-Barrado et
al. 2001). The evidence in the above studies only seems to offer PDE as the Ca?*-
mediated inhibitor of lipolysis, and most literature that refers to [Ca®*]i as inhibitory,
reference the research of Xue et al. (2018) in support of their argument/rationale, indi-

cating that evidence in favour of this narrative is sparse.

Conversely, intravenous injection of the calcitonin gene receptor protein (CGRP)
stimulated canonical cAMP induction, but also activated the PLC/IP3 pathway, which
increased FFA release in rats independently of the cAMP-PKA route (Aveseh et al.
2018). Others have found a link between G -linked receptor PKC activation and the
ERK/MEK pathway, which results in lipolysis and indicates that activation of G,-linked
and other calcium receptors may increase PKC activity to engage alternate arms of
lipolysis (Greenberg et al. 2001).

Other studies show Ca2™ is involved in positive regulation of lipolysis, reporting that
in mice, increased concentrations of Ca?* via extrinsic sources through L-type Cay
channels or intrinsic sources though IP3 pathways, reduce lipid stores and downregulate
genes associated with lipogenesis e.g. fatty acid synthase, while increasing expression of

the rate-limiting HSL (Sun et al. 2012).

In other work, Cay channels were found constitutively active and particularly in-

fluential to basal lipolysis. Tools to increase Ca?* influx under basal conditions, such
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as agonising L-type Cay channels, resulted in an increase in basal lipolysis in rat white
adipocytes, while antagonists of these channels decreased basal lipolysis. Under isoprenaline-
stimulated conditions, removal of extracellular Ca?* or blockade of L-type Cay channels
reduced lipolytic responses, but induced [Ca?*]i elevation had no increasing lipolytic ef-
fect, indicating Ca" permits but doesn't potentiate stimulated lipolysis (Fedorenko et
al. 2020). Similarly, ablation of Ca®* entry through Cay channels in adipocytes blunted
stimulated lipolysis, which the authors propose is due to [Ca®"]i potentiating the activity
of a Ca?*-sensitive AC isoform (Chen et al. 2017; Cooper 2005).

Supportively, Maus et al. (2017) found a signalling axis between starvation-induced
SOCE and lipolysis in mice. SOCE-mediated Ca®>* entry through plasma membrane
CRAC channels & drives lipolysis proposedly via activation of calcium-sensitive ACs,
which engages the canonical PKA route, but [Ca?T]i also ultimately resulted in the tran-
scription of pro-lipolytic ATGL and HSL genes.

These latter studies appear to congregate on the idea that increased [Ca®*]i promotes

lipolysis via calcium sensitive AC isoforms.

Lastly, in primary white adipocyte cultures from mouse epididymal depots, Ca®"-free
conditions were found to reduce basal lipolysis. These lower concentrations of extracel-
lular Ca%* induced activation of hemiconnexins between the adipocytes and generated
Ca?" oscillations to coordinate the release of adenosine triphosphate (ATP) vesicles.
The release of ATP vesicles ameliorated the lack of extracellular Ca?* by para-autocrine
induction of intracellular Ca%* liberation. Removal of the connexin-mediated oscillatory
mechanism reduced basal lipolysis, indicating a positive regulatory mechanism of Ca?*
on basal lipolysis which can be mediated through purinergic receptors (Turovsky et al.

2021).

Overall, the mechanisms underpinning calcium-induced or inhibited lipolysis are un-
clear, with no direct or solidified mechanism, and further work is required to fully under-
stand discrete signalling pathways.

This project is focused on a specific subset of Ca®™ related receptors, the purinergic
receptors. Therefore, understanding the general outcomes of Ca%* signalling from other
receptors/channels aids in understanding roles for specific purinergic populations and

how they may contribute to lipolysis.
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1.3.2 Purinergic Signalling

ATP is a well-known energy ‘currency’ for cellular activity. It is typically hydrolysed by
enzymes to release a phosphate ion, which when attached to appropriate targets, al-
ters their activity. However, purines & pyrimidines such as ATP, adenosine diphosphate
(ADP), uridine triphosphate (UTP), uridine diphosphate (UDP) and adenosine are also
potent signalling molecules when bound to their corresponding receptors. Many puriner-
gic receptors relate to Ca?™ and offer routes of [Ca®*]i increases via cation channels and
G,-linked receptors (Figure 1.5).

First proposed by Geoffrey Burnstock in 1970, purinergic signalling faced scientific re-
sistance, however, became recognised and accepted in the proceeding two decades as a
legitimate signalling mechanism (Burnstock et al. 1970; Burnstock 2012). Purinergic
signalling has since been found to be implicated in a plethora of physiological functions,
including inflammation, vascular smooth muscle contraction and nociception (Burnstock
2007). Purinergic signalling can be both physiological and pathological, and advances
of research into these signalling mechanisms has generated targeted therapies for throm-
bosis e.g. clopidogrel (Angiolillo et al. 2017) and chronic cough via gefapixant (Trapero
et al. 2020). Therefore, depending on their role in lipolysis, purinergic receptors may

provide an attractive target for therapies concerning metabolic disorders.

1.3.3 Purinergic receptor subtypes and signalling mechanisms

Purinergic receptors can be separated into two large groups by their natural ligands:

nucleosides (P1 receptors) and nucleotides (P2 receptors).

1.3.3.1 P1 receptors

P1 receptors are metabotropic and consist of GPCRs conjugated to various G-proteins
which denote their function. Adenosine acts as the principle ligand and originates from
hydrolysed AMP molecules via ecto-5'-nucleotidase enzymes (Robson et al. 2006). P1
receptors are dominantly G, (A2A and A2B) or G;-linked (Al and A3), although there
are populations of G,-linked A3 receptors (Burnstock 2018; Tozzi et al. 2017). Once
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adenosine is bound to P1 receptors, the respective intracellular signalling cascade is
initiated. Adenosine receptors have been considered as important to the regulation
of adipocyte lipolysis, with Al subtypes commonly found expressed in rodent white
adipocytes, with G;-associated anti-lipolytic activity (Fredholm 1978; Granade et al.
2022). A2B subtypes have also been identified in mice, where it was found upregulated
in VAT under high fat diet (HFD) regimes. A2B was suggested to have beneficial roles
in systemic metabolism, as KO led to severe metabolic dysfunction (Johnston-Cox et al.
2012). The A3 subtypes are also reported in white adipocytes (Tozzi & Novak 2017).
However, the research within the project is focused on P2 purinergic receptors, and

therefore P1 receptors will be omitted from further discussion at this stage.

1.3.3.2 P2 receptors

P2 purinergic receptors fall in two categories: ionotropic P2X receptors with 7 sub-
types (P2X1 - 7) and metabotropic P2Y receptors with eight subtypes (P2Y1, P2Y2,
P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, P2Y14). While the two categories are structurally
& functionally different, they both possess the ability to bind and respond to purines
and/or pyrimidines to induce intracellular signalling cascades (Table 1.1) (Burnstock

2018).

P2X receptors are ligand-gated ion channels and are commonly expressed in central
nervous system (CNS) tissues such as the brain, but also in the peripheral nervous
system (PNS) on sympathetic neurons, motor neurons and sensory neurons (Ralevic &
Burnstock 1998). Proliferating cells of the skin, gut, heart and smooth muscle also
express P2X receptors (Burnstock 2018). As non-selective ion channels, ATP binding
to the receptor causes a conformational change, which opens the structure to form a
channel which cations such as Ca?*, can pass through.

P2Y receptors are metabotropic GPCRs, with an external ligand binding site and
an intracellular domain coupled to a G-protein. P2Y1, P2Y2, P2Y4, P2Y6, P2Y11 are
dominantly G,-linked, inducing rises in [Ca®*]i, although P2Y2 & P2Y4 can also couple
to G; proteins and P2Y11 to G, proteins (Burnstock 2018). The remaining P2Y12,
P2Y13 and P2Y14 receptors couple to G; proteins (Burnstock 2018). In mice, all but
P2Y11 have been identified (Dreisig & Kornum 2016). Uridine-based nucleotides UTP
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and UDP are common ligands for P2Y receptors, although some subtypes can bind ATP

and ADP (for ligand preferences by P2Y receptor, see Table 1.1).

The chief enzyme responsible for the breakdown of extracellular ATP and UTP to
their respective monophosphates are ectonucleotidases (NTPDase) also referred to as
CD39 (Robson et al. 2006; Giuliani et al. 2021), which is followed by action of ecto-5'-
nucleotidases (CD73). Within WAT, there are multiple possible sources of nucleotides,
ATP can be secreted by adipocytes (Sandhu et al. 2021; Tozzi et al. 2020) and nerves are
also a potential source of ATP (Burnstock 2009). Resident ectonucleotidases can then
generate ADP from these sources. UTP is typically less abundant than ATP (Jain &
Jacobson 2022) and cells can synthesise UTP de novo and release it into the extracellular

space (Anderson et al. 1997).
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Table 1.1: P2 receptor agonists and mechanisms. A concise list of agonists

and transduction pathways associated with the P2 receptor subtypes, where "*' denotes

absent from mouse. Adapted from Weisman et al. (2012) & Burnstock (2018).

P2X1

P2X2

P2X3

P2X4 ATP lon/Cation channel
P2X5

P2X6

P2X7 Forms large pore when hyper-activated
P2Y1 ADP G,

P2Y2 UTP/ATP Sy = Gy
P2Y4 UTP/ATP G, + G
P2Y6 ubDP G,
P2Y11* ATP Cy = €
P2Y12 ADP G;

P2Y13 ADP G;

P2Y14 UDP-glucose G;
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Figure 1.5: Calcium signalling mechanisms. An illustrative figure describing some
key Ca2™ signalling mechanisms. Intracellular stores of Ca?" can be liberated through
activation of G,-linked receptors to activate phospholipase C (PLC) at the intracellu-
lar membrane, which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into inositol-
1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 binds to IP3 receptors on the en-
doplasmic reticulum (ER). Localised release of Ca** can feed back onto calcium-sensitive
receptors on the ER to cause further Ca?* release in calcium-induced calcium release
(CICR). Extracellular Ca®* entry mechanisms are triggered once the ER is depleted, as
it translocates to the cell surface, where stromal interaction molecules (STIM1) protein
interacts with ORAIL proteins and calcium release activated channel (CRAC) channels
are formed allowing Ca®* entry. Subsequent increased intracellular Ca®* allows for reple-
tion of the ER stores via smooth endoplasmic reticulum Ca®>* ATPase (SERCA) pumps
which also serves to rapidly reduce Ca?*. Other extracellular Ca?* entry mechanisms in-
clude voltage gated Ca®>* channels (Cay) and ligand-gated cation channels, such as P2X
receptors, which can respond to membrane voltage and external stimuli, respectively, to
form Ca2T-permeable channels. The reverse mode of the sodium-calcium exchanger
(NCX) also serves as a Ca®* entry mechanism, but also extrudes Ca®" in exchange for

Na®. Other Ca?* removal mechanisms include active transport via plasma membrane

Ca2+ ATPases (PMCA). 50



1.3.4 Role of P2 purinergic signalling in adipocyte lipolysis

The contribution of G; and G,-linked purinergic receptors in adipocytes is unambiguous,
as they regulate AC activity and its downstream effectors such as PKA (just as in [3-
adrenergic stimulation). However, the outcome of intracellular calcium signalling via
P2X receptors and G,-linked P2Y receptors are less well defined as already discussed in
section 1.3.1.

In rats, researchers have found broad exogenous ATP, ADP and AMP application
increased lipogenesis in isolated adipocytes, but had no apparent effect on stimulated
or basal lipolysis (Schédel et al. 2004). Aligning with the consensus of other routes
of calcium signalling, purinergic activation via perfusion of mouse adipocyte cell lines
with ATP stimulated a significant increase in glycerol release under basal conditions, and
reduction of ATP availability with apyrase significantly blunted isoprenaline-stimulated
lipolysis, suggesting broad activation of purinergic receptors promotes lipolysis (Tozzi
et al. 2019). Similarly, Lee et al (2005) found that broad activation of purinergic
receptors in adipocyte cell lines with ATP and UTP generated glycerol release, which
the authors concluded was evidence of G,-linked P2R activity. However, although these
latter studies favour that calcium signalling induced by purinergic receptors may mediate
lipolysis, evidence regarding specific P2 receptor roles in lipolysis are more ambiguous
and converse to outcomes with other Ca?* entry mechanisms, seem to converge on
either neutral or anti-lipolytic roles.

Multiple P2 receptors have been identified on mouse white adipocytes and derived
cell lines. For example, P2X4 (Tian et al. 2020), P2X5 (Ussar et al. 2014; Tian et al.
2020) & P2X7 (Li et al. 2022) receptors have all been found expressed in mouse primary
white adipocytes from visceral or subcutaneous depots. Additionally, P2Y1 (Laplante et
al. 2010), P2Y2 (Musovic et al. 2022; Zhang et al. 2020; Negri et al. 2020), P2Y4
(Lemaire et al. 2017), P2Y6 (Jain & Jacobson 2022; Balasubramanian et al. 2014),
P2Y13 (Duparc et al. 2024; Laplante et al. 2010) and P2Y14 (Jain et al. 2021; Xu
et al. 2012) receptors have been identified in primary white adipocyte and 3T3-L1 cell
lines, as well as in whole adipose tissue (Table 1.2).

Function
The outcomes of purinergic receptor activation on lipolysis are sometimes contra-

dicted, with a lack of consensus in some cases. For instance, purinergic receptors found
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implicated in one outcome not being reproduced in the same, or functionally similar, re-
ceptor subtypes. For example, daily in vivo injections of selective P2X7 receptor agonists
in mice increased serum-glycerol levels, suggesting a P2X7 receptor-mediated increase in
metabolism and lipolysis (Giacovazzo et al. 2019). However, in other studies, the P2X7
receptor has been found to inhibit lipolysis in favour of lipogenesis, with KO of the P2X7
receptor resulting in decreased lipid droplet formation and reduced expression of lipogenic
protein, with increased expression of lipolytic enzymes (Li et al. 2022). Contradictively,
Tian et al. (2020) found no significant reduction in body weight of whole body P2X7
KO mice, suggesting a limited influence of the P2X7 receptor on metabolism. Razzoli et
al (2016) found P2X5 receptor expression was increased under cold-challenge of brown
adipose tissue, which given the association between cold challenge and increased energy
demand, may reflect a role for P2X5 receptor in white adipose lipolysis. In other re-
search, P2X receptors were found not to have any meaningful effect on lipolysis upon

selective P2X antagonism in 3T3-L1 cells (Kita & Arakaki 2015).

Additionally, G,-linked calcium contribution to lipolysis has also been contradicted in
the context of purinergic receptors (see section 1.3.1.1), as (G,-linked) P2Y1 receptor ac-
tivation significantly increased accumulation of TAG in 3T3-L1 adipocytes, and when the
receptor was selectively inhibited, the accumulation of TAG decreased by over 33% (Kita
& Arakaki 2015). According to Mullins et al. (2014), lipolysis disrupts mammalian tar-
get of rapamycin (mTOR) signalling pathways, which in turn inhibits insulin-stimulated
glucose uptake. Therefore, increased glucose uptake is considered as an indicator of
lipogenesis. As corollary, supporting the evidence above, additional findings that the
P2Y6 receptor increased glucose uptake in both primary adipocytes and 3T3-L1 cell
lines, support that the receptor may be involved in lipogenesis (Balasubramanian et al.
2014). Similar results have been observed in P2Y2 KO mice, where lack of the receptor
provided resistance to HFD (Zhang et al. 2020). In non-rodent examples, KO of the
P2Y2 receptor in human differentiated adipocytes increased basal lipolysis, suggesting
anti-lipolytic roles (Ali et al. 2018a). The literature implies that G,-linked purinergic
receptors may act in a negative feedback manner to regulate stimulated lipolysis, since
they appear to act like ‘brakes’ on lipolysis.

Unsurprisingly, owing to the G;-coupling of the receptor, researchers have found KO of

P2Y14 receptor in mice increased lipolysis, suggesting P2Y14 suppresses lipolysis (Jain
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et al. 2021). Similarly, in KO studies of the P2Y13 receptor in mice, both white adi-
pose tissue explants and adipocytes of KO mice experienced increased basal lipolysis and

lipolytic responses to various stimulants, over wild-type (WT) controls (Duparc et al.

2024).

As with other Ca®™ signalling mechanisms, activation of purinergic receptors is not

restricted to lipolysis and more often results in alterations in gene expression (Zhai et al.
2020). For instance, Ali et al. (2018a) demonstrated human P2Y2 receptor KO acutely
increased basal lipolysis, but eventually resulted in alterations to the secretory profile of
adipokines and cytokines, becoming more ‘anti-lipolytic’ as a compensatory mechanism.
Intriguingly Jain et al. (2020) found P2Y6 receptor activation inhibited transcription
of browning-related genes (Ppara, ucpl) in a c-Jun N-terminal kinase (JNK)-dependent
mechanism, providing a means of context-dependent white adipocyte phenotype main-
tenance (Goddard 2021).
In other roles, Laplante et al. (2010) found that P2Y1 receptor had "little effect on
adipocyte functions such as lipid storage or lipolysis", instead had roles in leptin secre-
tion. Additionally, release of adiponectin was found to be under the control of P2Y2-
mediated ATP and norepinephrine signalling, via a proposed collaborative Ca** and
cAMP-mediated exocytosis event. Authors suggest ATP raises intracellular Ca* to en-
courage vesicle docking and cAMP facilitates the release of adiponectin (Musovic et al.
2022).

There appears to be disparity in the outcomes of Ca%* signalling between purinergic
receptors and other Ca?* receptors and channels in relation to lipolysis. As most of the
studies are in vitro or in unconditional KO models, the physiological relevance of these
outcomes is less translatable. Therefore, this project seeks to investigate the role of

purinergic signalling in lipolysis using a model more representative of physiology.
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1.4 Nervous system

1.4.1 Structure of the nervous system

The CNS is comprised of the brain, brain stem, spinal column and all nerves within it.
The CNS is therefore the core operating system, critical to all function including all
voluntary and involuntary movement and processes. The hypothalamus within the brain
is considered the "master regulator" for appetite control and for conducting lipolytic
events to regulate metabolism, instructing adipose stores to liberate stored triglycerides
(Bartness et al. 2005). The nerves that conduct information to and from the CNS in the
form of action potentials, constitute the peripheral nervous system, which consists of two
branches. The afferent division, including somatic, visceral and special sensory nerves,
which deliver information from target organs toward the CNS. The efferent division
deliver information away from the CNS to induce effects at target tissues. Efferent nerves
include somatic motor and autonomic nerves, which further divide into sympathetic,
enteric and para-sympathetic nerves (Hammond 2015). Innervation of WAT is suggested
to be sympathetic and sensory with no reported parasympathetic contribution (Bartness
et al. 2014; Mishra & Townsend 2024). The sensory nerves deliver information on
the state of adipose stores to the hypothalamus, which can appropriately modify the
sympathetic outflow to adipose in response (Ryu et al. 2017). The adipokine leptin is
a key modulator operating within this axis, potentiating sympathetic outflow in periods
of adipose repletion.

While the sensory arm of the axis is not fully resolved, with research ongoing to
determine the signalling elements perceived within WAT to stimulate CNS cross-talk,
the focus of this PhD project is on sympathetic nerves and their associated signalling

components in the regulation of lipolysis.

1.4.2 Autonomic sympathetic nerves

Sympathetic nerves are synonymous with "fight or flight" responses, but also have key
roles in the delivery of CNS-derived stimulation for the regulation of involuntary pro-
cesses, including lipolysis. It was previously thought that blood vessels within WAT

were responsible for delivering catecholamines (epinephrine) to induce lipolysis (Bart-
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ness et al. 2007; Bartness et al. 2014). However, over the last few decades, researchers
have illustrated the irrefutable presence and role of sympathetic neurons within white
adipose tissue. In studies of WAT sympathetic denervation, tissues repeatedly display
hyperplastic growth, accompanied by increased depot mass, decreased lipolysis and are
rendered unable to respond appropriately to applied stresses, such as starvation and
cold-challenge (Youngstrom & Bartness 1998; Bartness et al. 2007; Bowers et al. 2004;
Shi et al. 2005). Literature has therefore cemented the key role of sympathetic neurons

in metabolic homeostasis.

1.4.2.0.1 Sympathetic nerve origins and organisation

Pre-ganglionic sympathetic nerves leave the spinal column via ventral roots, which joins
with sensory fibres from the dorsal root to form the spinal nerve, where they travel along
together. The sympathetic nerves leave the spinal nerve and branch off to the connecting
white rami (white owing to myelination, although in rodents they are unmyelinated
and clear) wherein the nerves enter the sympathetic chain ganglia (S5cG) (paravertebral
ganglia) (Figure 1.6). The ScG is a chain of nervous tissue that flanks either side of the
spine from the neck (cervical) to the base of the spine (sacral) with a ganglion 'bulb’
associated with nearly every spinal vertebrae (Hammond 2015). Sympathetic nerves
can leave the ScG in three main ways: nerves can synapse within the ScG either at
the corresponding level of the spine, or can travel along (up or down) the chain to
synapse at other levels, and leave as post-ganglionic fibres to innervate tissues (Saladin
2021). Secondly, post-ganglionic sympathetic nerves can integrate with sensory nerves
by exiting the ScG via the grey ramus and travel together via the spinal nerve route,
which splits into dorsal and ventral ramus. The ventral further splintering into multiple
other branches of mixed-identity neurons. Lastly, sympathetic nerves can also travel out
of the ScG as pre-ganglionic neurons and congregate together to synapse in collateral
ganglia (also termed prevertebral ganglia) away from the ScG, for example the coeliac
ganglion. Post-ganglionic projections can then travel toward target organs (Figure 1.6)
(Saladin 2021). The individual ganglia comprising the ScG are named and numbered
according to their location, which corresponds to the spinal regions; cervical, thoracic,

lumbar and sacral regions.
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Figure 1.6: Pre- and post-ganglionic sympathetic nerve organisation and travel
from the sympathetic chain ganglia. An illustration of pre-ganglionic sympathetic
nerve origins and organisation. The sympathetic (red) cell bodies reside in the spinal
cord and travel via the ventral root which merges with sensory nerves (blue) from the
dorsal root, in the spinal nerve. Branching from the spinal nerve are the white and grey
communicating rami, with sympathetic nerves entering the sympathetic chain ganglia
(ScG) via the latter. From here, sympathetic nerves can synapse to form post-ganglionic
efferents (green) which can leave the ScG at the point of entry, or move to higher or lower
ganglia to synapse and leave toward destination organs. Post-ganglionic sympathetic
nerves can also leave the ScG via the white ramus to congregate with sensory fibres
back in spinal nerves to form the ventral ramus and travel to innervate destination
tissues together in mixed-identity bundles. Alternatively, sympathetic nerves can leave
the ScG as pre-ganglionic fibres and instead synapse in distal collateral ganglia. 'DRG’

refers to dorsal root ganglion. Figure adapted from Saladin 2021.
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1.4.2.0.2 Neurotransmitters

Norepinephrine

Once at their destination, sympathetic nerves release neurotransmitters, principally
norepinephrine, to target postjunctional receptors. Norepinephrine is a catecholamine
derived from precursor tyrosine in a multi-step process. Tyrosine is converted to dihydrox-
yphenylalanine (DOPA) by tyrosine hydroxylase, which is then converted to dopamine
by DOPA decarboxylase and finally dopamine-B-hydroxylase generates norepinephrine
(Daubner et al. 2011). The rate-limiting tyrosine hydroxylase enzyme can be synthe-
sised both within the axon and at synaptic terminals of neurons (Gervasi et al. 2016).
As already alluded in section 1.2.3, norepinephrine binds to a suite of GPCR adrenergic
receptors; ol (G,-linked) & a2 (G;-linked) ARs as well as $1- 32- & [33-ARs (chiefly
G,-linked). The outcome of norepinephrine signalling depends on the palette of adren-
ergic receptors the target cell expresses and as already established, in adipocytes these

link to lipolysis machinery.

Clearance of norepinephrine is critical to termination of signalling and prevention
of unregulated over-stimulation. One route of clearance is via extra-neuronal degrada-
tion via catechol-o-methyl transferase (COMT), although it is suggested that 90% of
norepinephrine is reuptaken by the nerve into the presynapse (Ryuid & Buettner 2019).
Uptake is facilitated via active transporter solute carrier family 6 member 2 (SLC6A2)
expressed on the presynapse, wherein norepinephrine can be degraded by mitochondrial
monoamine oxidase (MAQ), or recycled back into vesicles ready for re-release (Ryuid &
Buettner 2019). Macrophages are also known to express the SLC6A2 transporter as well
as MAO in adipose tissue, with important roles in norepinephrine clearance (Pirzgalska
et al. 2017). Adipocytes also express another subtype of active transporter, organic
cation transporter 3 (Oct3) along with degradation enzymes, which are now thought
to have important roles in norepinephrine uptake (Song et al. 2019). Vasculature can
also scavenge and uptake norepinephrine (Horvath et al. 2003), offering a plethora of

clearance routes for norepinephrine in WAT.

NPY
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Neuropeptide Y (NPY) is a well-established co-transmitter alongside norepinephrine
in sympathetic nerves in the CNS and PNS (Beck 2006; Lundberg et al. 1989). NPY
acts via principally G;-linked GPCR Y receptors (Y1-Y5 & y6 in mouse) (Pedragosa-
Badia et al. 2013), although Y2 and Y4 receptors may couple to G, in some cases. The
release of NPY from synapses is dependent on stimulation characteristics such as high
intensity and frequency, which is less important for the release of norepinephrine or ATP

(Hill et al. 2001; Labelle et al. 1997).

The impact of executive-level NPY activity reportedly has profound orexigenic ef-
fects on appetite, feeding and thereby weight (Stanley et al. 1986; Long et al. 2015;
Chao et al. 2011). NPY is upregulated during periods of energy deficiency to increase
caloric consumption and restore energy balance, while also reducing sympathetic outflow
to adipose (Zhang et al. 2014). NPY has also been positively correlated with obese
phenotypes such as hyperplasia (Zhang et al. 2014), with increases in NPY expression
in adipose tissue observed during obesity (Yang et al. 2008). Several cell-based and in
vivo models have investigated the relationship between NPY and adipose accumulation
at a peripheral level. NPY receptors Y1, Y2 and Y5R have been identified peripherally
in adipose tissue & adipocytes (Kuo et al. 2007; Gericke et al. 2009; Long et al. 2015).
When challenged, Y1 & Y2R were found to have roles in adipogenesis and had anti-
lipolytic effects (Kuo et al. 2007; Turtzo et al. 2001; Gericke et al. 2009) potentially
serving as a negative regulator of norepinephrine-stimulated lipolysis. There is very little
direct evidence that illustrates sympathetic nerves innervating peripheral WAT release
NPY to regulate lipolysis in this manner. The closest evidence comes from in vivo stud-
ies, where conditional (adipose specific) knock down (KD) of the Y2 receptor prevented
accumulation of fat in response to HFD, suggesting it is typically present and respond-
ing to local release of NPY (Shi et al. 2012). Additionally, adipocytes isolated from rat
iWAT showed a 25% decrease in lipolytic response after exposure to NPY, which was

attributed to the Y1 receptor (Labelle et al. 1997).

ATP

ATP is now a well-established co-transmitter in sensory, parasympathetic and sym-
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pathetic nerves, (Burnstock 2006). ATP has been found as an important pre- and
postjunctional modulator of vascular tone, acting both on neighbouring sympathetic
neurons and on vascular smooth muscle cells (Burnstock 2009b). At the time of writing,
there is no direct evidence published which demonstrates that ATP is being co-released
alongside norepinephrine in WAT or more specifically, the inguinal fat depot, and of the
references found, the evidence appears based on inference or conjecture (Pfeifer et al.
2024).

Section 1.3.4 has already outlined the possible postjunctional effects of ATP and other
nucleotides in WAT. Prejunctional neuromodulatory roles of ATP specifically in WAT
are less well studied. Neuromodulation refers to the alteration of neuronal activity by
some means of perturbation or potentiation of its output, via prejunctionally expressed
receptors. A variety of purinergic receptors have been identified prejunctionally in many
species for example P2X1 (Queiroz et al. 2003), P2Y1 (Filippov et al. 2006), P2Y2 (Liu
et al. 2000), P2Y12 (Lechner et al. 2004). However, P2X2 and P2X3 subunits are
suggested to be the most common and abundant subunits expressed on sympathetic and
sensory nerves (Cockayne et al. 2005).

Owing to their [CaT]i increasing effects, P2X receptors are often implicated in pos-
itive neuromodulation. The P2X2 receptor was found expressed in primary cultured
neurons of the rat superior cervical ganglion and P2X2 was proposed a positive modula-
tor of nervous activity, increasing neurotransmitter release in response to ATP (Boehm
1999). Expression of the P2X2 receptor on these nerves was mirrored in other studies,
where the proposed physiological role was confirmed by impaired urinary bladder reflexes
in P2X2 and P2X2/P2X3 DKO mice (Cockayne et al. 2005). Guinea pig sympathetic
nerves also reportedly express P2X2 and P2X2/3 heterotrimeric receptors (Zhong et al.
2000) and in Guinea pig atria, activation of either P2X3 or P2X2/3 has been associ-
ated with stimulating norepinephrine outflow (Sperldgh et al. 2000). Similarly, P2X3
and P2X2/3 were suggested to be involved in facilitatory modulation of norepinephrine

outflow in rat sympathetic nerves of the vas deferens (Queiroz et al. 2003).

1.4.3 Somatic sensory nerves

Alongside sympathetic innervation within adipose tissue, over the last few decades re-

search has illuminated the presence of sensory neurons and provided evidence of their
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function (Ryu et al. 2017). Sensory neurons are afferent fibres that transmit signals
from peripheral tissues, towards the CNS/brain for processing (Liu et al. 2019). In
the context of WAT, these nerves are thought to communicate information regarding
adipose energy store status, in response to local stimuli (Bartness et al. 2005).
Advancements in 3D imaging techniques have illustrated sensory neuron innervation
in WAT in several research papers in the last decade. Some reports suggest moderate
abundance compared to sympathetic innervation (Willows et al. 2021; Giordano et al.
2006), while others suggest sensory innervation is abundant (Wang et al. 2022). Sec-
ondly, the importance of sensory innervation of WAT has been demonstrated in sensory
denervation studies. Deafferentation of the inguinal fat depot in Siberian hamsters led
to hypertrophic adipocytes and an overall increase in fat depot mass, which the authors
proposed was due to a break in communication circuit between the brain and adipose
(Shi & Bartness 2005; Bartness et al. 2005). Evidence such as this indicates sen-
sory neurons are important in limiting lipogenesis and adipocyte size. In recent studies,
sensory nerves are suggested to act as regulatory brakes on apparent lipogenic signals
derived from sympathetic nerves. Genetic ablation of somatosensory nerves from mouse
iWAT, led to enlarged depots, in spite of sympathetic nerve presence, and was suggested
to be due to local regulatory signalling mechanisms that counter sympathetic signalling

(Wang et al. 2022).

1.4.3.0.1 Antidromic/reflex arc signalling

As above, alongside afferent signalling, sensory innervation in WAT also presents an
efferent means of communication that may influence metabolism. In what is termed
antidromic signalling, receipt of stimulatory signals by sensory nerves innervating the
peripheral tissue can induce a reflex arc, where vesicles of neurotransmitter are released
back onto the tissue to signal locally (Burnstock & Ralevic 1994). This type of sig-
nalling has been described in vascular control (Burnstock & Ralevic 1994; Burnstock
2009). Therefore, sensory neuropeptides calcitonin gene related peptide (CGRP) and
substance P (SP) are candidates for local reflex signalling in WAT. CGRP receptors are
predominantly linked to G5 mechanics to raise intracellular cAMP (Walker et al. 2010),
while SP NK receptors are predominantly G,-linked (Mishra & Lal 2021). Receptors

for both sensory neurotransmitters, are found expressed on white adipocytes (Miegueu
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et al. 2013; Liu et al. 2017; Halloran et al. 2020) and are reported to have roles in
lipogenesis and lipolysis (Walker et al. 2014). However, there is conflicting evidence
regarding CGRP roles in lipolysis, with some suggesting a lipolytic role (Walker et al.
2014), and others an anti-lipolytic role (Liu et al. 2017). The role of these neuropeptides
in WAT-level regulation is under debate, with mixed evidence pertaining to their role.
There is also limited evidence that demonstrates adipose-specific release and response
of these neuropeptides, thus the roles in adipose remain unclear (Mishra & Townsend

2023; Mishra & Townsend 2024).

1.4.4 Mechanics of nervous conduction

1.4.4.1 Action potentials

Nerves are excitable as they can generate action potentials, which are an ionic propa-
gation along the length of an axon toward the synaptic terminals, and are governed by
electrochemical gradients (Hammond 2015). An axon membrane is embellished with ion
channels and active ion transporters to generate an imbalance of electrical and chemical
charge across the membrane, rendering the intracellular axonal compartment more nega-
tive than the extracellular environment. At rest, the axon membrane potential is around
-60mV and is maintained by greater permeability to K than Na™ ions, which creates
a electrochemical disequilibrium to which the Na™ gradient is harnessed to conduct a
signal (Barnett & Larkman 2007). At the inception of stimulation at the cell body, acti-
vation of ligand-gated ion channels allow Na* entry into the axon, which upon generating
enough charge to reach the threshold potential of -50mV, activates a dense population
of voltage-gated sodium (VGSCs) (or Nay ) channels. These channels perceive increased
charge via intracellular voltage-sensing domains, which causes a conformational change
and induces rapid opening and subsequent local Na™ entry into the axon (Armstrong
& Hille 1998). This in turn triggers opening of neighbouring Nay channels, which
rapidly decreases the membrane potential (depolarises), as Na®™ moves to equalise the
gradient, rising to near +40mV. In response to these rises, the Nay channels shut and
enter an 'inactive’ state whereupon they are unresponsive to any changes in membrane
potential for a period of time (Ulbricht 2005). Concurrently, the decreased membrane

potential causes KT ions to leave though K*-permeable channels, while also triggering
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slow-activating voltage gated K (Ky) channel opening (after a slight delay), allowing
more KT to leave the axon to initiate repolarisation. The resulting fall of membrane
potential continues beyond the point of restoring the rest membrane potential, and pro-
ceeds to around -70mV which constitutes a refractory period. During this period it is
not possible for another depolarising event to occur in the localised region of the axon,
preventing 'backward’ propagation of the Na*t signal (Barnett & Larkman 2007). In-
stead, the Na™ ions propel forward to trigger Nay channel opening in a sequential chain
of local regions toward the synapse, away from the site of activation, thus generating

and conducting an action potential (Hammond 2015).

1.4.4.1.1 Toxins in nerve conduction

There are tools to study nervous activity derived from plants and animals, for example
veratridine is a plant-derived steroidal alkaloid from the Veratrum genus of Lilies and is
a recognised neurotoxin. It acts upon Nay channels located on excitable cell types, such
as neurons (IC50 18.39 uM) (Hemmings 2009). Veratridine binds to receptor site 2 on
the transmembrane 6 segment of domain | and IV of the a-subunit of the Nay channel
(Ruiz et al. 2015; Suppiramaniam et al. 2010; Zhang et al. 2018; Cestele et al. 2000) on
the inner vestibule of the pore domain (central cavity) (Figure 1.7). Veratridine binding
occurs in a state-dependent manner, having preference for the open “activated” state
(Hemmings 2009), although has been suggested as capable of binding to closed, but
not inactive, states (Ruiz et al. 2015). Binding in this manner slows down inactivation
and closure of the channel, allowing Na™ to enter the axon and conduct the action
potential (Hemmings 2009). Wada and colleagues found that exposure of excitable cells
to veratridine increased Na™ influx and subsequent catecholamine efflux (Wada et al.
1992).

There are ten known Nay channels, ranging from Nay 1.1-9 & NaX, which are
grouped in terms of sensitivity to the Nay channel blocker, tetrodotoxin (TTX). Nay
1.1,1.2,13,1.4, 1.6, 1.7 & NaX being TTX-sensitive, and Nay 1.5, Nay 1.8, & Nay
1.9 as TTX-insensitive (Zhang et al. 2018). The Nay channel subtypes are localised to
different tissues/cells, in particular Nay 1.7 being found on peripheral sympathetic and

sensory neurons (Wang et al. 2017).
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TTX is an animal-derived toxin, originating from the family of Tetraodontidae puffer-
fish. As above, TTX also acts on Nay channels with high affinity (Kd 1-10 nM) by bind-
ing to, and blocking, the entrance to the pore at site 1 on the TM6 of the aD1-4 units
of the channel, preventing Na™ influx (Park et al. 2023) (see Figure 1.7). TTX-resistant
subtypes (Nay 1.5, Nay 1.8 & Nay 1.9) have mutations at critical binding sites, which
prevent effective binding of TTX (Jost et al. 2008; Chen et al. 2014).

I II III IV

Site |
TTX binds veratridine

E

Site 2

Figure 1.7: Binding sites for neurotoxins tetrodotoxin and veratridine on
voltage-gated sodium channels. 2D illustration of the a-subunit of a voltage gated
sodium channel, including each domain I-IV and binding sites 1 & 2. Site 1 where
tetrodotoxin (TTX) binds is indicated in red, and Site 2 where veratridine binds in yel-

low. Figure adapted from Ruiz et al. (2015).

1.4.4.2 Exocytosis

The dependence on extracellular Ca%* to induce synaptic vesicular fusion was first de-
scribed in the late 1960s (Katz et al. 1967), which has been characterised and established

as the canonical route of exocytosis in decades since (Studhof 2012). In the canonical
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route of Ca?*-dependent exocytosis, once the action potential has reached a synapse,
the Na*-induced membrane depolarisation culminates to evoke activation of Cay chan-
nels (predominantly N-type). Cay channel voltage sensors perceiving the depolarisation
induce a conformational change, which allows Ca®* entry down the concentration gra-
dient into the synapse via the pore of the channel (Catterall 2011). Within the synapse,
vesicles containing neurotransmitter have proteins embedded within the vesicle wall,
synaptotagamin and synaptobrevin, which are soluble NSF attachment receptors (v-
SNAREs). Synaptotagamin (Sytl) is a Ca®" sensor, and when bound to Ca®* has a
high affinity for phospholipids, and rapidly translocates towards the inner membrane of
the terminal (Chapman 2018; Brose et al. 1992). At the membrane, v-SNARE synapto-
brevin coils with t-SNAREs (syntaxin and SNAP-25) to form SNARE complexes, which
allows the vesicle to dock the membrane to release its contents (Siidhof 2012; Chapman
2018; He et al. 2018). The Ca®" dependency of the exocytosis event is demonstrated
by removal of rapid exocytosis when Sytl is genetically deleted (Geppert et al. 1994),

or when active Ca®* binding sites of Syt1 are blocked (Pang et al. 2010).

Chemical synaptic terminals, those that deliver information via a chemical stimulus
as described above, can form a terminal 'bouton’ structure, commonly found within the
CNS (Burns & Augustine 1995). Synapses can also present as axonal varicosities, with
multiple terminal 'beads’ along the length of the axon as it innervates the target tissue.
These are frequently observed in the autonomic PNS, for example in smooth muscle
of vascular systems and the urinary bladder (Burnstock et al. 2009). Terminal bouton
synapses offer direct communication to specific recipients, while axonal varicosities allow
for diffuse delivery of catecholamines for broader, efficient communications to multiple

cells in synchrony (Bennett et al. 1998).

1.5 Anatomy of inguinal adipose

Investigation into SAT using mouse models commonly feature iIWAT owing to its size,
innervation and vascularisation, enabling it to respond to dietary challenge. For example,
the inguinal depot is prone to flux in volume in response to caloric restriction and

abundance (Tang et al. 2017), and capable of induced stimulated lipolysis under ex
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vivo conditions (Bridge-Comer et al. 2023; Roy et al. 2022). Over years of study,
researchers have worked to characterise the inguinal adipose depot vascularisation and
innervation. The mouse inguinal fat depot is generally compartmentalised into regions,
with anterior portions proximal to the spine, termed dorsolumbar regions and posterior

portions, proximal to the leg, as inguinal regions (Figure 1.8).

The dorsolumbar region is the principal site of venous entry, via major branches of
thoracoepigastric vein. Within the dorsolumbar portion are the inguinal lymph nodes
(LN), which is a key site of arterial entry from the superficial caudal epigastric artery (a
branch of the femoral artery) (Blaszkiewicz et al. 2019a). From the LN, lymphatic vessels
traverse the depot and extend downward toward the hind leg, where lymph is drained
(Harrell et al. 2008). The inguinal region contains smaller vasculature, including minor
branches of the common iliac vein. Spanning these regions are large, heterogeneous
bundles of nerve fibres (Blaszkiewicz et al. 2019a). Further to the large bundles of

neurons are networks of individual nerve fibres, which innervate the entire depot.

Research over the last few decades has illuminated the spinal origin of sympathetic
innervation in white adipose tissue. Bartness and colleagues led the investigation into
the origin of sympathetic neurons innervating WAT using pseudorabies virus (PRV)
and Fluorogold retrograde tracing techniques (Youngstrom et al. 1995; Bartness et al.
2007). PRV techniques can be misleading and non-specific as they can 'leak’ to stain
other nerves in neighbouring ganglia (Martinez-Sanchez et al. 2022). There are mixed
reports of innervation origins published, and the evidence has recently advanced due to
thorough policing of signal in retrograde tracing techniques. In recent work, authors
use a transgenic sympathetic TH-tomato reporter mouse to identify the sympathetic
neurons, before injecting GFP labelled PRV into the iWAT. Then, using whole mount
clearing techniques to clear entire torsos, trace the origins of sympathetic innervation

(Huesing et al. 2021).

Spinal inputs toward the inguinal fat depot are from T7 - T11, which feed into the
sympathetic chain ganglia (ScG). From there, dorsolumbar regions are innervated from
ScG T12 - L1 by lateral cutaneous rami, which coarse through the fat depot through
to dermal layers, with some branching within adipose to potentially form origins of

innervation (Figure 1.8) (Huesing et al. 2021).

The inguinal portion is largely innervated from lumbar regions of the ScG L1 - L2,
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which form the anterior cutaneous femoral nerve and lateral cutaneous femoral nerves.
These innervations, as well as other minor nerve inputs, derive from the lumbar plexus
(Figure 1.8) (Huesing et al. 2021). Other studies have suggested innervation arises from
the collateral coeliac ganglia, using similar techniques (Jiang et al. 2017), but in more
recent work, all of the innervations within the inguinal fat depot are suggested to be
post-ganglionic, with none arising from collateral ganglia (Huesing et al. 2021).

Others have confirmed these findings, while demonstrating sensory input also occurs via
T11 - L3 dorsal root ganglia (DRG) (Wang et al. 2022).

There are mixed reports as to the extents of sympathetic innervation in iWAT, particularly
in regard to parenchymal and adipocyte innervation, with some reports declaring greater
density of innervation (Jiang et al. 2017; Giordano et al. 2006), than others (Zeng et al.
2015; Willows et al. 2021). The mode of synaptic terminal is also not fully resolved
in iIWAT and termed "elusive" in literature, as adipocyte-neuron synapses are not well
defined (Willows et al. 2021). Literature has offered both terminal synaptic bouton
structures (Zeng et al. 2015) and axonal varicosities (Willows et al. 2021; Huesing et
al. 2021) as the terminals present in iWAT, indicating the synaptic mode in iWAT is

unresolved.
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Sympathetic chain Spine
ganglia

Figure 1.8: Anatomy of sympathetic innervation of the inguinal adipose depot.
lllustrative diagram of the spinal and sympathetic chain ganglion (ScG) anatomy of
sympathetic nerves that innervate the inguinal adipose depot. Spinal inputs into the
ScG from T7 - T11 which then leave as post-ganglionic sympathetic nerves from T12 -
L1 to innervate the inguinal depot dorsolumbar regions in the form of lateral cutaneous
rami. Inputs to the inguinal regions of the depot derive from the lumbar plexus with
main innervations branches of the femoral nerves. Nerves travel through the depot to
innervate dermal layers. 'LN' refers to lymph node. 'T’ refers to thoracic and 'L’ to
lumbar. Dotted black line across the inguinal depot shows division of upper dorsolumbar
and lower inguinal regions. Figure adapted from Huesing et al. 2021 and Martinez-

Sanchez et al. 2022. 70
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1.6 Aims and objectives

Obesity is a key concern, and research is rightfully occupied in understanding the mechan-
ics of metabolic physiology to provide therapeutic insights for potential future treatment
and mitigative strategies. As hopefully ascertained though the thread of the present
chapter, understanding the innervation of white adipose tissue is important to proper
function. Vasculature and nerves have been illustrated to become dysfunctional or lost
during obesity, which perpetuates the obese state. Vascularisation and nervous innerva-
tion therefore plays an important role in physiological maintenance, health and control
of white adipose.

The research that investigates lipolysis frequently stems from models that are not fully
representative of physiology in vivo, often using cell lines and 2D culture methods. There
are limited models available to study lipolysis, incorporating all cells of the tissue and
include endogenous nerve activation. Nervous innervation is integral to providing sources
of key metabolic regulators such as norepinephrine, alongside others. Genetic-based KO
and in vivo models to study lipolysis are better, but there are limited examples where all
components of signalling such as NPY and ATP are investigated in more physiologically
representative systems, additional to (3-adrenergic roles.

The main aim of the project is to supplement published works and investigate the
innervation of the inguinal fat depot, with emphasis on sympathetic nerve innervation
of adipocytes, to inform functional inquiry. Then, harnessing this data, to re-investigate
lipolysis mechanics using a more representative model, via inducing endogenous sources
of nerve-derived norepinephrine. | also aim to interrogate involvement of other nerve-
derived neurotransmitters in lipolysis, including sympathetic NPY and ATP and sensory
SP and CGRP, with pharmacological challenge of their respective receptors in an effort
to resolve their role. More specifically, | seek to establish whether purinergic signalling
has any contribution to nerve output in white adipose tissue, or lipolysis (either basally

or stimulated).
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Chapter 2

Methods

2.1 Drugs and reagents

Details of the concentrations of given drugs, alongside supportive references, can be
found in-text of relevant chapters. All drugs and kits used throughout this work are
stored at -20°C and thawed to room temperature or kept on ice while in use. The
glycerol assay kit described in Section 2.4 was split into aliquots to prevent degrada-
tion. Drugs were dissolved in dimethyl sulfoxide (DMSO), Hanks balanced salt solution
(HBSS), phosphate buffered saline (PBS) or dH,0 according to manufacturers instruc-
tions. HBSS containing sodium chloride (136.9 mM), potassium chloride (5.3 mM),
calcium chloride (1.26 mM), magnesium sulphate heptahydrate (0.4 mM), magnesium
chloride (1.05 mM), sodium phosphate (0.42 mM), potassium phosphate (0.44 mM),
D-glucose (5.5 mM) and sodium bicarbonate (4.16 mM) (adjusted to pH 7), was freshly
prepared in-house on a weekly basis and refrigerated at 4°C or frozen at -20°C for long-
term use.

Main suppliers of drugs and reagents were; Abcam (Cambridge, UK), Thermo Fisher Sci-
entific (Loughborough, UK), Sigma-Aldrich (Gillingham, UK), Tocris Bioscience (Bristol,
UK), Alomone (Jerusalem, Israel), Cayman Chemicals (Michigan, USA).
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Table 2.1: List of pharmacological agents used in this thesis. A list of all
pharmacological agents used within this thesis, including supplier, purpose of use and

vehicle for each, in order of appearance. 'CTx’ refers to conotoxin, *broad-spectrum.

Heparin sodium Anticoagulant Sigma PBS
Norepinephrine Lipolysis stimulant Sigma PBS
Isoprenaline Lipolysis stimulant Abcam dH,O
Veratridine VGSC opener Abcam DMSO
Tetrodotoxin VGSC blocker Abcam HBSS
Propranolol [-AR antagonist Sigma EtOH
Sotalol [B-AR antagonist Cayman DMSO
CGP 20712 B1-AR antagonist Tocris dH,0
ICl 118551 [£2-AR antagonist Tocris dH,O
L-748337 B3-AR antagonist Tocris DMSO
SR59230A £3-AR antagonist Tocris DMSO
CTx GVIA N-type Cay antagonist Tocris dH,0O
CTx MVIIC P/Q/N-type Cay antagonist Tocris HBSS
Cilnidipine N/L-type Cay antagonist Sigma DMSO
Nifedipine L-type Cay antagonist Sigma DMSO
CGP 37157 mNCLX antagonist Tocris DMSO
KB-R7943 NCX antagonist Tocris DMSO
Yohimbine a2-AR antagonist Sigma dH,0
A-317941 P2X2 & P2X3 antagonist Tocris DMSO
BIBN 4096 CGRPR antagonist Tocris DMSO
CP-96345 SPR antagonist Tocris DMSO
BIBO 3304 NPY Y1R antagonist Tocris DMSO
BIIE 0246 NPY Y2R antagonist Tocris DMSO
L-152804 NPY Y5R antagonist Tocris DMSO
Suramin *P2R antagonist Sigma dH-,0
PPADS *P2R antagonist Sigma dH,0
PSB-12062 P2X4R antagonist Sigma DMSO
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Continuation of Table 2.1

MRS-2578 P2Y6R antagonist Tocris DMSO
ATP Purinergic agonist Abcam dH,O
ADP Purinergic agonist Sigma dH,O
UTP Purinergic agonist Sigma dH,O
UDP Purinergic agonist Sigma dH,O

ARL-67156 Ecto-enzyme inhibitor Sigma dH,O

Apyrase Nucleotide hydrolysis enzyme Sigma dH,O

2.2 Mice and tissue

Male C57BL/6J mice were used in all experimental work due to their stable hormonal
pattern and the lack of ductal structures in adipose depots (Chusyd et al. 2016). The
C57BL/6J mouse strain is also receptive to diet-induced obesity (DIO), enabling future
work to incorporate obesity states (Surwit et al. 1998). Mice were all adults of ages
spanning 8-10 weeks old and were housed in the University of East Anglia's (UEA) Dis-
ease Modelling Unit (DMU). Within the DMU, the animals are maintained under stable
conditions, with a set 12-hour light/dark cycle at a constant temperature of 21°C (%
2°C) and humidity of 55% (£10%), with each cage ventilated and housing a maximum
of 8 mice (typically 5). Water and standard chow food was available to mice ad libitum.
The mice were sacrificed by primary CO5 asphyxiation and secondary cervical dislocation
by members of the DMU staff, in accordance with the Animals (Scientific Procedures)

Act 1986.

To recapitulate, the murine inguinal fat depot is a subcutaneous white adipose depot
and is located toward the mouse posterior, spanning the dorsolumbar, to inguinal region.
As such, the inguinal depot is considered geographically comparable to human glute-
ofemoral (buttock) depots (Chusyd et al. 2016). The inguinal depot was selected due
to its ability to expand via hypertrophy (Fryklund et al. 2022; Bérgeson et al. 2022) and
respond to metabolic flux (Tang et al. 2017; Frykland et al. 2022) and being one of the
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largest SAT depots available in mice. The inguinal adipose depot is established within

the research community and therefore is attractive to use as basis for investigation.

2.2.1 Dissection

Sacrificed mice were dissected as swiftly as possible post-mortem, typically within 5-10
minutes of sacrifice. To access the inguinal depot, incisions were made into the skin
from approximately centre of the diaphragm and cut downwards to the genitals. The
animal was essentially degloved from arm to leg in a lateral manner, away from the
body, where the resulting pinned skin presented the subcutaneous depots. The inguinal
depot was dissected out whole with fresh, sharp scalpels and carefully transported to
HBSS to wash away residue hair and blood. From this point, tissues entered into one of
three core techniques, immediately sub-dissected for glycerol assay experiments, fixed in
4% paraformaldehyde (PFA) for immunocytochemistry experiments, or the depots were

enzymatically digested for adipocyte experiments.

2.3 Adipocyte isolation

For suitable yields of adipocytes, two full inguinal fat pads were required in each adipocyte
isolation attempt, typically weighing 170 - 190 mg (wet weight) combined. Inguinal de-
pots were minced in 15 mL Falcon tubes (Thermo Scientific) with 5 mL filtered digestion
solution containing 1 mg (0.2 mg/mL) collagenase type IA from Clostridium histolyticum
(Sigma) and 0.2 mg (40 ug/mL) bovine pancreatic DNase | (Biomatik) using clean and
sterilised small embroidery scissors. Post maceration, the tissues were quickly transferred
to an incubator at 37°C for 30 minutes, with gentle inversions every 10 minutes to en-
courage cell-matrix dissociation. Digested tissue was then passed through a 100 pm cell
strainer (Corning®) into a 50 uL Falcon tube to remove larger undigested portions of
tissue, then gently washed over with 50 mL HBSS. Suspended cells were centrifuged
at approximately 50 xg (550 rpm) for 4 minutes at room temperature (RT) to gently
separate adipocyte and stromal vascular fractions (SVF). In theory, the floating fraction
should contain only adipocytes, while the pelleted SVF fraction contains all remaining
cell types found in the fat pad, including lymph and blood vasculature, neurons, and im-

mune cells. The floating layer of adipocytes were carefully removed into a fresh 15 mL
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Falcon tube, washed with HBSS (or low-glucose DMEM for glycerol assay experiments)
and re-centrifuged for a further four minutes at 50 xg to remove any adherent SVF
cells. Two washes were found to be optimal purity/yield balance, as loss of adipocytes
occurs during each transfer. Harvested adipocytes were then treated immediately with
TRI reagent for RNA extraction, or taken into the glycerol assay protocol. See Figure

2.1 for illustrative representation.
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Figure 2.1: Adipocyte isolation. lllustration of the method used to isolate adipocytes
from inguinal adipose depots. 1. Inguinal depots are dissected and 2. minced in
digestion solution before 3. incubation at 37°C for 30 minutes with gentle inversion.
4. Digested tissues are passed through 100 pum strainer and washed with HBSS before
5. centrifugation at 50 xg for 4 minutes. 6. The 'halo’ of adipocytes are gently
removed and 7. transferred to a Falcon tube containing experimental DMEM or HBSS
(*depending on destined protocol) and 8. re-spun at 50 xg for 4 minutes. 9. Adipocytes
carefully removed and taken forward into A adipocyte glycerol assay protocol or B RNA

extraction for non-quantitative RT-PCR.
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2.4 Glycerol release in adipose tissue ex vivo

2.4.1 Glycerol assay

Measurement of glycerol release from ex vivo sections of inguinal adipose tissue from
mice was conducted using the following protocol. Harvested inguinal adipose depots were
placed into an in-house made silicone-based (Sylgard™) petridish containing HBSS. The
fat pads were carefully sub-dissected horizontally along the short edge into even sections
(approximately 10-20 mg) with a single cut using a fresh scalpel (as to reduce mechanical
disturbance). Tissue sections were blotted to remove any excess HBSS, then weighed to
the nearest 0.1 mg. Next, tissues were placed into 1.5 mL Eppendorf tubes containing
150 pL 'experimental media’, consisting of phenol red-free, low glucose (5 mM) Dul-
becco’s Modified Eagle Medium (DMEM) (Sigma) supplemented with 2% FFA-free BSA
(Sigma) and 25 mM HEPES (Fisher) with pharmacological agents or vehicle controls.
When using agents that require time to access and modulate their target, tissues were
pre-incubated in this format for 30 minutes at RT, before moving to fresh tubes contain-
ing both agonists (veratridine, norepinephrine or isoprenaline) and modulatory agents.
Tissues were then transported to an incubator and left un-lidded at 37°C and 5% CO,
for 1 - 4 hours depending on the experimental design (most experiments lasted 3 hours).
At the appropriate experimental time point, samples were removed from the incubator.
Tissues were quickly removed and the remaining supernatant was sampled for glycerol
content via colorimetric assay. All surplus sample media was frozen at -20°C. See Figure

2.2 for diagrammatic illustration.

It is important to note that this ex vivo process was time-critical during the initial
stages. The dissection and tissue weighing was performed as rapidly as possible as
to introduce tissues to DMEM in the least amount of time post-sacrifice. Delays in
dissection of over 10 plus minutes after sacrifice would reduce lipolytic responsiveness

of tissues to stimulants and thus cause experimental failure.
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2.4.2 Adipocyte glycerol assay

To isolate the adipocytes, enzymatic digestion was performed as previously described,
see section 2.3. Post digestion, adipocytes were washed in HBSS as above and cen-
trifuged at 50 xg for 4 minutes. The floating ‘halo’ of adipocytes were carefully removed
and placed into a 15 mL falcon containing a small volume of experimental DMEM, and
slowly suffused with further DMEM until maximum volume of 15 mL was reached. The
cell suspension was centrifuged for a second time at 50 xg for 4 minutes in experimen-
tal DMEM. The halo of cells was carefully removed again and placed into a 1.5 mL
Eppendorf. To use the cells, gentle trituration of the cell solution was performed to
ensure the cells were as evenly distributed as possible. A 50 uL aliquot of cell suspension
was carefully added into wells of a 96-well plate containing 50 uL experimental DMEM
including vehicles or pharmacological agents. To try and eliminate uneven adipocyte
distribution across wells, the addition of cell suspension was stratified so that each test
group received n = 1 cells in turn, one at a time, working from left of the plate to the
right, and then right to left, with gentle cell trituration before each deposition, until
each test group had n = 3 (see Figure 2.1 A for illustration). Where antagonists were
used, all cells were incubated in experimental DMEM with antagonists at appropriate
concentrations (or vehicle) for 30 minutes in a reduced volume of experimental DMEM
at RT, prior to the addition of agonist (including antagonist to allow for dilution) in ex-
perimental DMEM, up to final volume of 100 uL. The plate of cells was then incubated
at 37°C for 3 hours as above. Post-incubation, samples of infranatant were taken for

colorimetric assessment of glycerol content.

2.4.3 Colorimetry

The colorimetric analysis was performed using Eppendorf 6131 spectrophotometer. Sam-
ples were prepared by vortexing (or triturating) and 10 ulL of each sample alongside
an experimental DMEM blank were loaded into Eppendorf cuvettes (Fisher). Using a
glycerol assay kit (Sigma-Aldrich), an enzyme mixture was prepared per manufacturers
instructions using provided ATP (1 pL), dye (1 pL), buffer (100 xL) and enzyme (2
ul) for each of the samples. 100 uL of the enzyme mixture was carefully added to

each of the samples as to not introduce light-refractive bubbles. Any bubbles that did
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occur were popped using a fine gauge needle. Samples were incubated for 20 minutes
protected from light as per manufacturer instructions, then samples were processed in
the spectrophotometer following the experimental DMEM ‘blank’, using absorbance of
550 nm. The assay works via a coupled enzyme reaction, with glycerol kinase converting
glycerol to glycerol-3-phosphate (G3P), and glycerol phosphate oxidase generating hy-
drogen peroxide (H202) from G3P. Lastly, peroxidase enzymes catalyse the coupling of
dye compounds with HyO5 to produce a colour change. The colour change, and thus ab-
sorbance, is proportional to the amount of glycerol substrate and therefore concentration
can be determined with the use of a standard curve.

Herein, absorbance readings were recorded and used to calculate the ;4M concentra-
tion of glycerol using a standard curve generated with serial dilutions of manufacturer
supplied 100 mM glycerol from concentrations of 500 M to 3.9 M. Using the equation
gained from the standard curve, glycerol concentration of a given sample was calculated
based on absorbance values, for the concentration of released glycerol in total 150 pL

(100 plL adipocytes) media.

Glycerol concentration (xM) = (Sample - Blank) / Slope of standard curve

The calculated glycerol concentration was divided by the wet weight of the tissue to
gain a uM glycerol/mg value corrected to tissue weight. These values were averaged
within each condition to produce a mean uM glycerol/mg tissue value. For adipocytes,
the control concentration values were averaged and treated as blank which were sub-

tracted from "test group" values, for a response corrected to controls.
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Figure 2.2: Glycerol assay protocol. lllustration of the methods used to conduct
the glycerol assay. 1. Inguinal depots dissected and 2. sub-dissected into 10-20 mg
sections and 3. weighed then 4. added to 1.5 mL Eppendorfs containing 150 uL exper-
imental DMEM with stimulants such as norepinephrine or veratridine (* preincubated
with antagonists for 30 minutes before transferring into tubes containing stimulants). 5.
Samples transferred to culture incubators for 3 hours (*depending on experiment, be-
tween 1 - 4 hours). Post-incubation 6. tissues are removed from media and 7. samples
of supernatant transferred into 8. cuvettes where glycerol determination enzyme solu-
tion is added and samples are incubated for 20 minutes and 9. samples are loaded into
spectrophotometer for colorimetric analysis and calculation of glycerol content based on

absorbance values.
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2.5 Non-quantitative reverse transcription (RT) PCR

Reverse transcription (RT) polymerase chain reaction (PCR) was conducted to firstly
demonstrate isolated adipocyte populations were free from contamination of other cells,
using candidate markers of the stromal vascular fraction (SVF). Secondly, to probe the

expression of P2 receptors in the inguinal fat pad and adipocytes.

2.5.1 Total RNA extraction

For RNA extraction of the whole inguinal fat pad, a single fat pad was minced in 2
mL of TRI reagent (Sigma-Aldrich) using sharp sterile embroidery scissors, while the
adipocytes having been isolated were split between two Eppendorf's and treated with
1 mL TRI reagent each. Samples were incubated in TRI reagent for 5 minutes at RT.
Samples were then spun at 12 x 10® xg for 10 minutes and the lipid layer coating the
surface was removed. Lysed cell contents were then perfused and vortexed with 100
pl 1-bromo-3-chloropropane (Fisher) to separate DNA from RNA in discrete ‘phases’
and left for 10 - 15 minutes at RT before undergoing a 4°C centrifugation at 12 x
103 xg for 15 minutes. The clear RNA-containing aqueous phase was transferred to a
new 1.5 mL Eppendorf, where 500 L of 100% isopropanol alcohol was added and the
samples mixed and left at RT for 10 minutes, before centrifugation at 12 x 10® xg RT
for a further 15 minutes. Following precipitation, pelleted samples were washed with
75% (v/v) ice-cold ethanol in nuclease-free water, centrifuged at 12 x 10° at 4°C for
10 minutes, then supernatant removed, and the RNA pellet allowed to air-dry for 10
minutes. The resulting pellet of RNA was subsequently re-suspended in an appropriate
quantity of nuclease-free water and heated to 65°C for 5 minutes for complete RNA
dissolution. Removal of any potential genomic DNA contamination was achieved using
a DNA-free kit (Fisher), wherein the sample was incubated with 1 ul recombinant
DNAse | (rDNAse 1) and 3 ulL associated buffer (DNAse | buffer) for 30 minutes at
37°C. Post incubation, 3 uL DNAse inactivation reagent was added to the sample and
incubated for 2 minutes at RT before centrifuging at 10 x 10% xg for 2 minutes. The
RNA-containing supernatant was carefully removed, and quality of RNA yield assessed
using the Nanodrop 2000 (Thermo Fisher Scientific) and associated software. Yields of
RNA varied, with typical adipocyte values ranging from 20 - 150 ng/uL and 260/280
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nm absorbance ratios of 1.5 - 1.9. Full fat pad RNA quality and yield was generally
improved, ranging from 150 - 380 ng/ulL and 260/280 nm absorbance ratios between
1.7 and 2.0.

Generally, yield and quality was improved through optimising the protocol after con-
sulting literature. After the addition of TRI reagent, there was a thick lipid raft on
the surface, which others have noted affected the purity of RNA obtained (Sinitsky
et al. 2018; Cirera 2013). Therefore, this lipid raft was removed by centrifuging with
TRI reagent for 10 minutes at 12 x 103 xg and carefully siphoning of the lipid layer to
improve quality. Also, steps were adjusted to reduce the amount of potential organic
solvents or salts contaminating the RNA, where samples were spun at RT opposed to
4°C with isopropanol and the samples were gently inverted with ethanol opposed to

vortexed (Sinitsky et al. 2018; Cirera 2013).

2.5.2 cDNA synthesis

To perform experimental processes such as PCR, the extracted RNA must be converted
to complementary DNA (cDNA). Using reverse transcription, RNA template sequences
are used to synthesise a cDNA strand via the action of reverse transcriptase enzymes.
Therefore, 500 - 1000 ng (whole tissue) or 1000 - 2000 ng (adipocytes) of isolated total
RNA was primed with 100 ng of random hexamer primers (Promega) in a solution up
to 11 pl with nuclease free water, via a 10-minute 70°C heat induction then left on ice.
Following heat treatment, each sample was then incubated at 42°C for 1 hour with a
series of reagents and buffers essential for cDNA generation, including: 250 M dNTPs
(0.5 pL) (Bioline), 30 U RNasin®ribonuclease inhibitor (0.75 pL) (Promega), 10 mM
DTT (2 pL), First-Strand Buffer (4 pL) (Invitrogen) and 200 U SuperScript™IIl reverse
transcriptase (1 uL) (Invitrogen). Post incubation, the reaction was terminated with a 10
minute 70°C incubation to denature the reverse transcriptase enzymes, then synthesised
cDNA samples were stored at -20°C. With each separate production of cDNA, a duplicate
control was created without reverse transcriptase, to act as control for genomic DNA
contamination. Further to this, per batch of cDNA produced, an additional water control
was generated including all reagents without sample, to ensure any bands observed in
gel electrophoresis were not attributable to contaminated PCR products, reagents or

nuclease-free water.
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2.5.3 Primer design

To investigate the purity of isolated adipocytes from the inguinal fat depot, a number of
markers of the SVF were established. Literature was assessed as to components of the
SVF and suitable antigen targets for identification (Bora & Majumdar 2017; Guo et al.
2016). These included vasculature: platelet-derived growth factor receptor (PDGFRS),
a-smooth muscle actin (a-SMA), lymphatic vessel endothelial hyaluronan receptor 1
(Lyve-1), platelet endothelial cell adhesion (Pecam-1), cluster of differentiation 146
(CD146); immune cells: lymphocyte common antigen (CD45), cluster of differenti-
ation 8 (CD8), cluster of differentiation 14 (CD14); neurons: [3-tubulin. Perilipin-1
was used as a positive identification marker for adipocytes (Table 2.2). For each identi-
fied target, primer sequences were sourced directly from published literature, or generated
using the Primer Blast tool (NCBI.gov) (Table 2.2). Where possible, primers selected
had optimum melting temperature (Tm) values (55 - 60°C) and product sizes (500 -
700 base pairs), spanned exon-exon junctions (to reduce amplification of any present
genomic DNA), had high gene of interest (GOI) specificity and where multiple options
for gene variants, those targeting all or most common variants were chosen. For example
readers will note CD146 has two reverse primers, 'a’ and 'b’, which authors designed to
amplify two isoforms of the gene (Despoix et al. 2008).

For investigations into P2 receptor expression in murine adipocytes, primers were de-
signed and sourced by former PhD student Dr Dalyan Eldaly and were tested for perfor-

mance in mouse brain as a positive control prior to use.

All oligonucleotide primers were sourced from Thermo Fisher Scientific and are pro-
vided in a standard lyophilized powder form, which was then reconstituted to 100 uM
master stocks with nuclease-free water. From these 100 M stocks, working concentra-
tions were made to 10 uM. All primers were stored at -20°C. For all RT-PCR work, the
housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH), ubiquitously
expressed in cells, was used with the following sequence: forward (5'-3'): ACAGTCCAT-
GCCATCACTGCC Reverse (5'-3'): GCCTGCTTCACCACCTTCTTG and an expected
band size of 266 base pairs (bp).
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Table 2.3: P2 receptor primers. A list of P2 purinergic receptor primer sequences

used within this PhD project and expected band sizes in base pairs (bp).

P2X1 F: CTGGGGAGGGTGAACGTGA 505
R: GCAGTCACAGGCCAAAAGTG

P2X2 F: CGGGGTGGGCTCCTTTCTGT 499
R: GGACATGGTTACTGAAGAGCG

P2X3 F: AGCTGGTGAGCTGGGATAGA 533
R: AACCCACCCCACAAAGTAGG

P2X4 F: TCACCCTCTTGGTAAAGAACAAC 500
R: CACGGTCGCCACCCCTA

P2X5 F: CCTGAAGGGCGGTGTGATAG 647
R: ATCTGTTCCCTGCCAAGAGC

P2X6 F: CAGGCCAAGAACTTCACACTC 566
R: GGGGCTCTTGCCTCTTCATATT

P2X7 F: GCTCCTAGGTGAGGGTTTGC 712
R: GGCAAGATGTTTCTCGTGGT
P2Y1 F: TTATGTCAGCGTGCTGGTGT 668

R: AGGGATGTCTTGTGACCATGT

P2Y2 F: TCTAGAGCGTGATCTCGGAGT 516
R: TAAATGGCCAGTGGTCACCC

P2Y4 F: AGCCCAAGTTCTGGAGATGGTG 492
R: GGTGGTTCCATTGGCATTGG
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Continuation of Table 2.3

P2Y6 F: TTGCATGAGACAGACTCTCCG 500
R: CACGACTCCACACACTACCC

P2Y12 F: ACCCTACAGAAACACTCAAGGC 978
R: CAGGGTGTAGGGAATCCGTG

P2Y13 F: AAACAAAGCTGATGCTCGGGA 591
R: TGTGACTGACCACCTGATGC

P2Y14 F: GCTGACTTTCTCATGGGCCT 571
R: AGGGGATTCTGGCAATGTGG

2.54 PCR

PCR was performed using prepared sample cDNA, the corresponding no-reverse tran-
scriptase control and water controls (without sample). 2 ulL of samples and controls
were added to 25 pul of PCR Taq polymerase Master Mix (Promega), 1 pL (0.2 uM)
each of forward and reverse primers, and nuclease free water made up to the final vol-
ume of 50 uL. This was conducted for each of the primers listed in Table 2.2 and 2.3.
Thermocycling settings were largely kept consistent, with denaturation and extension
temperatures remaining the same throughout all PCR experiments. Denaturation at
94°C for 1 minute, then cycles of 94°C for 30 seconds, extension temperature of 72°C
for 40 - 45 seconds (approximately 1 minute per kb) during cycling, with a 6 minute and
30-second final extension time. However, annealing temperature (See Table 2.4) and
number of cycles were optimised for each gene of interest (GOI) as required, to enhance
product amplification. All P2 receptor primers underwent 40 cycles with the exception
of P2X2, P2X6 and P2Y4 with 38 cycles. All SVF makers underwent 35 cycles, with the
exception of #3-tubulin which underwent 40 cycles. All thermocycling was conducted

using Veriti™96-Well Fast Thermal Cycler (Applied Biosystems®) (See Figure 2.3 for
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illustrative diagram). PCR products were either stored short-term at 4°C or long-term

at -20°C until required.
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Table 2.4: Annealing temperatures for primers used within this PhD project.

A list of primers used within research, grouped by optimal annealing temperature.

48°C Pecam-1, a-SMA

51°C CD146b

52°C PDGFRg, P2Y1

53°C CD45, CD8, P2Y12, P2X2
54°C Lyve-1, CD146a, P2X1, P2X4,

P2X7, P2X3, P2X5, P2Y13, P2Y14
55°C Perilipin-1, CD14, P2Y6, P2Y4

56°C P2X6, P2Y2
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Figure 2.3: PCR schematic. Visual illustration of each step of the PCR process in-
cluding time (minutes) and temperature (°C) settings used. Step 1 - initial denaturation;
Step 2 - amplification cycling; Step 3 - final extension. Accompanying cartoons further

illustrate the process occurring in denaturation, annealing and extension steps.

2.5.4.1 Agarose gel electrophoresis

Using a 1.8% (w/v) agarose gel, each PCR product generated was separated according
to size. To prepare the gel, 8.1 g of agarose (Fisher) was dissolved via heating in 450
mL of water with 9 mL of 50x Tris-acetate-EDTA (TAE) buffer (Thermo Scientific). For
the visualisation of amplified cDNA, 22.5 pL ethidium bromide (EtBr) was added (Final
concentration of 0.5 ug/ml). The liquid gel was poured into moulds with well-combs
in place and left to set at RT for 45 - 60 minutes, or until solid. Before loading into
the pre-set gel wells, 25 uL of each PCR product was combined with 7 uL of 6x gel
loading dye (New England Biolabs) to achieve a total volume of 32 uL. The set gel
was submerged in an electrophoresis tank containing 1x TAE buffer where each sample,
including a 100 bp reference ladder (New England Biolabs), were loaded into each well.
Electrophoresis was run typically at 110 V for 50 minutes, whereupon the electric current
moves downwards from the cathode, towards the positive anode, carrying negatively

charged DNA fragments with it. The larger the fragment, the slower the migration, and
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thus the DNA fragments become separated by size. Completed electrophoresis gels were

then visualised using the UV setting of the GelDoc-It®° imager.

2.6 Caell culture

Cell culture was performed using the 1321N1 human astrocytoma cell lines, derived from
human glioma cancer cells. These lines are fast-growing and low-maintenance, adherent
cell lines. For the purpose of the project, 1321N1 lines stably expressing the human
P2X2 or P2X3 receptor were used. Parental 1321N1 cell lines do not naturally express
P2X or P2Y receptors, therefore the parental cells can be transfected to stably express

either P2X2 or P2X3 receptors (in-house stocks).

2.6.0.1 Maintenance

All cell culture took place in the Biomedical Research Centre (BMRC) tissue culture fa-
cilities at the UEA. All cells were cultured in incubators at 37°C and 5% CO, temperature
and humidity conditions. Cells were grown in standard filtered T75-size culture flasks
(Thermo Scientific). Cells were bathed in high-glucose (4.5 g/L) DMEM supplemented
with L-glutamine, then further supplemented in-house with 10% (v/v) fetal bovine serum
(FBS) (Sigma) and 1% (v/v) penicillin-streptomycin combined solution, wherein the fi-
nal concentration was 50 U/mL and 50 pg/mL respectively (Sigma) (referred to as
'culture DMEM’ from this point).

2.6.0.2 Passage

All cells were handled in a Class |l Microbiology Safety Cabinet and all media and
reagents were pre-warmed to 37°C prior to use. When cells reached approximately 80%
confluence, they were gently washed with 5 mL 1x PBS (in-house) before treatment with
2 mL trypsin-EDTA (Sigma) dissociation solution for 5 minutes. Once cells had detached,
3.5 mL culture DMEM was added and cells gently swirled to mix. The cells were removed
and centrifuged at (RT) 450 xg for 5 minutes to achieve a pellet, whereupon old media
was removed and the pellet re-suspended in fresh media. To estimate the cell number for
seeding, the pellet was resuspended in 5 mL culture DMEM and a hemocytometer was

used to count number of cells per mL. The appropriate quantity of cell suspension was
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seeded into fresh T75 flasks, or seeded into Nunc™Lab-Tek™Il chamber slides (Thermo

Scientific) for use in immunocytochemistry.

2.6.0.3 Freezing and thawing

After use, cells were spun at 450 xg for 5 minutes and cryopreserved by suspending in
a mixture of DMEM, 30% FBS (v/v) and 10% (v/v) DMSO. Cells were transferred
into cryovials at an approximate density of 1 x 10° per vial and to steadily cool and
freeze the cells at a rate of 1°C/min, these vials were transferred to a Mr Frosty box
(isopropanol-filled) and kept at -80°C for 12 hours before transferring to liquid nitrogen
storage at -196°C. For thawing of cells in liquid nitrogen storage, cells were taken from
liquid nitrogen storage and placed on dry ice, before thawing in a 37°C water bath for 2
minutes. Next, 1 mL culture DMEM was added to cryovials and cells were spun down at
450 xg for 5 minutes to remove the cryopreservation mixture, then cells were transferred

to a T25 flask containing pre-warmed culture DMEM.

2.7 Immunocytochemistry

To qualitatively establish the presence and pattern of neurons within the inguinal fat
pad, whole-mount immunocytochemistry was used. To perform immunocytochemistry,
antibodies and stains were mainly sourced from Abcam and Thermo Fisher Scientific
(see Table 2.5). Where possible, antibodies sourced were knockout validated and/or
verified with western blot analysis by the manufacturer and had been published in peer-
reviewed literature. Generally, antibody concentrations were used under the suggestion
of the manufacturer. For vasculature, Griffonia simplicifolia lectin isolectin B4 (IB4) was
used as a stain, which is a common and widely used stain for microvasculature in many

models (Corliss et al. 2019).
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Table 2.5: List of antibodies and stains used for immunocytochemistry. A full list
of all antibodies and stains used to perform immunocytochemistry in this PhD project,
plus their manufacturer and product code. 'Alexa’ refers to Alexa Fluor®conjugated

secondary antibodies.

Anti-/33-tubulin 1:500 Chicken Abcam/Ab41489
Anti-Tyrosine Hydroxylase 1:250 Rabbit Millipore/AB152
) 1:250 Chicken Abcam/Ab76442
Anti-PGP9.5 1:250 Guinea pig Abcam/Ab10410
Anti-P2X2 1:200 Rabbit Alomone/APR-003
Anti-P2X3 1:200 Rabbit Invitrogen /P15-115707
Anti-chicken Alexa 405 1:500 Goat Abcam/Ab175674
Anti-chicken Alexa 488 1:500 Goat Abcam/Ab150173
Anti-chicken Alexa 647 1:500 Goat Abcam/Ab150171
Anti-rabbit Alexa 647 1:500 Goat Fisher/A-21245
Anti-Guinea pig Alexa 647 1:500 Goat Abcam/Ab150187
Isolectin B4 1 pg/mL - Invitrogen /132450
BODIPY 493/503 20 pg/mL - Invitrogen /D3922
Sudan Black B 0.1% - Sigma/199664
DAPI mounting medium - - Abcam /104139
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2.7.1 Whole mount immunocytochemistry of the inguinal fat

depot

2.7.1.1 Tissue preparation

Whole mount tissue preparation methods were adopted from Willows et al. (2021). The
inguinal fat depot pair were isolated and washed in HBSS. Where required, tissues were
cleaned of adherent hair. Occasionally the depot was dissected further into half sections
to enable more experimental potential per depot pair.

Tissues were fixed in 4% PFA for 2 - 3 hours at 4°C (depending on depot size), then
washed in 1x PBS at RT for 10 minutes, twice at 4°C. 1x PBS containing heparin at 10
U/mL was typically used during early PBS-washing stages to reduce vascular autofluo-
rescence. However, heparin was excluded when exploring the neuro-vascular relationship

to exploit naturally occurring autofluorescence from erythrocytes.

Post-fixation, tissues were placed in 3 mL blocking buffer consisting of 1X PBS +
1% Triton X-100 + 5% bovine serum albumin (BSA) 4 5% normal goat serum (NGS),
for a period of 2 - 4 days gently agitating at 4°C. At the end of the blocking period,
tissues were flattened between two large microscope slides (using bulldog clips) for 90
minutes at 4°C to reduce the tissue Z-plane (thickness). Tissues were rinsed in 1x
PBS before being stained with 0.1% w/v Sudan Black B in 75% v/v EtOH rotating for
20 minutes at RT to reduce lipid autofluorescence. This step was implemented as an
alternative measure to tissue clearing. Tissues were then washed with 1x PBS for up
to 8 hours at 4°C to remove excess stain. Next, tissues were placed in blocking buffer
containing appropriate concentrations of primary antibodies and left for 48 hours gently
agitating at 4°C. After this incubation period, a series of hour-long 1x PBS washes (4
heparin) occurred, with the PBS being replaced each hour for 7 - 8 hours. Tissues were
then incubated with secondary antibodies, rotating at 4°C overnight. IB4, if being used,
was added at this stage. Again, post removal of the secondary antibodies, the tissues
received a series of hour-long 1x PBS washes spanning up to 8 hours, with PBS being
replaced every hour. If BODIPY was being used, after 4 hours of washing, samples were
placed into blocking buffer containing 20 ug/mL BODIPY for 30 minutes at RT gently

agitating, before recommencing the wash steps up to 8 hours.
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Each fully-stained sample was mounted onto a microscope slide using 100% glycerol as
mounting media and further flattened using lead weights for 3 - 5 days at 4°C before
imaging. Secondary antibody-only control tissues were treated in exactly the same
manner, minus the introduction of primary antibodies. See Figure 2.4 for illustrative

description.
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Figure 2.4: Methodology for whole mount immunocytochemistry of the in-
guinal fat depot. lllustration of methods applied for whole mount immunocytochem-
istry of the inguinal fat depot. 1. Inguinal depots dissected and 2. fixed in 4% PFA for
2-3 hours before undergoing 3. 2x 10-minute PBS washes. 4. Samples are incubated in
blocking buffer for 3-4 days then 5. flattened between microscope slides for 2.5 hours.
6. tissues incubated with Sudan Black B for 20 minutes and 7. washed with PBS
for 8 hours before adding to 8. blocking buffer containing primary antibodies (*except
secondary antibody-only controls) for 48 hours. 9. Samples are then washed with PBS
for 8 hours before 10. incubating with secondary antibody in blocking buffer overnight
(*IB4 if being used was added at this stage) then 11. washing with PBS for 8 hours
(*BODIPY added half way through at this stage if being used) prior to 12. mounting
with 100% glycerol and 13. re-flattening with weights for 3-5 days before 14. using

confocal microscopy to visualise fluorescen’gc)?structures.



2.7.1.2 Cell preparation

Cultured P2X2- and P2X3-expressing astrocytoma 1321N1 cells were cultured and main-
tained as per Section 2.6 and seeded into chamber slides at approximately 1 x 10° per
chamber, then were incubated for several hours or overnight in culture DMEM. To stain
the cells, culture DMEM was removed and cells were washed twice with 1x PBS before
fixation with 4% PFA for 10 minutes at RT. Post-fixation, cells were rewashed with 1x
PBS then permeabilised with 1x PBS + 0.25% Triton-X for 10 minutes at RT. Cells were
then blocked using 1 x PBS + 3% (w/v) BSA blocking buffer for 1 hour at RT. Primary
antibodies were diluted in the same blocking buffer at the desired concentration and
added to test samples for 1 hour at 4°C. After primary antibody incubation, cells were
washed 3 times with 1x PBS for 10 minutes each before secondary antibodies diluted
in blocking buffer were added and left for 45 minutes at RT. The secondary antibodies
were washed off with 3x 10-minute 1x PBS washes in darkness. The chamber slide was
dismantled and cells were then mounted using mounting media containing DAPI and

imaged immediately, or left covered at 4°C until ready to image.

2.7.2 Image acquisition and processing

All images were taken using the Zeiss LSM 980 Airyscan 2 confocal microscope. Gener-
ally, settings were kept consistent, with laser intensity maintained between 1 - 2%, with
the pinhole set to 1 airy unit (AU) and captured at a resolution of 8192 x 8192 pixels
with bidirectional scanning, where each pixel was exposed for 2.05 us and 16 bit image
depth. Master gain was optimised on a frame-by frame basis, typically within a range
values of 700 - 900 V. The main lasers used were 488 and 639 and on occasion 405 nm.
Control images were acquired with the same settings as the test samples.

To obtain 'whole’ depot images, the 'Al sample finder’ option in the Zeiss Zen 3.6
acquisition software was used to produce an overview image using multiple individual
tiles with the 2.5x objective, which were then automatically stitched together within the
software to produce a complete image. Number of tiles varied depending on the size of
the tissue.

To generate z-stack projections for a composite 3D image, a region of interest (ROI)

was identified and the 'z-stack’' option was used, whereupon number of images within

98



a defined depth were selected. These were dependent on thickness of each sample and
ranged between 14 and 104 slices. To generate the composite images, Zeiss Zen 3.6
(blue edition) was used to process the z-stacks, where the software provided '3D’ visual-
isation tools which included scale measurements and merging of multiple channels. This
was used to generate all projections within this thesis.

For 2D images, post-image acquisition, merging of colour channels (for composite im-
ages), zoom and cropping, image colour adjustments (brightness and contrast) and scale
bars were all managed in Fiji (Image J based) software. When appropriate, images were
processed with noise removal functions, such as ‘despeckle’ to remove graininess and
where images experienced severe instances of non-specific spotting of antibody which
distracted or negatively impacted the overall focal point of the image, outliers were
removed with an area of 5 - 10 pixels. Secondary antibody-only control images were

processed in the same manner as test images.

2.7.2.1 Assessments of colocalisation by area

For approximate assessment of colocalisation between two channels, using FIlJI, the
colour channels of the two markers were merged. Then colour thresholding was assessed
by selecting appropriate colour ranges for green, red and yellow as to best represent each
of the secondary fluorophore channels and the colocalised areas. These were based on
arbitrary values on a colour wavelength scale from 0 - 255 wherein selections between 0
- 27 were considered 'red’, 28 - 54 as 'yellow’ and 55 - 99 as 'green’ and these were kept
consistent throughout each analysis. These respective regions of colour were measured
as area coverage within the image, which was divided by the total colour threshold of
the whole image to give a percentage of total area 'cover’ for each of the individual
channels (See Figure 2.5 for visual representation). Where possible, particularly where
structures were 3D such as nerve bundles, multiple Z-planes were assessed, calculated
and combined to produce a mean coverage of a particular channel across multiple planes

of view within a single ROI for a more comprehensive assessment.
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Figure 2.5: Visual description of the assessment of colocalisation. An illustration
describing the assessment of colocalisation performed on images. Thresholding was
applied to a given image (cropped to remove any background noise) whereby red, yellow
and green channels were separated and their area within the image measured. Each
channel area was divided by the total threshold (fluorescence) with all channels combined
to provide an approximate % proportion of fluorescence of a given channel. Yellow is
used to describe colocalisation of two channels (red and green). These analyses were

performed using FI1JI software.
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2.8 Statistical Analysis

All data analysis within this thesis were performed using Origin(pro) software, student
version 2021(b) (OriginLab Corporation, Northampton, USA). Unless otherwise indi-
cated, data written in text and expressed in figures represent mean + standard error
of the mean (SEM). Standard deviation (SD) has not been reported in the main text
and figures within this thesis, however tabulated values are presented for reference in
the Appendix (Table 7.1). References to 'N' denote biological repeats (animals) and
'n’ refers to technical repeats. In cell immunocytochemistry experiments 'N’ refers to
chamber and 'n’ refers to within-chamber sampling. All glycerol assay experiments were
conducted to a minimum N of 3, with at least two replicates in each condition (n > 2).
Wherever possible, data is presented as raw, non-normalised values. However adipocyte
experimental data has been corrected to control values and presented as 'response sub-
tract control’ values and is clearly indicated as such.

Dose-response calculations for the estimation of the half-maximal effective concentration
(EC50) for norepinephrine were made by applying the Hilll equation (below) to data in

OriginPro software.

y = START + (END - START) *xn / (k*n + x”n)

Where y = is the effect/response, k = the EC50, n = number of cooperative sites,
x = concentration, START = baseline and END = maximal/plateau.
Prior to statistical analysis, data are assessed for normality using the Shapiro-Wilk test
and for equal variance using the Levene's test. Post checks, normal data proceeded to
parametric analysis, such as one-way ANOVA with post-hoc Tukey test, or one- and two-
sample t-tests. Whereas datasets in violation of parametric assumptions were analysed
via Mann-Whitney U tests, Kruskal Wallis ANOVA with post-hoc Dunn'’s test, or Welch's
ANOVA with post hoc Games-Howell Pairwise Comparisons. Details on statistical tests
used for each figure can be found in corresponding figure legends, or in-text where no
figure is present. Throughout this work, the threshold for statistical significance was
P<0.05 (* P<0.05, ** P<0.01, *** P<0.001) and symbols used in graphs to represent

significance are described in figure legends.
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Chapter 3

Investigating innervation of the

inguinal fat depot

3.1 Introduction

The vascularisation and nervous innervation of tissues is critical to function, health and
homeostasis. In cases where these innervations are missing or damaged, pathologies
ensue and tissues cannot perform their primary functions. For example, damage to the
skin barrier in diabetic vasculopathy and neuropathy leads to necrosis and ulcerations, or
loss of appropriate vascularisation in the eye retina can result in impaired, or even loss,
of vision i.e. retinopathy (Mota et al. 2020). In the case of obesity, runaway effects can
occur where hypertrophy of adipose tissue can result in hypoxia and pro-inflammatory
pathological conditions. As vasculature becomes dysfunctional due to inflammation, or
cannot expand to facilitate the growth of the tissue, the primary storage functions of
adipose become impaired (Trayhurn 2013). Polyneuropathy and subsequent loss of ner-
vous innervation to peripheral tissues, including adipose, can also occur as a result of
obesity and may contribute to catecholamine resistance (Blaszkiewicz et al. 2019a; Dun-
can et al. 2007). Understanding the vascularisation and nervous innervation of adipose
is therefore fundamental to full comprehension of lipolysis; capacity, span and ultimately,
also dysregulaton.

Firstly, how nerves innervate the resident network of vasculature is important as to inter-
pret the control of incoming oxygen, metabolites, hormones and nutrients for metabolic

health and homeostatic regulation, which both directly and indirectly influence lipolysis
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(Bartness et al. 2014). These patterns of innervation are often altered in disease states,
such as obesity, where nervous innervation of vasculature and parenchyma is perturbed
(Willows et al. 2023). Secondly, the extent of nervous parenchymal and adipocyte in-
nervation is key to understanding how lipolysis is regulated.

It was previously thought that vascular networks presented the primary route of lipolysis
regulation via the delivery of circulating catecholamine, epinephrine, to adipose tissue.
The influence of circulating catecholamines in lipolysis regulation is now considered in-
consequential compared to those derived from sympathetic nerves innervating adipose
(Bartness et al. 2014). Evidence suggests sensory, but not parasympathetic nerves, are
also present, and are thought to have roles in afferent delivery of information to the
CNS, but also a potential antidromic signalling axis if and when stimulated (Mishra &
Townsend 2024). There are mixed reports as to the extent or density of nerve-adipocyte
interactions in the inguinal fat depot (Zeng et al. 2015; Jiang et al. 2017; Huesing et al.
2021), which means understanding how lipolysis may be influenced by nerves is not com-
pletely resolved. The purpose of this chapter is to use immunocytochemistry techniques
to investigate nervous innervation of white adipose tissue, while hopefully elucidating
extents of neuro-adipose interactions to form a basis in which functional enquiry can be

applied. In order to understand the response, we must first understand the innervation.

3.2 Aims

1. Establish a sound method for visualising nerves in the inguinal fat depot using a

'whole mount’ approach.
2. Define the structures and innervation modes present within the inguinal fat depot.
3. Qualitatively assess the frequency of innervation observed.

4. Investigate sympathetic nerve innervation and perceive and describe the extents
of sympathetic versus non-sympathetic innervation, with particular emphasis on

parenchymal innervation modes.
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3.3 Results

3.3.1 Optimisation and development of a suitable whole mount

method

3.3.1.1 Establishing a suitable whole mount method

Initially, to tackle the first aim of the investigation, | approached whole mount microscopy
techniques by applying passive clearing methods that allow intact full-volume imaging
of tissues (2-3 mm deep) by exposing tissues to high refractive index solutions in or-
der to correct the refractive index of the tissue. One method encompassed a fructose
clearing approach, whereby paraformaldehyde (PFA) fixed tissues were serially exposed
to increasing concentrations of fructose (20 - 100 % w/v in dH50) for a minimum of 8
hours each, before mounting and imaging (Figure 3.2 A). The second approach was a
trial of a glycerol clearing method which required PFA-fixed tissues to clear in a 90%
v/v glycerol solution (in dH50) for 72 hours, before mounting and imaging (Figure 3.2
B). While these approaches did work, clearing the tissue and allowing for visualisation,
the antibodies had a high propensity to become tissue-bound, stuck between adipocytes
and at times making it difficult to discern signal (neurons) from noise. The Townsend
research group developed a non-conventional method, whereby tissue depth is reduced,
termed Z-depth reduction (ZDR), and combined with application of a neutral lipid stain
Sudan Black B, it negates the need for clearing and reduces much of the background
(Willows et al. 2021) (referred to in the chapter as the 'Townsend method’). In ca-
sual/anecdotal observations, using the methods described in Chapter 2 Section 2.5, the
depth of the inguinal tissue was reduced from original circa 2-3 mm (undulating in depth
over the span of the tissue) to values ranging between 150 - 300 um when observed
scanning through the whole Z-plane of the tissue during confocal image acquisition (un-
imaged), matching observations in Willows et al. (2021). These anecdotal observations
were largely confirmed when using BODIPY to fluorescently stain for adipocytes, where
Z-stack projections of adipocytes assimilated into composite three-dimensional images
illustrated adipocytes spanned between approximately 115-175 um deep (Figure 3.3),
with a mean of 134 um (N = 3, n = 5). Although, some error in depth estimation may

occur from inadequate Z-stack projection 'slices’ to cover the entire depth, therefore
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these equate to approximate measurements of depth only.

The use of either a clearing technique, or lipid stain, was necessary to correct the re-
fractive index of the lipid-laden adipocytes. Adipose tissue appears naturally fluorescent
due to the presence of lipids, as they refract light in multiple directions as it penetrates
through the tissue. Figure 3.1 (A) illustrates this, as a section of inguinal tissue with
no preparation, other than Z-depth reduction, can appear as if it had exposure to a
fluorescent antibody. Figure 3.1 (C) demonstrates the effectiveness of Sudan Black B
at attenuating the autofluorescence compared to Figure 3.1 (B), where neither received
post-image contrast and brightness adjustment or processing.

Figure 3.2 indicates the performance of the three methods, fructose & glycerol clearing
methods and the Townsend method applied alongside pan-neuronal marker 33-tubulin
(1:500), where no post-imaging adjustments in brightness, contrast or noise-reducing
processing have been made. Application of the novel tissue Z-depth reduction approach
in conjunction with Sudan Black B appeared to successfully reduce the noise in com-
parison to the other methods (Figure 3.2 C). Additionally, the 2" antibody-only controls
indicate to some degree the improvement in antibody freely washing out of the tissue
when using the Townsend method, compared to whole-depth tissue clearing methods.
As such, from the point of discovery of the Townsend method, any further optimisation

and data collection was based on this core protocol (Willows et al. 2021).
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Figure 3.1: Autofluorescence of inguinal adipose tissue. An example of the
challenges of autofluorescence faced when imaging adipose via confocal microscopy (A)
Overview image of approximately half of an unstained inguinal adipose depot using ZDR,
without Sudan Black B or antibody application, image taken using the green channel to
showcase autofluorescence (N=1). Autofluoresence of inguinal tissue prepared excluding
(B) and including (C) the addition of Sudan Black B, both with the addition of 2'antibody
only (Alexa 488). Images taken with (A) a 2.5x objective with 35 stitched tiles and (B
& C) a 10x objective. Scale bars represent 2 mm (A) and 100 um (B & C).
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Anti-B3 tubulin

2' antibody only

Figure 3.2: Comparison of clearing versus alternate methods for whole mount
immunocytochemistry. Representative confocal images of an initial exploration into
(A) a fructose clearing method using a series of fructose steps to clear the tissue (N =
4) (B) a glycerol clearing method (N = 1) and (C) the alternate non-clearing method
from the Townsend lab (N = 13). Top Panels for (A) (B) and (C) show anti- 43-tubulin
staining for presence of nerves (green, Alexa 488) with white arrowheads indicating
examples of nerves, while bottom panels reflect respective and representative 2" antibody-
only controls. None of the images have been adjusted for brightness and/or contrast and
appear exactly as captured. Images taken with 10x objective and scale bars represent

100 pm
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(Figure legend on next page.)
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Figure 3.3: Approximate thickness of Z-depth reduced inguinal fat Represen-
tative confocal Z-stack projection views of BODIPY-stained adipocytes in the green
channel (N = 3, n = 5). The approximate thickness in um of the inguinal fat depot
post- Z-depth reduction steps, using Z-stack confocal images in 'slices’ in multiple con-
secutive Z-planes, merged to form a composite '3D’ construction, where (A) (B) and
(C) refer to different examples and next to them are respective face-view and/or per-
spective xy plane axis. Projections had thresholding applied to remove unstained areas
and increase visualisation of positively stained adipocyte structures. Scale presented on

XY and/or Z axis in um. Images taken using 10x objective.
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3.3.1.2 Selection of an appropriate pan-neuronal marker

To ensure | obtained sufficient immunoreactivity along the axon for full visualisation, an-
tibodies targeting cytoplasmic proteins found in neuron projections were sought. There-
fore, in the interest of comprehensive assessment, | conducted a comparison of antibodies
against two well-cited cytoplasmic-targeting pan-neuronal markers; $3-tubulin and pro-
tein gene product 9.5 (PGP9.5), to ensure | was able to visualise neurons to their fullest

extent.

In a similar comparison of antibodies against pan neuronal markers 33-tubulin and
PGP9.5, Blaszkiewicz and colleagues found there was near complete overlap of staining
between the two markers, stating PGP9.5 may be slightly better for visualising singu-
lar neuronal innervation (Blaszkiewicz et al. 2019a). Therefore, with respect to these
claims, to ensure thorough investigation of parenchymal innervation of the inguinal fat
depot, PGP9.5 was compared against $3-tubulin, with the main objective to compare

singular neuron innervation.

In order to provide semi-quantitative values for how the markers compared, | cate-
gorically assessed each image for three staining patterns; 1. 33-tubulin marking nerves
where PGP9.5 is clearly absent, 2. evidence of defined overlap of the two markers, and
3. evidence where PGP9.5 detected structures which were not detected by (33-tubulin.
Visually comparing the staining pattern of 53-tubulin (1:500) and PGP9.5 (1:500) in
the images taken, there were rare occurrences of overlap between the two markers, with
only 9% of total images showing instances of visible overlap (Figure 3.4 C) (N = 1,
n = 13). With the antibody used here, PGP9.5 appeared to be a poor marker for
nerves, with PGP9.5 negativity noted in 75% of images where structures were positively
stained by 33-tubulin (Figure 3.4 B). There were also only 19% of images assessed where
PGP9.5-positive neurons were observed that lacked [33-tubulin staining, indicating that
PGP9.5 had no greatly improved single neuron visualisation over 33-tubulin (Figure 3.4
A). Therefore, under the conditions and using the tools employed here, the selection
of pan-neuronal antibody against 33-tubulin was justified and used henceforth for the

visualisation of nerves.
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Figure 3.4: Comparison of pan-neuronal markers PGP9.5 and (3-tubulin for
detection of nerves. Representative confocal images of a comparison between two
different pan neuronal markers PGP9.5 (red Alexa 647) and (33-tubulin (green Alexa
488) ability to detect nerves in the inguinal fat depot. Images indicating (A) where
PGP9.5 was able to detect nerves that 53-tubulin was not, (B) 53-tubulin stained nerves
that were absent of PGP9.5 positivity and (C) overlap where $3-tubulin and PGP9.5
appeared to detect the same nerve. (D) Diagrammatic representation of instances of
overlap and independent staining for each marker by visual assessment in images, as
percentage of total number of images observed (N = 1, n = 13). Scale bars represent

100 um. Images taken with 10x objective. 2.1x digital zoom applied in (A).

112



3.3.1.3 Confirmation of the presence of nerves

The combined application of the tools and methods described in sections above culmi-
nated to produce evidence that nerves are detected with $3-tubulin (Figure 3.5) and
are found spanning across the entire fat depot (Figure 3.7). Initial impressions on the
appearance of the 3-tubulin-positive structures was supportive of neuron identity due
to their morphology; singular neurons demonstrated a distinct wavy/crinkled and thread-
like appearance, with a distinct nodule often observed at multiple points along the axon
(Figure 3.6), and axons measured approximately 1.8 um in width (N = 3, n = 130) , in
accordance with previous reports in literature (Willows et al. 2021; Cao et al. 2018). The
distinctive morphology of nerves was a key element in positive identification additional
to nerve marker positivity, particularly when there were high degrees of background, dis-
tinguishing nerves from similar sized vasculature. The nerves did not appear to undergo
bifurcation which also served to distinguish them from vasculature. These structures can
be seen innervating across the entire length and width of the tissue in various forms. Im-
plementation of the optimised methodology serves as a means to investigate how nerves
and other structures innervate the inguinal fat depot, in the proceeding sections of this

chapter.
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Figure 3.5: Optimisation journey of the inguinal fat depot using whole mount
immunocytochemistry. (A) Photographs illustrating the difference in thickness of tis-
sue (i) pre- and (ii) post- optimisation once ZDR has been applied, with the latter picture
showing ZDR taking place, with an inguinal tissue section in between slides secured with
binder clips, (i) demonstrates the thickness of tissues using clearing techniques. Confo-
cal images in (B) represent initial attempts at whole mount microscopy using PGP9.5
(red, Alexa 647) (DAPI in blue) using the glycerol clearing method while, (C) illustrates
the product of optimisation of the whole-mount method using $3-tubulin (green, Alexa
488) as pan-neuronal marker and the Townsend method. Scale bars represent 100 um

and images taken with 10x objective.
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Figure 3.6: Nerve morphology in the inguinal fat depot. Representative confocal

images of nerves stained with $3-tubulin (green, Alexa 488) in the inguinal fat depot
where (A) demonstrates characteristic nodules along the axon which aided identification
and (B) illustrates the 'wavy' innervation pattern of nerves as they travel through the
tissue. White arrowheads point to the nodule-like structures. Images taken with 10x

objective and scale bars represent 100 um. 3x zoom applied in (A). (N = 3).
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Figure 3.7: Overview of nervous innervation in the inguinal fat depot. Whole-
mount confocal overview image of approximately half of the inguinal fat depot (dor-
solumbar region), transversely dissected at the lymph node (blue arrowhead). Nerves
stained with 33-tubulin (green, Alexa 488) over the entire length of the tissue portion
dissected. Tissue prepared using the Townsend method. Scale bar represents 1 mm.

Image taken with 2.5x objective and 24 stitched tiles.
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3.3.2 Investigation into the innervation of the inguinal fat depot

Representative images within the following sections were all drawn from a complete set
of 13 main experiments in total (out of 36 attempts and optimisation experiments),
which were successful in experimental aim (optimised to produce a clear image), and
all utilised neuronal marker 33-tubulin in addition to whichever other markers were
appropriate for the scientific enquiry at hand, either for nerve subtype or vasculature.
These 13 experiments can be subdivided into discrete experiment sets including each
additional other marker, to at least an N of 3 for each set. Observational qualitative data
regarding the approximate frequencies of innervation incidence were all therefore based on
these experiment sets, excluding the experiments primarily conducted for optimisation.
Provided is a table (Table 3.14) to define and clarify use of descriptive terms of frequency

referred to throughout these sections.
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Table 3.1: Frequency scale and definitions for describing qualitative observa-

tions. Frequency scale terminology and associated descriptions used to describe occur-

rences of innervation of the inguinal fat depot used in this chapter. Where "experiments"

refers to observations during confocal imaging sessions.

Always

Very Frequent / Very com-

mon

Frequent / Common

Occasional / Uncommon

Rare

Observed consistently and constantly when appropriately

stained for, unavoidable.

Observed on multiple occasions within each experiment and
observed consistently across every experiment. Very easy

to locate and capture.

Observed within experiments, with more than a few ex-
amples found, easy to locate and capture and observed

consistently across every experiment.

Oberved during experiments, but not abundantly within
each, only a couple of times or less per experiment and not
easy to locate and capture. Less consistent observations

between experiments, but present in most.

Observed inconsistently between experiments, and limited
examples found within each experiment, with difficultly lo-

cating and capturing examples.
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3.3.2.1 Nerves of the inguinal fat depot exhibit three modes of innervation

After successfully adopting and optimising a method to visualise the nerves, experiments
began in earnest to discover the types of innervation that exist within the mouse inguinal
fat depot, under normal health and weight physiology. Having a visual comprehension
of the various structures within the inguinal fat depot was critical for qualitative analysis

of innervation modes observed.

3.3.2.1.1 Nerves innervate coarsely in bundles

Individual neurons were observed clustered into bundle-like structures (Figure 3.8). These
bundles measured approximately 63 pm in width (mean, N = 4, n = 15) and could be
seen in half-depot overview images tracking the entire length and width of the tissue
sections imaged, circa 2 - 3 cm with a slight lateral bias. (Figures 3.8 & 3.9 A). The
bundles, overall, were very frequently observed, present in every experiment conducted
into visualisation of nerves (N = 13). There were differing types of bundle innervation
pattern; one form commonly seen tracking through the tissue coarsely, independently of
vasculature and through the parenchyma of the tissue (Figure 3.8 B & C). However, the
bundles also appeared to track with large vasculature for long distances, innervating in
tandem, which was a frequent observation. Lastly bundles also experienced innervation
and tracking by medium sized blood vessels, which was overall an occasional to fairly
frequent observation (Figure 3.8 D & E). Bundles were always apparently independent
of small blood vessels. On rare occasions, bundles were observed appearing to branch,
with finer neurites disseminating from the main trunk of the bundle (Figure 3.9 C & D),

and appearing to innervate independently of visible blood vessels (Figure 3.9 A).
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Figure 3.8: Nerve bundle innervation types in the inguinal fat depot. Repre-
sentative confocal images of $3-tubulin stained nerves (green, Alexa 488) in bundles
innervating the inguinal fat depot in differing formats. A section of inguinal fat imaged
in (A) depicting nerve bundles (white arrowheads) innervating across the span of tissue.
(B) & (C) illustrate coarse bundle innervation, (B) independent of IB4 stained capillar-
ies (red, Alexa 647) and (C) coarsely through BODIPY-stained adipocytes (artificially
coloured grey). (D) Illustrates a bundle running alongside large vasculature with limited
direct interaction, while (E) medium-sized vasculature can be seen appearing to inner-
vate and track a nerve bundle. Images taken with (A) 2.5x objective with 35 stitched
tiles and (B) - (E) a 10x objective. Scale bars represent 1 mm in (A) and 100 um in
(B) - (E). (For IB4 + 33-tubulin N = 4, for 53-tubulin + BODIPY N=3)
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Figure 3.9: Potential evidence of nerve bundle branching into the inguinal
fat depot. Confocal images of a nerve bundle appearing to branch into the inguinal
fat depot. (A) Overview image of approximately half-depot section of inguinal adipose
taken at 2.5x magnification with 35 stitched tiles, stained with 3-tubulin (green, Alexa
488) indicating coloured boxes, blue for (B), orange for (C) and purple for (D), around
a potential branching bundle structure. (B) - (D) referenced in the larger annotated
overview depict the nerves branching into the tissue as single neurons, or small bundles
(B) & (D) and (C) directly over the branching point of the bundle. Images (B - D) taken
at 10x magnification. B4 staining vasculature (red, Alexa 647). Scale bars represent 1

mm (A) and 100 um (B - D).

3.3.2.1.2 Nerves innervate vasculature

Vascular structures were determined via a combination of Griffonia simplicifolia lectin
isolectin B4 (IB4) stain positivity, autofluorescence, size, morphology and innervation
pattern. Due to the nature of the IB4, whereupon it agglutinates group B erythro-
cytes and binds to a-d-galactosyl residues upon endothelial cells, vasculature are readily
stained (Laitinen 1987; Corliss et al. 2019). Consequently, microvasculature is stained
with intensity, as both erythrocytes that persist through washing steps as well as en-
dothelial cells, are stained. Vessels with larger lumens such as arteries and veins stain
less intensely likely due to more effective removal of erythrocytes in washing steps, but
experienced higher degrees of autofluorescence. The exposure to 70% v/v EtOH during
Sudan Black B staining may also have promoted dehydration and degradation of the
glycocalyx within the larger vessels, potentially reducing the binding capacity for IB4 (Li
et al 2023). As such, differing IB4 positivity and autofluorescence aided in the classifi-

cation of vascular structures.

Smaller vessels, classified as capillaries, measured on average 4.2 um with a range
of 2.3 - 8.5 um in width (N = 4, n = 118) (Figure 3.10 E i) (corroborated by Steinman
et al. 2017), with the variance in width likely reflective of their order, ranging 1st - 4th
order, largest to smallest (respectively) (Grubb et al. 2020). Capillaries were identified

through substantial 1B4 positivity, due to their high affinity for the ligand, their charac-
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teristic morphology; tube-like and highly-aborised structures in a mesh/net-like pattern,
which allowed for their constant and extensive innervation of the tissue. These structures
generally lacked innervation by 33-tubulin-positive neurons, with only rare occurrences
of nervous innervation of vessels toward the wider ends of the spectrum, which further

aided characterisation, as evidence elsewhere supports (Huang et al. 2021) (Figure 3.10

A).

Medium-sized vessels measuring on average, 19.3 um with a range of 9 - 37.6 um in
width (N = 4, n = 53) (Figure 3.10 E ii) were identified via their fair IB4 positivity and
were mostly very frequently and thoroughly innervated by (3-tubulin-positive neurons,
although not always, with some receiving fewer nervous innervations than others (Figure
3.11). These mid sized vessels were long, straight and were very commonly observed
structures. Bifurcation of these vessels was also very frequently observed, although not
to the extreme extents of smaller vessels, and often presented in a distinctive "Y' shape
(Figures 3.10 B & 3.11). These vessels are likely arterioles/venules given their size and

morphology.

Larger vessels were IB4-negative or very weakly stained and were largely identified
via the exploitation of natural vascular autofluorescence (Figure 3.10 C). The average
width observed for larger vessels was 86.4 um, with a range from 39.5 - 141 um wide (N
= 9, n = 14) (Figure 3.10 E iii). Their long, straight and rare instances of bifurcation
further served to differentiate and identify larger vessels (Figure 3.10 C). Large vessels
were always innervated by nerves to some degree, which both flanked and shrouded the
vessel in a distinctive 'plexus’-like manner (Figure 3.10 C), and oftentimes served to
increase ease of identification. Given their size and morphology, these vessels are likely
veins and arteries. These vessels could present with longitudinally striped autofluores-
cence, or more diffuse with a patchy autofluorescence. These structures were frequently
to very frequently observed innervating the inguinal fat depot, but | obtained fewer clear
examples of larger vasculature within the experiments compared to medium-sized vessels,
likely due to reliance on autofluorescence which could limit definition of large vasculature

in some cases.
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Lymph vessels were occasionally observed and were identified though their charac-
teristic heterogeneous autofluorescence pattern, which presents as distinctive horizontal
stripes (Bachmann et al. 2019), especially distinguishable in combination of different
channels, for example where both autofluorescence and I1B4 staining can be exploited
(Figure 3.10 D). Their large width averaging 155 pm, with a range between 123 - 246
pm (N = 3, n =7), alongside moderate to frequent instances of bifurcation allowed for
further recognition of lymph vessels when occasions did arise where they were observed.
Their range in size is likely reflective of smaller lymph capillary vessels and larger col-
lecting vessels. Lymph structures were not found to be readily or clearly innervated by
nerves using the tools applied here. Occasions where lymph was clearly defined and able

to be identified and imaged were uncommon across the suite of experiments (N = 13).
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Figure 3.10: Modes of neurovascular interaction in the inguinal fat depot.
Nervous innervation of various vascular structures within the fat depot, where vasculature
is marked by IB4 (red, Alexa 647) or by autofluorescence and nerves detected by (53-
tubulin (green, Alexa 488). Representative confocal images illustrating (A) nerves are
found independent of small-calibre vessels deemed capillaries (B), medium-calibre vessels
richly innervated with nerves (C), large vasculature wrapped by nerves (white arrowhead)
(D) lymph vasculature did not show obvious signs of nervous innervation. Scale bars all
represent 100 xm and images taken with a 10x objective. (33-tubulin + IB4 N = 4)
(E) Box plots for (i) small (N = 4, n = 118), (i) medium (N = 4, n = 53) and (jii)
large (N = 9, n = 14) vessel widths in um, with jitters (open circles) representing each
data point, illustrating the range within each. The box indicates the interquartile range
(IQR), where 50% of the data lie, while the whiskers represent 1.5x IQR (minimum and
maximum extremities of data) where outliers extend beyond. Black line represents the

median, while solid squares indicate the mean for each group.
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Figure 3.11: Differences in nervous innervation of medium-sized vessels of
the inguinal fat depot. Representative confocal images of nerves differentially inner-
vating medium sized vasculature. Nerves stained with 33-tubulin (green, Alexa 488)
and vasculature stained with IB4 (red, Alexa 647) in the inguinal fat depot, where (A)
demonstrates a extensively innervated vessel (B) a moderately well-innervated vessel,
while (C) and (D) illustrate vessels with little to no nervous innervation. White arrow-
heads indicate where medium sized vasculature lacks innervation. Images taken with 10x

objective and scale bars represent 100 um. (/53-tubulin + 1B4 N = 4).
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3.3.2.1.3 Nerves innervate parenchyma and adipocytes

Lastly, neurons are observed singularly extending through the parenchyma of the depot,
independent of vasculature, interweaving between adipocytes (Figure 3.12).

To examine the adipocyte-neuron relationship more clearly, lipids within the tissue were
stained with BODIPY. Using BODIPY fluorescent lipid dye combined with neuronal
marker (33-tubulin and vascular stain IB4 (incorporated in 2 of 3 BODIPY experiments),
evidence of neurons that innervate independently of vasculature was gained, to ensure
any parenchymal innervation observed was not explainable by vascular association by
neurons. Neurons were observed consistently innervating independently of nearby |B4-
positive capillaries (N = 2) and weaving around defined BODIPY-stained adipocyte
boundaries (N = 3) (Figure 3.12 A & B). Instances of parenchymal innervation were
observed consistently across experiments, the overall regularity of observations within
each experiment was considered fairly frequent, not found to be very frequent and was
at times inconsistent.

Supplementary to evidence of parenchymal innervation, in images taken using (33-
tubulin both with and without BODIPY, | found evidence of neurons gathering in a
complex apparently three-dimensional web-like cluster, termed by the Townsend group
as the 'neuro-adipose nexus’ (NAN) (Willows et al. 2021). Nerves, compared to gen-
eral parenchymal observations, appeared to more finely innervate around in a spherical
structure, which was unconfirmed here, but likely to be an adipocyte. These net-like
structures measured around 80 pum wide and 100 um in length, which represent ade-
quate dimensions for the encapsulation of a single or multiple adipocytes, as previously
shown (Willows et al. 2021). Observations of these structures were rare when using
(3-tubulin as sole marker for nerves, over N = 10 confocal experiments (comprising of
different 'sets’), they were observed just twice (Figure 3.12). Other than these nexus
structures, | did not observe any clear evidence of singular synaptic bouton terminations

onto adipocytes, where the nerve appeared to end abruptly.

Lastly, when producing simple exploratory Z-stack projections to produce a compos-
ite 3D image during confocal imaging, | noted that singular nerves appeared to innervate
somewhat superficially compared to vasculature, only innervating a plane of tissue circa

10 - 20 um from one surface of the tissue within the Z-axis (Figure 3.13). Whereas
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vasculature, with reference to IB4 stained microvessels, apparently innervated greater
depths of tissue, overlapping with the plane in which singular nerves innervate, and be-
yond to fuller extents of the tissue volume (Figure 3.13). Singular neurons repeatedly
illustrated this restricted depth of innervation in Z-stack projections performed here. In
observations during data collection, nerves that did innervate deeper into the tissue were
associated with vasculature, or within bundles.

Therefore, acquiring a clear image of a close neuro-adipocyte interaction was challenging
due to clear/discrete adipocyte structures residing deeper within the tissue and neuronal
innervation being largely superficial, as described (Figure 3.13). Surface-level adipocytes
rarely stained with clear cell boundaries, which may be due to sample handling and tissue
processing steps (ZDR) potentially causing lysis of adipocytes on the outer surface of

the fat depot.

Summary To conclude, using the tools and methodology outlined, | found non-
selectively stained nerves innervate in three main modes; very frequently seen in large
bundles, very frequently but inconsistently associating with medium and always large
vasculature, with rare innervation of microvessels and no clear innervation of lymph
vessels. Innervation consisting of individual neurons extending into the parenchyma
was observed fairly frequently, and rare cases of what appeared to be direct adipocyte
innervation, in the form of fine web-like neuro-adipose 'nexus’ structures. Parenchymal
innervation appeared somewhat superficial under these conditions. These data provide
clear evidence of the vascular, neuronal and neurovascular innervation of the inguinal fat

depot.
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Figure 3.12: Nervous innervation of parenchyma and adipocytes within the
inguinal fad depot. Representative confocal images of parenchymal and adipocyte level
interactions of nerves identified with 53-tubulin (green, Alexa 488). In (A) (i) nerves are
seen innervating independently of small-calibre vessels marked with IB4 (red, Alexa 647)
and around the boundaries of adipocytes (ii) (white arrowhead) stained with BODIPY
(artificially coloured grey), the blue box around structures in (i) is presented in (ii) as 3x
digitally zoomed image. (B) Nerves innervating between well-defined adipocytes. (C)
and (D) are zoomed images (2.9 and 4.2x respectively) of nerves finely innervating in
the web-like pattern of the neuro-adipose nexus structure. Images taken with a 10x
objective. Scale bars represent 100 um. (N = 3 for BODIPY + (33 tubulin, N = 2 for
BODIPY + I1B4 + (33-tubulin).
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Figure 3.13: Approximate depth of innervation observed of nerves and small-
calibre vasculature in the inguinal fat depot. Representative examples of Z-stack
projection views taken during confocal imaging, illustrating the approximate depths of
innervation of various components of inguinal adipose tissue, where nerves are marked
with 33-tubulin (blue, Alexa 405), small vessels marked with 1B4 (red, Alexa 647) and
adipocytes are fluorescently dyed with BODIPY (green). (A) and (B) refer to two ex-
amples from different animals. Each component image accompanied below by a Z-plane
face view indicating approximate depth of innervation. X Y and Z axis are labelled with
dimensions as appropriate. White arrowheads depict examples of nerves. Projections are
thresholded to reduce unstained areas (black) for improved structure visualisation. All

images are captured using a 10x objective.

3.3.3 Exploring sympathetic innervation of the inguinal fat depot

After the initial data obtained indicating general nervous innervation, further experiments
were necessary for the detection of sympathetic nerves, to infer the potential scope
of norepinephrine signalling in adipose tissue, informing future functional experiments.
Therefore next, in order to determine the overall abundance of sympathetic innervation
as part of total nerves marked by (33-tubulin, antibodies against selective marker for
sympathetic nerves, tyrosine hydroxylase (TH) (1:250), were chosen. The absence of
TH and positivity for 53-tubulin would thereby also serve as an indicator of the presence

of another non-sympathetic nerve subtype; putative sensory nerves.

3.3.3.1 Sympathetic nerves innervate in all three modes

Putative sympathetic neurons (TH-positive) were observed innervating inguinal adipose
tissue in all three modes (as previously described in section 3.3.2); in bundles, inner-
vating both medium and large vasculature and independent innervation of parenchyma,
extending to (apparently) individual adipocytes in the encapsulating neuro-adipose nexus
structure (Figure 3.14). These findings were in alignment with findings in literature (Wil-
lows et al 2021).

Adding further detail, fluorescently-labelled nerves stained with antibodies against

both 33-tubulin & TH demonstrated both convergence and divergence in staining across
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the three innervation modes.
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Figure 3.14: Sympathetic nerves innervate the inguinal fat depot in all three

modes.

Representative confocal images of sympathetic nerves identified with tyrosine hydroxylase
(TH) (red, Alexa 647) displaying the 3 modes of innervation; (A) in bundle structures
and extensive innervation of both (B) large and (C) medium sized vasculature, also
observed (D) innervating independently through the tissue and (E) finely in the neuro-
adipose nexus structure (i) indicated by the blue box, where (ii) is a (3.1x) digitally
zoomed representation of boxed area in (i). Images all taken with a 10x objective and

scale bars represent 100 um. (N = 3).

3.3.3.1.1 Sympathetic innervation within nerve bundles

Nerve bundles appeared to consist of a heterogeneous population of nerves (Figure 3.15
A). The morphology of these differentially stained nerves was identical, the only difference
pertaining to their emission wavelength through the use of two different fluorophore- con-
jugated secondary antibodies against the respective primary antibodies. When moving
through the Z-plane during image acquisition, | noted the subtypes within the bundle
did not cluster by type or form discrete patterns, instead integrated without particu-
larly defined organisation. Though, the perceived proportion or ratio of each subtype
present within a bundle differed depending on the Z-plane observed (owing to the three-
dimensional structure of the bundle), with some planes of view displaying more sympa-
thetic presence than others, making it challenging to capture representatively. This issue
was considered when handling example images during estimations of staining proportion,
where multiple planes were assessed and an average proportion over all available planes
calculated.

In these approximate measures of staining proportion by area coverage in the bundles
assessed, TH positivity equated to 28% of total fluorescence, where 33-tubulin positivity
in the green channel constituted an average of 72% of the overall proportion of staining
(N = 2). This may indicate that 28% of nerves in a given bundle are sympathetic,
while 72% are non-sympathetic. As these structures are 3D in situ, | noted when taking
images that relative proportions of staining did change depending on the plane observed.
There were only two valid examples captured of the same bundle in multiple planes which

could be used for a semi-quantitative measurement of colocalisation. Therefore, while
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comments can be made on the proportion of wavelength-based neuron identity, solid

conclusions cannot be drawn

It was noted during data handling, there also appeared to be a population of nerves
that solely stained with TH with an absence of 33-tubulin. This phenomenon was
consistent across innervation of other structures and across experiments. Collectively,
the approximate proportions of TH-positive staining alone in the red channel made up
44% of the total TH-positive staining, with the remaining 56% of the total stained
positively for both /33-tubulin and TH in yellow i.e. colocalised (Figure 3.15 B).

Lastly, almost every bundle during data collection was captured without evidence of
branching. However, as previously described in 33-tubulin experiments in section 3.3.2,
during optimisation and trial experiments a subsection of TH-stained sympathetic nerves
within the bundle have been observed branching away from the trunk and into the
parenchyma (Appendix Figure 7.3). Although, this was not observed during the core

experiments, therefore is deemed rare.
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Figure 3.15: Sympathetic subtypes represent a portion of nerves within bun-
dles. (A) & (B) Representative confocal images of nerves stained with (i) #3-tubulin
(green, Alexa 488), (ii) tyrosine hydroxylase (TH) (red, Alexa 647) and merged (iii)
to illustrate the heterogeneous population of nerves in a nerve bundle. Images taken
using a 10x objective and scale bars represent 100 um. (C) Approximate proportions of
nerve population in bundles, based on assessments of area coverage for red, green and
colocalised yellow channels as percentage of the total fluorescence in each example. The
main pie chart refers to overall TH negative and 33-tubulin positive versus TH positive
staining, while the smaller pie illustrates the portion of the TH-positive structures that
had colocalised with 33-tubulin versus those that stained negatively for 33-tubulin (N
=2).

3.3.3.1.2 Sympathetic innervation of vasculature

In line with other research, sympathetic innervation is closely associated with vasculature
(Huesing et al. 2021), with a large proportion of nerves innervating vasculature being
sympathetic. The examples in Figure 3.16 demonstrate the tight association between
sympathetic nerves and medium-sized vessels, where the nerves (stained with TH in red)

appear to flank and wrap around the vessel along the entire length captured.

Estimations of staining proportion by area coverage suggest that 38% of total flu-
orescence staining measured was [(3-tubulin-positive in the green channel, with 62%
classified as TH positive, wherein 63% of this staining was solely in the red channel,
while 37% of TH-positive staining indicated colocalisation with $3-tubulin in yellow (N
= 2, n = 3) (Figure 3.16 B). This staining assessment suggests, that in an average
medium vessel showcasing nervous innervation, 62% may be of sympathetic identity,
with 38% of non-sympathetic identity. Collectively these data suggest that medium
sized vessels, putative venules and arterioles, are dominantly innervated by sympathetic

but also non-sympathetic nerves.

Nervous innervation of large vasculature also appeared dominantly sympathetic in

nature, with images illustrating a high proportion of TH-positive sympathetic nerves
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(Figure 3.17).

Examples assessed for staining by channel indicated an average of 59% of total fluores-
cence staining as TH-positive, wherein 68% was TH alone in the red channel, with the
remaining 32% as colocalised TH plus 33-tubulin-positive staining in the yellow channel.
The remaining 41% of total staining showing (3-tubulin positivity in green channel (N
= 2, n = 3) (Figure 3.17 B). Approximate staining assessments therefore may indi-
cate in an average large blood vessel, 59% may be sympathetic in nature, with 41% as
non-sympathetic.

The innervation patterns of nerves within larger vessels could sometimes appear
somewhat dissimilar, for instance, in examples from Figure 3.17, the innervation between
examples looks slightly different, as does the overall appearance of the vessel. In Figure
3.16 (B), the vessel appears to be wrapped by nerves of both sympathetic and 'other’
identity, in a distinct tight and 'wavy’ pattern. Whereas in Figure 3.16 (A) the nerves,
which appear almost exclusively sympathetic, are extensive but fine and diffuse with
more defined flanking nervous tracks long the vessel.

These differences in appearance may be underpinned simply by the size differences
of the vessels in the examples, which may also pertain to their subtype (undetermined).
It is then likely that innervation pattern may change depending on the vascular identity

of the vessel, either venous or arterial.
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Figure 3.16: Sympathetic and non-sympathetic nerves innervate medium-
calibre vessels in the inguinal fat depot. (A) & (B) Representative confocal images
of (i) B3-tubulin- stained nerves (green, Alexa 488) and (ii) TH-stained nerves (red, Alexa
647) innervating medium-sized vasculature in the inguinal fat depot and (iii) represents
merged channels. Scale bars represent 100 um and images taken with 10x objective.
(N = 3) (C) Approximate proportions of nerve types innervating medium-sized vessels,
based on assessments of area coverage for red, green and colocalised yellow channels as
percentage of the total fluorescence staining in each example. The main pie chart refers
to overall TH-negative and 33-tubulin-positive versus TH-positive (sympathetic), while
the smaller pie illustrates the portion of the TH-positive structures that had colocalised

with 53-tubulin and those that stained negatively for 53-tubulin (N = 2, n = 3).
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Figure 3.17: Sympathetic and non-sympathetic innervation of large vasculature
within the inguinal fat depot. (A) & (B) Representative confocal images of (i)
[3-tubulin- stained nerves (green, Alexa 488) and (ii) TH-stained nerves (red, Alexa
647) innervating large vasculature in the inguinal fat depot and (iii) represents merged
channels. Blue arrowheads in (B) refer to a nerve bundle while white arrowheads indicate
a non-sympathetic nerve. Scale bars represent 100 pum and images taken with 10x
objective. (N = 3) (C) Approximate proportions of nerve types innervating large vessels,
based on assessments of area coverage for red, green and colocalised yellow channels as
percentage of the total fluorescence staining in each example. The main pie chart refers
to overall TH-negative and [33-tubulin-positive versus TH-positive, while the smaller pie
illustrates the portion of the TH-positive structures that had colocalised with 33-tubulin

and those that stained negatively for 53-tubulin (N = 2, n = 3).

3.3.3.1.3 Sympathetic innervation of the parenchyma

As with using the [3-tubulin marker alone in section 3.3.2, evidence of sympathetic
nerves innervating away from visible vascular structures was gained (Figure 3.18). Ex-
perience from previous experiments informed by using BODIPY and IB4 (markers for
adipocytes and vasculature, respectively) enabled for the discern of nerves innervating
parenchyma based on innervation characteristics, even without the inclusion of these
tools. Medium and large vascular structures are almost always visible to some degree,
due to their natural autofluorescence, and nerves that associate with vasculature typi-
cally cluster together and wrap the vessel, highlighting vessel shape, further aiding their
positive identification. Singular nerves that innervated the parenchyma, meandered in
the tissue and were found alone, not clustered or associating with other nerves. There-
fore despite the lack of tools to confirm the innervation is away from vasculature and
innervates parenchyma definitively, a discerning eye can determine a parenchymal from
a neurovascular innervation.

When sympathetic nerves were selectively marked using TH, parenchymal innervation
modes were observed with a similar degree of frequency, i.e. fairly frequent, as found
in studies with 53-tubulin. The appearance and overall morphology of the sympathetic

nerves matched those observed with 53-tubulin (section 3.3.2) (Figure 3.18 A). How-
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ever, interestingly, sympathetic classified nerves were the only type observed innervating
the parenchyma, with every image taken to showcase/demonstrate parenchymal-type
innervation showing some degree of TH positivity, either overlap between (33-tubulin &
TH (80% of images), or a singularly stained TH-positive nerve (20% of images) (N =
3, n = 15) (Figure 3.18 E). Over three experiments, using both 33-tubulin alongside
TH, the intricate neuro-adipose nexus (likely adipocyte-innervating structures) were ob-
served 8 times (N = 3). In every single instance in which these structures were captured,
they were positively stained with TH, with few cases of clear 33-tubulin overlap within
part of the webbing stricture. Very frequently, in over 60% of images where observed,
these NAN structures did not stain positively for $3-tubulin whatsoever and thus were
not visible in the green channel (Figure 3.18 E). This suggests that with the tools and

methodology applied here, all neuro-adipose nexus structures are sympathetic in nature.

As previously observed (although perhaps less prominent) in the neuro-adipose nexus
structures found with $3-tubulin as a nerve marker, small, defined bulb-like structures
were present along the finely innervating axons of TH-stained sympathetic fibres (Figure
3.19). These bulbs were significantly wider than the axon ( N = 3, P<0.001, two sam-
ple t-test) measuring an average width of 1.38 um (N = 3, n = 41) compared to the
average width of the contiguous axon of 0.91 um (N = 3, n = 24). Lastly, the bulbs
were almost always visible when observing NAN structures using anti-TH antibodies, and
were present and most prominent along the more fine axon projections, for the length

of the axon captured.

Summary Sympathetic nerves were observed innervating in all 3 modes, as observed
with 3-tubulin; In bundles where there was a clear heterogeneous population of nerves
and the approximate proportion of TH-positivity in bundles was around a third of the to-
tal. Sympathetic nerves were also observed innervating large and medium-calibre vessels
with vascular innervation presenting as dominantly sympathetic. Parenchymal innerva-
tion and proposed direct adipocyte innervation was found to be exclusively sympathetic.
These data provide evidence that sympathetic nerves associate both casually and directly

with adipocytes, which serves as a means for nerve-mediated regulation of metabolism.
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Figure 3.18: Sympathetic nerves innervate parenchyma and adipocytes in the
inguinal fat depot. (A) - (C) Representative confocal images of (i) 53-tubulin- stained
nerves (green, Alexa 488) and (ii) TH-stained nerves (red, Alexa 647) innervating the
parenchyma (A) and adipocytes (B) & (C) in the inguinal fat depot, where (iii) indicates
merged channels. (D) (i) and (ii) are digitally zoomed confocal images (5.3x and 3.1x,
respectively) of neuro-adipose nexus structures indicted by blue arrowheads in (B) and
(C) respectively. White arrowheads indicate parenchymal innervating nerve. Scale bars
represent 100 um. Chart in (E) represents percentage occurrence of parenchymal (N
= 3, n = 15) and adipocyte (N = 3, n = 8) innervation in images, where fluorescence
signal observed in images were visually assessed for overlap, presence or absence of TH

and (3-tubulin positivity and appropriately recorded.
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Figure 3.19: Morphology of sympathetic nerves innervating in the neuro-
adipose nexus structure. Representative image of TH-stained (red, Alexa 647) sym-
pathetic nerves innervating in the fine, web-like structure of the neuro-adipose nexus,
displaying bulbs along the axon. White arrows indicate some examples of bulb-like forms
along the length of captured nerve. Images taken with 10x objective with a 2x digital

zoom applied and scale bar represents 100 pm.

3.3.3.2 Overall frequency observations

To gather a complete overview of innervation observed within this chapter, this section
serves to surmise findings throughout this chapter and to describe the overall frequen-
cies.

Due to the sampling nature, whereby fluorescently labelled structures were actively
sought, with no randomisation or structure to sampling, and parenchymal innervation
examples were of particular focus, frequencies cannot be accurately ascertained and
quantified for each experiment on the basis of % occurrence over a total number of im-
ages, due to issues with bias. However, the impressions of frequency based on anecdotal
findings of how often and easy structures were to find and frequencies across experi-

ments, is possible.

In agreement with literature (Chi et al. 2018), every experiment performed and in-
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cluded/utilised for the description and illustration of nervous innervation had instances
of nerve bundles, innervation of vasculature and of parenchyma (N = 13) (Table 3.2).
Nerve bundles, and medium-sized vasculature were very frequent and easy to locate
within and between experiments and when stained for, small-calibre vessels were always
found and unavoidable. Large vasculature was frequent to very frequent and varied
across experiments, with some experiments more fruitful than others at producing high-
quality examples.

Medium and large sized vasculature were very frequently to almost always innervated
by nerves, with variance in innervation existing in medium sized vasculature, with some
examples demonstrating little to none. Small calibre vessels only experienced rare exam-
ples of innervation.

Overall, parenchymal innervation was considered fairly frequent, with multiple examples
found for each experiment, but had varying frequency across experiments, some experi-
ments providing more and clearer examples than others.

All the findings were reproduced when using TH to identify sympathetic nerves, indi-
cating sympathetic innervation is present in all forms. Sympathetic innervation was
dominant in vasculature, and less dominant in nerve bundles, where the proportion was
biased to non-sympathetic subtypes. Parenchymal innervation however appeared wholly
sympathetic. Neuro-adipose nexus structures were overall considered infrequent, with
presence of these structures only found in 5 of 13 experiments (38%), with 3 of those 5
being from experiments using TH, representing all experiments where TH was used, sug-
gesting an exclusively sympathetic population. As there was a higher frequency within
each experiment and overall using TH (8 examples in N = 3), it is clear that this marker

is efficient at detecting these structures over 33-tubulin.
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Table 3.2: Types of innervation observed in the inguinal fat depot. The total
number of optimised experiments performed using whole mount immunocytochemistry
to visualise nervous innervation (N = 13), split into experimental sub-classifications (or
'sets’) by markers and categorised by innervation type observed in each case (indicated

by 'v/'); Bundles of nerves, innervation of vasculature, non-vascular parenchymal inner-

vation and direct adipocyte innervation.

B 3-tubulin 2

[3-tubulin + IB4

N

B 3-tubulin 4+ BODIPY 2

B3-tubulin + 2

I
S U R O O U U N S
S B O O G O D N
SN B U U U U U I U U

Tyrosine hydroxylase 3
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3.4 Discussion and conclusion

3.4.1 The inguinal fat depot is innervated by nerves

Satisfying the first research aim of this chapter, through a systematic approach to opti-
misation of whole mount immunocytochemistry, evidence of nervous innervation of the
inguinal fat depot was gained (Figure 3.20). These data complement observations in

literature, while matching image clarity and quality.

3.4.1.0.1 Attenuating autofluorescence

One of the largest obstacles faced when approaching this aim was autofluorescence and
thus determination of specific versus non-specific fluorescent signals. It is understood
that autofluorescence is generally a large obstacle when imaging in whole mount condi-
tions, but particularly with adipose tissue, due to abundance of highly autofluorescent
lipids. The light that travels through a lipid during microscopy is refracted, scattered
in multiple directions, to produce the appearance of fluorescence even in the absence of
fluorescently labelled antibodies. Additional to autofluorescent lipids, other structures
present, such as vasculature, are also highly autofluorescent owing to their elastic fi-
bre content and containment of erythrocytes, which again are autofluorescent due to
hemoglobin and its precursors porphyrins within the heme groups (Shrirao et al. 2021).
Vascular autofluorescence was largely mitigated here with heparin washes, which acts an
an anti-coagulant (via activation of antithrombin Il to inhibit formation of fibrin clots)
and aids to flush erythrocytes from vessels, particularly larger vessels with wider lumens
due to ease of access. Sometimes, this autofluorescence was deliberately exploited for vi-
sualisation of larger vessels, weakly or negatively stained by IB4. It is evident in the body
of the chapter how prevalent vasculature in all forms is, potentially contributing to and
compounding the autofluorescent nature of the tissue. Further sources of autofluores-
cence arise from lipofuscin, another autofluorescent pigment which is produced by many
long-lived post-mitotic cells types, including neurons, and can make unlabelled nerves
and other cells appear fluorescent (Di Guardo 2015). This may explain why occasion-

ally, in secondary antibody control images, there appeared to be fluorescence of discrete
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structures. The use of young adult mice (typically aged 8-10 weeks) within the present
study possibly acted as a benefit in this context, as the nerves had likely not accumulated
as much lipofuscin as older animals. A primary solution to essentially attenuate the bulk
of autofluorescence was the use of neutral lipid azo dye, Sudan Black B (Qi et al. 2017).
As it is slightly basic, Sudan Black B combines with acidic groups in lipids and acts as a
mask or block for autofluorescence due to it's light-absorbing capacity (Qi et al. 2017).
Although, Sudan Black B is also reported to be a fluorochrome, acting as a lipid dye
emitting in the far-red emission spectrum (Sakr et al. 2023; Willows et al. 2021). There-
fore caution was used when using far-red secondary fluorophore-conjugated antibodies,
although | did not observe increased background staining when using Alexa 647 fluo-
rophores alongside Sudan Black B. Other, more effective autofluorescence-attenuating
agents that lack fluorescence in far red spectrum are available and treat issues such as
lipofuscin specifically, such as Trueblack™ (also TrueVIEW™, MaxBlock™) (Sakr et al.
2023), but as Sudan Black B seemed adequate for the needs of the present study, other

options were not explored.

A secondary challenge in whole mount immunocytochemistry was the thickness of
the tissue, which further complicated discernment of specific versus non-specific signals,
as faced with autofluorescence. Preserving the full depth of tissue with the use of clear-
ing methods led to substantial amounts of antibody apparently being retained between
adipocytes and neurons became more difficult to discern. Reducing the Z-plane of the
tissue with Z-depth reduction largely solved this issue, as it reduced the distance for an-
tibodies and wash buffers to diffuse. However, as the thickness of the tissue is reduced
approximately from >2mm to circa 100 - 300 um (variable around the span of tissue),
inevitable modifications to structural architecture are made, which renders accurate mea-
surements regarding spatial information, inaccurate. Therefore, valuable measurements
as to neuron proximity to vasculature and adipocytes etc. have not been made on these
premises, presenting a substantial limitation to the methodology. To rectify this, clearing
methods in full depth adipose could have been complementarily conducted, as showcased
in excellent examples by other researchers using refractive index correcting clearing tech-
niques such as iDISCO (Cao et al. 2018) and CUBIC/HYBRID (Wang et al. 2022) etc,

but | did not optimise such full-depth clearing methods far enough for use.
Further to this, as the nerves were mainly imaged in a 2D format across the tissue,

154



with occasional examples of Z-stack-produced composite 3D images, maintenance of
tissue thickness would allow for a 3D rendering of the whole depot, which other research
groups have successfully achieved (Wang et al. 2022). The generation of a 3D recon-
struction across the entire depot would better visually describe the innervation extents

of the nerves, as they become more traceable.

3.4.1.0.2 PGP9.5 displayed poor selectivity for nerves

Surprisingly, PGP9.5 was not found to be a particularly useful tool for identifying nerves
in the inguinal fat depot, unlike other studies where it was suggested to be superior at
identifying fine neuronal projections (Willows et al. 2021). Both pan-neuronal antibodies
[B3-tubulin and PGP9.5 target a cytoplasmic protein ubiquitously expressed in nerves,
which ruled out target localisation differences as explanation (i.e. cytoplasmic versus
membrane-dwelling targets). However, only one antibody against PGP9.5 was trialled,
which may have not been suitable for whole mount immunocytochemistry applications,
or was used in insufficient concentrations for full nerve detection and may explain why the
antibody was found inadequate. Despite this, 33-tubulin proved to be a sound marker
for nerves, with clear examples produced of the innervation and morphology of nerves in

the inguinal fat depot.

3.4.2 Nerves of the inguinal fat depot exhibit three main modes

of signalling

Nerves were found innervating in three main modes, which fully aligns with literature

and satisfies aim 2 of the chapter.

3.4.2.1 Sympathetic and non-sympathetic nerves innervate in bundles

One of the most compelling structures observed when imaging the inguinal fat depot
was the large bundles of nerves that appeared to cluster and track coarsely around the
entire depot. The bundles were seen tracking alone and alongside larger vasculature,
apparently innervating as a cluster, which is parsimonious if the bundles and vasculature
innervate from the same entry points. Researchers have previously described the regional

anatomy of the inguinal fat depot and described entry points of main vein, artery and
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nerve bundle innervation, which do appear to synchronise (Blaszkiewicz et al. 2019a).

This may be an example of neurovascular congruence (Manousiouthakis et al. 2014).

The bundles were repeatedly seen innervated or tracked by medium sized vasculature,
putative arterioles, which may present a form of vasa nervorum, an extrinsic nutrient
artery to provide a vascular-borne supply of nutrients. The delivery of nutrients to
peripheral nerves is important for nerve maintenance and function (Boissaud-Cooke et
al. 2015), as absence or disruption of vasa nervorum is linked to pathology such as in
diabetes (Beggs et al. 1992), and is therefore likely necessary for nerves travelling to
peripheries over long distances to prevent loss of integrity or stress due to torsion and
compression with movement (Boissaud-Cooke et al. 2015). This may be different for the
bundles observed innervating the inguinal fat which are associated with medium sized

vessels, but a feasible suggestion.

Nerve bundles appeared completely independent of the small webbing structures of
IB4-positive vessels, with no clear interaction between them. Others have appeared to vi-
sualise small capillary-sized |B4-positive blood vessels associating longitudinally with the
bundle, travelling with the nerves, likely serving as above (Willows et al 2021). However,
these interactions were not recorded here, with medium sized vessels (likely arterioles)
being those that associated with bundles. It is possible these interactions were missed
due to either sampling, the plane of view did not capture the interaction, or there are

discrepancies in measurement.

Bundles of nervous tissue have been previously observed innervating the inguinal
fat depot and defined as ’lateral cutaneous rami’, rising from intercostal nerves from
(T12-L1) and "Lateral/anterior femoral nerves" from (L1 - L2) deriving from the lum-
bar plexus, which track through the depot toward the skin (Huesing et al. 2021) (See
Chapter 1 Figure 1.8 for schematic representation). Initially, it was not obvious how
these coarse, passive structures may influence vasculature or adipocytes from the per-
spective of tissue regulation, due to their limited interaction and apparent independence.
However, Huesing and colleagues also found that individual sympathetic nerves branch
away from the main trunk of the bundles to innervate the inguinal adipose parenchyma,
serving as potential origin points for the induction of parenchymal innervation. This

bundle-branching has been observed in mouse muscle, where a single neuron can be
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observed extending and branching from the intramuscular nerve bundle (Wood et al.
2001). During experiments and optimisation steps, | found (rare) examples of sympa-
thetic branching from nerve bundles, supporting this hypothesis. In an overview image
taken of 33-tubulin staining over a large section of fat depot, there appeared to be a
bundle branching into individual nerves in a coarse, multiplex manner, but it was not easy
to determine whether this was a natural structure or an artefact from during dissection.
It therefore remains unclear if these bundle-branching events represent true origin points
of parenchymal innervation, or whether singular parenchymal innervations are derived
from the sympathetic chain ganglia (ScG) in minor bundles that disseminate into the
tissue, or nerves that branch away from innervating vasculature. While this phenomenon
was not something actively sought after in data collection, as it was only observed twice
during experiments and optimisation, further experiments designed to visualise these in-

teractions are interesting and desirable.

Huesing et al. (2021) also describe a directional innervation pattern to the bundles,
where they innervate laterally and longitudinally across the depot from proximal to the
spine, outwards toward distal regions where inguinal adipose interfaces with dermal layers
and beyond. | did not maintain the orientation of the inguinal tissue post-dissection
and did not seek this information whilst imaging, however in one of the half-depot
images taken, the bundles could clearly be seen traversing the tissue in a semi-laterally,
anterior to posterior direction in a manner that aligns with the description of organisation
above. Additionally, the bundles appeared organised and didn't appear to transect each
other, appearing to travel in the same, or similar directions. Tissue handling, dissection,
orientation and ZDR could all influence the appearance of these bundles, therefore further
more intentional experiments following the nerve bundle innervation, orientation and

direction would provide clarity to this innervation mode.

Bundles of nerves also positively stained for TH, equating to an approximate third
of total nerves present in the few examples assessed, providing evidence of sympathetic
identity within the heterogeneous population. My findings somewhat deviated from
other reports of a 50% ratio of TH-positive to TH-negative 'non catecholaminergic’
nerves in bundles (Zeng et al. 2015). Due to the lack of suitable examples found, and

validation through the use of a sensory-specific antibody, conclusions cannot be drawn
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as to the proportion of sympathetic identity of these bundles without further data. In
fact others have found that there are mixed proportions of nervous identity between
different bundles, with some predominantly sensory, with only a few sympathetic nerves
within the bundle and others with a greater sympathetic proportion (Blaszkiewicz et al.
2019a). Therefore the deviation between findings here and those by Zeng et al. (2015)
may be due to sampling error.

Mixed-identity bundles of spinal nerves are common and expected, as they trace from
their respective ganglia, DRG and sympathetic chain ganglia, and mix together in spinal
nerves via communicating rami (rami communicantes) and onward via ventral and dorsal
rami, toward their destination organs (Huesing et al. 2021). This is more expected since
thoroughly conducted research suggests that nerves innervating the inguinal fat depot
dorsolumbar region are of thoracic intercostal descent, which are spinal nerves. These
further branch from the ventral ramus to the tissue-innervating lateral cutaneous rami.
The inguinal portion of the fat depot is further innervated by the lumbar plexus, which
is another mixed spinal nerve cluster, which sympathetic post-ganglionic axons feed into
and innervate in the form of anterior and lateral cutaneous femoral nerves (Huesing et
al. 2021).

It is likely dependent on the destination of the bundles and which ramus they
originate/derive from as to the overall subtype proportion observed. Overall, non-
sympathetic, putative sensory, neurons were highest in abundance within the bundles

compared to any other described modes of innervation.

3.4.2.2 Nervous innervation of vasculature
3.4.2.2.1 Nerves mainly innervate large and medium-sized vasculature

Medium (proposed arterioles and venules) and large-sized vasculature (proposed arteries
and veins) were very frequently observed rich with direct nervous innervation.

These findings contribute to a collective body of data that emphasises the dense
and close relationship between blood vessels and nerves both generally (Westcott et al.
2013) and within the inguinal fat depot (Cao et al. 2018). Therefore, innervation of
medium and larger vessels was expected and compliant with literature.

General perivascular innervation of blood vessels, otherwise known as nervi vasorum,

is well established and provides vasomotor control of vascular tone, critical for modifica-
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tion of blood flow within the tissue (Westcott & Segal 2013). The innervation pattern
of vessels varied between flanks of clustered nerves that tracked the length of the vessel,
and fine web-like nervous innervation that appeared to wrap the surface of the vessel
(appearing like a sympathetic plexus). The latter mode being critical to control of vascu-
lar tone through adjusting lumen size to facilitate incoming oxygen and nutrient supply
during periods of fasting, postprandially, and during stressors such as exercise (Baak

2008; Thomas et al. 2004).

There appeared to be differences in appearance of large vasculature, with the largest
of vessels displaying greater autofluorescence and a longitudinally striped surface. These
are likely to be veins due to their size, however, vessel identity was not selectively stained
for to differentiate nervous innervation across veins and arteries. This may prove useful
for further lines of investigation, particularly concerning sympathetic/nervous influence
on vasculature in normal versus pathological states. Markers such as EphB4 and ephrin-
B2 are commonly associated with veins and arteries, respectively, and may be used to

distinguish subtypes in future work (Wolf et al. 2019).

Similarly, the mid-sized vessels, considered by size to be arterioles and venules, very
frequently displayed neuronal innervation, also potentially allowing for adjustments to
vascular tone, which is particularly important to modulate incoming pressure into cap-
illary beds. However innervation was not consistent, with some examples of medium
vessels displaying little to no innervation. Venules, which lack smooth muscle, are re-
portedly not innervated by sympathetic efferents and therefore may account for the
discrepancies observed in innervation within medium vasculature (Juan et al. 2019;
Thomas 2011). Therefore the medium sized vessels captured with sympathetic inner-
vation are unlikely to be venules. Again, without further differentiation between vessel
identities, it is not possible to affirm literature as to whether there is a difference in

innervation across arterioles and venules.

As found by similar studies (Cao et al. 2018), the fat depot was dense in highly
aborised small calibre vessels, deemed capillaries, across the entire span and depth of tis-
sue. Repeatedly, nerves are found generally absent from capillaries, as previously noted
by others (Thomas 2011), due to their function as nutrient/oxygen exchange vessels
requiring maximal surface area, thin permeable walls, and as consequence, a lack of con-

tractile smooth muscle. Yet very occasionally, capillaries appeared to be innervated by
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neurons. While innervation of microvessels does occasionally occur, it is compliant with
literature that these vessels significantly lack innervation compared to larger vessels as
above (Thomas 2011). Its possible that these interactions may be formed during periods
of neuroplasticity as parsimonious route of extension, using pre-existing vasculature as
structural scaffolding, as they also provide growth cues via guidance molecules (Bovetti
et al. 2007). Especially since finer individual neurites and capillaries are considered plas-
tic and can undergo extensive remodelling in response to cold stress challenge (Cao et
al. 2018). Empbhasising this relationship, medical engineering of capillary-like scaffold-
ing to support nerve grafts for guiding axonal growth and development are of interest,
as it is understood that vascularisation has a positive influence on nerve regeneration
(Saffari et al. 2020; Matsushita et al. 2018). Nerve/axon regeneration and growth was
found positively correlated to number of capillaries, and providing nutrients and growth
factors, such as VEGF, increased axonal regrowth in a rat sciatic nerve injury model
providing scope that nerve-capillary interactions may be both structural and functional
(Muangsanit et al. 2018). However, most likely, these innervations may be residual
from where the nerve was previously innervating an arteriole and has yet to branch away,
as stated by Huang and colleagues (2021), perivascular nerves innervating inguinal fat
mostly terminated their association with arterioles prior to inception of the capillary net-
work.

In an alternative explanation, junctions between arterioles and capillaries were thought
to have rings of smooth muscle called pre-capillary sphincters, whereby autonomic inner-
vation regulated flow within capillary bed, which offered an explanation of why examples
of capillary-nerve interactions were occasionally found. However, precapillary sphinc-
ters have been reported as non-universal forms of vascular control across tissues, with
a comparative review suggesting their presence and function not extrapolating beyond
mesenteric and possibly cerebral vasculature, with authors indicating the contention ris-
ing from methodology used to visualise these structures with enough accuracy for positive
identification (Sakai et al. 2013). As the capillary innervation, when observed here, were
on vessels of the upper maximum of measured widths, they are likely 1st order capillaries

or pre-capillary arterioles, which were mistakenly measured/categorised.

Lymph vessel presence in adipose tissue was expected owing to their role: absorption

and transport of dietary lipids both to and from the adipose depot and trafficking of
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immune cells (Harvey 2008). When found, lymph vessels did not appear to have nervous
innervation, although | did not capture clear examples of these structures with enough
regularity to explore this fully. While lymph is relatively distinct in autofluorescence
pattern, particularly where two fluorophores are used, the reliance on autofluorescence
hindered frequent clear capture of the vessels, which are considered to be commonly ob-
served in similar studies (Bachmann et al. 2019). Supporting this, when CD31 (Pecam-1)
was trialled as a vascular marker during optimisation, lymph was much easier to capture
due to improved endothelial staining (see Appendix Figure 7.1).

Contrary to my findings, literature also suggests lymph vessels are innervated by both
sensory nerves (Huang et al. 2021) and sympathetic nerves (Bachmann et al. 2019),
particularly in the LN region of the inguinal fat depot. As lymph vessels are transporters
of interstitial fluid and immune cells, they have important roles in ensuring adequate
tissue drainage and immune cell flux to promote homeostasis (Hampton and Chtanova
2019). Excess pro-inflammatory immune cells are implicated in metabolism dysregula-
tion, which is a hallmark of obesity, so proper control of lymph is important to metabolic
maintenance (Hildebrandt et al. 2023). As lymph vessels, particularly collecting vessels,
contain smooth muscle and can contract to maintain fluid flow, nervous control of the
vessels by induced smooth muscle contractility presents an important prospective player.
Evidence of norepinephrine-mediated contractility of lymph has previously been shown
in skin-draining lymph vessels of mice, although in a location-dependent manner (Bach-
mann et al. 2019). It is therefore likely, based on evidence of lymph functional role and
from others immunocytochemistry data, that lymph is innervated by nerves and may not
have been adequately or accurately captured in this study. As the aim of the project
was not especially focused on capturing innervation of lymph vessels in the inguinal fat
depot, a selective marker such as Lyve-1 was not used to specifically and clearly label
these vessel types. Future work could incorporate these, as others have done, for a more
thorough investigation into innervation pattern and neuronal association of lymphatic

vasculature.
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3.4.2.2.2 Sympathetic innervation outweighed non-sympathetic innervation

of vasculature

Meeting aim 4 of the chapter, data here suggests that innervation of medium and larger
blood vessels is dominantly sympathetic, with a remaining population of 'other’ non-
sympathetic nerves. The reported lack of parasympathetic innervation in inguinal fat
(Bartness et al. 2014; Giordano et al. 2006) leans toward assumptions that any remain-
ing non-TH-positive nerves are sensory, although sensory-specific markers applied here

would aid conclusions to these reports (e.g. CGRP).

Sympathetic nerves innervating vasculature regulate the tone of vessels via the release
of norepinephrine, NPY and ATP to nearby vessels, which binds to post-junctional a-
adrenoceptors, P2 receptors and Y receptors. The resulting increase in [Ca®*]i induces
contraction of vascular smooth muscle (Thomas 2011). There is a degree of vascular
tone mediated by tonic activity of vascular-innervating sympathetic nerves that maintains
positive pressure throughout the tissue (Thomas 2011), which can be counteracted by
the influence of sensory nerves. Therefore, a primary function of nervous innervation of
vasculature is control of blood pressure and thereby flow, through the tissue.

Arteries are critical to pressure-dependent delivery of oxygenated and nutrient-rich
blood into the tissue. The pressure of delivery must be tightly regulated to avoid damage
to capillaries, which is governed by the sympathetic and often sensory nerves innervating
their surface, allowing for fine tune of arterial tone. Without sympathetic innervation
of vasculature, the arteries and arterioles would lose tone and the blood supply would
reduce, slowing down the introduction of oxygen, nutrients, hormones and inversely, the
removal of deoxygenated, nutrient-depleted blood via veins. Similarly, vein capacitance is
governed by sympathetic tone, perhaps to a lesser degree than arteries (as they possess
less smooth muscle) (Sheng et al. 2018). Their capacity for considerable distention
allows veins to accommodate large volumes of blood, which constriction via sympathetic
nerves serves to mobilise, directly influencing tissue blood volume (Thomas 2011).

Another auxiliary role of nervous innervation of vasculature is induced permeability.
Sympathetic activation of a-ARs on blood vessels is also reportedly important for in-
creasing vascular permeability, enabling effective delivery or nutrients and hormones and

uptake of FFAs in the blood (Bartness et al. 2014). Local accumulation of FFAs released
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from adipocytes during lipolysis can negatively feedback to reduce lipolysis, by reducing
the activity of CAMP (Li et al. 2022). The effective uptake and turnover of FFAs can
therefore promote lipolysis and healthy function of the adipose tissue (Bartness et al.

2014).

Due to the importance and influence of sympathetic nerves on vasculature, it is not
surprising that | found these subtypes to be more abundantly innervating medium and
large vasculature. Others have found the innervation of vasculature in iWAT to be dom-
inantly sympathetic (Huesing et al. 2021; Willows et al. 2021). The proportion of sym-
pathetic innervation is likely dependent on location/vascular bed within the body, with
some arteries dually innervated by sympathetic and sensory or parasympathetic neurons
to mediate vasodilation. As previously mentioned, WAT is accepted to lack parasym-
pathetic innervation (Bartness et al. 2014), leaving sensory-mediated vasodilation via
CGRP or sympathetic mechanisms that confer vasodilatory effects. Sympathetic-derived
norepinephrine can non-discriminantly activate all postjunctional adrenergic receptors
present, to differing extents. Therefore, the outcomes of adrenergic stimulation ulti-
mately depend on subtypes present, and their respective G-protein coupling. Adrenergic
receptor subtypes commonly found on vessels and responsible for vasoconstriction are
Gy-linked a1-ARs and G;-linked a2-ARs. a1-ARs activate the inositol pathway to in-
crease intracellular Ca®™ via liberation from intracellular stores to induce contraction,
while a2-ARs decrease intracellular AAMP which ultimately increases [Ca®*]i, promoting
contraction. In contrast, other adrenergic subtypes 3-ARs in vascular contexts promote
vasodilation via intracellular G4-linked mechanics, increasing levels of CAMP (Sheng et al.
2018). Therefore, the fewer non-sympathetic (sensory) nerve abundance in comparison
to sympathetic innervation may indicate a mixed population of adrenergic receptors on

the surface of vessels innervating the inguinal fat depot.

While subtypes of vasculature were not identified, from general observations it was
clear that populations of the large vascular spectrum were differentially innervated, with
the largest appearing to have more obviously dominant sympathetic innervation. Veins
may be more likely to have singular innervation by sympathetic nerves, as fine modulation

of tone is not as critical for their function like arterial vasculature.

There is a paucity of information regarding the comparative proportion of nerve in-

nervation identity between vascular subtypes in adipose tissue. Therefore, further lines of
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investigation as to nervous subtype dominance between venous and arterial vasculature

and whether veins do experience less sensory input, is recommended.

In general, findings here demonstrating that blood vessels permeate the inguinal fat
depot is valuable to recapitulate the work of others and emphasise their critical role
in the delivery and flux of metabolites, Oy and CO, transaction and glucose. Also,
critical metabolic regulatory hormones such as insulin and leptin and FFAs all depend
on vasculature. The control of delivery is therefore important in regulating lipolysis
and lipogenesis, as too much or little input will influence adipocyte responses. Nervous
innervation of these structures, particularly sympathetic, represents a key modulator in
such transactions. Dysregulation of vasculature is therefore a critical health concern.
During obesity where adipose can experience vasculopathy, incoming signals will be
limited due to fewer blood vessels, causing potential hypoxia and inflammation (Trayhurn
2013), as well as local lipotoxic effects due to unregulated turnover of FFAs in basal and
stimulated lipolysis not being removed by blood (Chait et al. 2020). Local disruptions
to lipid storage can then consequently result in spillover to other organs, ultimately
perpetuating dysregulation.

In future work, it would be interesting to explore the change in both vascular abundance,
as well as vascular nervous innervation in response to diet-induced obesity and diabetes.
Both pathologies incur remodelling of WAT architecture, either via expansion which

angiogenesis may not be able to match, as well as vasculopathy and neuropathy.

3.4.2.3 Innervation of the parenchyma and adipocytes

A key aim of this PhD project was to ascertain, via qualitative assessment, the extent
in which nerves innervated the parenchyma of inguinal fat depot. Generally, terminal
synapses are considered elusive structures in the context of the inguinal adipose depot,
with little evidence to suggest their appearance up until recently. While not incorporated
into methodological design, or directly measured using synapse-specific markers, clear ev-
idence of distinct terminal bouton synapses was not observed. Instead, nerves innervating
independently of vasculature appeared to continuously swathe around the tissue, with-
out defined or obvious blunt terminals, instead occasionally wrapping around adipocytes.

While not particularly obvious, the neuro-adipose nexus junctions may present as un-
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orthodox terminal structures, as the nerves have completed travel through the adipose
parenchyma. Nerves in the inguinal fat depot have previously been suggested to present
with terminal bouton structures, though the data was difficult to interpret as the au-
thors did not use a synaptic marker (Zeng et al. 2015). Other research has alternatively
proposed axonal varicosities as the present and functional mode of synapse found in the

inguinal fat depot (Huesing et al. 2021).

Axonal varicosities in this manner would be parsimonious and efficient to cover larger
areas of adipocyte parenchyma. If nerves within the tissue were able to release neuro-
transmitters, such as norepinephrine, from synapses along the entire axon, it would
allow for increased diffuse control without increasing nerve number. Such an adaptation
would align with the observed frequencies of parenchymal innervation of nerves here,
where unlike other studies, | found there to be a more casual association between nerves
and adipocytes, with only occasional direct interactions.

During experiments, | regularly observed nodule-like swellings on nerves, often multiple
along each axon, which | initially hypothesised may represent axonal varicosities. My
initial theories as to the identity of these structures seemed to be validated upon lit-
erature review. Others had found similar nerve morphology when staining sympathetic
nerves with TH, whereupon analogous nodule-like structures akin to those described here
appeared to colocalise with synaptic marker synapsin | (SYN1), indicating their possible
synaptic identity (Bachmann et al. 2019). Yet owing to the size of these structures,
fairly large in width at around 6 pum, and as axonal synapses are thought to be smaller
at around 1 - 2 um (Willows et al. 2023), their identity remained unclear.

Recent research from the Townsend group clarifies this suggestion, as they indeed have
visualised smaller and more frequently punctuating bulb-like axonal varicosities using
presynaptic marker SYN1 on along the axons of some (but not all) TH-positive nerves,
which also contained synaptic vesicles labelled with synaptic vesicle protein 2 (Sv2).
These structures were most densely and clearly expressed in the NAN structures. While
the authors propose the NAN structures represent nerve terminals onto adipocytes, their
data supports the hypothesised mode of more broad nervous regulation of adipose.
However, these bulb-like structures were smaller in appearance compared to the nodules
described, only around 1 pum wide. The authors did visualise the larger nodules akin

to those | observed, which instead stained positively for Schwann cell marker SOX10,
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indicating they may instead be embedded Schwann cells providing potential support for
the resident nerves. The finer more regular bead-like swellings | observed and reported
in latter sections of this chapter, particularly when using TH to observe the NAN struc-
tures, showcased the same morphology that the authors positively identified as axonal
varicosities. Therefore, such evidence offers a potential explanation as to both nodule
and bulb-like structure identities.

However, while it is feasible that axonal varicosities are present, perhaps in the small
bulb-like structures suggested here, which form unorthodox terminals in the NAN struc-
tures, data here remains inconclusive. The bulb structures may be artefacts of aber-
rant/nonuniform antibody staining and not be indicative of synapse morphology and
blunt terminal bouton structures may indeed be present within the tissue when appropri-
ately marked. Future experiments should explore the identity of these structures using
markers for synapses such as synaptophysin and synaptic vesicles with SV2 alongside the

general axonal markers like TH and 33-tubulin.

There are conflicting reports as to the frequency of neuro-adipose associations found
in iWAT. Using optical projection tomography techniques to render a 3D image of
the intact inguinal fat depot and 2-photon microscopy to visualise sympathetic nerves,
some claim a 8% direct association between sympathetic nerve 'bouton’ structures and
adipocytes (Zeng et al. 2015). Using the same strategies, others found a "sparse"
association between TH-positive nerve varicosities and white adipocytes in regions of
the inguinal depot (Huesing et al. 2021). While on the other hand, others applying
iDISCO clearing techniques with electron and light-sheet microscopy strategies claim
up to 91.3% association between nerves and adipocytes (Jiang et al. 2017). In simi-
lar HYBRID techniques, in 3D reconstructions and projections, others claim a "dense
parenchymal innervation" of sympathetic nerve fibres with close associations between
nerves and adipocytes (although markers for vasculature and adipocytes were not used)
(Chi et al. 2018). Overall, | did not quantify the associations between adipocytes and
nerves, nor did | produce a suitable 3D reconstruction as facilitation to do so. While
evidence of independent parenchymal innervation was found, these interactions were not
as common as some researchers have claimed. Abundance of singular, independent nerve

innervation in the present study was determined to be fairly frequent, but not as abun-
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dant and dense as others suggest (Chi et al. 2018), nowhere near the number to satisfy
a 91% neuron to adipocyte relationship (Jiang et al. 2017), using the methodology and
antibodies stated here. Contrary to these publications that advocate a direct termi-
nal nerve:adipocyte interaction, | found neurons remained relatively passive through the
sample, with only occasional direct adipocyte iterations, in the form of NAN structures.
However, what Jiang and colleagues (2017) consider an "interaction" may not be by oth-
ers. Especially depending on the forms of synapse present. Use of markers for adipocytes
and vasculature alongside neuronal markers would also aid context of interactions to this
end. Therefore, clarification and standardisation as to what researchers constitute an

adipocyte-neuron interaction is required, which can then be translated across studies.

As above, during sampling | occasionally found evidence of direct nerve-adipocyte
associations away from vasculature in the NAN structures. Out of 13 total experiments
presented as evidence within the chapter, | found examples of these structures across
only 5 experiments, with a total of 11 examples found. This presents an important
finding, as nerves clearly have capacity to interact directly with adipocytes, but not to
the point where every adipocyte is in direct individual association with nerves. It is
unclear how frequently these structures are found by other researchers, as this is not
explicitly described, it is possible they are also only occasional. As previously mentioned,
the deployment of neurotransmitter may be achieved via axonal varicosities, eliminating
the need for millions of individual, costly, direct neuro-adipose interactions to regulate
metabolism. This infers that neurons are theoretically able to communicate directly with
adipocytes via axonal neurotransmitter release, rather than indirectly through influencing
vasculature aperture, for example.

The reported infrequency of these interactions observed here may be an artifact of the
ZDR method applied, as alluded to by Willows et al (2021), who thoroughly explore the
change in structural measurements post-ZDR in the inguinal fat depot. One element
of note being adipocyte morphology after ZDR becomes somewhat cuboidal, as the
cells expand and fill the extracellular spaces to allow for the physical alteration. The
authors instead employed paraffin embedded whole mount techniques to preserve tissue
thickness and better capture the neuro-adipose nexus in 3D formats. Loss of adipocyte
structure is an issue | certainly encountered using the ZDR approach when attempting

to stain with BODIPY, where superficial layers of adipocytes had completely lost their
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discrete morphology, potentially lysed in the process. In this case, the loss of space

around adipocytes may limit what | am able to interpret as nerve interactions.

Due to the aforementioned artifacts associated with ZDR as described above, it is
not possible for definitive conclusions to be drawn on proximity and potential terminal
synapsing of neurons on the adipocytes. In order to quash concerns regarding adipocyte
visualisation and restricted planes of innervation, other non-distorting whole-mount tech-
niques ought to be considered in future work, to validate casual observations here.
Maintaining the entire 3D depth of tissue has drawbacks as already demonstrated and
discussed within this chapter, however it does allow for more accurate neuro-adipocyte

relationships to be assessed.

When gathering information on tissue depth using Z-stack projections within the tis-
sue, it appeared as though the fine parenchymally-innervating nerves were consistently
present in a superficial depth of tissue, while vasculature was spread throughout a fuller
dorsal - ventral depth. Nerve bundles and nerves associated with vasculature appeared
to innervate deeper. If such interactions are limited to specific planes within the tissue, it
certainly limits the capacity for neurotransmitters to reach target receptors on adipocytes
deeper within the tissue. Using heat map depth coding, others found that nerves did in-
nervate to greater depths than found here, seemingly capable of spanning the full dorsal -
ventral depth. However, it is unclear if these nerves were in association with vasculature,
although IB4-positive vessels did seem to correlate in comparative panels (Willows et al.
2021). Similarly, in a whole mount preparation of the inguinal fat depot processed to
maintain tissue thickness, sympathetic nerves could be seen penetrating from dorsal to
ventral extents of the adipose, yet a vascular marker was not incorporated so it is unclear
whether these were owing to associations with vasculature (Chi et al. 2018).

As the post-ganglionic projections that innervate the inguinal adipose tissue also extend
to innervate dermal layers, its possible that the nerves visualised are from dorsal fac-
ing surfaces where nerves interface with dermis. These restricted planes may therefore
represent origin points of innervation of iWAT from nerves innervating the dermis. The
origins of fine, parenchymal innervation are still unclear, as discussed previously, nerves

have shown branching from bundles, which also serves as a potential alternate inner-
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vation origin. While not directly related and non-translatable, researchers found that
[B3-tubulin positive nerves in the skin of the mouse hind paw were mostly superficial
in whole mount preparations, with bundles and perivascular nerves penetrating deeper
(Latremoliere et al. 2018).

A likely suggestion is the apparent restricted plane of innervation may be an artefact of
ZDR, where outer layers of adipocytes may become damaged which could falsely suggest
nerves innervate a superficial depth. It is unknown whether the nature of ZDR in tissue
handling is responsible for these findings, however it seems unlikely that compressing
the tissue would force the neurons through the parenchyma, to exist in a very limited
plane, consistent over multiple Z-stack experiments. If this were the case, significant
shearing of fibres and structures within the tissue would be visible, however there is no
evidence of this. Therefore, regardless of tissue ZDR, it appears fine nerves independent
of vasculature are most abundantly captured in a superficial plane of tissue.

| didn't gather enough data or collect with intentionality to fully explore these inter-
actions, as these were discoveries made post- data collection. The Z-stacks produced
were primarily conducted as trials and experimentation with technique and therefore
unintentionally differed in quality. With differing numbers of optical 'slices’, as well as
differing optical section frequency between those slices, the experiments may have not
captured the same extent of resolution, full or sparse. Therefore, it is likely that these
are not accurate representations of the true innervating capacity of the nerves and re-
mains unresolved. In any case, further work with emphasis on experimental design to
explore these findings is required, using a whole mount method that retains full tissue
depth, as discussed above, and Z-stack projections with increased slices for increased

resolution /visualisation.

3.4.2.3.1 Sympathetic innervation of adipocytes and parenchyma

A key aspect of aim 4 of the chapter was to ascertain the extent that norepinephrine-
delivering sympathetic nerves interacted with the parenchyma and adipocytes. | found
no definite examples of nerves proposed to be sensory innervating the parenchyma,
with all images captured showing TH positivity. Based on findings within the present
study, sensory nerves appear restricted to bundles and vasculature, rendering any possible

antidromic regulation of lipolysis unlikely, unless via vasculature-mediated effects.
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Some have found similar patterns of innervation to those observed here, with parenchy-
mal innervation being "almost exclusively sympathetic" (Willows et al. 2021; Giordano et
al. 2006). While conversely, others have found more sensory projections with sympathetic
nerves more tightly associated with vasculature, sensory nerves were seen branching into
parenchyma, particularly over the lymph node (Huang et al. 2021). Incidentally, | tended
to avoid the lymph node due to greater incidence of autofluorescence and noise, mak-
ing it more challenging to obtain quality images. Therefore, as sampling location was
not a methodological parameter kept consistent here, it's possible that regionalisation
of the fat depot and observations within discrete regions may alter perceived subtype

abundance.

In another publication, clear parenchymal innervations of CGRP-stained sensory
nerves are seen in inguinal WAT, but there were no markers for vasculature present,
making it difficult to interpret parenchymal from perivascular interactions (Frei et al.
2022). Supportively, another study using anterograde fluorescent labelling techniques
in the DRG, in combination with HYBRID clearing techniques, capture light-sheet mi-
croscopy images of sensory nerves innervating the parenchyma and vasculature (Wang
et al. 2022). These data therefore suggest that sensory nerves may not be adequately
captured in the present and other studies. The use of a sensory-specific marker, such as
CGREP, is therefore crucial in future work to fully ascertain the proportion of sensory and
sympathetic parenchymal innervation, which is critical to understanding the capacity of
nerves to influence the adipocytes.

This is particularly poignant as recent evidence suggests TH antibodies can also stain
some sensory neurons, with the aforementioned anterograde-labelled sensory nerves colo-
calising with TH- labelled nerves, thus potentially falsely inflating the proportion of sym-
pathetic innervation in other studies such as here (Wang et al. 2022). Compounding
the unreliability of TH as a sympathetic marker, in a follow-up study, contradicting
their initial findings, CGRP-positive neurons have now been identified innervating in
NAN structures that previously only TH-positive 'sympathetic’ neurons were proposed
to demonstrate (Willows et al. 2023). The NAN innervations did still appear to consist
mostly of sympathetic neurons in the updated study, but further work is required to
develop understandings of sensory parenchymal contribution further with suitable tools.

This makes conclusions as to overall proportions of nerve subtypes innervating vascu-
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lature, but most notably parenchyma, incredibly challenging in the present study, due
to the lack of a sensory-specific marker to improve discern/discrimination. As these
issues are based on reports from others, concrete evidence by probing TH antibodies
applied here, alongside a sensory-specific marker such as CGRP and trialling alternative

sympathetic-specific antibodies is recommended.

3.4.3 Overall limitations and future recommendations

As discussed throughout the thread of the present discussion, the methodological ap-
proach taken to answer key aims was fruitful, but did present drawbacks to interpreta-
tion. Firstly the method of sampling did not allow for a systematic traceable innervation
breakdown by area or region. There was no consistent approach to images being taken,
| tracked around the sample until structures that were clear, with limited distortion and
noise, were found. This could translate to missing examples of nerve-adipocyte interac-
tions, as the sampling method may have been insufficient to find and capture structures,
despite being present. There was no recording of where in the fat depot images were
taken, and the fat depot orientation was lost during sample preparation, so dorsal dermis-
facing and ventral abdomen-facing sides could not be distinguished. There are reports
that clearly demonstrate regionalisation to vascularisation & nervous innervation, as well
as adipocyte subtype between central and peripheral areas (particularly concerning sym-
pathetic innervation density [Huesing et al. 2021]), also between subdivisions of the
inguinal anatomy; dorsolumbar and inguinal regions (Chi et al. 2018; Huesing et al.
2021; Barreau et al. 2016). Therefore, descriptive information was lost to this end.

Secondly, due to morphology of adipocytes becoming altered post- ZDR processing
of the tissue, interactions between nerves and adipocytes were challenging to capture
and not possible to measure. Measurements of proximity of any kind were avoided
due to the nature of ZDR, which would have been useful to describe vascular, adipose
and nerve interactions. As already stated, whole mount techniques that maintain the
depth of tissue, that are optimised to reduce non-selective antibody accumulation/noise,
alongside a methodology that allows for maintenance of post-excision orientation &
traceability of image locations, are favourable steps for future work.

As the whole mount method prevented quantitative measures of proximity and other

parameters, | wanted to provide a semi-quantitative facet to compliment images produced
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to aid insight. However, the method of estimating colocalisation was performed using
samples that best suited measurement and were often in short supply. Further, owing in
part to the lack of suitable images, the assessment performed was done so in a simplified
format, using selections of wavelengths that best represented the channels and in doing
so there may have been data missed or overlapped to slightly inflate/deflate proportions.
Additionally, it also doesn’t account for background non-specific staining, meaning such
staining can contribute to perceived area of 'neuron’ presence. Autofluorescent structures
were therefore problematic, although the images were cropped to reduce the amount of
background to a minimum. Therefore, while the basic assessment of nerve identity by
colour channel over total area was helpful to give an overall impression of innervation,
there are more sophisticated and statistically-founded measures that future experiments

could be designed to accommodate.

Lastly, during experimentation | observed TH-only stained nerves where 33-tubulin
was also conjunctionally used. This aberrant 53-tubulin expression pattern was puzzling,
as nerves are suggested to ubiquitously express 33-tubulin, hence its widespread use as a
pan-neuronal marker (Latremoliere et al. 2018). During literature consultation, | noticed
that others had inadvertently encountered this same staining deficit when using the two
antibodies conjunctionally, not all TH-positive nerves dually staining with (33-tubulin
(Willows et al. 2021). However, these staining patterns were not observed in similar
studies using both 3-tubulin and TH antibodies to identify inguinal nervous innervation
(Zeng et al. 2015). Therefore, as there is an apparent discrepancy between publications
using antibodies against the same targets, it may be an issue with the antibodies used
here. To elaborate, it may be poor 33-tubulin antibody staining, where the nerves do
stain for 33-tubulin, but weakly. This may either due to a poorly designed antibody
which fails to label all targets effectively, an antibody used that was not best suited to
a whole mount application, or the antibody may have degraded slightly over time (or
during preparation), which failed to stain for all neurons. It may also be occlusion by the
presence of the other antibody, which is unlikely as they did demonstrate colocalisation,
indicating both antibodies can bind to their respective cytosolic targets concurrently.
Another explanation is it may be the plane of view where the image was taken, with
the red wavelength being more prominent and diminishing the appearance of green

wavelengths. This apparent aberrant staining of 33-tubulin may also explain why |
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observed no (33-tubulin only (i.e. sensory) nerves innervating the parenchyma, and may
contribute to why examples of the neuro-adipose nexus structures were found more
reliably and with increased frequency when using anti-TH antibodies, perpetuating the
perception of TH-dominant parenchymal innervation. Use of an alternative pan-neuronal
marker such as antibodies targeting neurofilament, alongside TH and/or (§3-tubulin,

would delineate where the staining discrepancy lies, either antibody or nerve.

3.4.3.1 Conclusive remarks

Using a whole mount immunocytochemistry approach, | have successfully demonstrated
ample evidence of general and sympathetic-specific nervous innervation of the inguinal fat
depot in various forms, from vasculature and in bundles, to fine parenchymal innervation
with direct adipocyte interactions (Figure 3.20). These findings provide scope for nerve
stimulation experiments, as adipocytes clearly have access to sympathetic nerves, thereby

a source of norepinephrine.
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Figure 3.20: Summary of innervation modes of the inguinal fat depot. A diagram
illustrating the rich vascularisation and various nervous innervation modes observed in
the inguinal fat depot in this PhD project. The middle inguinal fat depot illustrates
dense vascularisation with microvessels and numerous branches of large and medium
vasculature. Mode 1. Parenchymal and adipocyte innervation from sympathetic nerves,
Mode 2. intensive sympathetic and putative sensory innervation of medium and large
vasculature, with the latter often observed tracking together with nerve bundles. Mode
3. Large nerve bundles of mixed identity that track through the tissue coarsely, which
appear to receive some vascularisation from medium-sized vessels and occasionally branch
out from the bundle into finer innervations. The yellow symbol indicates further evidence

is required.
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Chapter 4

Investigating lipolysis via neurogenic

activation ex vivo

4.1 Introduction

It is now well established that sympathetic nerves innervating adipose tissue are respon-
sible for metabolic regulation (Bartness et al. 2007). The scientific investigation into
neuronally-driven lipolysis began decades ago, with pioneering electrical field stimula-
tion (EFS) experiments, finding increases in FFAs released post- adipose tissue stimu-
lation (Correll 1963). Cementing the neuronal role in lipolysis, researchers found EFS-
stimulated sympathetic responses were inhibited by the addition of a $-AR antagonist
(Weiss et al. 1965). Activation of nerves via EFS can be a useful tool to study neuro-
genic effects, however, EFS has previously been found to directly stimulate lipolysis in
adipocytes, which limits the use as a tool to measure neurogenic activation of lipolysis
(Hamida et al. 2011).

Additionally, most literature investigating lipolysis does so using in vitro cultures of
cell lines or isolated primary cells. As corollary, such research often has limited physio-
logical validity due to the absence of surrounding stromal vascular components, which
invariably influence lipolysis. Harnessing an ex vivo model allows for a physiological ap-
proach to stimulating lipolysis, with the inclusion of all cell types. Evidence from Chapter
3 clearly indicates the presence of sympathetic and non-sympathetic nerves in the in-
guinal fat pad, with evidence gained of sympathetic nerves innervating the parenchyma

and adipocytes, offering scope for neurogenic activation. Therefore, alternative ap-
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proaches of neurogenic activation in conjunction with an ex vivo setting offers a useful
tool for a more complete and physiologically representative investigation of lipolysis, in-
clusive of all cell types and endogenous neurotransmitters. These can include sensory
neuropeptides, SP and CGRP and sympathetic neurotransmitters typically involved in
regulating lipolysis, namely norepinephrine, but also NPY and ATP.

Research by Fredholm found that sympathetic stimulation of white adipose tissue caused
release of “adenosine-like material” and inhibition with an a-AR antagonist prevented
this release, thus providing a purinergic facet to adipose tissue (Fredholm 1976). ATP is
a proposed co-transmitter with norepinephrine and acts as neuromodulatory potentiator
in other systems, although there is limited evidence demonstrating this role in inguinal
adipose. As already established in Chapter 1, there is a lack of clarity on P2R roles
in lipolysis regulation, particularly in contexts of purinergic signalling in neurogenically-
driven lipolysis in a more physiological model.

Therefore, development of an ex vivo model to study neurogenic activation of white adi-
pose tissue to interrogate the constituent parts in lipolysis, including the role of purinergic

signalling, provides value to the research community.

4.2 Aims

1. Establish an ex vivo model to stimulate lipolysis with the use of sympathomimetics,

and challenge both stimulated and basal lipolysis with sympatholytics.

2. To generate a neurogenic means of activating lipolysis within the ex vivo model.

3. To characterise and investigate what neurotransmitters and neuropeptides exist to

regulate WAT lipolysis in the context of the model.

4. Investigate the role of P2 purinergic signalling in basal & stimulated lipolysis, as

well as nerve output, within the model.
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4.3 Results

4.3.1 Mouse inguinal adipose tissue is capable of basal and in-

duced stimulated lipolysis ex vivo

In pursuit of investigating the physiology of lipolysis, it was necessary to establish a model
in which pharmacological challenge could be easily and reliably applied, then subsequent
effects appropriately measured. Other research groups have already established ex vivo
models which allow for glycerol and/or free fatty acids (FFA) released into media from
sections of WAT to be measured as an index of lipolysis (Bridge-Comer et al. 2023; Roy
et al. 2022), therefore | adopted an ex vivo approach. | chose to limit the measuring
variable to glycerol, due to literature emphasising that FFA is a less reliable indicator due
to re-uptake, unless measured as a ratio of glycerol:FFA. However, as stated in Chapter
1, glycerol is stable and less readily re-uptaken by adipocytes (owing to WAT expressing
low levels of glycerol kinase) (Bridge-Comer et al. 2023). The references to glycerol
release values throughout this chapter refer to glycerol corrected to wet tissue weight
(uM/mg) in 150 pL total volume of DMEM produced over 3 hours, unless otherwise
stated. In the case of isolated adipocyte experiments, values represent total glycerol
concentration of response to drug in ©M minus basal glycerol values, in 100 pL final

volume DMEM produced over 3 hours.

4.3.1.1 Basal lipolysis occurs and is capable of stimulation via sympath-

omimetics

Initially, in agreement with literature, it was clear that adipose tissue maintained the abil-
ity, post-dissection, to undergo basal lipolysis (Figure 4.1 A & B). Explants of adipose
released 8.45 £+ 1.05 uM glycerol (N=14) into the supernatant, representing the average
basal production of glycerol in a 3 hour period. However the interquartile range indicates
basal glycerol values mostly fall within 6-10 4M range, with some tail-end extremes at
4 and 16 uM (N=14; Figure 4.1 B).

Secondly, the tissue retained this basal lipolytic capacity for periods of 4 hours when

challenged (and likely beyond, MacDonald et al. 2017) (Figure 4.1 A). Over time, these
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basal values remained stable, with a significant increase occurring from 1 to 2 hours
(N=3, 2.78 £+ 0.28 uM versus 5.84 + 0.44 M, P<0.01), then no significant change
from 2 to 4 hours (N=3, 5.48 um + 0.76 uM versus 5.39 um + 0.9 uM, P>0.05) and
appeared to plateau. Overall, cumulative glycerol released by groups after 1 hour, versus
those at 4 hours, increased by 2.61 uM.

To both recapitulate literature and verify whether ex vivo tissue was also capable of
responding to pro-lipolytic signalling cues in the model, exogenous application of well-
established agonists of S-adrenergic receptors were applied. After 3 hours, non-selective
[B-AR agonist isoprenaline applied at concentrations of 10 M induced a glycerol release
of 21.2 + 2.3 uM (N=5). Similarly 10 uM concentrations of native adrenergic receptor
agonist norepinephrine-induced glycerol release of 27 + 5.1 uM (N=5). Both agonists
showing significant differences from glycerol released under basal conditions (N=5, 6 +
1.3 uM). Therefore, | ascertained that inguinal WAT tissue sections handled ex vivo in
this manner were successfully able to respond to external lipolytic factors, which culmi-
nated on increased glycerol content in the supernatant significantly above basal /vehicle

controls (N=5, P<0.001 isoprenaline, P<0.05 norepinephrine) (Figure 4.1 C).
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Figure 4.1: White adipose tissue is capable of basal and stimulated lipolysis ex
vivo. (A) Basal glycerol release values of adipose tissue explants left for either 1, 2, 3 or 4
hours. #P<0.05 ##P<0.001 indicates difference from the respective time point versus
60 minutes (N=3) (ANOVA). (B) Plot indicating the mean (filled square) median (solid
black line within box), interquartile range (IQR) (box) and whiskers represent 1.5x IQR
(minimum and maximum extremities of data) of glycerol values after 3 hours under basal
conditions (N=14). (C) Agonist isoprenaline (ISO) and norepinephrine (NE) stimulated
glycerol release after incubation for 3 hours, compared to vehicle controls. Significances
denoted by *P<0.05, **P<0.01 versus vehicle controls. Non-significance is denoted
by 'NS' (N=5) (Welch’s ANOVA). Data represent mean + SEM of glycerol release

corrected to tissue weight. Jitters (open circles) represent each data point (N).

179



4.3.1.2 Characterisation of norepinephrine-stimulated lipolysis

To accurately and reproducibly explore the model further using the sympathomimetic
norepinephrine, it was important to establish parameters in terms of concentration and
sampling time. Therefore a dose response curve for norepinephrine was conducted, il-
lustrating norepinephrine increased lipolysis in a concentration-dependent manner (0.1 -
100 M) which revealed a peak response at 10 M, which declined at concentrations 30
uM, and a half-maximal concentration (EC50) of 2.4 + 1.4 uM (N=5) (Figure 4.2A).
Determination of such a concentration was required for enabling glycerol release both
above and beyond the norepinephrine response when challenged with other pharmaco-
logical agents. Therefore a concentration of 2 sM norepinephrine was used in all other

glycerol release experiments from this point onwards.

Secondly, an optimal sampling point was required to achieve a robust lipolytic re-
sponse, while also allowing time for signalling transduction to fully occur. The sampling
time was determined based on comparisons between norepinephrine-stimulated versus
vehicle control tissues over a time series, up to 3 hours (Figure 4.2). Both 2 and 3 hours
of incubation with norepinephrine increased glycerol release significantly above vehicle
controls (N=5, P<0.001 and P<0.001, respectively). However, while both significant,
the largest difference in glycerol release between norepinephrine-stimulated and control
tissues was at the 3-hour time point (N=5, 21.5 + 1.4 uM versus 6.7 £+ 1.1 uM, respec-
tively, P<0.001). Therefore, given the range of basal glycerol release values observed
(Figure 4.1 B), to increase the difference between stimulated and non-stimulated groups
and limit the future possibility of variation-derived overlap, the 3 hour time point was

selected for all future experiments where norepinephrine acts as agonist.
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Figure 4.2: Characterisation of the norepinephrine-driven lipolysis. Nore-
pinephrine (NE)-evoked glycerol release values in (A) a dose-dependent manner ranging
from 0.1 uM to 100 uM, where 10 uM is peak response & EC50 determined 2.4 +
1.4 M using Hilll equation and data are normalised to peak response (N=5) and (B)
lipolytic response to submaximal NE (black line) over time up to 3 hours compared to
vehicle controls (red line). Significance from controls at the corresponding time point
denoted using asterisk, where ***P<0.001 (N=5) (Welch's ANOVA). Data represented

as mean + SEM of glycerol release corrected to tissue weight.

4.3.1.3 Lipolysis is inducible via voltage-gated Na™ channel opener veratridine

After the establishment of an appropriate sympathomimetic agonist and the bounds of
application in which to best induce lipolysis, | embarked on the next aim in the project.
To increase the physiological validity of the ex vivo model employed here and hence
investigate the role of neuronal activation of white adipose tissue, it was important to
attempt to illicit direct neurogenic-driven lipolysis. Observing such a direct, neuronally-
mediated response would provide a more physiologically representative platform, by which
pharmacological challenge can be applied to interrogate the involvement of various neu-
rotransmitters, neuropeptides and other signalling molecules in lipolysis. Therefore, for
the first time in white adipose tissue, the VGSC opener veratridine was used to attempt

induction of neurotransmitter release from resident nerves in the tissue.
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The working hypothesis using veratridine was based on published information regarding
its mechanism of action; by binding to resident Nay, channels upon nerves, influence their

gating properties, allowing Na™ entry to initiate exocytosis-inducing action potentials.

As veratridine was a novel tool within this ex vivo system, literature was assessed as
to possible functionally appropriate concentrations. A variety of concentrations between
10 and 100 M were reported as effective at inducing nervous discharge or altering gat-
ing status in various models (Zhang et al. 2018; Hyland et al. 2005; Wada et al. 1992).
Therefore | tested some candidate concentrations to ascertain the most appropriate con-
centration to induce a functional response in the present ex vivo model.

Initially with concentrations of 10 M, veratridine failed to induce glycerol increase sig-
nificantly above vehicle controls (N=5, P>0.05) (Figure 4.3 A). While 50 uM veratridine
induced glycerol release significantly above controls, it was not significantly higher than
10 uM veratridine (N=5, P>0.05), or significantly lower than 100 M (N=5, P>0.05),
risking potential clearance issues from controls in future experiments, if values are sub-
ject to variation.

However, 100 uM veratridine was significantly different from vehicle controls and 10
1M concentrations, providing good clearance (N=5, P<0.001 & P<0.05 respectively)
(Figure 4.3 A). While glycerol release in response to 100 ;M veratridine concentrations
did not significantly deviate from those at 50 M, values were slightly higher and more
consistent (N=5, 35.1 + 1.7 uM versus 33.2 + 3.13 uM, respectively). Other studies
have employed veratridine at 100 M concentrations (Craig et al. 2020; Mohammed
et al. 2017). As such, 100 um veratridine was considered to sufficiently yield a reliable
response. Therefore, 100 uM concentration of veratridine was taken forwards in all fu-

ture experiments.

In experiments comparing stimulants, veratridine elicited glycerol release comparable
with those of submaximal concentrations of norepinephrine and was not statistically dif-
ferent (N=5, P>0.05), with values equal to circa 90% of norepinephrine response (N=5,
26.6 + 1.3 uM veratridine versus 29.4 + 1.3 uM norepinephrine) (Figure 4.3 B).

To further characterise the veratridine response and establish a sampling timepoint, tis-
sues were agonised with veratridine at 100 uM for periods of 1, 2 or 3 hours. The

response to veratridine was distinct, with glycerol release increasing by around 13 uM
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at each time point (Figure 4.3 C), while vehicle controls increased by nearly 3 times less
than these values each time point. As observed in section 4.3.1.2 with exogenous nore-
pinephrine stimulation, veratridine-stimulated tissues were strongly significantly different
from vehicle controls after 3 hours exposure (P<0.001, N=5) and also exhibited the
greatest difference in mean glycerol release compared to vehicle controls at this point
(N=5, 39.9 £ 2.7 uM versus vehicle controls 14.8 + 1.9 M) (Figure 4.3 C). Therefore,
a sampling time of 3 hours was chosen for all future experiments using veratridine. As
veratridine was dissolved in DMSO, effects of 1% DMSO on glycerol release were com-
pared to controls. Under these conditions, there was no significant difference in basal

glycerol release with the addition of 1% DMSO (N = 10, P>0.05) (Figure 4.3 D).
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Figure 4.3: Veratridine is capable of inducing lipolysis ex vivo. (A) Veratri-

dine (VTD)-induced lipolysis at concentrations of 10 M, 50 uM and 100 uM (N=5)

(ANOVA) and (B) comparison of veratridine and norepinephrine (NE)-stimulated lipoly-

sis (N=5) after 3 hours. ***P<0.001 versus vehicle controls, #P<0.05 between groups

indicated by line (ANOVA). (C) Veratridine-stimulated versus basal glycerol release over
time (N=5) (ANOVA). (D) Effect of 1% DMSO on basal glycerol release versus controls

N=10) (two sample t-test). Significances denoted by *P<0.05, ***P<0.001 refer to
( p g y

comparisons between stimulated and corresponding basal tissues at the same time point.

In all cases, non-significance is denoted by 'NS'. Data represent mean £ SEM of glycerol

release corrected to tissue weight. Jitters (open circles) represent each data point (N).
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4.3.2 Investigating the receptors involved in veratridine-induced

nerve activation

Tetrodotoxin (TTX) is a toxin which binds to VGSCs and prohibits Na™ entry (Stevens
et al. 2011).

TTX has been successfully used to inhibit Nay channels of excitable cells in many other
studies at concentrations of 1 M (Dobrev et al. 1998; Stacey et al. 2018; Tanaka et al.
1999). To fully establish whether veratridine activity was dependent upon Nay chan-
nels, TTX at 1 M, was applied to attempt to abolish lipolysis induced by veratridine.
Theoretically, if veratridine is acting as hypothesised, pre-exposure of Nay channels to
TTX will prevent veratridine access to its binding site, prohibiting the lipolytic response.
Encouragingly, a 30-minute pre-incubation with 1 M TTX, with subsequent addition of
veratridine, abolished the veratridine-induced glycerol release (N=5, P<0.001) down to
values that didn't significantly differ from vehicle controls, after 3 hours exposure (N=5,
P>0.05) (Figure 4.4 A).

Also, TTX applied under basal conditions didn't induce any significant change in glycerol
release compared to vehicle controls after 3 hours (N=6, P>0.05) (Figure 4.4 B), which
suggests basal lipolytic processes occur independently of any constitutive or residual nerve

excitability, and of Nay channels, should they be expressed on the adipocytes themselves.

While these data advocate for the response to veratridine being neurogenic, it doesn't
eliminate the prospect that adipocytes themselves are responsive to veratridine. While
there is currently no published evidence that advocates for the presence of Nay channels
on adipocytes in mice (Pérez-Medina et al. 2012), there is still the possibility that this
may be the case and what is being observed.

Therefore, in order to further substantiate the claim that veratridine's lipolysis-inducing
action is indeed neurogenic, adipocytes were freshly isolated via enzymatic digestion, then
challenged with norepinephrine or veratridine for 3 hours. By removing the surrounding
neurons hypothesised to be responsible for conducting veratridine-activated lipolysis,
then subsequently challenging remaining adipocytes with norepinephrine or veratridine,
| can establish whether isolated adipocytes are firstly viable and able to respond to

previously characterised lipolytic signals and secondly, whether veratridine elicits the
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same lipolytic responses in absence of its proposed target.

In isolated adipocytes veratridine failed to illicit a significant response and only saw
small but insignificant increases in total glycerol release above zero (5.3 + 2.5 uM), af-
ter 3 hours (N = 5, P>0.05, one sample t-test). Unlike norepinephrine, however, which
stimulated a robust glycerol release (155.4 + 27.5 uM total glycerol), significantly above
that of veratridine (N=5, P<0.01, Figure 4.4 C) . These data build evidence for the neu-
rogenic nature of the veratridine response, with the added reassurance that challenged
cells were viable and capable of responding to external lipolytic signals. Extrapolating
from this, it again builds evidence that Nay channels, if expressed by adipocytes, are

not responsible for the induction of glycerol release by veratridine in this model.

Summary Taken together, these data indicate that veratridine in this context is
acting via Nay channels, as the lipolysis response is removed when Nay channels are
blocked by TTX. The data also suggests that these observations are not due to direct
effects on adipocytes, as veratridine failed to illicit lipolysis in the absence of SVF com-

ponents, whereas norepinephrine remained capable.
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Figure 4.4: Veratridine induced lipolysis is dependent on VGSCs and on the
presence of stromal-vascular fraction Tetrodotoxin (TTX) application to (A) ver-
atridine (VTD)-stimulated tissues (N=5) (ANOVA) and (B) basal tissues (N=6) (two
sample t-test), where data represent mean + SEM of glycerol release corrected to tissue
weight. (C) Total glycerol release by isolated adipocytes stimulated with norepinephrine
(NE) and VTD for 3 hours (N=5) (Mann-Whitney U test), where basal values are sub-
tracted from responses. Significance denoted by ***P<0.001 versus vehicle controls,
##P<0.01, ##+#P<0.001 between groups indicated by line. Non-significance is de-

noted by 'NS'. Jitters (open circles) represent each data point (N).
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4.3.3 Probing the role of S-adrenergic signalling involvement in

veratridine-evoked lipolysis

Further experimental characterisation of the veratridine response was required to affirm

the lipolysis outcome was indeed neurogenic. Confirming whether veratridine was acting

via a neurotransmitter would eliminate, to an extent, the involvement of other SVF cell

types, narrowing possibilities to neurons.

Under the hypothesis that the effector underpinning veratridine responses is a sympathetic-
released catecholamine acting at surface membrane 3-AR receptors on adipocytes, block-

ing the prospective target receptors would theoretically reduce or remove the response

to veratridine. This section aims to tease apart this aspect of the hypothesis.

4.3.3.1 Lipolysis stimulated by veratridine is abolished by propranolol

To address the identity of the signal involved in veratridine-mediated lipolysis and char-
acterise the receptors involved in subsequent transmission of veratridine signalling, non-
selective antagonists of [-adrenergic receptors were applied.

The non-selective -AR antagonist, propranolol, applied at concentrations of 8 uM in
hamster brown adipocytes reduced norepinephrine-stimulated cAMP increases in a dose-
dependent manner (Zhao et al. 1997). A concentration of 10 M propranolol applied
in adipocyte 3T3-L1 and bone marrow derived stem cell lines successfully blocked gene
expression changes stimulated by isoprenaline (Baek et al. 2014).

Therefore, propranolol at a 10 M final concentration was applied 30 minutes prior to

addition of veratridine.

Propranolol significantly blocked the veratridine-evoked increase in lipolysis after 3
hours, with values of propranolol-treated tissues stimulated with veratridine reduced to
6.3 + 0.7 uM from 30.9 £+ 2.3 uM (N=5, P<0.001), reducing glycerol concentrations
to values analogous to vehicle controls (9.7 £ 1.6 uM) (N=5, P>0.05), representing
a 79.6% decrease (Figure 4.5 A). There was no significant effect of 5-AR antagonism
on basal lipolysis when compared to vehicle controls (P>0.05), suggesting that basal
lipolysis occurs independently of -adrenergic receptor input.

The response of tissues to propranolol in the present ex vivo model were replicated
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when using exogenously applied norepinephrine as a stimulant of lipolysis. Preincuba-
tion of tissues with 10 M propranolol and subsequent stimulation with norepinephrine
significantly prevented glycerol release after 3 hours (N=5, P<0.01) (Figure 4.5 B).
However, in norepinephrine experiments, propranolol failed to completely abolish the
stimulated response, reducing glycerol by 53.7% opposed to 79.6%. Moreover, unlike
in veratridine-stimulated conditions, the glycerol values of propranolol-treated tissues
remained significantly different from vehicle controls (N=5, P<0.01).

To validate observations that non-selective 3-AR antagonism reduces veratridine-
stimulated glycerol release in this model, tissues were also treated with alternate non-
selective 5-AR antagonist, sotalol. Sotalol has been used at relatively high concentrations
in other published works; previously used to antagonise agonist-induced activity in CHO
cells expressing the human [33-AR receptor, at effective concentrations of 10 uM to
1 mM (in a dose dependent manner) (Baker 2005). Sotalol has also been used in ex
vivo studies in human tissue at concentrations of 10 and 100 M (Britton et al. 2017).
Therefore, | applied both a higher and lower concentration of sotalol at 10 and 100 M,
respectively.

Concentrations of both 10 (N=5, P>0.05) and 100 uM (N=5, P>0.05) sotalol failed
to significantly reduce veratridine-stimulated lipolysis after 3 hours (Figure 4.5 C). Glyc-
erol concentrations from tissues pre-treated with 100 M sotalol prior to stimulation
were slightly reduced compared to veratridine alone (17.8 + 2.2 uM versus 22.4 +
2.68 uM respectively). As with propranolol, there was no effect of sotalol on basal lipol-

ysis compared to vehicle controls at either concentration (N=>5, P>0.05) (Figure 4.5 C).

Summary Propranolol inhibits lipolysis in response to both veratridine and exoge-
nously applied norepinephrine, which suggests the mechanism by which veratridine is
inducing lipolysis is 3-adrenergic, thus veratridine appears to evoke the neuronal release
of a catecholamine that acts on the (3-AR suite of receptors.

Sotalol, however, contradicts this hypothesis as it failed to reduce lipolysis under stim-
ulated conditions, suggesting that 3-ARs play no role in veratridine-stimulated lipolysis.
Therefore a more direct form of enquiry was required to confirm the catecholamine

dependence of the veratridine mechanism.
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Figure 4.5: Non-selective $-AR antagonism on veratridine and norepinephrine-
stimulated lipolysis. Effects of 10 uM propranolol on glycerol release stimulated by
(A) veratridine (VTD) (N=5) (ANOVA) and (B) norepinephrine (NE) (N=5) (ANOVA)
and (C) effects of sotalol (10 M) on VTD-stimulated lipolysis (N=5) (ANOVA) after
3 hours. Data represent mean + SEM of glycerol release corrected to tissue weight.
Significance denoted by **P<0.01 ***P<0.001 versus vehicle controls, ##P<0.01,
###P<0.001 between groups indicated by line. Non-significance is denoted by 'NS’.

Jitters (open circles) represent each data point (N).
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4.3.4 Characterising the subtypes of (-adrenergic receptor in-

volved in veratridine-evoked lipolysis

To elucidate the mechanism by which veratridine is acting to induce lipolysis, further to
general B-AR antagonism, selective antagonism of each (3-AR subtype was conducted.
Employing the same experimental conditions and antagonist concentrations as in ver-
atridine experiments, each antagonist was additionally stimulated with norepinephrine
to validate the observations were equal across lipolytic-inducing regimes and thus un-
derpinned by the same neurotransmitter. | hypothesised that antagonising each 5-AR
receptor would reveal at least one subtype responsible for neurogenic and exogenously-

induced lipolysis.

4.3.4.0.1 Selective 5-AR antagonism

Selective $1-AR antagonist CGP 20712 has been used successfully in rat white adipocytes
to reduce glycerol release at concentrations of 1 M (Louis et al. 2000) and in isoprenaline-
stimulated mouse white adipocytes at 1 uM (Konkar et al. 1999). In other studies,
concentrations of 10 M have been used to antagonise stimulated responses in rat white
adipocytes (Germack et al. 1997).

Selective 32-AR inverse agonist ICl 118551 has been used to block 2-Ars, in different
models and tissues at a range of concentrations in published literature to reduce 52-AR
signalling, ranging from 1 M (Louis et al. 2000), to 10 uM in HEK293 cells (Vedel
et al. 2015) and 20 pM in keratinocytes (Sivamani et al. 2009).

The B3-AR antagonist L-748337 was found successful at reducing an isoprenaline-
stimulated response in experiments with 3T3-L1 cells, at nanomolar concentrations (Jin
et al. 2018). L-748337 has also been used in beige and brown populations of human
primary adipocytes (Cero et al. 2021) and in 3T3-L1 cell lines (Lim et al. 2019), in both

cases at 10 M with success.

Therefore, each selective 5-AR antagonist above was applied at both 1 and 10 uM
30 minutes prior to stimulation with stimulant for 3 hours, to match concentrations

reported in literature.
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£1-AR antagonism

There was no significant reduction in veratridine-stimulated lipolysis post- 51-AR antag-
onism with CGP 20712 at either 1 (N=7, P>0.05) or 10 uM (N=7, P>0.05) concen-
trations, after 3 hours (Figure 4.6 A i). There was also no effect of 51-AR antagonism
on basal lipolysis, compared to vehicle controls (N=7, P>0.05)

These findings were mirrored in experiments with exogenously applied norepinephrine
as stimulant, where no decrease in lipolysis at either concentration of CGP 20712
was observed after agonism with norepinephrine (N=5, P>0.05) (Figure 4.6 B i).
The only deviation between the veratridine and norepinephrine-stimulated datasets is
a slight trend of 10 uM CGP 20712 reducing glycerol release by 17% under veratridine-
stimulated conditions (Figure 4.6 A i), which is greater than the 5.8% decrease observed
in norepinephrine-stimulated conditions. However, this failed to reach significance (N=7,
P>0.05).

Lastly, basal lipolysis was unaffected by the addition of CGP 20712 in both veratri-
dine (N=7, P>0.05) and norepinephrine (N=5, P>0.05) experiment sets, compared to

vehicle controls, suggesting the 51-AR is not regulating basal lipolysis.

£52-AR antagonism

Antagonism of 32-AR receptors using ICl 118551 before subsequent veratridine stimu-
lation caused a significant reduction in glycerol release, at both 1 (N=5, P<0.01) and
10 uM (N=5, P<0.001), compared to veratridine alone after 3 hours (Figure 4.6 A
ii), reducing glycerol values by 19.8% and 40.1% respectively. Under norepinephrine-
stimulated conditions, 10 M ICI 118551 applied (N=>5, P<0.01) significantly reduced
glycerol release by 37.3% (Figure 4.6 B ii). The main deviation between the nore-
pinephrine and veratridine datasets was 1M ICI 118551 was not sufficient to signifi-
cantly reduce lipolysis under norepinephrine-stimulated conditions (N=5, P>0.05), re-
ducing glycerol values by 11.8%.

In both veratridine and norepinephrine-stimulated conditions, 10 M ICI 118551 did not
completely reduce the stimulated response down to basal values, indicating involvement
of another receptor subtype responsible in lipolysis.

Basal lipolysis remained unaffected by the addition of ICl 118551 in both veratridine
(N=5, P>0.05) and norepinephrine (N=5, P>0.05) datasets compared to vehicle con-
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trols, suggesting the 52-AR is not regulating basal lipolysis.

£3-AR antagonism
Surprisingly, attempting to antagonise the $3-AR with either 1 (N=5, P>0.05) or 10
uM (N=5, P>0.05), L-748337 caused no significant reduction in veratridine-stimulated
lipolysis after 3 hours (Figure 4.6 A iii). Under norepinephrine-stimulated regimes, neither
concentration of L-748337 reached statistical significance (N=5, P>0.05), as observed

in veratridine-stimulated conditions.

Interestingly, in both veratridine and norepinephrine datasets, L-748337 application
appeared to have a stimulating effect under basal conditions. The effect was most
prominent in the veratridine dataset, where L-748337 significantly increased lipolysis
over vehicle controls by over 4-fold (N=5, P<0.001 1 M and P<0.001 10 M), despite
lack of applied stimulant, equating to over 70% of the veratridine response (Figure 4.6
Aiii).

The effects of L-748337 on basal lipolysis were shared in norepinephrine experiments,
but not to the same extent, as only 10 4M of the antagonist under basal conditions
increased lipolysis significantly above vehicle controls, raising glycerol release concentra-
tions to equivalent of 53% of the norepinephrine response (N=5 P<0.05) (Figure 4.6 B
ii).

Intriguingly, L-748337 reduced norepinephrine-evoked glycerol values to 30.1 £+ 3.6 uM
when applied at 10 4M with norepinephrine, while simultaneously raising them to similar
values (24.2 = 3 uM) when applied under basal conditions, indicating the possibility of
a substitute lipolysis-inducing pathway being triggered (Figure 4.6 B iii).

Lastly, the apparent stimulatory effects of L-748337 did not combine with either stimu-

lant to increase lipolysis above that of the corresponding stimulant applied alone.

Adipocytes + selective antagonists
There is little published evidence of the application of these selective 5-AR antagonists in
adipose tissue under ex vivo conditions. To ensure the responses observed were not due
to effects of the ex vivo model, experiments were subsequently conducted on freshly iso-
lated adipocytes, using norepinephrine as stimulant of lipolysis. Antagonist applications
were all confined to a single final concentration of 1 M. Adipocytes were responsive to

norepinephrine in each antagonist experiment set to a similar degree, releasing around 100
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uM total glycerol (Figure 4.6 C i, ii, iii). However, 30-minute preincubation of adipocytes
with each antagonist for f1-AR: CGP 20712 (N=5, P>0.05) (Figure 4.6 Ci), 52-AR: ICl
118551 (N=5, P>0.05) (Figure 4.6 C ii) or 53-AR: L-748337 (N=5, P>0.05) (Figure
4.6 C iii) did not significantly reduce lipolysis evoked by norepinephrine, after 3 hours.
While the lack of significant effect after 51 and $3-AR antagonism matched the ex vivo
veratridine and norepinephrine datasets, the lack of response to 32-AR antagonist ICl
118551 marked a deviation in antagonist response pattern between approaches.

Consistently, as observed in both veratridine and norepinephrine datasets, the adipocytes
experienced increased lipolysis under basal conditions after exposure to 53-AR antagonist
L-748337. The glycerol values were increased to an extent that was not significantly dif-
ferent from glycerol produced by norepinephrine-stimulated adipocytes (N=5, P>0.05),
equating to 81.9% of the norepinephrine response (Figure 4.6 C iii). Again, the stimula-
tory effects of L-748337 did not combine with norepinephrine to increase lipolysis when

used conjunctionally.
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Figure 4.6: Selective antagonism of [-AR subtypes under veratridine or
norepinephrine-stimulated conditions ex vivo and in isolated adipocytes. Ef-
fects of selective 5-AR antagonists for (i) 51-AR; CGP 20712, (ii) 52-AR; ICl 118551
and (iii) 3-AR; L-748337 on basal and (A) veratridine (VTD) (B) norepinephrine (NE)-
evoked lipolysis ex vivo and (C) on isolated adipocytes stimulated with NE, after 3 hours,
where ex vivo data represent mean + SEM of glycerol release corrected to tissue weight
and isolated adipocytes data represents total glycerol release of groups, minus basal val-
ues. Significance in ex vivo experiments denoted by *P<0.05, **P<0.01 ***P<0.001
versus vehicle controls, #P<0.05, ##P<0.01, ###P<0.001 between groups indicated
by line. In isolated adipocytes **P<0.01 ***P<0.001 denotes difference from NE alone,
and ##P<0.01 from NE with antagonist versus antagonist applied alone. In all cases,
non-significance is denoted by 'NS'. Jitters (open circles) represent each data point (N).
All experiments are N=5, except A(i) (N=7) and B(ii) (N=6). Welch’'s ANOVA used in
A(i) and B (i), (ii), (iii). ANOVA used in A(ii), (ii) and C(i), (ii), (iii).
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4.3.4.0.2 L-748337 + propranolol

To investigate the stimulatory effect L-748337 had under basal conditions, basal tissues
were pre-incubated with 10 ©M propranolol 30 minutes prior to the addition of 10 uM
L-748337. If the antagonist was agonising a $-AR via the canonical lipolysis pathway,

theoretically propranolol exposure would remove this response.

However, pre-exposure to propranolol failed to significantly reduce glycerol release
evoked by L-748337, after 3 hours (N=b5, P>0.05) (Figure 4.7). Both groups exposed
to L-748337, alone (N=5, P<0.01) or with propranolol (N=5, P<0.001), demonstrated
glycerol release values significantly above that of vehicle controls (Figure 4.7). Therefore,
the effect of 33-AR antagonist L-748337 was not considered sensitive to the previously

effective 5-AR antagonist activity of propranolol.
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Figure 4.7: Propranolol failed to inhibit glycerol release induced by (3-
antagonist L-748337. Effects of propranolol on L-748337-evoked glycerol release
applied under basal conditions after 3 hours (N=5) (ANOVA). Significance denoted
by **P<0.01 ***P<0.001 versus vehicle controls. Non-significance is denoted by 'NS’.
Data represent mean £ SEM of glycerol release corrected to tissue weight. Jitters (open

circles) represent each data point (N).
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4.3.4.0.3 Alternative 33-AR antagonist

Given that application of widely used 33-AR antagonist L-748337 failed to reproduce
lipolysis-antagonising effects observed in literature, | wanted to explore whether the lack
of effects observed were due to antagonist efficacy and performance, opposed to effects
of the model. Therefore | antagonised 33-ARs in both veratridine and norepinephrine
ex vivo conditions, as well as in isolated adipocytes (under norepinephrine stimulation),
using the only other $3-AR antagonist commercially available, SR59230A. SR59230A
has previously been used at concentrations of 1 uM in perivascular adipose (Saxton et al.
2019), and 10 xM in 3T3-L1 cell lines (Mizuno et al. 2002) & mouse embryonic stem
cells (Calvani et al. 2018). Therefore, concentrations of 1 and 10 M SR59230A were

applied in ex vivo conditions, and at 1 ©M in isolated adipocyte experiments.

Preincubation of tissues with 10 uM SR59230A significantly antagonised lipolytic
responses induced by norepinephrine after 3 hours (N=5, P<0.001) (Figure 4.8 B), but
not in veratridine stimulated-conditions (N=5, P>0.05).

Although, neither norepinephrine- (N=5, P>0.05) or veratridine-stimulated (N=5,

P>0.05) lipolysis was significantly reduced after exposure to 1 M concentrations of
SR59230A. Similarly, norepinephrine-stimulated adipocytes preincubated with 1 uM
SR59230A experienced no significant reduction in glycerol release, compared to nore-
pinephrine alone (N=3, P>0.05) (Figure 4.8 C).
As observed with the first 33-AR antagonist L-478337, SR59230A applied under basal
conditions also increased glycerol release, in all experiments (Figure 4.8). These effects
appeared more moderate, as in all experiments, basal groups exposed to either 1 or 10
1M concentrations of SR59230A increased glycerol release above controls by less than
2-fold, opposed to over 3- and 4-fold, as observed with L-748337. Again, the lipolysis
increasing effects of SR59230A did not combine with either stimulant to increase glycerol
release over that of stimulant alone, under any conditions.

Summary Reinforcing the case that veratridine is operating via induced release of
norepinephrine, use of selective 3-AR antagonists with veratridine and norepinephrine
in ex vivo preparations showed similar patterns of response: Both stimulating condi-
tions were unaffected by S1-AR antagonism, yet showed sensitivity to 52-AR antag-

onism. However, the 32-AR antagonist did not abolish lipolysis completely in either
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case, indicating the potential role of another receptor. Both stimulatory regimes lacked
a significant reduction in glycerol release using 53-AR antagonist L-748337. However,
use of an alternative antagonist for 53-AR, SR59230A, achieved a significant reduction
in lipolysis, but only under exogenously applied norepinephrine-stimulated conditions ex
vivo. Further, contrary to antagonist patterns established ex vivo, selective antagonism
of any 3-AR receptor failed to reduce norepinephrine-stimulated lipolysis when applied
in adipocyte preparations.

Under basal conditions, application of 51 and $2-AR antagonists did not alter basal
lipolysis in ex vivo veratridine and norepinephrine datasets, indicating that basal lipolysis
occurs independently of S-AR activation, supporting data from section 4.3.3. How-
ever, conversely, antagonism of 33-AR with either antagonist under basal conditions
induced glycerol release in all cases, with effects of L-748337 being more prominent.
The lipolysis-enhancing effects of both antagonists did not combine with stimulants to
increase lipolysis above that when stimulants were applied alone, in either regime. The

lipolysis-inducing effects of the antagonist L-748337 were not abolished by propranolol.
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Figure 4.8: Alternative 33-AR antagonist SR59230A effects on basal and

stimulated lipolysis ex vivo and in isolated adipocytes. Effects of 53-AR an-
tagonist SR59230A on basal, (A) veratridine (VTD) (N=5) (Welch's ANOVA) and (B)
norepinephrine (NE) (N=5) (Welch’'s ANOVA) evoked lipolysis ex vivo and (C) iso-

lated adipocyte basal and NE-stimulated lipolysis (ANOVA), after 3 hours. ex vivo

data represent mean + SEM of glycerol release corrected to tissue weight and isolated

adipocyte data represents total glycerol release of groups, minus basal values. *P<0.05

***P<0.001 versus vehicle controls,

###P<0.001 between groups indicated by line. In isolated adipocytes *P<0.05 de-

notes difference from NE alone, and #P<0.05 from NE with antagonist, versus antag-

onist alone. Non-significance is denoted by 'NS'. Jitters (open circles) represent each

data point (N).
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4.3.5 Investigating Ca’" dependency of veratridine-evoked lipol-
ysis

As discussed in Chapter 1, the canonical approach of neuronal exocytosis of transmitter
from prejunctional synapses is regarded as Ca®*-dependent. Briefly, action potentials
confer excitability to voltage-gated calcium channels on the presynapse (VGCC) which
induces a conformational change, allowing calcium entry via the channel into the synapse.
Calcium entry sequentially catalyses a series of calcium-dependent steps, causing fusion
of vesicles containing neurotransmitter to be released into the post-synaptic space. With
the understanding of this mechanism and it's role in regulated exocytosis, it was neces-
sary to probe whether the veratridine response was sensitive to VGCC interference, as to
characterise exocytosis in the hypothesised veratridine mechanism of action. Theoreti-
cally, by preventing calcium entry into the neuron synapse, vesicles of neurotransmitter

release should be subsequently abrogated.

4.3.5.1 Investigating the role of VGCCs in veratridine-evoked lipolysis

N-type VGCCs

Expression of voltage-gated calcium channels of the N-type (Cay 2.2) are generally most
involved in the nervous system (hence their nomenclature, 'neuronal’ type) (Westenbroek
et al. 1992). Using well-established cone-snail (Conus geographus) derived neurotoxin
w-conotoxin-GVIA to block Cay channels, | attempted to further interrogate the mech-
anism underlying the veratridine response. w-conotoxin-GVIA is reportedly selective for
the N-type Cay channel subtypes (Whorlow et al. 1996). Under the theory of the pro-
posed mechanism of action, | hypothesised that glycerol release would decrease in tissues
challenged with veratridine that had been pre-incubated with w-conotoxin-GVIA. Con-
centrations of GVIA applied in literature suggest 1 4M as effective in blocking veratridine-
evoked dopamine release (in combination with other toxins) in rat brain (Dobrev et al.
1998). Other work illustrates concentrations from 0.33 um up to 12 uM were effective
at reducing Ca?* current in electrically-stimulated frog sympathetic neurons, in a dose-
dependent manner (Boland et al. 1994). Therefore, concentrations of 1 uM and 10 uM

were taken forward for use in this model.
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Preincubation of tissues with 1 uM (N=3, P>0.05) or 10 uM (N=3, P>0.05) w-
conotoxin-GVIA, did not prevent glycerol release in tissues after subsequent exposure to
veratridine after 3 hours (Figure 4.9 A). There was also no effect of either concentration
on basal lipolysis (N=3, P>0.05, Figure 4.9 A). These data suggest that the action of

veratridine is not mediated by Cay 2.2 N-type channels.

P & Q type VGCCs

It is generally accepted that calcium channels of the broader Cay 2 family can also
be expressed in peripheral nerves, which includes P/Q-type Cay channels (Cay 2.1)
(Dolphin et al. 2020; Motagally et al. 2009). Indeed, studies have shown P- and Q-type
Cays to have significant roles in sympathetic release of neurotransmitter in rat mesen-
teric arteries (Tanaka et al. 1999). Given the possibility that in the previous experiment,
w-conotoxin-GVIA was missing a suite of active members of the Cay family, an antag-

onist for the remaining possible subtypes were employed.

w-conotoxin-MVIIC blocks P & Q as well as N-type (Cay 2.1 and 2.2) channels and
has been successfully used in other studies to block EFS-stimulated nervous discharge
in Guinea pig atria (Serone et al. 1999), and reduce EFS-stimulated norepinephrine re-
lease from mouse vas deferens (Waterman 1997). In EFS-evoked contraction of the
rat mesenteric artery, 3 uM w-conotoxin-MVIIC was efficient at blocking contractility
(Tanaka et al. 1999). Lower concentrations within nanomolar ranges have been used
in single cell-based assays, with a predicted full inhibition at circa 0.82 M (Hanlon
et al. 2016). Therefore, in both veratridine-stimulated and basal conditions, | tested
w-conotoxin-MVIIC at concentrations of 1 M and 10 uM to span the range in liter-
ature, and provide a higher alternative concentration. This is informed by researchers
who noted that w-conotoxin-MVIIC required longer exposure and higher concentrations

to alter inward calcium currents than alternative conotoxin subtypes (Xu et al. 1996).

Preincubation of both 1 (N=3, P>0.05) or 10 M (N=3, P>0.05) w-conotoxin-
MVIIC failed to significantly reduce veratridine-evoked lipolysis after 3 hours (Figure 4.9

B). There was also no significant change when w-conotoxin-MVIIC was applied under
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basal conditions (N=3, P>0.05).

Small molecule Ca?" antagonists
As conotoxins GVIA & MVIIC are relatively large molecules, and the model here is explant
based, the conotoxins may have been ineffectual at accessing their target within adipose
tissue. Therefore, to eliminate the possibility that molecule size prevented antagonist
access to, and subsequent blockade of, target channels, alternative smaller compounds
were tested. Cilnidipine is an N- and L-type (Cay 1) Ca®* channel blocker (Chandra et
al. 2013), and is used in Japan as treatment for hypertension (Kario et al. 2013). A study
using isolated sympathetic neurons in rats found cilnidipine effectively suppressed N-type
Ca?T currents (Uneyama et al. 1999). Cilnidipine has been previously used in cultured
vascular smooth muscle cells at concentrations of 1 & 10 um (Hu et al. 2001), and
applications of 1 M successfully attenuated norepinephrine release from sympathetic
neurons in isolated rabbit aorta (Nap et al. 2004). Therefore tissues were pre-incubated
with 1 & 10 M cilnidipine prior to stimulation with veratridine, in an attempt to inhibit

hypothesised VGCC-mediated vesicle fusion.

Additionally, although considered to be located in neurons within the CNS (Moore
et al. 2020; Roca-Lapirot et al. 2018), to singularly re-probe the involvement of L-
type channels in veratridine-stimulated neurotransmitter release, nifedipine was selected.
Nifedipine has been used in human neuroblastoma cells to reduce veratridine-induced
Ca?T entry (Vetter et al. 2012), and others found concentrations ranging from 10 - 100
1M to be effective in reducing neurotransmission in Guinea pig celiac ganglion neurons
(Zhai et al. 1991). Therefore experimental concentrations of nifedipine were applied at

10 and 100 pM.

Interestingly, exposure to either 1 (N=3, P>0.05) or 10 uM (N=3, P>0.05) cil-
nidipine did not significantly reduce veratridine-stimulated lipolysis (Figure 4.9 C). Nor
was there any significant effect of cilnidipine application on basal lipolysis compared to

vehicle controls (N=3, P>0.05).

Similarly, veratridine-evoked lipolysis was unaffected by 10 (N=3, P>0.05) or 100
uM (N=3, P>0.05) nifedipine after 3 hours (Figure 4.9 D) and had no significant effect

on basal lipolysis at either concentrations (N=3, P>0.05).

Irrespective of molecule size of the antagonists applied, N and L-type channels do
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not appear involved in the veratridine mechanism.
Summary Blockade of N- P- Q- and L-type Cay channels had no impact on

veratridine-evoked lipolysis, suggestive of a mode of action that does not depend on

VGCCs for release of neurotransmitter.
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Figure 4.9: No role for VGCCs in veratridine-stimulated lipolysis. Veratridine-
(VTD) stimulated lipolysis antagonised by (A) w-conotoxin-GVIA (CTx GVIA) (N=3)
(ANOVA), (B) w-conotoxin-MVIIC (CTx MVIIC) (N=3) (ANOVA), and small molecule
inhibitors (C) cilnidipine (N=3) (Welch's ANOVA) and (D) nifedipine (N=3) (ANOVA)
after 3 hours. Significance denoted by **P<0.01 ***P<0.001 versus vehicle controls.
Non-significance is denoted by 'NS'. Data represent mean + SEM of glycerol release

corrected to tissue weight. Jitters (open circles) represent each data point (N).
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4.3.5.2 Inhibition of alternate routes of Ca’" entry

Given that blocking VGCCs offered no candidate Cay subtypes that underpin veratridine-
evoked neurotransmitter release, the canonical assumptions of the hypothesised release
of neurotransmitter were reconsidered.

Evidence from seminal studies using veratridine as a tool for nervous excitation have
indicated that veratridine effects were less dependent on extracellular Ca?* and moreso
on the effects of extracellular Na™. The authors hypothesised that veratridine-driven
neurotransmission was instead contingent on an intracellular source of Ca* liberated
by Na™, such as from mitochondrial stores (Cunningham et al. 1981). Therefore to
establish whether veratridine in this model was operating via the liberation of mitochon-
drial stores of Ca®*, inhibitor of the mitochondrial Na™/Ca?" exchanger (NCLX) CGP
37157, was applied. This inhibitor has previously been used in human astrocytes at 10
puM (Cabral-Costa et al. 2023), in isolated rat neurons at 10 uM (Ruiz et al. 2014)
and in mouse astrocytes at 20 ;M concentrations (Parnis et al. 2013). In line with
concentrations utilised in literature, concentrations of 10 and 20 uM CGP 37157 were
applied within the model.

In other studies, a similar phenomenon regarding apparent independence of veratridine
on VGCC activity was observed, but conversely was still found dependent on extracel-
lular calcium (Platel et al. 2005). Blockade of reverse-mode of the plasma-dwelling
Na*/Ca®t exchanger (NCX) via 1 uM KB-R7943 in mouse pre-plate (cortex) cells,
blocked veratridine-stimulated responses (Platel et al. 2005). In bovine chromaffin cells,
veratridine-stimulated Ca?* uptake and catecholamine release was successfully inhibited
with concentrations of KB-R7943 up to 10 uM, in a dose-dependent manner (Soma
et al. 2006).

Therefore, concentrations of 1 and 10 uM KB-R7943 were applied to tissues 30 minutes
prior to veratridine. | hypothesised that disruption of either of these reported alternative
routes of Ca®™ entry would result in reduced veratridine-mediated lipolysis.

However, inhibition of mitochondrial sources of Ca?* with CGP 37157 at 10 (N=3,
P>0.05) or 20 uM (N=3, P>0.05) concentrations did not reduce veratridine-evoked
lipolysis after 3 hours (Figure 4.10 A). Application of CGP 37157 under basal conditions
also had no significant effect compared to vehicle controls (N=3, P>0.05, Figure 4.10

A). Additionally, inhibition of external Ca®™ entry via reverse mode of the plasmalemmal

206



Na*/Ca** exchanger caused no significant reduction in lipolysis in veratridine-stimulated
tissues pre-exposed to 1 (N=3, P>0.05) or 10 uM (N=3, P>0.05) KB-R7943, after 3
hours (Figure 4.10 B). The addition of KB-R7943 to basal tissues appeared to slightly
increase glycerol release above vehicle control values, particularly at 10 M, however this

did not reach significance (N=3, P>0.05) (Figure 4.10 B).

Summary Antagonism of either of the elected alternative routes of veratridine-
induced Ca" increases, neither mitochondrial or plasmalemmal Na™/Ca®* exchangers,
caused any reduction in veratridine-evoked lipolysis, suggesting that veratridine action

is independent of Ca®™.
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Figure 4.10: Lack of role for alternative Ca’" entry mechanisms via Na™/

Ca’" exchangers on veratridine-evoked lipolysis. Veratridine (VTD) evoked lipoly-

sis challenged with (A) mitochondrial Na*/Ca®* exchange inhibitor CGP 37157 (N=3)
(ANOVA) and (B) plasma membrane Na*/Ca?" exchange inhibitor KB-R7943 (N=3)

(ANOVA). Significance denoted by **P<0.01 ***P<0.001 versus vehicle controls. Non-

significance is denoted by 'NS". Data represent mean £ SEM of glycerol release corrected

to tissue weight. Jitters (open circles) represent each data point (N).

208



4.3.6 Exploring the role of receptors commonly found prejunc-

tionally in regulating veratridine-stimulated lipolysis

4.3.6.1 «2 adrenergic receptors

In other systems, prejunctionally expressed G;-linked a2-ARs have been found to be in-
volved in negative regulation of neuronal output, reducing the release of norepinephrine
from nerves, for example in control of vascular tone (Hill et al. 2001; Kubes et al. 1992).
Rodent white adipocytes are reported to have negligible expression of «2-ARs (Merlin
et al. 2018; Valet et al. 2000; Chusyd et al. 2016), offering a route of antagonism that
is independent of adipocyte responses. To investigate whether the a2-AR had any role
in the regulation of veratridine-evoked lipolysis, the a2-AR antagonist yohimbine was
used, possessing high selectivity for a2-AR over a1-AR.

Yohimbine has previously been used at concentrations of 1 1M to increase nerve outflow
in rat brain sections (Hagan et al. 1986) and concentrations including 10 M in corpus
cavernosum tissue sections (Filippi et al. 2002).

Therefore, yohimbine at 1 and 10 M concentrations was used to challenge veratridine-
evoked lipolysis. | hypothesised addition of yohimbine would increase the norepinephrine

output induced by veratridine, and therefore increase glycerol release.

Yohimbine at 1 (N=3, P>0.05) and 10 uM (N=3, P>0.05) concentrations had no
significant effect on veratridine-stimulated lipolysis (Figure 4.11). When applied under
basal conditions, yohimbine at 1 or 10 uM also had no effect compared to vehicle con-
trols (N=3, P>0.05).

Under the conditions within the present model, a2-ARs appear to have no role in the reg-

ulation of veratridine-stimulated lipolysis, if these receptors are expressed prejunctionally.
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Figure 4.11: Lack of effect of «2-AR antagonism on veratridine-evoked lipolysis
Veratridine (VTD) stimulated lipolysis challenged with a2-AR antagonist yohimbine for
3 hours (N=3) (ANOVA). Significance denoted by ***P<0.001 versus vehicle controls.
Non-significance is denoted by 'NS'. Data represent mean + SEM of glycerol release

corrected to tissue weight. Jitters (open circles) represent each data point (N).

4.3.6.2 P2X3 & P2X2/3 receptors

A goal of this PhD project was to understand whether purinergic signalling played any
role in white adipose lipolysis regulation, from the perspective of the peripheral nervous
system. As ATP is available from multiple sources within adipose tissue, as mentioned
in Chapter 1, it offers opportunity for neuromodulatory feedback mechanisms in this
system.

P2X3 and heterotrimeric P2X2/3 prejunctional receptors are commonly expressed in
sympathetic neurons in other tissues, with roles in modulating neurotransmission (Cock-
ayne et al. 2005; Sperlagh et al. 2007). For example, in Guinea pig atria P2X3 & P2X2/3
receptors on cardiac sympathetic neurons are suggested to potentiate neurotransmitter
release via enhancement of sympathetic transmission (Sperlagh et al. 2000). Similarly,

P2X3 and P2X2/3 receptors were found to be involved in facilitatory modulation of nore-
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pinephrine outflow in rat sympathetic nerves of the vas deferens (Queiroz et al. 2003).
Literature reviewed suggests P2X2 and P2X3 receptor subunits are not readily expressed

on mouse white adipocytes, offering a potential target independent of adipocytes.

Investigation into the contribution of these receptors in neuromodulation have been
conducted using antagonists in various models. For example, antagonist A-317491 was
found to be effective at blocking a-(3-ATP mediated inward current increases in voltage-
clamped mouse astrocytes (Lee et al. 2018). Additionally, 10 M of selective antagonist
A-317941 was found to effectively and selectively antagonise P2X3 and P2X2/3 recep-

tors, to reduce nerve injury and nociceptive perception in rats (Jarvis et al. 2002).

Therefore, to ascertain whether these receptors had a functional role in this model,
purinergic receptors P2X3 and P2X2/3 were selectively antagonised with A-317491 at
concentrations of 10 uM, in line with literature. | hypothesised, given results in other
tissues using this compound successfully, | may expect blockade of these receptors (if

found prejunctionally) to result in reduced glycerol release.

There was no significant change in glycerol release in tissues exposed to A-317491
under veratridine-stimulated conditions (N=5, P>0.05), or when applied under basal
conditions compared to vehicle controls (N=5, P>0.05) (Figure 4.12 A). These data
suggest the receptors have no role.

During research post-data collection, a piece of literature was found suggesting mouse
nerve terminals lack neuromodulatory P2X receptors (Norenburg et al. 2001). Therefore,
| performed immunocytochemistry using anti-P2X2 and anti-P2X3 antibodies to target
protein expression of these receptors, while co-staining for putative sympathetic nerves

with anti-TH antibodies.

Using whole mount immunocytochemistry approaches to investigate the presence of
P2X2 and P2X3 protein, there appeared to be a lack of P2X2 (N=3) and P2X3 (N=2)
positive staining observed in sympathetic nerves of the inguinal fat pad (Figure 4.12 B).
The antibodies when applied to human astrocytoma 1321N1 cell lines overexpressing
P2X2 or P2X3, respectively, positively stained for P2X2 (N=3) and P2X3 (N=3), indi-
cating the primary antibody was able to detect the protein when present (Figure 4.12 C).

There was a lack of staining in secondary-antibody only controls, indicating the antibody
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was selective for the P2X2 and P2X3 receptor, and DAPI staining indicates cells were

present (Figure 4.12 C).

Summary Together these data indicate that P2X3 & P2X2/3 receptors have no role
in modulating veratridine-stimulated lipolysis as they appear not to be prejunctionally

expressed, using the conditions and techniques applied here.
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Figure 4.12: Lack of function and expression of P2X3 P2X2/3 receptors on
nerves innervating the inguinal fat pad. (A) Effects of P2X3 P2X2/3 antagonism
using A-317491 on veratridine (VTD) stimulated lipolysis (N=5) (ANOVA). Significance
denoted by ***P<0.001 versus vehicle controls. Non-significance is denoted by 'NS".
Data represent mean + SEM of glycerol release corrected to tissue weight. Jitters
(open circles) represent each data point (N). (B) Representative images of whole mount
immunocytochemical staining for (i) P2X2 (N=3) and (ii) P2X3 (N=2) receptors (both
red, Alexa 647), alongside tyrosine hydroxylase staining for sympathetic nerves (green,
Alexa 488). (C) Representative images for human astrocytoma cell lines over-expressing
P2X2 and P2X3 and stained with antibodies against P2X2 (N=3) and P2X3 (N=3)
(green, Alexa 488). Dapi staining of cell nuclei in blue. Cell images are representative
of at least 3 fields of view (n) from 3 culture wells (N) of cells. Scale bars represent 100

pm in (B) and 50 um in (C).

4.3.7 Investigating the role of sensory neuropeptides in veratridine-

evoked lipolysis

Veratridine, as previously discussed in this chapter, targets Nay channels, which are
found along the axonal projections of both sympathetic and sensory peripheral neurons,
with overlapping expression of TTX-sensitive subtypes e.g. Nay 1.7 (Ruiz et al. 2015).
As found in Chapter 3, there exists a heterologous population of neurons in the ex vivo
sections of tissue used within this work, which may equally possess veratridine-sensitive
Nay channels. As veratridine non-discriminately stimulates the population of neurons
in the tissue, there could be both a sympathetic and sensory discharge of transmitter,
which both contribute to the lipolytic response. While data from Chapter 3 suggests
these non-sympathetic, putative sensory subtypes were not found to innervate away from
vasculature and bundles into the parenchyma, it is still possible that antidromic release of
neuropeptides could affect populations of adipocytes proximal to points of innervation,
for example vasculature.

Receptors for sensory neuropeptides, both SP and CGRP, are found expressed on white
adipocytes (Miegueu et al. 2013; Liu et al. 2017; Halloran et al. 2020). Studies have

demonstrated that SP induces lipolysis in primary adipocyte cultures (Miegueu et al.
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2013). Conversely, studies have shown that the other main transmitter of sensory origin,
CGRP, has an anti-lipolytic role in mice (Liu et al. 2017). While other studies have
indicated CGRP having a lipolytic role in 3T3-L1 cells (Walker et al. 2014). Therefore,
it is important to delineate the effects observed and clarify what neurotransmitter com-
ponents are responsible for the lipolytic response observed post-veratridine stimulation.

Potent and selective antagonists of both SP receptors (CP-96345) and CGRP recep-
tors (BIBN 4096) have been shown to be effective in the nanomolar range; CP-96345
IC50 34 nM in COS-7 cells (Vrecl et al. 2004), BIBN 4096 1C50 10 nM in rat neurob-
lastoma cells (Doods et al. 2000). Also, both have been used at 1 M concentrations;
CP-96345 1 ;M in mouse pulmonary tissue ex vivo (Manzini 1992), BIBN 4096 1 uM
in mouse brain sections (Liu et al. 2020). Therefore, 100 nM and 1 M concentrations
were used for both CP-96345 and BIBN 4096 in veratridine-stimulated conditions, to

determine whether blockade of either receptor causes a change in glycerol release.

Tissues antagonised with at 100 nM (N=5, P>0.05) or 1 uM (N=5, P>0.05) con-
centrations of BIBN 4096 experienced no significant change in glycerol release post-
veratridine exposure compared to veratridine alone, after 3 hours (Figure 4.13 A). Appli-
cation of BIBN 4096 under basal conditions at either concentration did not alter glycerol
release compared to vehicle controls (N=>5, P>0.05) (Figure 4.13 A). Similarly, there was
no significant change observed in glycerol release when tissues were antagonised with 100
nm (N=5, P >0.05) or 1 uM (N=5, P >0.05) CP-96345, under veratridine-stimulated
conditions after 3 hours (Figure 4.13 B). Nor was there an effect of CP-96345 at ei-
ther concentration applied under basal conditions, compared to vehicle controls (N=5,
P>0.05) (Figure 4.13 B).

Summary It can be surmised based on these data that the antagonism of receptors
for two main neuropeptides of sensory origin, SP and CGRP, are not involved in the

observed veratridine-stimulated glycerol release response in this model.
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Figure 4.13: Antagonism of CGRP and SP receptors had no impact on
veratridine-stimulated lipolysis. Antagonism of veratridine (VTD) stimulated lipoly-
sis with (A) CGRP receptor antagonist BIBN 4096 (N=5) (Welch's ANOVA) and (B)
SP receptor antagonist CP-96345 (N=5) (ANOVA) after 3 hours. Significance denoted
by ***P<0.001 versus vehicle controls. Non-significance is denoted by 'NS’. Data rep-
resent mean + SEM of glycerol release corrected to tissue weight. Jitters (open circles)

represent each data point (N).
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4.3.8 Investigating the role of other sympathetic-derived neuro-

transmitters in veratridine-evoked lipolysis

A strength of the neurogenic approach is that veratridine theoretically stimulates non-
discriminatory deployment of transmitter from sympathetic neuron synapses, which are
generally accepted to wield multiple transmitter subtypes, such as ATP and NPY along-
side principle catecholamine, norepinephrine (Burnstock 2009). Therefore a core aim in
the development of the present study was to determine the contribution of the trans-

mitters to the stimulated lipolysis response observed.

4.3.8.1 NPY receptors

NPY receptors are heavily implicated in CNS-level feeding and appetite control, but ev-
idence also suggests function on adipocytes directly (Zhang et al. 2014). According to
literature, the common receptor subtypes found on white adipocytes are Y1 and Y2 (Kuo
et al. 2007; Wittrisch et al. 2020; Loh et al. 2015) and therefore represent candidates
for antagonism in the veratridine model. Given literature suggests NPY reduces lipolysis
in favour of lipid accumulation and adipocyte differentiation (Zhang et al. 2014; Chao
et al. 2011) and leads to decreased lipolysis under stimulated conditions (Turtzo et al.
2001), its possible NPY released conjunctionally with norepinephrine acts to balance and
tune lipolysis. Therefore, | hypothesised antagonism of the NPY receptors may show an

increased glycerol release if they indeed act as negative regulators.

To investigate NPY contribution to lipolysis, | therefore employed BIBO 3304 and
BIIE 0246, which act as potent antagonists of Y1 and Y2 receptors, respectively. Y1
receptor antagonist BIBO 3304 has previously been used at 300 nM in an ex-vivo model
using colon tissue preparations stimulated with veratridine (Hyland et al. 2005), while
other studies have used 1 um in mouse pancreatic islet cells (Yang et al. 2022) and in
rat brain (Dumont et al. 2000). Similarly, Y2 receptor antagonist BIIE 0246 has been
used at concentrations of 1 uM (Hyland et al. 2005). Other studies have used BIIE
0246 at 1 uM, in human hepatoma cells (Kaji et al. 2016), and in mouse podocytes
(Lay et al. 2020). Therefore, a final concentration of 1 M BIBO 3304 and BIIE 0246

was selected for use to investigate NPY signalling in veratridine-stimulated lipolysis.
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Antagonism of Y1 receptors using BIBO 3304 had no significant effect on veratridine-

stimulated lipolysis (N=5, P>0.05) (Figure 4.14 A). Similarly, antagonism of Y2 recep-
tors with BIIE 0246 also saw no change in lipolysis in veratridine-stimulated conditions
(N=5, P>0.05) (Figure 4.14 B). Neither antagonist BIBO 3304 (N=5, P>0.05) or BIIE
0246 (N=5, P>0.05) had any significant effect when applied under basal conditions
compared to vehicle controls (Figure 4.14 A & B).
These data suggest that if NPY is released onto surrounding adipocytes upon veratridine
stimulation, it has limited action, at least via Y1 and Y2 receptors, in regulating stimu-
lated lipolysis. It is possible that Y1 & Y2 receptors are not the functionally dominant
subtype in this system and have less contribution compared to others. Researchers have
emphasised that NPY influences metabolic function in peripheral tissues via Y1 and Y2
but also less commonly, Y5 receptor signalling. While generally considered to be more
localised and functional within the CNS, the Y5 receptor offers another candidate NPY
receptor subtype to explore in adipose (Turtzo et al. 2001; Long et al. 2015; Zhang et
al. 2014).

A range of studies have employed selective Y5 antagonist L-152804 to investigate the
functional role of Y5 receptor and as a obesity-reducing target. Literature has displayed
a wide range of concentrations in different biological applications, with concentrations
of 100 nM in rats and 3T3-L1 cell lines (Kanatani et al. 2000; Long et al. 2015),
concentrations of 1 & 100 uM in the DRG (Santos-Carvalho et al. 2013) and 1 M up
to 30 uM concentrations in sections of rat brain (Silva et al. 2007).

Therefore, next | antagonised the Y5 receptor subtype using potent and selective L-
152804 at concentrations of 1 and 10 uM, representing middling values of the array of

concentrations observed in literature.

There was no significant effect of Y5 antagonism on glycerol release in veratridine-
stimulated at 1 (N=5, P>0.05) or 10 uM (N=5, P>0.05) concentrations after 3 hours
(Figure 4.14 C). Nor was there an effect on basal lipolysis compared to vehicle controls
(N=5, P>0.05). The NPY Y5 receptor therefore appears to have no role in veratridine-

stimulated lipolysis in this model.

Summary At the concentrations and conditions applied here, with the combined

218



results from antagonism of Y1, Y2 and Y5 , these data indicate that NPY may not
be released in veratridine induced nervous excitation, or if it is, it does not have any

measurable impact on adipocyte lipolysis via these receptors.
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Figure 4.14: Antagonism of NPY receptors Y1, Y2 and Y5 has no effect on
veratridine-stimulated lipolysis. Effects of antagonising NPY signalling via (A) Y1
receptor (BIBO 3304) (N=5) (ANOVA), (B) Y2 receptor (BIIE 0246) (N=5) (ANOVA)
and (C) Y5 receptor (L-152804) (N=5) (ANOVA) on veratridine (VTD) stimulated
lipolysis, after 3 hours. Significance denoted by ***P<0.001 versus vehicle controls.
Non-significance is denoted by 'NS'. Data represent mean 4+ SEM of glycerol release

corrected to tissue weight. Jitters (open circles) represent each data point (N).
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4.3.8.2 ATP

Having already established a lack of role for P2X3 and P2X2/3 purinergic receptors in
the present model (section 4.3.6.2), the next experiments intended to establish whether
potentially co-released ATP had a postjunctional role, as observed in other tissues. This
may apply in adipose tissue to modulate the lipolysis-inducing activity of norepinephrine.
Harnessing the development of the ex vivo model and neuro-stimulatory tool throughout
this chapter, and to satisfy initial aims of the project, the role of P2 purinergic signalling

under neurogenic ex vivo conditions was investigated.

To explore the role of potentially released ATP in veratridine-driven lipolysis, broad
spectrum antagonists of purinergic receptors were applied.
Suramin is a non-selective competitive antagonist of P2 receptors (Lambrecht et al.
1992). Suramin has been utilised as a tool for general purinergic blockade in many
studies. For example, suramin has been used to antagonise purinergic signalling at
200 pM in rat fundus preparations (Jenkinson et al. 2000) and 100 M in murine cell
cultures (Lin et al. 2008). Therefore concentrations of 100 ;M suramin were applied
under veratridine-stimulated conditions.

Pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid (PPADS) is another broad-spectrum
P2R inhibitor (Billington et al. 2007). PPADS has been used as a general purinergic
antagonist in other systems. For example, 100 M was used to reduce ATP- and EFS-
induced responses in rat and Guinea pig intestine (Windscheif et al. 1995), and to sup-
press depolarisation of rat nodose ganglion cells (Bobryshev et al. 2012). Therefore, 100
1M PPADS was endogenously applied to tissues to antagonise purinergic receptors in

the present model.

Preincubation of tissues with suramin at 100 uM had no significant impact on
veratridine-stimulated lipolysis (N=5, P>0.05) after 3 hours, and there was no effect
observed of suramin applied under basal conditions compared to vehicle controls (N=5,
P>0.05) (Figure 4.15 A).

Similarly, there was no significant change in glycerol release observed in veratridine-
stimulated tissues when preincubated with 100 ©M PPADS after 3 hours (N=5, P>0.05).

No effects were observed with PPADS application in unstimulated conditions compared
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to vehicle controls (N=5, P>0.05) (Figure 4.15 B). These data suggest P2 purinergic
signalling has no role in lipolysis, or that veratridine may not induce ATP release from
nerves.

In response to the lack of effects of PPADS in veratridine-evoked lipolysis, to validate
the results attained with veratridine, 100 xM PPADS was subsequently applied under a

submaximal concentration of norepinephrine.
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Figure 4.15: Non-selective antagonism of purinergic signalling had no effect
on veratridine or norepinephrine stimulated lipolysis. Effect of suramin on (A) ve-
ratridine (VTD)-evoked lipolysis (N=5) (ANOVA) and the effect of PPADS on (B) ver-
atridine (N=5) (ANOVA) and (C) norepinephrine (NE)-evoked lipolysis (N=6) (Welch's
ANOVA), after 3 hours. Significance denoted by ***P<0.001 versus vehicle controls.
Non-significance is denoted by 'NS'. Data represent mean + SEM of glycerol release

corrected to tissue weight. Jitters (open circles) represent each data point (N).
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4.3.8.2.1 Selective P2R antagonism

General P2R antagonists suramin and PPADS are known to have unequal antagonistic
activity across the P2R subtypes (Ralevic et al. 1998). To have a more direct approach
to investigate purinergic role in lipolysis, total RNA of freshly isolated adipocytes was
examined to identify specific subtypes expressed.

Firstly, to establish that isolated adipocytes were free from contamination of other cell
types of the stromal vascular fraction (SVF) and ensure any observed expression of
purinergic receptors was therefore restricted to adipocytes, extracted adipocyte mRNA
was pre-screened for purity using a panel of SVF markers (Chapter 2, Table 2.2). The
SVF markers were effective at detecting bands of the expected size when used in whole
fat tissue (Figure 4.16 A). Only RNA of 'pure’ populations of adipocytes were further
probed for purinergic receptor expression, which revealed the presence of mRNA for the
P2x4 receptor in 5/5 experiments, and P2y6 receptor in 3/5 experiments (N=5) (Figure
4.17 A). Purinergic receptor mRNA expression in the whole adipose extracts illustrated
that all receptors with the exception of P2yI (2/4) and P2y4 (1/4) receptors were found
expressed consistently over 4 repeats (N=4) (Figure 4.17 B). The positive expression of
housekeeping gene Gapdh in each iteration confirmed that quality cDNA was present and

reverse-transcriptase negative controls indicate a lack of genomic DNA contamination.

In order to determine whether the purinergic receptors revealed in pure adipocyte
RT-PCR preparations had any role in veratridine-stimulated or basal lipolysis, specific
antagonists of P2X4 and P2Y6 receptors were employed in the present model. PSB-
12062 is a selective antagonist of the P2X4 receptor, previously used within the Fountain
lab at 10 1M concentrations (Layhadi et al. 2018). Therefore, PSB-12062 was applied
at 10 puM.

The selective P2Y6 receptor antagonist MRS 2578 has been used repeatedly in various
models including rodent cardiomyocytes (Nishida et al. 2008), and in neutrophils (Zheng
et al. 2018), all at 10 M concentrations. Therefore 10 um was the elected concentra-
tion applied under veratridine-stimulated conditions.

Based on the identity of the receptors identified and slightly anti-lipolytic leaning reports
in literature, | hypothesised there may be an increase in glycerol release when these

receptors were antagonised.
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There was no significant change in glycerol release from tissues pre-incubated with
the P2X4 receptor antagonist PSB-12062 under veratridine-stimulated conditions (N=5,
P>0.05) (Figure 4.18 A). Similarly, there was no significant change in glycerol release
in tissues pre-exposed to the P2Y6 receptor antagonist MRS 2578 under veratridine-
stimulated conditions (N=5, P>0.05) (Figure 4.18 B). There was no significant change
in lipolysis when PSB-12062 (N=5, P>0.05) or MRS 2578 (N=5, P>0.05) was applied
under basal conditions compared to respective vehicle controls.

These data suggest no role for P2X4 or P2Y6 in basal or stimulated lipolysis regulation.

Summary Under these conditions, application of neither broad (PPADS and suramin)
or selective (PSB-12062 & MRS 2578) antagonists of purinergic receptors had no effect
on stimulated or basal lipolysis, suggesting that P2 purinergic signalling does not act to

meaningfully regulate lipolysis within this model.
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Figure 4.16: Non-quantitative RT-PCR indicating absence of stromal-vascular
components in isolated white adipocytes compared to whole fat. Representative
gels showing detection of stromal vascular fragment components; Pecaml (273 bp),
a-Sma (144bp), Cd146 a (261 BP) & b (211 BP), Pdgfrb V2 (PDGFR) (367 bp), Cd45
(71 bp), Cd8 (121 bp), Lyvel (214 bp), perilipin1 (705 bp), Cd14 (350 bp), B3tubulin
(534 bp) and housekeeper gene Gapdh (266 bp) in (A) whole white adipose (N = 4)
or (B) isolated white adipocytes (N = 10), from inguinal fat pads. Where '+’ refers to
presence and -’ to absence (and thus negative control for genomic contamination) of
reverse transcriptase (RT) cDNA samples. Gapdh water control (WC) refers to samples
containing all reagents, Gapdh primers and RT, but without cDNA (as control for reagent

contamination).
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Figure 4.17: Non-quantitative RT-PCR expression of P2R receptors in isolated
adipocytes and whole fat. Representative gels showing detection of P2 receptor
mRNA; P2x1 (505 bp) P2x2 (499 bp), P2x3 (533 bp), P2x4 (500 bp), P2x5 (647
bp), P2x6 (566 bp), P2x7 (712 bp), P2yl (668 bp) P2y2 (516 bp), P2y4 (492 bp),
P2y6 (500 bp), P2y12 (978 bp), P2y13 (591 bp), P2y14 (571 bp), housekeeper gene
Gapdh (266 bp) in (A) pre-screened populations of isolated white adipocytes (N = 5)
and (B) in whole white adipose (N = 4) from inguinal depots. Where '+ refers to
presence and -’ to absence (and thus negative control for genomic contamination) of
reverse transcriptase (RT) cDNA samples. Gapdh water control (WC) refers to samples
containing all reagents, Gapdh primers and RT, but without cDNA (as control for reagent

contamination).
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Figure 4.18: Selective antagonism of P2X4 and P2Y6 receptors had no effect

on veratridine-stimulated lipolysis. Effect of (A) P2X4 antagonism (PSB-12062)
(N=5) (Welch’'s ANOVA) and (B) P2Y6 antagonism (N=5) (MRS 2578) (ANOVA)

on basal and veratridine (VTD)-stimulated lipolysis after 3 hours. Significance denoted

by **P<0.01 ***P<0.001 versus vehicle controls. Non-significance is denoted by 'NS’.

Data represent mean £+ SEM of glycerol release corrected to tissue weight. Jitters (open

circles) represent each data point (N).
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4.3.9 Investigating the role of purinergic signalling in basal and

stimulated lipolysis

To further explore the role of purinergic signalling in this model, a more deliberate
approach was needed to ascertain the influence, if any, purinergic signalling had on
lipolysis from the perspective of the adipocytes. ATP release by veratridine remains
theoretical and may have not been released in previous experiments as hypothesised,
thus the expected outcomes of P2 receptor activation had not been fully ascertained.
As such this necessitated exogenous addition of nucleotides with removal of nervous
influence, thus detangling the response, without the additional complexities of neurogenic
stimulation. This approach also allows for observations of receptor activation under basal

conditions.

4.3.9.1 Exogenous application of nucleotides to challenge basal and nore-

pinephrine stimulated lipolysis

To perform a complete interrogation, both tri- and di-phosphate forms of adenosine and
uridine nucleotides were applied to activate P2 purinergic subtypes present, in order to in-
vestigate the role of P2-implicated purinergic signalling in basal and stimulated lipolysis.
The use of both adenosine and uridine-based nucleotides accommodates for differen-
tial receptor affinities, as P2X receptors have preferential affinity for adenosine-based
nucleotides, while most P2Y receptors generally have more affinity for uridine-based nu-
cleotides. Uridine based nucleotides were therefore introduced to eliminate preferential

ligand biases and to activate P2Y receptors identified in Section 4.3.8.2 (Jain et al. 2022).

Literature has demonstrated that exogenous application of 100 uM L= ATP in-
creased glycerol release over basal controls in CH3H10T1/2-derived white adipocyte cell
lines (Tozzi et al. 2020) and 100 uM ATP has also been applied to isolated rat white
adipocytes (Lee et al. 2005). Concentrations of 100 M ATP and UTP have been used
with endothelial cells (Moerenhout et al. 2001) and by previous PhD student Dr Seema
Ali to experimentally challenge stromal cells (Ali 2018). Therefore, to establish the role
of purinergic signalling under basal and stimulated conditions in an ex vivo model, all

nucleotides were applied at high concentrations 100 M and also 1 mM 30 minutes prior
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to incubation with or without norepinephrine. | hypothesised that given literature leans
toward more anti-lipolytic roles for the subtypes previously identified here, perfusion with

nucleotides may reduce lipolysis.

Under basal conditions, there was no significant alteration in glycerol release observed
in tissues exposed to nucleotides ATP, ADP, UTP or UDP at 100 uM (N=4, P>0.05)
or 1 mM (N=5, P>0.05), compared to vehicle controls (Figure 4.19 A & C). Under
stimulated conditions, there was also no significant change observed in norepinephrine-
stimulated tissues pre-exposed to ATP, ADP, UTP and UDP at 100 uM (N=4, P>0.05)
or 1 mM (N=5, P>0.05), compared to norepinephrine alone (Figure 4.19 B & D).

In support of data from Section 4.3.8.2, these data suggest that introduction of nu-
cleotides does not reduce lipolysis in basal or stimulated conditions and nor does it

evoke lipolysis.
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Figure 4.19: Lack of effect of exogenous nucleotide application on basal and
norepinephrine-stimulated lipolysis. Effects of 100 uM (A & B) (N=5) and 1 mM (C
& D) (N=4) nucleotides ATP, ADP, UTP or UDP on basal (A & C) and norepinephrine
(NE) stimulated (B & D) lipolysis after 3 hours. Significance denoted by *P<0.05,
**P<0.01, ***P<0.001 versus vehicle controls. Non-significance is denoted by 'NS’.
Data represent mean £ SEM of glycerol release corrected to tissue weight. Jitters (open

circles) represent each data point (N). ANOVA used in A, B and C and Welch's ANOVA

in D.
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4.3.9.1.1 Effect of ectonucleotidase inhibitors on basal lipolysis and nucleotide-

supplemented tissue lipolysis

Nucleotides, particularly ATP, are rapidly hydrolysed at 37°C by resident membrane-
bound ectonucleotidases expressed on the surface of a multitude of cell types (Pfeifer
et al. 2024). The ex vivo nature of the experiment may allow for endogenous ectonu-
cleotidase activity to persist, as the adipocytes are still surrounded by their native matrix,
especially given tissues are incubated at 37°C. Therefore, the addition of ectonucleoti-

dase inhibitors was required to eliminate this potential.

The chief ectonucleotidase responsible for the breakdown of extracellular ATP and
UTP to their respective monophosphates is NTPDase/CD39 (Robson et al. 2006; Giu-
liani et al. 2021). ARL 67156 is considered the only commercially available competitive
ectonucleotidase-inhibitor that acts effectively at CD39 without interfering to a great
extent on the purinergic receptors themselves (Robson et al. 2006; Schakel et al. 2020).
ARL 67156 has been previously used in Guinea pig vas deferans at concentrations of 100
uM (Westfall et al. 1996). Therefore, a concentration of 100 uM was taken forward,
alongside the application of 100 M nucleotides or norepinephrine. In consideration of
the previous hypothesis, | hypothesised inhibition of ectonucleotidases to result in de-

creased glycerol release.

Under basal conditions, there was no significant change in glycerol release of tissues
exposed to 100 uM ATP, ADP, UTP, UDP compared to their respective groups in the
presence of 100 uM ARL 67156 (N=5, P>0.05) (Figure 4.20 A). None of the nucleotide-
supplemented groups with or without ARL 67156 deviated from vehicle controls (N=5,
P>0.05).

In the absence of exogenous supplementation of nucleotides, there was also no significant
difference observed in lipolysis in norepinephrine-stimulated tissues when 100 M ARL
67156 was present (N=5, P>0.05), and lastly, there was no change in basal lipolysis in
tissues sans added nucleotides with exposure to ARL 67156, compared to vehicle controls
(N=5, P>0.05) (Figure 4.20 B).

These data infer either nucleotides are not being hydrolysed in previous experimental

conditions, or their theoretical preservation using an ectonucleotidase inhibitor has no
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impact due to a lack of a role for P2 purinergic signalling on basal or stimulated lipolysis,

in support of outcomes in Section 4.3.8.2 & 4.3.9.1.
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Figure 4.20: Addition of ARL 67156 had no effect on lipolysis under basal condi-
tions with or without nucleotide-supplementation or norepinephrine-stimulated
conditions. Effects of ARL 67156 to (A) basal lipolysis of tissues exposed to 100 pM
ATP, ADP, UTP or UDP (N=5) (Welch’s ANOVA) or (B) basal and norepinephrine
(NE)-stimulated lipolysis sans nucleotides (N=5) (ANOVA), after 3 hours. Significance
denoted by *P<0.05, **P<0.01 versus vehicle controls. Non-significance is indicated by
'NS'. Data represent mean + SEM of glycerol release corrected to tissue weight. Jitters

(open circles) represent each data point (N).

4.3.9.2 Removal of endogenous nucleotides

The previous data suggesting nucleotides are not impaired by intrinsic ecto-enzyme ac-
tivity due to the lack of effect of the ectonucleotidase inhibitor, could also imply that
nucleotides are already at saturating concentrations under native conditions and may un-
derpin the lack of response, as there are other sources of nucleotides in WAT. Given this
model allows tissues to remain intact in sections, there may be constitutive release and
persistent activity of associated purinergic receptors, therefore removing the possibility
for additional activation.

To compliment and conclude the previous set of purinergic antagonism experiments
conducted with veratridine (section 4.3.8.2), | explored enzymatic removal of exist-

ing nucleotide signalling opposed to receptor blockade. It was necessary to eliminate
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veratridine-stimulated potential of increased nucleotide concentrations, therefore exper-
iments were conducted under norepinephrine-stimulated and basal conditions.
Therefore, in order to fulfill the next step of the investigation, the enzyme apyrase
was introduced to hydrolyse nucleotides into their monophosphate forms (ATP and UTP
to AMP and UMP respectively) and thereby theoretically reduce P2 signalling cascades.
Apyrase has been used at concentrations of 10 U/mL to remove ATP-induced secretion
in mouse neutrophils (Karmakar et al. 2016) and in bovine arterial endothelial cells to
ablate Ca®* signalling (Moerenhout et al. 2001). Therefore, 10 U/mL was taken forward
in the present model. | hypothesised that the addition of apyrase may result in increased

glycerol release.

However, the addition of 10 U/mL apyrase had no effect on norepinephrine-stimulated
lipolysis (N=5, P>0.05), nor did apyrase have any affect on basal lipolysis compared to
vehicle controls (N=5, P>0.05) (Figure 4.21). Again, these data support those observed
in Section 4.3.8.2 and prior experiments in the present section suggestive of a lack of

role for P2 purinergic signalling in regulation of lipolysis.

Summary Supplementation with adenosine or uridine nucleotides (tri- or di-phosphates)
had no impact on stimulated or basal lipolysis and inhibition of potential nucleotide-
hydrolysing enzymes also had no effect. This suggests responses to nucleotides under
veratridine and norepinephrine-stimulated, or basal conditions, are not impaired by any
intrinsic enzymatic activity. Removal of endogenous nucleotides with apyrase appeared
to have no effect on glycerol release. These data collectively suggest there is no role for
P2 purinergic signalling in regulating lipolysis under conditions applied in the present ex
vivo model, as presence or absence of nucleotides appears inconsequential to basal or

stimulated lipolysis.
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Figure 4.21: Removal of endogenous nucleotides with apyrase had no effect on
norepinephrine-stimulated lipolysis. Effect of apyrase on basal and norepinephrine-
stimulated lipolysis after 3 hours (N=5) (Welch's ANOVA). Significances denoted by
**P<0.01 ***P<0.001 versus vehicle controls. Non-significance is denoted by 'NS..
Data represent mean £+ SEM of glycerol release corrected to tissue weight. Jitters (open

circles) represent each data point (N).
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4.4 Discussion

4.4.1 Veratridine provides a tool to induce lipolysis ex vivo

In the beginning of this chapter, | established that ex vivo preparations of white adipose
tissue from the mouse inguinal fat depot were responsive to exogenous application of
both synthetic and natural lipolytic stimulants, which was a critical foundation to the
project and satisfied aim 1 of this chapter. Other researchers have already well established
similar ex vivo models to investigate lipolysis in this manner (Bridge-Comer et al. 2023;
Roy et al. 2022), however, none have done so using a neurogenic approach, excluding
EFS. EFS when applied to isolated adipocytes has previously been shown to increase
the release of glycerol and in some stimulation protocols, to equal or greater extents
than that of isoprenaline (Hamida et al. 2011). Therefore the introduction of a simpler
model, without the potential direct stimulatory effects on adipocytes, was desired.
Veratridine has previously been used to induce the release of endogenous nore-
pinephrine in other tissue preparations, such as in the rat vas deferens (Bonisch &
Trendelenburg 1987), mesenteric arteries (Park et al. 2023) and in isolated nerves
(Blaustein et al. 1972). For the first time in white adipose tissue, using veratridine,
| was able to successfully meet aim 2 of the chapter and induce lipolysis to the same
extent of the other common and well-cited agonists in the field of metabolic research
(isoprenaline and norepinephrine). This apparent neurogenic activation of lipolysis then
provided a platform for further inquisition as to the roles of various constituents influ-
encing lipolysis, in a more holistic/physiologically valid manner.
The characterisation of the neurogenic lipolytic response was required to fully understand

the validity of veratridine as a tool. Figure 4.22 represents the initial working hypothesis.
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Figure 4.22: Initial proposed hypothesis of veratridine-evoked lipolysis. lllustra-
tion of the initial hypothesised route in which veratridine acts to induce lipolysis. Veratri-
dine acting on voltage-gated sodium (Nay ) channels propagates an action potential that
results in voltage gated calcium (Cay ) channel-mediated release of a catecholamine neu-
rotransmitter, which binds to [J-adrenergic receptors (ARs) receptors on adipocytes to
induce lipolysis. Indicated by the yellow triangle symbol are the areas demanding char-
acterisation, such as involvement of other neurotransmitters, from either sympathetic
neuropeptide Y (NPY) and adenosine triphosphate (ATP) or sensory origin substance P
(SP) and calcitonin gene-related peptide (CGRP), the specific 5-AR receptors involved,
and the role of prejunctional neuromodulatory receptors (a2-ARs and P2X2 P2X2/3

receptors) in the response.

4.4.2 \Veratridine evoked lipolysis is mediated by VGSCs on a

non-adipocyte cell type

To establish whether veratridine was activating neurons as hypothesised, | first targeted
VGSCs which are known transducers of action potential conductance (Erickson et al.
2018).

As established in Chapter 1, Nay 1.1, 1.2, 1.3, 1.4, 1.6, 1.7 & NaX are TTX-sensitive,
and Nay 1.5, Nay 1.8, & Nay 1.9 are TTX-insensitive (Zhang et al. 2018). The
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Nay channel subtype commonly found on peripheral sympathetic neurons is Nay 1.7
(Wang et al. 2017) and Nay 1.7 & Nay 1.8 on sensory neurons (Blaszkiewicz et al.
2019a). Encouragingly, through the application of TTX, it was clear that veratridine was
acting via Nay channels, as the veratridine response was completely removed by TTX,
suggestive of neuronal activity. Additionally, the lack of effect of TTX on basal lipolysis
suggests regulation of basal lipolysis is independent of nerves, in line with literature and

by default, independent of Nay channels (Bartness et al. 2014).

However, Nay channels can also be expressed on non excitable cell types (Black
et al. 2013). For example, Nay 1.5 has been demonstrated as important to macrophage
phagocytosis (Carrithers et al. 2007). While there is no current evidence published to
suggest white adipocytes express Nay channels (Pérez-Medina et al. 2012), there re-
mained a possibility that veratridine was directly stimulating adipocytes, rather than
via neurogenic activation. Encouragingly, veratridine failed to illicit lipolysis in isolated
adipocytes, while norepinephrine was able to induce robust lipolytic responses, indicating
functional retention of a lipolysis pathway. Therefore, this limited the expression of the
veratridine-sensitive Nay channels involved to other components of the stromal vascular
fraction.

Nonetheless, | did not directly experimentally deduce and demonstrate the exact com-
ponent of SVF responsible. Yet, supportive of my results, in a plethora of other mod-
els/systems, veratridine has been demonstrated to act via nerves to increase excitation
and activity in a TTX-sensitive manner. TTX successfully removed veratridine-induced
contractility in mouse mesenteric arteries (Park et al. 2023). In preparations of mouse
colon, TTX also reduced veratridine-induced nerve depolarisation and subsequent an-
ion secretion from colon mucosa epithelial cells (Hyland et al. 2005). In rat striatal
preparations, veratridine-evoked radiolabelled dopamine release was completely removed
with the addition of TTX (Dobrev et al. 1998). These studies are demonstrative of the
nerve-mediated and TTX-sensitive nature of veratridine activity, which builds credibility

that veratridine is operating in an analogous way, via neurons, within the present model.

A fruitful line of enquiry unresolved in the present work is the determination of the
specific Nay subtype(s) involved in the transduction pathway of veratridine. Although,

the TTX-sensitive nature of the veratridine response ruled out Nay 1.5, Nay 1.8 and
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Nay 1.9 (TTX-resistant) subtypes.

This still leaves a multitude of candidates though, as literature suggests that veratridine
has some capacity to activate most Nay subtypes, with varying degrees of efficacy,
with Nay 1.8 to a lesser extent than others (Vetter et al. 2012). However Nay 1.2,
Nay 1.4, Nay 1.6 and Nay 1.7 have been demonstrated to respond to veratridine
(Zhang et al. 2018) and recently Nay 1.5 was demonstrated as veratridine-sensitive
in human cardiac myocytes (Gulsevin et al. 2022). Given expression of Nay channels
commonly found within the peripheral sympathetic nervous system are most extensively
Nay 1.7, which are TTX-sensitive, they present likely candidates (McDermott et al.
2019; Erickson et al. 2018). Indeed, recent research has identified functional Nay, 1.7
channels expressed on sympathetic nerves in both Guinea pig and humans, which were
TTX-sensitive (Kin et al. 2024). Research has also directly linked veratridine activity to
the Nay 1.7 channel in efforts in drug discovery, further increasing the probability that
Nay 1.7 is a likely candidate within this model (Chernov-Rogan et al. 2018). Future
work should confirm protein expression of likely candidate Nay channels using western
blot or immunocytochemistry. For functional enquiry, Nay-subtype selective inhibition
of the most likely subtypes, for example Nay 1.7 using GNE8493 or PF 05089771, whilst
challenging with veratridine would provide clarity by either confirming or eliminating its

role.

4.4.3 Veratridine operates via S-adrenergic receptors

In section 4.3.3 the veratridine response was found to be propranolol-sensitive, remov-
ing veratridine-induced lipolysis, which was a characteristic matched when applied to
norepinephrine-stimulated tissues. These responses infer that veratridine is operating
through the same suite of -AR receptors that norepinephrine acts upon and further
substantiates that veratridine induces neurogenic release of norepinephrine, in concur-
rence with what others have shown in literature (Dobrev et al. 1998). Additionally,
basal lipolysis persisted in incubation with propranolol, indicating basal lipolysis occurs
independently of §-ARs, in line with literature and supports the findings of the TTX-
insensitive and thus nerve-independent nature of basal lipolysis.

It has been suggested that propranolol can target other class B GPCRs, as observed

in the gut (Pasznik et al. 2019). Therefore the action of propranolol may be promiscuous
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and the effects observed above may be due to interruption of other signalling pathways.
This granted, glucose-dependent insulinotropic polypeptide (GIP) receptors are mem-
bers of the class B GPCR family, which can be found on adipocytes (Campbell et al.
2022). As these receptors are GPCRs that can couple to a G, subunit, their activity may
increase lipolysis via AC-mediated cAMP increases (Laurindo et al. 2022), analogous to
[-ARs, which could be impacted by propranolol. Additionally, there are reports that
propranolol may also block Nay channels, as it is considered a "membrane stabilising"
agent. Researchers have found specifically Nay 1.5 and Nay 1.7 are impacted by pro-
pranolol (Wang et al. 2010), which may be why the effects with veratridine were more
drastic compared to effects with norepinephrine, as it could impede the discharge of
neurotransmitter alongside 5-AR blockade. Therefore there is a possibility that if other
receptors and channels are affected by propranolol activity, it may be responsible, at least

in part, for the observed decrease in glycerol release.

In light of this, sotalol was therefore introduced as a second pan-(3 blocker to vali-
date results observed in propranolol, owing to the potential off-target effects considered
above. Both propranolol and sotalol lack intrinsic sympathomimetic activity, neither
acting as agonists of $-ARs, which was an important parameter to consider (Embaby
et al. 2022). Furthermore propranolol and sotalol reportedly share a similar antagonistic
profile with respect to [-receptor order of potency; both are generally more selective
for f1 and ($2-AR over 3-ARs (Vrydag et al. 2007; Baker 2005). There were limited
examples of sotalol used as a [-blocker in literature for non-medical applications, and
propranolol appeared to be the more common [-blocker used in experimental studies,
particularly in those associated with adipose (Vrydag et al. 2007; Cannon et al. 2004).
Despite the similarities in the pharmacological targets of the drugs, the results showed
complete insensitivity of veratridine-driven lipolysis to the addition of sotalol. While the
expectation was not of a complete blockade as observed in propranolol, based on it's
performance in literature (Baker 2005), it remained surprising.

However, sotalol has low lipophilicity i.e. hydrophilic, whereas propranolol is hydropho-
bic and considered to have high lipophilicity (Embaby et al. 2022). As such, medical
practitioners can avoid negative side effects of [-blockers in the brain by prescribing

sotalol, as it cannot effectively cross the blood brain barrier into lipid-dense brain tissue
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(Cojocariu et al. 2021). Use of sotalol in literature where it has been exogenously applied
to lipid-dense tissues, such as in brain, found the drug be less effective and had a high
IC50 compared to alternatives such as timolol (Mueller et al. 1982). Therefore it may
explain why there was little observed response of tissues to preincubation with sotalol
versus propranolol, as within the ex vivo nature of this model, sotalol may have had
difficulty penetrating though the adipose to 5-ARs deeper within the tissue.
Furthermore, sotalol use as a treatment stems from its potent blocking activity at K
channels, categorised as a class Il anti-arrhythmic agent (Zanetti 1993). This may mean
K™ channels on cell membranes in the tissue were affected by sotalol, which could have
altered outcomes in lipolysis. A study found that subtypes of K™ channels expressed on
brown adipocytes negatively regulated thermogenesis, with K™ channel KO resulting in
increased thermogenesis (Chen et al. 2017). If this were to apply in white adipocytes,
the effect of K™ channel blockade would theoretically increase lipolysis if exposed to an
agent such as sotalol.

For future consideration and to address this limitation, | could have challenged isolated
adipocytes with sotalol to ascertain whether removal of the tissue obstacle improved the
efficacy of sotalol as a -antagonist.

Additionally, further clarification could be achieved through the use of timolol as an
alternative to sotalol, as timolol is also non-selective 3-AR antagonist lacking sympath-

omimetic activity, with high lipophilicity similar to propranolol (Cojocariu et al. 2021).

As already established, neither of the [-blockers, propranolol or sotalol, have equal
antagonistic activity across the suite of 3-ARs. Generally, 51 and 52 ARs are more sensi-
tive to the action of pan 3-blockers as “many classical 3-AR antagonists have low affinity
for 33-ARs" (Schena & Caplan 2019). Therefore it remained unclear which receptors
specifically were involved in veratridine-evoked lipolysis, which warranted investigation

into the subtypes involved using selective antagonists.
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4.4.4 [3-AR appears less critical than $2-ARs in stimulated

lipolysis ex vivo
4.4.4.0.1 Deviations in responses to antagonists between stimulation regimes

Use of the selective antagonists for each 3-AR subtype in veratridine-stimulated lipolysis
revealed surprising results that contradicted those observed in literature. The only an-
tagonist to yield a significant reduction in lipolysis was the 52-AR antagonist |Cl 118551.
To eliminate the possibility that veratridine was inducing some mechanistic deviation in
typical responses to selective 3-AR antagonists observed in literature, | applied the same
selective 5-AR antagonists while stimulating with norepinephrine. This means of sympa-
thomimetic stimulation in itself may not reflect the native mosaic of lipogenic signalling
as it's a ‘clean’ stimulation (with respect to the targets of norepinephrine being limited
and no other potential neurotransmitters indirectly introduced in the process). However,
it allowed for determination of whether veratridine-induced lipolysis mechanistically dif-
fers in some way which influences receptor contributions.

While the observed responses to selective 3-AR antagonism were largely matched in both
stimulation regimes, there were some deviations between responses. A minor difference
being that 1 uM of $2-AR antagonist IClI 118551 was not sufficient to significantly
reduce norepinephrine-stimulated lipolysis, as observed in veratridine. It is unclear why
the lipolytic response to 1 uM ICl 118551 deviated between the stimulants, given the
hypothesis that ultimately they are one and the same, but the answer may be due to
the reactive nature of the neurogenic mechanism.

Norepinephrine clearance is important in regulation of signalling and various cell types
within adipose are reportedly capable of scavenging norepinephrine, such as vasculature
(Horvath et al. 2003) and adipocytes (Ryuid et al. 2019). Additionally, if the nerves
prompted by veratridine are capable, induced re-uptake of norepinephrine released by
sympathetic nerves may substantially reduce the acute load of agonist present, as some
reports suggest up to 90% is reuptaken by nerves (Ryu & Buettner 2019). In essence,
if clearance mechanisms do differ, it's possible that exogenously applied norepinephrine
may overcome the effects of the antagonist IClI 118551 when it is applied at lower con-
centrations such as 1 uM. Indeed Louis et al. (2000) found differences in response

patterns to antagonists when agonist concentrations were altered (relating to 51-AR
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specifically).

It is also likely that there is pre-existing disparity in agonist concentration between the
two regimes, one agonist is exogenously applied at 2 ;M consistently across experiments,
the other is induced and will depend on relative abundance of nerves present within each
adipose explant section. This represents a feature of the model which has been unquan-
tified and ought to be considered in future work. The differences in response to ICl
118551 may be therefore underpinned by unequal loads of neurotransmitter present for
different periods, with 3-AR receptors thereby being differentially activated.

However, the theory of exogenous norepinephrine application overcoming antagonist ac-
tivity appears contradicted by the response pattern observed with the 33-AR antagonists.
While it is prudent to consider that concentrations of neurotransmitter will alter minor
responses to antagonists, it alone is unlikely to explain the contrast in response to the

B3-AR antagonists.

The responses to 33-AR antagonism represents the main deviation between veratri-
dine and norepinephrine datasets. 33-AR antagonism using L-748337 or SR59230A did
not produce a significant reduction in veratridine-induced lipolysis at either concentra-
tion and was surprising given the litany of published works describing it's paramount role
in lipolysis. However, in norepinephrine-stimulated conditions, application of 33-AR an-
tagonist SR59230A did significantly reduce lipolysis, and while not reaching significance,
L-748337 produced a clear downward trend in lipolysis. Such trends were less prominent
in the veratridine-stimulated tissues, particularly with regard to the L-748337 antagonist.
If, as suggested above, the concentration of exogenous norepinephrine applied overcomes
antagonist activity, then the 33-AR antagonists would potentially be similarly affected.
However this is not the case and there is a clearer relationship of 53-AR to lipolysis with
exogenous norepinephrine stimulation, which is less sensitive in veratridine-stimulated

conditions.

In spite of a lack of clear role for 33-AR underpinning veratridine-stimulated lipolysis,
the ex vivo application of norepinephrine therefore aligns more with literature, given the
slightly more typical response using [33-AR antagonists, particularly SR59230A. Other
models and studies using exogenous agonists to stimulate lipolysis in cell lines or primary
cell cultures, also observe the 33-AR bias.

Its challenging to dissect the disparity in the findings between veratridine and nore-
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pinephrine ex vivo, yet the more typical response found with norepinephrine indicates
the ex vivo nature of the model itself doesn’t account for the disparity in 53-AR role
between literature and the veratridine-stimulated response. Instead it implies that the
discrepancy is underpinned by the veratridine mechanism. Therefore its more reasonable
to assume that the veratridine mechanism is more complex and the nature of neurogenic
activation may introduce other signalling molecules that translate to influence lipolysis.
While evidence here suggests these may not be those investigated here, there are po-
tentially other signalling molecules introduced. For example, in a recent Nature pub-
lication, Li and colleagues demonstrate that oxytocin potentiates isoprenaline-induced
glycerol release from cultured adipocytes and adipose explants in humans and mice via an
MEK /ERK axis. They progress to demonstrate oxytocinergic populations of sympathetic
nerves innervate the tissue. Activation of these sympathetic nerves via 'designer recep-
tor exclusively activated by designer drugs’ (or DREADD) techniques, led to increased
oxytocin accumulation within the inguinal adipose tissue, indicating it's release (Li et al.
2022). These data may contribute to understanding why veratridine-stimulated tissues
were less responsive to $3-AR antagonism, owing to the potential oxytocin increased
MEK/ERK lipolysis axis potentiating veratridine-stimulated norepinephrine signalling.
Therefore veratridine may be eliciting a dual induction of two independent lipolytic
pathways, one of which independent of the G,-linked 53-AR pathway, which could result
in antagonism of the receptor being insufficient to reduce overall lipolysis. However, this
needs further substantiation within the contexts of the present methodology to prove,
for example it should be established whether these two pathways can be concurrently
active to produce a greater lipolytic output, as literature suggests (Collins 2012). Espe-
cially since these pro-lipolytic effects were apparently not observed in 52-AR antagonism.
These specific complexities are unexplored in the present 3-AR study and future experi-

ments could explore this possibility.

Additionally, an experimental pitfall may be explained by the solvents the agonists
and antagonists were dissolved in. Where possible, neutral solvents such as water, were
used as preference. Exceptions are where manufacturers instructions recommend sol-
vents such as DMSO due to the hydrophobic nature of the drug. Veratridine is dissolved
in DMSO, while norepinephrine is dissolved in dH;O. Both of the $3-AR antagonists
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are dissolved in DMSO, meaning that veratridine experiments had a final DMSO con-
centration of 2%, while the norepinephrine dataset had a 1% final concentration. While
| found no effect of 1% DMSO on basal lipolysis, | failed to determine whether there
was a concentration-dependent relationship, or investigate the effects of DMSO under
stimulated conditions. Essentially, these effects were not accounted for and may explain
why effects of antagonists differed between datasets. DMSO can have wide-ranging
effects and without further experimentation, it is unclear how these may have implicated
lipolysis here, although literature strongly indicates DMSO exposure potentiates lipolysis
incurred by stimulants such as norepinephrine (Wieser et al. 1977). It would be useful

to explore this further in dose-response experiments.

Additionally, there is limited evidence where selective 5-AR antagonists have been
used in conjunction with other neurogenic-activation models, such as EFS. Therefore,
it remains unclear whether the apparent redundancy in 53-AR is an artefact of the use
of veratridine, an odd effect which is not representative of that in vivo, or a reflection
that neurogenic activation is more complex and results in lipolysis that culminates on

different receptors which contradicts current published literature.

4.4.4.0.2 Antagonists applied to adipocytes

As discussed above, a possible explanation as to the less clearly defined role for 53-AR
in lipolysis compared to literature, was that there was limited literature available where
these antagonists had been applied to adipose in an ex vivo setting. There are reports
in literature that suggest antagonists have differential effects depending on the model in
which they are applied. For example, the 53-AR antagonist SR59230A apparently has
different effects when used in tissue compared to isolated cells (Perrone et al. 2008).
The antagonists selected for use in this study were done so through a review of literature
using them to attenuate lipolysis, or some alternative comparative measure. However,
it is worthy of note that the experiments involving use of these antagonists to abrogate
lipolysis are typically done using primary cultured adipocytes, or 3T3-L1 adipocyte cell
lines. lIsolated cells, without the context of the extracellular matrix (ECM) and other
cell types surrounding them, have their membrane bound receptors exposed and are con-

sequently an easily accessible target for exogenously applied pharmacological agents to
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interact (Stylianopoulos et al. 2010). This may generally explain why higher concentra-
tions of antagonists in tissue are required to generate the same or equivalent responses
observed at lower concentrations in isolated cells. Furthermore, without neighbouring
cells and ECM, any regulatory processes that these cells and matrix provide to tune
norepinephrine-mediated stimulation by $-ARs are no longer operational. Conversely,
given this point, when the same antagonists were applied to isolated adipocytes, there
was no observed reduction in lipolysis in response to antagonism of any of the 5-AR
subtypes, which was unusual based on literature in similar models. The concentration of
1 uM for each applied antagonist was found in examples in literature, and some studies
used the antagonists in cell lines with even lower concentrations (Merlin et al. 2018).

Therefore it is unlikely that the concentration of antagonist was insufficient.

There is a possibility that the adipocyte isolation protocol used may have impacted
the adipocytes ability to respond to antagonists, as disturbances during isolation such
as shear stress can affect receptor sensitivities in other cells (Dufau et al. 2021; Paz
et al. 2017; Choi et al. 2017). As adipocytes were isolated and used immediately with
no conditioning period (other than 30 minutes of preincubation with antagonists), the
stress may have impacted cellular responses. Other researchers frequently isolate and
then culture primary adipocytes before use in experiments, which may serve to regulate
responses. During this work, culture of adipocytes was avoided due to potential affects
on receptor expression and intracellular signalling pathways, particularly in 2D culture
systems, which can ultimately alter the true the native/physiological response of cells
leading to non-translatable conclusions (Klein et al. 2022; Jensen et al. 2020). Also,
it has been accepted that isolation methods can alter outcomes on cell responsiveness
(Thompson et al. 2012; Bajek et al. 2017). Exposure to factors such as enzymatic diges-
tion and mechanical disturbance in the isolating procedure have been previously shown
to increase proinflammatory cytokine release (IL-6, TNF-«) which induced downregu-
lation of multiple genes (Thompson et al. 2012). Complications such as these which
were not considered, checked or mitigated for, may have ultimately influenced adipocyte
responses.

Upon reflective literature review, other researchers incorporate adenosine deaminase
(ADA) in media when isolating primary white adipocytes. ADA is responsible for purine

metabolism, converting adenosine into inosine, which reduces the accumulation of adeno-
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sine as a product of the isolation procedure (Preite et al. 2016). Adenosine accumulation
can reportedly have varied effects upon the isolated cells, including reducing viability,
impairing responses to pharmacological agents and initiating a stress response (Preite
et al. 2016). P1 receptors are also known to regulate lipolysis in WAT and some sub-
types found on adipocytes directly increase lipolysis via G,-linked cAMP increases, for
example A2B receptors (Tozzi et al. 2017). As | did not incorporate ADA whilst isolating
adipocytes, it may possibly have contributed to the lack of response to antagonists. In
order to determine whereupon the incongruency between findings in literature and the
present results lies, it would be valuable to use a cell line regularly used in such stud-
ies, such as 3T3-L1 adipocytes. In doing so, it would ascertain whether the adipocytes
in my preparation are unresponsive, or if it is an antagonist-related issue. Additionally,
adipocytes could be antagonised with propranolol as a broad positive control to challenge

general response to general $-AR antagonism.

4.4.4.0.3 Role of 52-AR

Rodents express all three 5-AR subtypes on white adipocytes (Evans et al. 2019; Vetter
et al. 2012), with consensus that 33-AR are proportionally the highest subtype expressed
and reportedly possess the most dominant role in the induction of lipolysis (Valentine
et al. 2022; Dwaib et al. 2023; Louis et al. 2000). The 32-AR has been previously con-
sidered unimportant in the induction of lipolysis in investigations of stimulated lipolysis
in rat white adipocytes (Louis et al. 2000; Germack et al. 1997). Others have shown it
to be less important than S1-AR in lipolysis in pig white adipocytes (Mills 2000). Even
explicit declarations in review articles suggest "no role for the 52-AR [in lipolysis] despite
its detection in WAT" in rodents (Evans et al. 2019). Therefore, these results represent
an interesting finding in an ex vivo model, where outcomes are potentially more reflective
of true physiological roles/responses.

Unsurprisingly, evidence of $2-AR involvement in lipolysis is sparse, particularly in
rodents. Studies have alluded to a potential role in lipolysis, where pigs that have un-
dergone (32-AR agonism experienced upregulated lipoproteins and transcription of genes
associated with metabolism, pertaining to a role in metabolic regulation (Zhang et al.
2007). Work has shown that the $2-AR may have important roles in phenotypic reg-

ulation, with chronic 52-AR stimulation in mice leading to increased beiging (Ohyama
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et al. 2016). Due to the focus on 33-AR in lipolysis, particularly in rodent models, many
publications overlook the role of 51 and (32-AR subtypes, instead direct efforts toward
antagonising or knocking out 3-AR and observing effects, often altogether neglecting
antagonists for the 31 and 2-ARs. However, evidence for the role of 51 and (32-ARs

can be inferred indirectly from research that has a 33-AR focus.

In an optogenetics-based murine experiment looking at the involvement of leptin-
stimulated and nerve-mediated lipolysis, overall whole body fat composition of mice
lacking $1 and ($2-ARs (adipose-specific KO) was modestly increased by 10% when (33
was also removed (Zeng et al. 2015). While not directly comparable, due to a lack of WT
controls to compare for baseline body fat values in the presence of all 5-ARs, the results
from data here show a similar trend; that $3-AR may have a more modest influence on
lipolysis when a physiological approach of nervous agonism in vivo is applied.

In other 53-AR KO studies, when looking at their results in the absence of added
adenosine Al receptor agonist phenylisopropyladenosine (PIA), adipocytes from mice
lacking the 33-AR receptor remained capable of isoprenaline-stimulated lipolysis, up to
75% of WT maximum and 33-AR(~/~) mice gained just 34% in total body fat (Susulic
et al. 1995; Schena & Caplan 2019).

In a similar study, 53-AR KO male mice gained 42% total body fat over WT mice under
chow dietary conditions, which does indicate impairment of the 33-AR leads to less
well regulated lipolysis (Revelli et al. 1997). However, what both of these KO studies
lack is a comparison to a $1- or 52-AR KO, or indeed a triple KO (ideally specifically
restricted to adipocytes), to contextualise the effects of 33-AR removal and establish
relative contributions of each receptor subtype. This is somewhat demonstrated in work
by Preitner and colleagues (1998), where lipolytic responses to epinephrine in 33-AR
KO mouse adipocytes were blunted, which convincingly suggests dominance of the 33-
AR. However, the selective agonists for 51 and 32-ARs were previously able to robustly
induce lipolysis in WT, but not in 33-AR KO adipocytes. These deductions indicate
possible non-selectivity of the agonists, or 53-AR KO inadvertently affected the other

receptors and is thus inflating the 33-AR role.

In other studies using antagonists, oral administration of 33-AR antagonist SR59230A

in mice did blunt the total amount of weight lost in response to calorie restriction, but
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those mice still lost weight, only experiencing a circa 5% difference compared to those
without the antagonist at day 12 (Sipe et al. 2017).

Obese mice, demonstrated to have no mRNA expression of the $3-AR, experienced
blunted AC activity in response to adrenergic stimulation compared to lean controls,
suggestive of a prominent role for 53-AR in lipolysis. However, even in lean mice, 33-
AR selective agonist BRL 37344 failed to reach peak of epinephrine response, equating to
around 75%, leaving room for involvement of another receptor. Recapitulation with se-
lective 53-AR agonist BRL 37344 in 33-AR-lacking obese mice demonstrated there was
no response to 33-AR selective agonism, as expected. Yet, the response to epinephrine
was retained, which was found sensitive to 52-AR antagonist ICl 188551. These data

infer a role for the 32-AR in mouse lipolysis (Collins et al. 1994).

Additionally, research in other species demonstrated an incomplete removal of stimu-
lated lipolysis when 33-AR antagonist L-748337 was used in isolated human adipocytes
compared to the effects of propranolol, suggesting involvement of another 3-AR subtype
(Cero et al. 2021).

Others have echoed the importance 32-AR has in regulating lipolysis in humans (Fer-
nandes et al. 2014). Studies in humans have shown the $2-AR as being important in
lipolysis, as decreased expression of 32-AR correlated with decreased sensitivity to cat-
echolamines (Lonnqvist et al. 1992). While species-specific differences in roles of 5-AR
subtypes are well acknowledged in literature, with 33-AR being less important in humans
than rodents, it still provides evidence that other subtypes have influence and are not
completely redundant (Dwaib et al. 2023).

Furthermore, it is not possible to untangle the relative contribution of the non-33-AR
subtypes involved in lipolysis in these indirect examples. The $1-AR may well be of
greater influence in the examples above, as others have suggested compensatory upreg-
ulation of 51-AR when 33-AR is disrupted (Schena & Caplan 2019). Due to the lack of
specific antagonists or receptor knock-outs used for all three subtypes in these studies,

it is not possible to conclusively determine.

Therefore, 52-ARs found to be involved at all, considering literature claims their
insignificance in lipolysis regulation, is an interesting finding in this project. Literature
has repeatedly demonstrated the expression of rodent $2-AR, and the presence of a

receptor that is completely redundant is unlikely. Yet, 52-AR has the highest affinity for
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epinephrine, circa 20 times greater than that for norepinephrine (Goldstein 2010). Circu-
lating epinephrine, once regarded the be the sole source of regulating lipolysis, it is now
relegated to minor influences on routine lipolysis regulation (Bartness et al. 2007; Bart-
ness et al. 2014). However, it is possible that the expression of 52-ARs on adipocytes is
adaptive, allowing for fight-or-flight induced increases in circulating epinephrine to en-
gage access to stored energy, bypassing the strictly regulated hypothalamus-sympathetic
axis. Further experimentation and in vivo models would allow for exploration of this
theory.

Additionally, isoprenaline is often the favored agonist of choice in equivalent studies
investigating lipolysis, which invariably conclude that 33-AR has dominance in controlling
lipolysis. Yet, it is important to note that the order of potency isoprenaline is fairly equal
between subtypes, and considered as a full agonist for all three, with a general greater
potency overall than norepinephrine (Hoffmann et al. 2004; Vrydag et al. 2007). Com-
paratively, norepinephrine has a order of potency of 51> 33> (2 (Vrydag et al. 2007)
and therefore, studies that use isoprenaline in favour of native ligand norepinephrine may
be inflating the importance of the 33-AR as they stimulate it beyond its typical capacity.
Together, these points may contribute to why here, the link of 33-AR to lipolysis is
less clear under norepinephrine-stimulated and in particular, neurogenically-stimulated

conditions.

To investigate the contribution of 52 and $3-ARs further in this model (until 53-AR
selective inverse agonists are commercially available), tissue specific knockout of 53-AR
in conjunction with veratridine stimulation compared with a control, would help elucidate

true $-AR contributions.

4.4.4.0.4 Antagonist issues

It seems paradoxical that given norepinephrine has the lowest potency at 2-ARs, it would
have such an integral role in lipolysis within the present model. A possible explanation
as to the surprising role of $2-AR in this model is that ICl 118551 used to antagonise
the receptor, is an inverse agonist. These types of inhibitor are reportedly more efficient
at blocking receptors, as they 'lock’ the receptor in an inactive state, removing any

constitutive or induced activity (Perrone et al. 2010). Therefore the potency of ICl
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118551 compared to the other antagonists, may have inflated the 52-AR role in lipolysis

within this model.

In fact, supporting this, Perrone and colleagues discuss the overlap and limited selec-
tivity of selective 5-AR antagonists, and studies researching 53-AR antagonists suggest
that inverse agonist ICl 118551 may have circa 30% inverse agonist activity at the 53-AR
too (Perrone et al. 2010). Corroborating this, there are reports that 52-AR antago-
nist ICl 118551, particularly at higher concentrations (10 uM), counteracted lipolysis
stimulated with isoprenaline but also selective 53-AR agonist BRL 37344 (Germack et
al. 1997). This infers that ICl 118551 may act to inhibit activity of other, if not all,
B-AR subtypes. Therefore, due to these apparent non-selective effects, the use of 52-AR
inverse agonist may also be acting on 33-ARs, which may falsely inflate the importance
of $2-AR in stimulated lipolysis here. To address this within the present model, tissues
could be antagonised with ICl 118551 followed by a 33 and/or 31-AR selective agonist
to induce lipolysis and measure changes in glycerol release relative to non-antagonised

controls, in order to rule out whether those subtypes are indeed impacted by ICl 118551.

Secondly, as alluded to throughout this thesis, GPCRs also have the propensity and
capacity for alternate coupling (Collins 2022; Soeder et al. 1999). Alternate coupling
can depend on the ligand in a phenomenon termed “ligand directed signalling bias”
and is thought to be governed by changes in the receptor conformation via differential
activation of the same receptor (Wootten et al. 2018; Michel et al. 2010). This may
influence how antagonists are responded to, as antagonists may shunt the intracellular
signalling pathway & allow for activity to occur, whereas an inverse agonist effectively
locks the receptor in its inactive state, preventing alternate pathway induction (Sato et

al. 2016; Perrone et al. 2008).

Therefore, it is possible the type of antagonists that were applied to 53-AR here failed
to remove any potential ligand bias shifted activity and possibly encouraged it, giving the
appearance that the 33-AR has a diminutive role and thereby not providing an accurate
capture of the role of the receptor in regulating stimulated lipolysis (Schena et al. 2019,
Collins 2022). As such, it infers that the receptor may be at least partially activating
one of the lipolysis pathways when [33-AR antagonists are introduced, illustrated by
the modest glycerol reduction observed under "antagonised" stimulated conditions, and

increased glycerol release under antagonised "basal" conditions (discussed further below).
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It would be valuable to re-challenge the role of 33-AR in this model with the use of an
inverse agonist, particularly due to the ambiguous role of the receptor in stimulated
lipolysis here. Unfortunately, there is no commercially available inverse agonist for the
B3-AR, specifically. In fact, there is an agreed lack of selective antagonists available in
general for the $3-AR, and the two commercially available, particularly SR59230A, have
both been criticized regarding their selectivity and efficacy (Schena et al. 2019; Nastasi
et al. 2022; Sato et al. 2008). SR59230A has been termed "essentially non-selective"
with cases where it has a lower affinity for human $3-AR than it does for 51 and (52-
ARs, and additional reports of agonist activity at the 33-AR (Schena & Caplan 2019).
L-748337 is reportedly the better option and has highest efficacy when used on human
33-ARs, however, has a reported 100 times reduced potency at rat 33-ARs (Schena &
Caplan 2019). Therefore using the L-748337 /33-AR antagonist in mouse tissue under
these conditions may have produced a result reflective of it's poor selectivity, or lack of
efficacy, at the mouse 33-AR. Therefore its important to acknowledge that the antagonist
may not be performing in its proposed parameters.

As previously mentioned, there is not an abundance of specific examples where these
antagonists have been used to investigate lipolysis in mouse adipocytes, lest in ex vivo
tissue preparations. Of the limited examples found, there is clear ambiguity relating to
the efficacy of the antagonists. Jin et al. (2018) used both L-748337 and SR59230A to
attempt to abolish isoprenaline-stimulated glycerol release from 3T3-L1 cells and found
differential efficacy of these antagonists, with SR59230A failing to remove stimulated

responses.

4.4.4.0.5 Stimulatory effect of 33-AR antagonists

In addition to the lack of clear role of 33-AR based on response to antagonists, | also
observed increased basal lipolysis with application of both antagonists. These effects
were more pronounced in the veratridine datasets, which is potentially due to the com-
pounding presence of DMSO.

As previously discussed, there is conflicting evidence on the validity/efficacy of the
selective 53-AR antagonists currently available, with there being only two options. There

have previously been reports of 53-AR antagonist SR59230A having agonist-like prop-
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erties at the 53-AR in other models (Perrone et al. 2008; Hutchinson et al. 2005).
Therefore it was not an unexpected finding based on such reports. However, literature
seemed to suggest that unlike SR59230A, L-748337 was “devoid of agonist activity”
when used human [3-ARs (Candelore et al. 1999; Vrydag et al. 2007). Therefore, the
results indicating lipolysis induction in basal conditions with both antagonists, were sur-
prising. However, thorough examination of literature revealed that while L-748337 has
been found to inhibit the canonical G,-linked pathway in CHO (Chinese hamster ovary)
cells expressing the human (53-AR, it subsequently engages the G; pathway which in turn
activates the MEK/ERK axis with “exquisitely high potency” (Sato et al. 2008).

Also, literature discussed in Chapter 1 has indicted that $3-AR is a particularly promis-
cuous receptor, as it can alternately couple to G; or G, proteins depending on the ligand
profile and this links to alternate lipolytic pathways, such as MEK/ERK (Collins 2012).
In fact researchers have indicated that use of antagonists of the $3-AR have dually af-
fected the receptor, reducing cAMP accumulation as desired, but increasing lipolysis via

alternate intracellular pathways (Sato et al. 2016).

The 33-AR alternate coupling to the G; and G, pathways in ligand-directed signalling
bias may explain much of the effects observed here. The G, axis stimulates the canonical
cAMP-PKA route and the G; linked pathway activates an alternate route of lipolysis via
induction of the MEK/ERK axis. Interestingly, research by Hong et al. (2018) found
MEK/ERK signalling was linked to the 33-AR, where it phosphorylates residues of the
receptor to engage the pathway and interruption of this axis significantly reduced lipolysis

induced by a 33-AR-selective agonist (Hong et al. 2018).

Therefore, it is possible that the 53-AR antagonists as applied under basal conditions
in the present study are paradoxically stimulating lipolysis via the alternate MEK/ERK
pathway. The fact that L-748337 applied in norepinephrine experiments both raised
glycerol release in basal conditions and lowered it in norepinephrine-stimulated conditions
to nearly equal values, indicates an alternate pathway, different to that typically instigated
by norepinephrine, is being induced. To substantiate this theory and claim that the
MEK/ERK pathway is being induced under 53-AR antagonism in both stimulated and
basal lipolysis, future studies ought to use MEK/ERK inhibitor PD 0325901 alongside

these antagonists to see whether these lipolytic effects are removed. To also establish
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a link between the antagonist and proposed G;-linked lipolysis pathway, incubation of
tissues with G;-inhibiting pertussis toxin, under conjunctional challenge with the 53-AR

antagonists, would illuminate whether this is indeed the connecting axis.

4.4.4.0.6 Antagonist stimulatory effects are not propranolol sensitive

In order to investigate whether the stimulating effects of the $3-AR antagonists were
contingent on the 33-AR receptor, | used propranolol to attempt to block the stimula-
tory L-748337 effects under basal conditions. Propranolol didn't abolish the agonist-like
response to L-748337 under basal conditions. Due to the lack of effectiveness of pro-
pranolol it could lead to a conclusion that these stimulatory effects are independent of
the 3-AR, via some alternative route. However, this agonist-like effect was also ob-
served in a study using SR59230A which was also unable to be removed with propranolol
(Horinouchi et al. 2001). Another study found selective 33-AR agonism led to increases
in the MEK/ERK signalling cascade, which was propranolol-insensitive (Soeder et al.
1999). Propranolol is known for having a poorer efficacy at the 53-AR receptor (Collins
2022) as all non-selective 3 blockers are. These points considered, it may explain the
insensitivity of L-748337 stimulatory effects to propranolol and therefore doesn’t elimi-
nate the receptor from being involved in the antagonist-driven response, particularly as
others have observed these effects in 33-AR antagonists.

It may be that a pathway such as MEK/ERK has an association with the receptor
which is resistant to propranolol, for example intracellular receptor modifications that

propranolol binding cannot affect.

4.4.5 Veratridine-evoked transmitter release is Ca’" indepen-

dent

It was important to try and establish a full working scheme of how veratridine was induc-
ing lipolysis in this model, with regard to the initial hypothesis. Results so far have estab-
lished a convincing case that veratridine operates via nerves to release norepinephrine,
which in turn activates 32 adrenergic receptors. However there was little information
gained as to how veratridine was able to induce the neurotransmitter release. VGCCs
are typically a critical component to canonical nerve transmission. Therefore to assess

whether members of VGCCs may be involved in mediating the observed response to ve-
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ratridine, | challenged the veratridine-induced lipolytic response with pretreatment with
various antagonists of the VGCC subtypes; w-conotoxin-GVIA to block N-type channels,
w-conotoxin-MVIIC to block N- P- & Q-type channels. However, in this system both
conotoxins failed to prevent or even diminish veratridine-stimulated lipolysis, which was
unexpected, given conotoxins GVIA and MVIIC target the majority of the Cay channel

subtypes between them.

These results were initially surprising, as other studies have successfully used conotox-
ins to abrogate neurotransmitter release in other neurogenic models (Pruneau et al. 1990;
Boland et al. 1994). Considering the application of these toxins in literature, | noted that
they were often conducted in isolated neurons/cells. For example, w-conotoxin-GVIA has
been used to reduce Ca®* currents in electrically-stimulated isolated sympathetic neurons
in frogs (Boland et al. 1994). Therefore the ex vivo segments of tissue within this model
presented a potential explanation as to why there may have been a lack of response to
conotoxins GVIA and MVIIC. Given the molecular weight of w-conotoxin-GVIA (3037)
and w-conotoxin-MVIIC (2749) is nearly 7-fold larger than any other compound/drug
exogenously applied in these tissue preparations, it may have proven too large to diffuse
through tight pericellular spaces (Yang et al. 2017; Duggan et al. 2009). This is com-
pounded by the natural hydrophobic nature of adipose tissue, making it more likely to
repel larger molecules (Duggan et al. 2009), especially when dissolved in H5O, as they
were. While the use of the DMEM incorporating BSA acted as a carrier to some extents,
perhaps the addition of turpenes or some other penetration-enhancing agent could ame-
liorate these potential effects (Yang et al. 2017). However, this theory was quashed after
small molecule alternatives, cilnidipine and nifedipine, were used to to block both N-&
L- and L-type channels, respectively. The lack of reduction in lipolysis in response to
VGCC antagonism persisted irrespective of molecule size. In this investigation, however,
| neglected to challenge P & Q-types with small molecule alternatives, it remains that if
such antagonists were applied they may have demonstrated a role. However expression
isn't ubiquitous, nor translatable model to model and therefore | cannot be certain that
any of these subtypes are present without further investigation, such as expression at

the protein level via western blot or immunocytochemistry.

Literature has shown that VGCCs are expressed on white adipocytes in multiple

model organisms, for example L & T types (Zhai et al. 2020). In terms of relation
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to lipolysis, L-type Cay 1.2 and Cay 1.3 identified on rat white adipocytes, where the
former illustrated a role in regulating basal lipolysis (Fedorenko et al. 2020). Similar
outcomes have been found in mice, where blockade of Ca%* entry through Cay channels
in adipocytes blunted stimulated lipolysis (Chen et al. 2017). Therefore, evidence
implies that administration of whole-tissue antagonists in an attempt to block nerves
alone, may inadvertently affect Ca?* fluxes at an adipocyte level, which may alter the
overall net lipolytic effect. After using a battery of VGCC-specific antagonists, the
veratridine-mediated lipolysis response was unchanged, whilst crucially also having no
significant effect on basal. As evidence suggests blocking or removal of Ca?* through
such mechanisms would either reduce, or increase (Garca-Barrado et al. 2001) lipolysis,
and neither effect was observed on basal tissues here, it's unlikely that responses were
masked by direct effects on adipocytes and therefore cannot account for the lack of
response under veratridine-stimulated conditions. Deducing this, it also indicates that
if the VGCCs are expressed on white adipocytes as literature suggests, they may not
have roles in regulating basal lipolysis either, at least within the model and context
applied here. The only potential trend observed was in response to 10 uM nifedipine,
which caused a slight increase in basal lipolysis. This contradicts evidence elsewhere
suggesting disruption of Ca?" via L-type Cay channel blockade may reduce lipolysis, as
seen with alternative L-type blocker verapamil (Fedorenko et al. 2020).

While there are studies (such as those previously mentioned) that successfully use
VGCC antagonists to remove or reduce transmitter release in other models, studies that
employ veratridine as a tool for neurogenic activation have found general insensitivity to
VGCC blockade. For example, after application of various VGCC blockers, including w-
conotoxin-GVIA, the only one that had any effect on dopamine release in rat brain slices
was w-conotoxin-MVIIC (in combination with other inhibitors) (Dobrev et al. 1998).
The apparent veratridine insensitivity to VGCC blockade has been echoed across other
studies (Platel et al. 2005; Rungta et al. 2015; Vetter et al. 2012), suggesting the results

gained in the present study are not wholly unorthodox.

4.4.5.1 Non-canonical Ca*t sources

Evidence from early published literature utilising veratridine as a tool to increase Nay

channel permeability indicated there was a non-canonical mechanism involved in the

259



subsequent release of neurotransmitter, which was not dependent on extracellular Ca®*,
but on Na®™ (Cunningham & Neal 1981). Building on this, others reported complete
independence of extracellular Ca?* in veratridine-mediated transmitter release, suggest-
ing instead a Nat gradient was responsible. Supporting this theory, veratridine was
found to induce neuronal swelling through increases of Na™ and CI~ influx into the axon
(Rungta et al. 2015). Linking this, others found that while there is an extracellular Ca?*-
independence and Na™' dependence, the response to veratridine did remain contingent
on intracellular Ca?* sources. Researchers found Ca®™ release form an internal store
was blockable with the addition of mitochondrial Na™/Ca®* exchanger antagonist CGP

37157 (Palty et al. 2010).

Conversely, other researchers found that veratridine was in fact contingent on ex-
tracellular Ca?*, but were independent of VGCCs in other models, as when Ca?* was
removed from media, veratridine failed to induce responses in pre-plate cells of the
mouse neocortex (Platel et al. 2005). Blockade of the reverse mode of plasmalemmal
Na™/Ca?" exchangers (via KB-R7943) replicated the effects of extracellular Ca** re-
moval, ablating the response to veratridine and thus suggesting that ionic gradients i.e.
Na' introduction, governed veratridine action and facilitated Ca®* entry (Platel et al.

2005; Soma et al. 2006).

The mechanism underpinning calcium entry in these examples is therefore likely a
result of the depolarising effect of the Na*t influx into the axon. The surge of Na™
into the axon results in a difference in potential, which Na™/Ca?" exchangers act to
rectify, exchanging calcium and extruding sodium. The consequential effect resulting in

a sodium-driven, but ultimately calcium-mediated, exocytosis event.

Yet converse to findings and mechanisms described above, | saw no effect of Ca?*
challenge via these alternative mechanisms when stimulating with veratridine, which
was puzzling. The differing results in literature suggest non-linearity in the veratridine
mechanism, i.e. contention as to calcium dependency and possible sources, clearly
illustrating that veratridine mechanisms may slightly differ depending on the model on
which it is applied. Therefore, conformation of the exocytosis mechanism underpinning

veratridine-driven lipolysis in the inguinal fat pad remains outstanding.

As already discussed with the use of conotoxins in whole tissue, the validity of the

Na*/Ca®t exchanger antagonists applied in this ex vivo model is questionable, due to
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the reported nature of both channels ubiquitously expressed in other cell types, notably
adipocytes, and therefore one cannot easily detangle the effects of calcium mechanics
in other cells, versus neurons (as described previously). As previously stated, evidence
suggests blocking Ca?* channels on adipocytes may reduce basal lipolysis and blunt
stimulated responses (Fedorenko et al. 2020; Chen et al. 2017) or conversely increase
lipolysis (Xue et al. 2001; Garca-Barrado et al. 2001; Ali et al. 2018a), thus endangering
procurement of a false positive or negative result. Therefore, without further scrupu-
lous research, the exact (and likely complex) effects of disrupting these channels at the

adipocyte level cannot be determined.

4.4.5.2 Alternative Ca’" independent route of exocytosis

The apparent Ca?*-independent effects of veratridine may be a unique characteristic of
the veratridine mechanism of action, as in other models of neurogenic stimulation in tis-
sues, such as via EFS, the effects were conotoxin-sensitive and thus VGCC-dependent.
For example, w-conotoxin-MVIIC has been used used at low concentrations in EFS-
stimulated Guinea pig atria (Serone et al. 1999), and to reduce EFS-stimulated contrac-
tion of rat mesenteric arteries (Tanaka et al. 1999). Waterman and colleagues (1997)
successfully used both w-conotoxin-GVIA and MVIIC to reduce EFS-stimulated neuro-
transmitter outflow in mouse vas deferens. These studies all harness an ex vivo approach,
therefore it was unlikely to be the whole ex vivo sections of tissue in this model that
explained the lack of responsiveness to VGCC challenge. Given the clear unorthodox
nature of veratridine exocytosis presented in literature, with mixed conclusions on the
role of Ca®™, its likely that this is a feature of veratridine.

A Ca’*independent route for exocytosis is proposed to be via protein-kinase phos-
phorylation. Specifically, serine-threonine protein kinases, which group includes PKA,
PKC and CAMK (Hille 1999). Protein kinases typically need a ‘trigger’ to become acti-
vated, to avoid inappropriate and unregulated activation of cellular processes. Hille et al
(1999) proposed that activation of these kinases could initiate downstream activation of
exocytosis via liberation of Ca%* from intracellular stores, or by acting directly on presy-
naptic vesicles that are in a 'primed’ state in a reserve pool. An example given is mucin

secretion from bronchial epithelial cells can be stimulated by agents that activate PKC,
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such as ATP, Al antagonists and muscarinic agonists (Park et al. 2007). Veratridine
therefore may be triggering activation of protein kinases within the neuron, directly or
via voltage transmission, that induces intracellular Ca%*, or interacts with vesicles and

causes subsequent exocytosis.

The third explanation may be 'calcium-independent but voltage dependent exocy-
tosis’ (CiVDS), which induces exocytosis via voltage sensation and subsequent channel
modification rather than via the canonical Ca®™ route. Initial work from Zhang & Zhou
(2002) showed that in single-neuron patch clamp assays with rat DRG neurons, mem-
brane capacitance upon stimulation did not change when both intra- and extracellular
Ca®* was removed. In future work, Huang et al. (2019) recapitulated these findings
in sympathetic neurons from the superior cervical ganglia, showing extrapolation be-
tween neuronal populations. Their work and others (Chai et al. 2017) concluded in
their hypothesis, that while Cay 2.2 channels (N-type) were not inducing exocytosis via
Ca%* influx, they were conducting the action potential-derived voltage intracellularly,
with some mechanical conformational change, which induces signalling cascades and
results in exocytosis. Veratridine could then theoretically activate exocytosis through
this manner. However, the authors in the referenced suite of literature demonstrate the
pivotal role of Cay 2.2 channels in transmitting the voltage into intracellular changes by
successfully blocking the response with w-conotoxin-GVIA. Therefore as | failed to see
this inhibition with w-conotoxin-GVIA or w-conotoxin-MVIIC it is less likely that CiVDS

explains findings here.

For future work, it is recommended to challenge the veratridine response with Na™
free media, as others have, to see if veratridine is indeed dependent on Na™. Similarly,
a Ca%* free- challenge would illuminate whether the effects are truly independent of
all Ca®* (yet this again complicates responses with potential direct effects adipocytes).
Alternatively, experiments such as calcium imaging in response to veratridine stimulation

on isolated neurons cultured from ganglia that are known to supply inguinal tissue.
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4.4.6 Lack of neuromodulatory roles in veratridine mechanism

4.4.7 o2 adrenergic receptors

a2-ARs are G;- linked GPCRs and recognised as being expressed prejunctionally, to nega-
tively regulate neurotransmission (Giovannitti et al. 2015). Their activity has been found

to modulate nerve output in other systems, such as in vasculature (Westcott et al. 2013).

There is currently no evidence to suggest a convincing role for a2-ARs in "authentic"
rodent white adipocytes (Evans et al. 2019). In mouse primary white adipocytes, mRNA
for a2-AR was negligible, while the a1-AR was present, but not to a great extent (Merlin
et al 2018). Others have concurred with the lack of adipocyte expression of «2-ARs
(Valet et al. 2000; Chusyd et al. 2016). Therefore the use of an a2-AR antagonist
avoided potential direct effects on adipocytes. In this system, the use of yohimbine
did not affect the lipolytic response to veratridine, suggesting that there was not a
role for prejunctional a2-ARs, if expressed on the nerves within the tissue. There is a
possibility that there could have been complexities in using yohimbine, as Hagan and
Hughs (1986) found higher concentrations (10 M) of yohimbine had opposing effects
and increased nerve outflow in rat brain, suggesting via another receptor type. However,
the concentrations used within this work spanned both a lower and higher concentration,

neither of which produced any effect.

Indirect evidence for the lack of a role in this system comes from systemic admin-
istration of a-AR blockers in mice that lack -ARs, as there was no change in body
weight when a-ARs were also antagonised (Zeng et al. 2015). However it is not pos-
sible to directly suggest that prejunctional «2-ARs had no role due to the whole-body
effects. Importantly, these receptors are expressed in other tissues, and | did not prove
that ar2-ARs were indeed expressed prejunctionally, or rule out their presence elsewhere. |
therefore cannot conclusively determine prejunctional effects as inhibition of the receptor

elsewhere may have influenced outcomes.

In any case, it appears that veratridine-induced release of norepinephrine is not af-

fected by a2-AR antagonism in this system.
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4.4.7.1 P2X3 & P2X2/3 receptors

Prejunctionally expressed P2Rs were discussed in Chapter 1 and have important roles
in many systems in the control of nervous output. A key aim of the PhD project
was to investigate the role of purinergic signalling in lipolysis. The establishment of
the veratridine-based neurogenic response made it possible to interrogate the effects
of prejunctional P2Rs in an ex vivo setting. Research has indicated that the most
abundantly expressed prejunctional P2X receptors on peripheral sympathetic nerves are
P2X3 and P2X2 subunits (Cockayne et al. 2005). P2X3 and the heterotrimeric P2X2/3
have been found on sympathetic neurons (Cockayne et al. 2005; Sperlagh et al. 2000).
Although generally, P2X3 subunit expression is considered less abundant in sympathetic
than sensory nerves (Cockayne et al. 2005). These receptors expressed prejunctionally
would act to potentiate neurotransmitter release through the introduction of extracellular
Ca** into the synapse (Sperlagh et al. 2007). Norenburg et al. (2001) stated that there
was expression of P2X neuromodulatory channels in rat, but not mouse sympathetic
neurons, based on responses to nucleotides. This work was contradicted by Cockayne
et al. (2000) who found expression and function of these receptors in mouse using
immunohistochemistry and electrophysiology techniques. Both mouse sympathetic and
sensory ganglion neurons contained ATP-sensitive P2X receptors that were dependent
on the P2X2 and P2X3 subunits. Mice genetically lacking P2X2 and P2X3 receptors
sustained reduced urinary bladder reflexes, suffering hypoflexia, indicating the role of the
receptors in sympathetic-mediated responses.

Yet, when applying immunocytochemistry techniques in the whole mount model, the
P2X2 and P2X3 receptors were not found present on sympathetic neurons innervating
the inguinal fat depot. The antibodies were validated using human astrocytoma cell
lines overexpressing P2X2 or P2X3 receptors, indicating their capacity to detect the
protein when present. Evidence in RT-PCR work in section 4.3.8.2 indicated that P2X2
and P2X3 mRNA was being detected within the whole adipose depot, although it was
undetermined which cell types were expressing the mRNA. Also, the mRNA may not
translate into protein, as in whole mount immunocytochemistry work, there appeared to
be limited background P2X2 or P2X3-positive staining in other non-nervous cell types.
Without further investigation, it is likely that the functional investigation of P2X3 and

P2X2/3 receptors in veratridine-stimulated lipolysis did not show effects due to the lack
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of expression of these receptors in the resident nerves in this tissue.

It is likely that peripheral sympathetic neurons have some degree of heterologous
receptor expression depending on which tissue they innervate, and this provides an an-
gle for deeper investigation comparing receptor expression of sympathetic nerves from

different locations.

It would be interesting to challenge a2-ARs and other potential neuromodulatory
roles using a different mode of neurogenic activation, to establish whether the lack
of effects observed are veratridine related. Especially since section 4.4.5 suggests the
mechanisms underpinning veratridine-mediated exocytosis are apparently non-canonical.
These non-canonical features may therefore extend to other signalling mechanisms in the
neuron, such as neuromodulation. Therefore, while these mechanisms may indeed play a
role under normal circumstances, their involvement may be masked by the non-canonical

nature of veratridine evoked neurotransmitter release.

4.4.8 Sensory neuropeptides have no role in veratridine-mediated
lipolysis

Veratridine, as previously established, is commonly employed to activate sympathetic
nerves, but has also been used to stimulate sensory nerves (Stacey et al. 2018; Mo-
hammed et al. 2017). Additionally, the TTX-sensitive Nay 1.7 channel appeared to be
a likely candidate target of veratridine in this model, as others have found (Zhang et
al. 2018; Vetter et al. 2012), which is dually expressed in both sympathetic and sen-
sory nerves (Chang et al. 2018). Furthermore, | made a case for the sensory signalling
phenomenon of antidromic signalling in Chapter 1, meaning the sensory nerves within
the tissue may possess the ability to signal anti-dromically ‘backwards’ to release their
synaptic contents onto adipocytes (Mishra et al. 2024). Therefore, due to the global
application of veratridine in an ex vivo model where a heterologous population of both
sympathetic and proposed sensory nerves exist, there may have been harmonised release
of both sympathetic and sensory transmitters.

As previously described, adipocytes possess receptors for CGRP and SP, which have
been demonstrated to regulate lipolysis (Halloran et al. 2020; Liu et al. 2017; Miegueu

et al. 2013; Walker et al. 2014). However, these studies do not directly illustrate that
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an antidromic mechanism of sensory nerves is responsible for the deployment of these
neurotransmitters in white adipose tissue, to routinely regulate lipolysis or homeosta-
sis. Indeed studies typically observe effects of exogenous application of the transmitters
on adipocytes, or cell lines. Therefore the role of these receptors on adipocytes is un-
clear. Antagonism of either receptor made no impact on veratridine-stimulated lipolysis.
These results therefore may not be unexpected as antidromic signalling within adipose
tissue hasn't been conclusively demonstrated. Additionally, evidence from Chapter 3
suggested that the nerves observed tracking though the tissue and in closest association
to adipocytes are of sympathetic origin. Therefore, even if the nerves become stimulated
by veratridine to release neurotransmitter antidromically, they are likely doing so proxi-
mal to vasculature, or within bundles where most of the 'non-sympathetic’ innervation
was observed. Therefore there may be a limitation to the potential effects of sensory
stimulation in influencing lipolysis, which may contribute to why there was a lack of
response observed antagonising the respective receptors.

Alternatively, veratridine stimulation may not have induced the antidromic release of sen-
sory release of neuropeptides that may otherwise naturally occur in vivo. For instance, in
other studies in comparisons of nervous stimulation, veratridine failed to induce release
of CGRP, while successfully inducing SP and VIP release form isolated rat neurons (Belai

et al. 1988).

In any case, in answer to aim 3 of this chapter, it can be concluded that veratri-
dine stimulation of potentially global nervous discharge within the tissue is not inducing
sensory-derived neurotransmitter activation of the tissue in a way that impacts glycerol
release, even partially. It remains unclear whether antidromic release of sensory neu-
ropeptides does occur in this model and further neuro-centric experiments are required
to determine this definitively. Additionally, in future to provide a baseline of expected
outcomes on lipolysis, exogenous application of CGRP or SP together with a stimulant of
norepinephrine would demonstrate a positive control of what to expect if these peptides

were present.
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4.4.9 Other sympathetic-derived neurotransmitters appear to have

no impact on veratridine-stimulated lipolysis

44.9.1 NPY

The majority of reports that explore the role of NPY in adipose tissue regulation are
focused on its role in the central nervous system. To reiterate, literature suggests
adipocytes can express Y1 Y2 and Y5 receptors, which have been implicated in anti-
lipolytic and lipogenic pathways (Kuo et al. 2007; Turtzo et al. 2001; Gericke et al. 2009;
Singer et al. 2013; Yang et al. 2022).

Veratridine activation of nerves has previously shown a consequential release of NPY
in other models, such as in colon preparations (Hyland et al. 2005). Therefore it was
hypothesised under reasonable assumption that NPY may also be released upon veratri-
dine activation of nerves. The investigation into the role of NPY was a key aim within
the PhD project, as there is limited evidence where a physiological approach has been
used to study the effects of NPY in adipose tissue metabolism. However, answering aim
3 of the chapter, under the conditions applied within the model, none of the receptors
targeted appeared to play a role in regulating lipolysis. This suggests either NPY is
not released by veratridine stimulation, or it is and does not contribute meaningfully to
lipolysis regulation. The absence of effect of Y5 receptor antagonism is unsurprising, as
there is very limited evidence for the role of the receptor at the adipocyte level. Yet
the lack of effect of Y1 and Y2 receptor antagonism was surprising. These data there-
fore contradict a suite of literature implicating NPY in anti-lipolytic mechanisms at the
peripheral adipose level (Labelle et al; Shi et al; Kuo et al. 2007).

However, | did not establish whether these, or other, receptors were expressed on
adipocytes within the tissue preparations used here. Therefore | cannot be certain of
the presence of NPY receptors on the adipocytes within the adipose tissue, which could
explain the lack of response.

Also, while NPY receptors are generally G;-linked, evidence has suggested Y1 and Y2
receptors may be G,-linked in some cell types, as found in rabbit SMCs (Misra et al.
2004). Therefore its possible that adipocyte-expressed Y1 receptors had some devia-
tion /duplicity in their signalling pathways and instead increased Ca®* may have altered

the ultimate outcome. Also, the surge of norepinephrine released in this novel model
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may overcome the mitigating capacity of the negative-regulatory receptors such as NPY
receptors.

Another possible explanation is that neuropeptides are generally slow acting, so an in-
cubation period of 3 hours could be insufficient to observe effects (Hodges et al. 2009).
Finally, in early experiments using veratridine, researchers proposed it may have a dif-
ferential effect on exocytosis of various neurotransmitters, with those such as GABA &
glutamate being released in response to a Na™ gradient, forcing vesicles to the synapse,
and others more dependent on Ca?" (Levi et al. 1980). The non-canonical and com-
plex nature of the veratridine mechanism of exocytosis has been a continuous thread
throughout this chapter. Therefore its possible that under veratridine stimulated con-
ditions, NPY was not being effectively released from nerves. Supporting this theory,
researchers have suggested that NPY is released during "higher stimulation frequen-
cies", due to storage in large core dense vesicles (Hill et al. 2001; Labelle et al. 1997).
As the stimulation frequency or depolarising characteristics of veratridine were not estab-
lished in the present work, it remains possible veratridine under these conditions failed to
induce NPY release. Further work is required to establish the bounds of these ideas, such
as challenging nerves with a different stimulatory technique like EFS to verify the role
of endogenous NPY. Also, to serve as a reference comparison, it would be interesting
to observe the effects of exogenous NPY application under norepinephrine-stimulated
conditions and observe whether adipocytes possess capacity to respond in an ex vivo
setting, as other studies typically use 3T3-L1 cell lines (Long et al. 2015; Turtzo et al.
2001).

44.9.2 ATP

ATP is a well-established co-transmitter in sympathetic nerves of other tissues. A key aim
of the PhD was to investigate the effects of ATP postjunctionally, under the hypothesis
that veratridine induces release of neuronal ATP.

Tackling aim 4 of this chapter, during the investigation into postjunctional roles of
ATP, | found there was a lack of effect of general P2 purinergic blockade on lipolysis with
suramin or PPADS. Suramin and PPADS are competitive inhibitors, therefore, increased

concentrations of natural ligands may out-compete introduced antagonists (Billington et
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al. 2007; Jenkinson et al. 2000). Supporting this hypothesis, a similar response has been
noted with suramin in research by Jenkinson et al. (2000) who found suramin failed to
block ATP-induced responses, in fact potentiated them. The authors proposed suramin
may have preserved ATP from degradation by inhibiting ectonucleotidases and there
was a negative correlation between suramin efficacy and ATP concentration. Effectively,
higher concentrations of substrate reduce efficacy and capacity of the antagonist.

More specific experiments are required to prove that ATP is being released from
sympathetic nerves upon veratridine stimulation within this tissue, as the current data

cannot confirm this.
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4.4.9.2.1 Selective antagonism of P2X4 and P2Y6 had no effect on veratridine-

stimulated lipolysis

Both antagonists, suramin and PPADS, are also known for having promiscuous and
pleiotropic effects across other receptors, which cannot be ruled out from affecting the
overall net lipolysis and indeed contributing to trends described above. For example
suramin is implicated as an inhibitor of enzymes involved in the citric acid cycle, as
well as at Na®/K* ATPases and other GPCRs (Wiedemar et al. 2019). PPADS has
been suggested to have inhibitory effects at NAADP receptors (Billington & Genazzani
2007). These complications prompted and justified a more direct approach. Given that
the RT-PCR results revealed expression of P2X4 and P2Y6 receptors and these pan
P2R antagonists have unequal antagonistic action across the suite of P2 receptors, its
reasonable to assume that they may have unequal affinity for the receptors expressed on
the adipocytes. Indeed, PPADS is found to have higher potency at the human versus the
rat P2X4 receptor (Ralevic et al. 1998) and was suggested to have limited activity at the
mouse P2X4. However this has been contradicted and mouse P2X4 was experimentally
determined to be PPADS-sensitive, however the same study also finding that P2X4 was
suramin-insensitive (Jones et al. 2000). Suramin and PPADS have been suggested to
only have 'slight’ antagonistic action at rat P2Y6 receptors (Abbracchio et al. 2006;
Ralevic et al. 1998). While these are not translational to mouse, it does suggest the
results may not be reflective of the true involvement of these receptors when these
broader antagonists are applied.

However, selective antagonists of P2X4 and P2Y6 receptors had no significant ef-
fect on veratridine-evoked lipolysis either, suggesting there was no involvement of these
receptors in regulating lipolysis. This was unsurprising as literature converges on either

neutral or more anti-lipolytic roles for P2 purinergic signalling in general.

The P2Y6 receptor has been found expressed in adipocytes (Chapter 1 Table 1.2),
with roles reported in glucose uptake (Balasubramanian et al. 2014) and gene regula-
tion, which correlates with maintenance of the white adipocyte phenotype in mice (Jain
et al. 2022). Therefore the detected presence of P2Y6 receptor falls in line with liter-
ature describing its positive expression in mice. The lack of role of P2Y6 receptor in

lipolysis regulation observed in the present model is likely a true reflection of the P2Y6
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receptor contribution to basal and stimulated lipolysis because, as previously stated, the
P2Y6 receptor has limited claims of involvement in regulation of lipolysis. Jain et al.
(2020) reported that the P2Y6 receptor "did not play a significant role in lipolysis" in
either basal or stimulated conditions, instead was implicated in maintaining the white
adipocyte phenotype through gene regulation. Crucially, the P2Y6 receptor is not acti-
vated by ATP, so the results may be reflective of veratridine having no agonist-driven
influence, thus rendering antagonism redundant. It also suggests endogenous levels of
UDP, the recognised ligand for the P2Y6 receptor, may not activate the receptor enough

to manifest in alterations to lipolysis, or the outcomes are unrelated to lipolysis.

The P2X4 receptor is not a receptor commonly reported present on white adipocytes,
with limited literature describing its presence and possible function. Tian and colleagues
found P2X4 expressed in mouse primary white adipocytes, but conclude little in terms
of function of the receptor in the context of lipolysis (Tian et al. 2020). Therefore, the
apparent redundancy of the P2X4 receptor in lipolysis regulation within this model may
support absence of literature suggesting its expression and function in white adipocyte

cell types, and therefore may not present an unexpected result.

In the case of both receptors, other measurables such as adipocyte number, adipokine
secretion, glucose uptake and transcriptional patterns may be altered in response to
receptor antagonism, but not in a way that translates to glycerol release and therefore,
missed. For example, research has suggested that both ATP (via P2Y2 receptors) and
norepinephrine conjunctionally regulate adiponectin release from white mouse adipocytes
(Musovic et al. 2022b). It is also possible that the receptors may influence lipogenesis
as opposed to lipolysis, which was not investigated. Additionally, the effects on lipolysis

may occur on a longer timescale which evades detection in the short-term study here.

Overall, the receptor subtypes found present and absent were surprising, as they
largely contradicted literature. Other studies, including work within the Fountain lab
(Ali et al. 2018ba), have found a plethora of purinergic receptor subtypes on human and
mouse white adipocytes, using techniques to detect both RNA and protein (Chapter 1,
Table 1.2). For example, P2X5 (Ussar et al. 2014; Tian et al. 2020) & P2X7 (Li et
al. 2022) receptors have all been found expressed in mouse primary white adipocytes

from visceral or subcutaneous depots. Additionally, P2Y1 (Laplante et al. 2010), P2Y2
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(Musovic et al. 2022; Zhang et al. 2020; Negri et al. 2020), P2Y4 (Lemaire et al. 2017),
P2Y13 (Duparc et al. 2024; Laplante et al. 2010) and P2Y14 (Jain et al. 2021; Xu et
al. 2012) receptors have been identified in mouse primary white adipocyte and 3T3-L1
cell lines, as well as in whole adipose tissue. However these receptor subtypes were not
detected here, and may have been beyond limit of detection using the selected methods.
Additionally, most of these studies use cultured adipocytes, or fail to provide evidence
of a 'pure’ population of a fresh preparation of adipocytes, free from components of
the SVF (See Chapter 1, Table 1.2). A complimentary and conformational experimental
approach recommended for future work is RNA sequencing. RNA-seq would provide an
accurate and thorough screening system for SVF contamination, as well as detection
and quantification of mRNA potentially missed by RT-PCR here. Also, as solely mRNA
was investigated, its possible that the receptors are latent and untranslated to protein
and therefore don’t possess a functional role. Assessment of protein for these receptors

by western blot or immunocytochemistry is recommended.

Collectively the data suggests that if ATP is a co-transmitter in sympathetic nerves
of white adipose tissue in mice, it may not influence lipolysis. Data also aligns with
the lack of response to general antagonism observed with suramin and PPADS as these
receptor subtypes are not renowned for roles in lipolysis. This largely conforms with lit-
erature, whereupon P2 receptor roles are generally restricted to adipogenesis, phenotype
maintenance and adipokine secretion, unless the receptor is coupled with a G protein

that interacts with adenylyl cyclase.

Lastly, again it must also be considered that veratridine may not have induced the
release of neuronal ATP, if indeed it is present as a co-transmitter in this tissue, and
thus the receptors were not sufficiently "agonised". These mechanistic aspects were not

determined or investigated here and present important steps for future enquiry.

4.4.10 P2 purinergic signalling plays no role in basal or stimu-

lated lipolysis

The P2Rs identified may not have been being activated under veratridine stimulation

as, despite the trend with norepinephrine and PPADS, there is limited direct evidence to
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suggest ATP is being released by veratridine. Thus it was necessary to agonise the re-
ceptors to establish a positive control and also to characterise activation of the receptors
under basal conditions, without the induction and potential complication of introduced
signalling molecules from neurogenic stimulation. While a strength of the model is the
prospect of a complete deployment of sympathetic transmitters, it also adds complexity
to responses, making aspects such as roles for nucleotides hard to detangle.

Therefore, to fully and thoroughly establish whether P2 purinergic signalling possessed
any role in lipolysis in this ex vivo model, exogenous application of nucleotides was nec-
essary and were applied at two concentrations under both a basal and norepinephrine-
stimulated conditions to activate P2 receptors identified. This is especially important

since P2Y6 was likely unstimulated in the veratridine experiments.

There is an apparent bimodality of effects observed in literature when applying nu-
cleotides in this manner, albeit in other models. Tozzi et al (2019) reported that exoge-
nously applied ATP potentiated lipolysis. Additionally, Lee et al (2005) found increased
lipolysis in rat white adipocytes after ATP and UTP perfusion. Others found that broad
purinergic activation increased lipogenesis, with no role in regulating lipolysis (Schodel et
al. 2004). Owing to the general consensus in literature of a neutral or anti-lipolytic lean-
ing role of P2Rs (discussed in Chapter 1), with the subtypes identified, my expectation

was for lipolysis to decrease.

Despite my hypothesis, the lack of effect after nucleotide supplementation to dimin-
ish or conversely, promote lipolysis under stimulated or basal conditions, was unsurprising
given the collective outcomes in previous experiments.

To offer an explanation, its possible that the concentrations of nucleotides applied were
too high and could have desensitised the receptors, yet researchers have used these con-
centrations previously and induced signalling cascades (Cockayne et al. 2005). Given the
lack of change in glycerol release after exposure to high concentrations of nucleotides, it
would be reasonable to conclude P2 purinergic signalling plays no role in the potentiation
or attenuation of either stimulated or basal lipolysis in this model/context.

Its also possible that any nucleotide-induced responses that impact lipolysis occur on a
discrete timescale than sampled here, and the rate of glycerol release may instead be

transiently altered, but not the overall total. A time series comparing nucleotide-exposed
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versus control tissues may prove fruitful to this end.

Another explanation is that application of nucleotides in an ex vivo preparation of adipose
is not a common approach, as there is limited literature employing this methodology. As
such, it is possible this reflects a more physiological perspective of purinergic signalling

than experiments with isolated cells.

4.4.10.1 No effect of ectonucleotidase inhibitors on basal lipolysis with and
without exogenous nucleotides or in norepinephrine-stimulated lipol-

ysis

In the interest of a thorough investigation, it was necessary to ensure nucleotides were
not being hydrolysed. NTPDases are enzymes chiefly responsible for hydrolysing triphos-
phates into monophosphates and they exist on the surface of many cell types (Giuliani
et al. 2021). Their ubiquitous nature and manner of expression ensure that associated
signalling is negatively regulated, preventing persistent activation of signalling pathways
which may otherwise have nefarious effects (Haas et al. 2021). Due to the likelihood
that endogenous NTPDase activity was still occurring given the ex vivo approach, re-
ducing the enzymatic breakdown of nucleotides within the tissue, in combination with
nucleotide supplementation was necessary. The goal was to increase the concentration
of nucleotides, should they be hydrolysed too rapidly for effects to be observed.

However | failed to see any effect of ARL 67156 alone, or alongside nucleotides, on
basal lipolysis. Nor did the addition of ARL 67156 to basal or norepinephrine-stimulated

tissues with only endogenous sources of nucleotides have any effect.

There are different subtypes of NTPDase (CD39) 1,2,3 AND 8 (Robson et al. 2006).
In WAT, the most likely subtypes present are NTPDase 2, as it is expressed on many
cells such as pericytes, myofibroblasts and glial cells, and NTPDase 3 as it is reportedly
expressed in the peripheral nervous system (Sandhu et al. 2021). Generally, ARL 67156
is considered a selective CD39 inhibitor, but researchers investigated the subtypes most
affected and found ARL 67156 acts as an inhibitor of NTPDases 1, 2, 3 and 8 and NPP 1
& 3 and ecto-5'-nucleotidase to varying degrees of efficacy, depending on concentration
applied (Lévesque et al. 2007). Ultimately NTPDase2, NTPDase8, NPP3 and ecto-5'

-nucleotidase activities were found to be the most affected. There is little information
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currently available that definitively suggests the ecto enzyme subtypes most likely to
be present in WAT, lest specifically in mouse inguinal WAT. Therefore, based on the
evidence above, its possible that ARL 67156 was not able to quench endogenous ecto
enzyme activity to its full extent, particularly if resistant types are dominant in this tissue.
While there is likely overlap of the subtypes of NTPDase found present in adipose and
those that are sensitive to ARL 67156, further investigation would provide additional
clarity and certainty.

Additionally, researchers found the efficacy of ARL 67156 reduced when concentra-
tions of NTPDase substrate were high, likely due to it being a competitive inhibitor
(Schikel et al. 2020). In other words, the higher the concentration of ATP, the less ef-
fective ARL was at inhibiting the enzyme activity of NTPDase. For example, in mouse,
NTPDasel, 3 and 8 saw a 50% inhibition with 100 ©M ARL 67156 when ATP was 10
1M, which halved as the concentration of ATP was increased to 100 M, then again at
500 M. NTPDase 2 inhibition by ARL 67156 was reduced even at low ATP concen-
trations (10 pM). Therefore, as | was also exposing the tissue to 100 M of substrate
under basal conditions, it potentially reduced the efficacy of ARL 67156 at preventing
their hydrolysis. However, | also saw no response when applying ARL 67156 to basal and
stimulated tissues without the exogenous application of nucleotides where, presumably,
the nucleotide concentrations are lower meaning the above may not explain the results.
Therefore, as the theoretical protection of either endogenous or exogenous sources of
nucleotides had no significant impact on lipolysis, the results support the previous data,
that P2 receptors are not important in the regulation of lipolysis under these conditions.

There are reports that other ectonucleotidase inhibitors may be more selective against
ATP degradation such as POM-1 (Durnin et al. 2016), which may be valuable to explore
in future experiments. Additionally, the use of a non-hydrolysable alternative to ATP,

such as ATP-v -S may equally provide clarity.

4.4.10.2 Removing endogenous nucleotides had no effect on lipolysis

To conclude the investigation into the role of purinergic signalling, apyrase was used
complimentary to experiments where P2 purinergic receptors were antagonised. As
nucleotides can derive from multiple sources in WAT, it was possible that the receptors

were already saturated. Apyrase offered removal/reduction of endogenous nucleotide
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signalling via hydrolysis into monophosphate forms, without blocking the receptors.

The lack of effect of apyrase observed in basal conditions may indicate that there is
no role of purinergic signalling at the basal level, as hydrolysis of existing nucleotides had
no effect. This was unsurprising, given the previous outcomes using selective antagonists

for the identified receptors under basal conditions.

It is plausible that the biological effects of applying nucleotide-hydrolysing enzymes,
such as apyrase, are complex as they hydrolyse triphosphates into their monophosphate
form, it is likely increasing the proportion of adenosine, if resident ecto-5'-nucleotidases
are present and active. The resulting adenosine generated post-enzyme action may
drive P1 receptor signalling in adipocytes. P1 receptors are typically G; or G,-linked
receptors which can either increase or decrease AC signalling. There are reportedly Al
(Gi/G,), A2A (G;) and A3 (G;/G,) P1 receptor subtypes on white adipocytes (Tozzi
et al. 2017). However, | failed to see indications of this, as basal and norepinephrine-
stimulated glycerol release of apyrase-exposed tissue remained similar to that of tissues
without apyrase exposure. The outcomes may depend on the expression and abundance
of the adenosine receptors on the adipocytes, which were not investigated in this work. If
there were a greater expression of G-linked A2A adenosine receptors, then any lipolysis-
reducing effect of blocking P2Rs may be overcome by a shunt toward the adenosine G,
pathway. The overall effects of apyrase may therefore have resulted in a net effect of
lipolysis that matched stimulated controls, yet further investigation is recommended to

clarify the effects described above.

Again, the results therefore support the other suite of experiments demonstrating a
lack of role for P2 purinergic signalling in lipolysis in mouse WAT, as well as literature
(Jain et al. 2022; Garca-Barrado et al. 2001; Schodel et al. 2004; Laplante et al. 2010).
Ultimately, the signalling outcomes depend on the overall effect of Ca?* signalling and its
contribution to lipolysis. Interestingly, norepinephrine and ATP have been both shown
to increase [Ca®T]; in rat white adipocytes to a similar degree, with a rise to around
300 nM, clearly indicating some degree of relationship (Kelly et al. 1989). Its clear
from literature that Ca®™ is generally important to adipocytes due to expression and
constitutive activity of Cay channels (Fedorenko et al. 2020). Yet this may mean that

additional Ca?* introduction would have to overcome existing Ca®* tone to elicit effects.
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In summary of the investigation into P2 purinergic involvement in lipolysis, to in-
vestigate whether there was a role, | tackled with four main approaches, general &
specific blockade, nucleotide supplementation, theoretical preservation and removal via
hydrolysis. In light of subsets of evidence in literature described in Chapter 1, | may
have found the purinergic receptors identified to possess a negative regulatory role in
lipolysis. However, with the combined information from veratridine, norepinephrine and
basal studies, there appears to be no role for P2 purinergic signalling in this model for
regulation of lipolysis, which aligns with another suite of literature suggestive of a lack
of role. The trend observed in norepinephrine stimulated lipolysis in response to PPADS
is likely to be an anomaly which would require additional investigation to fully establish.
Impacts on gene expression, adipokine secretion and other cell processes may have been
impacted, but were not investigated. Although P1 receptor signalling was not explored

in this model, investigation into P1Rs may produce more conclusive outcomes.

4.4.11 Conclusive remarks

In this chapter, | have presented that lipolysis can be induced ex vivo by the action
of Na™ channel opener veratridine, and provided a convincing case this is operating
via nerve-mediated release of neurotransmitter norepinephrine. This work has shown
that the §2-AR was most important in conveying the lipolytic signal, which presents an
intriguing finding, contradicting the $3-AR-dominant narrative presented in literature.
The mechanism of veratridine-induced release of norepinephrine is apparently Ca%* in-
dependent. In the model here, the mechanism of induced lipolysis was also independent
of influence from other neurotransmitters and neuropeptides of sympathetic or sensory
origin. To elaborate, contrary to literature, NPY had no negative regulatory role in lipol-
ysis under these conditions. P2 purinergic signalling provided no role in ex vivo basal or

stimulated lipolysis, whether pharmacologically or neurogenically stimulated.
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Figure 4.23: lllustration of the present understanding of veratridine-evoked
lipolysis. Illustrative diagram of the current understanding of veratridine-evoked lipoly-
sis in an ex vivo model at the end of this PhD project. Veratridine appears to act on volt-
age gated sodium (Nay ) channels, and induces lipolysis independently of voltage gated
calcium (Cay ) channels. Veratridine induces the release of an apparently catecholamine
neurotransmitter that acts on (-adrenergic receptors (ARs), specifically 52-ARs. Sen-
sory neuropeptides substance P (SP) and calcitonin gene-related peptide (CGRP) and
other sympathetic co-transmitters neuropeptide Y (NPY) and adenosine triphosphate
(ATP) appear to have no involvement in lipolysis. Yellow triangular symbols refer to
where further characterisation is required, for example determining Na™-dependence of

veratridine exocytosis and whether NPY /ATP is being released effectively.
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Chapter 5

General discussion

The aims and objectives outlined in Chapter 1 Section 1.6 have been addressed within the
research presented in this thesis. Within each chapter discussion, | have offered theories
and hypothesis for the results obtained, alongside suggestions for future work relating to
specific experiments. The purpose of the present chapter is to highlight overall benefits
and drawbacks of the approaches and research in the context of the wider world and

suggestions of critical next steps for scientific benefit.

5.1 Innervation of inguinal WAT

Using a novel approach of whole-mount immunocytochemistry (Townsend method, Wil-
lows et al. 2021) and selective antibodies against nerves, as well as a vascular stain,
evidence of vascularisation and neuronal innervation of the inguinal fat depot was gained.
There was dominance of TH-positive 'sympathetic’ neurons found innervating the parenchyma
and vasculature, however literature offers this may have been falsely inflated by the fact
that a population of sensory nerves can also apparently stain positively for TH (Willows
et al. 2023; Wang et al. 2022). Investigating this possibility is a crucial immediate step
in order to accurately comprehend the sympathetic innervation of adipose, especially
since many researchers use these markers to form conclusions on innervation. Validation
via conjunctional use of a sensory-specific marker alongside TH would aid identification

of sympathetic, versus sensory TH-positive.

As laid out in Chapter 1, both vascular dysfunction and neuropathy occur in patho-
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logical states of obesity. Loss of these structures serves to perpetuate the obese state
and increase inflammation, leading to tissue dysfunction. Therefore, in combination with
markers for sensory and sympathetic nerves, to fully explore neurovascular relationships,
future immunocytochemistry experiments should include specific markers for the detec-
tion and distinction of larger vasculature; veins, arteries and lymph vessels. In doing
so, this would provide clear evidence of differential innervation patterns across vascular
beds. Ultimately, application of the method in obese models will allow for chronologically
tracked observations of how these structures change in response to obesity. For example,
is there an order to dysfunction? Do nerves innervating the blood vessel deteriorate in
response to vascular dysfunction, or vice versa? Within Chapter 3, | described how bun-
dles of nerves appeared to receive vascularisation, prospectively a form of vasa nervorum.
Nerve bundles have recently been suggested as origin branch points for parenchymal in-
nervation of the depot (Huesing et al. 2021) and was something that was observed on
rare occasions here. Do these vessels also become dysregulated during obesity and does
this mean that potential origins of nervous innervation reduce as consequence?

In tandem with this, next experiments ought to compare parenchymal and adipocyte
level innervation across obese, diabetic and ageing models, and concurrently determine
the extent lipolytic output is altered as consequence. Others have shown obesity-driven
recession of nerves innervating WAT (Blaszkiewicz et al. 2019a). Could alterations such
as these contribute to why there is a paradox between overall increased sympathetic drive

in obesity (Kalil & Haynes 2012), but adiposity is maintained (Duncan et al. 2007)?

Crucially, future work ought to apply this whole mount approach to human subcuta-
neous explants to investigate whether innervation patterns described here are consistent
across species. Others have already performed whole mount approaches using human
tissue to observe sympathetic nerves (Perdikari et al. 2022). However harnessing the
knowledge from the present project, it would be valuable to determine whether human
depots share the same degree of sympathetic innervation. Also, whether neuroadipose
interactions occur at the same frequency and also present with axonal varicosities which
terminate in a NAN structure. Literature has suggested vascularisation between hu-
man and mice SAT in certain depots may differ, owing to differences in baseline size of
adipocytes (Ledoux et al. 2008; Song et al. 2016; Borgeson et al. 2022). There appears

to be less information specifically comparing nervous innervation between analogous de-
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pots of mice and humans. In doing so, this would build strength in translatability when

using a mouse model, as access to human tissue can be difficult for researchers.

5.2 Neurogenic activation of lipolysis by veratridine

ex vivo

5.2.1 Prestige, promise and pitfalls

5.2.1.1 Prestige and promise

Veratridine has been utilised in many models to stimulate nerves and study the effects of
subsequently released neurotransmitter. Specifically, veratridine has been used to suc-
cessfully stimulate nerve activity in ex vivo models, such as in colon preparations (Hyland
et al. 2005), in mesenteric arteries (Park et al. 2023) and in slices of striatal brain tissue
(Dobrev et al. 1998).

However, at the time of writing, there has been no published application of veratridine
to stimulate neurogenic activation of lipolysis in white adipose tissue ex vivo, presenting
a novel research approach. Therefore, for the first time in white adipose tissue, veratri-
dine was exogenously applied to sections of inguinal adipose tissue ex-vivo, to attempt
induction of action potentials in resident neurons, and thus result in neurotransmitter

release.

The ex vivo model used here to study a complex biological process is attractive, as it
is a simple, economical and relatively swift way to measure lipolysis without the need for
large, specialised equipment or facilities. The key benefit of employing such a system is
it allows for all native cell types to be included in the context of the responses observed.
This is a critical aspect that many 2D-culture in vitro studies lack. Studies have shown
that 2D cultured cells do not typically share native characteristics/responses (Jensen
et al. 2020). Relating to this, immortalised mouse adipocyte cell lines such as 3T3-L1
& C3H10T1/2 offer limited translatability to cells or tissues freshly obtained from the
living organism, as culture environments can impact on receptor expression (Jensen et al.
2020). Cell lines, while providing important benefits for the research community, simply

don't fully represent native adipocytes and their discrete gene expression patterns, which
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reportedly vary depot-to-depot (Thompson et al. 2012; Bajek et al. 2017; Harms et al.
2019). Primary adipocytes are widely and notoriously known for being challenging to
culture successfully, due to their fragility, buoyancy and short life-span in vitro (Harms et
al. 2019; Lafontan 2012; Dufau et al. 2021). Yet the alternative of using pre-adipocyte
cells and differentiating them in vitro is still not a direct substitute, as they often present
with entirely different morphology once differentiated. Differentiated adipocytes are re-
portedly smaller without the characteristic unilocular white adipocyte appearance due
to issues with lipid uptake and expansion, which again is not reflective of the analogous
differentiated adipocyte in vivo (Lauschke et al. 2023).

3D cell culture models are emerging which do provide better and more valid representa-
tion, although often use cell lines and rely on exogenous application of immune molecules
to replicate the obese state (Avelino et al. 2024). Recent developments using freshly
isolated adipocytes in 'membrane mature adipocyte aggregate cultures’ (MAAC) are
providing even more useful data (Harms et al. 2019).

However, exciting scientific advancements have provided alternative in vivo optogenetic
approaches, which offer the most valuable and translatable results. Herein, animals such
as mice are genetically modified to express light-sensitive opsin channels along nerve ax-
ons, which can be "switched on" upon exposure to a laser, allowing for endogenous nerve
activation at specific sites. However optogenetic approaches can be unattainably costly,
time-consuming, with additional animal licensing requirements & ethics considerations
and therefore not a viable option for many research groups.

Therefore, the present model using veratridine as a tool to stimulate lipolysis, offers a
more physiological halfway house between in vitro cell culture with limited translatability,

and in vivo optogenetic approaches.

Directly linked to this, another key benefit of the approach is flexibility, allowing for
easy application to different disease contexts. For example, use in obese mice to study the
implications on lipolysis in a model which may allow for full immunological retention,
for a comprehensive disease state. This is a key aspect in vitro cell-culture studies
often lack. Application in disease models, in harmony with investigating the innervation
changes via immunocytochemistry, presents a key imminent step for future work using

this system, to investigate how stimulated lipolysis changes within different disease and
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age backgrounds. For instance, to more deeply examine obesity-driven catecholamine

resistance and diabetic neuropathy.

Importantly, the data gained using veratridine was stable and consistent, with a reli-
able induction of lipolysis. Reproducibility is a general concern within scientific research
and this approach may hopefully offer a reproducible platform for future work by different
groups. Next steps should ensure it is reproducible across different adipose depots, as
there are reportedly differences in lipolytic potential across depots (Roy et al. 2022).
Therefore it would be prudent to validate veratridine-induced lipolysis among WAT de-
pots such as axiliary SAT and then to visceral depots such as epididymal /perigonadal
VAT. There is also the potential for veratridine to be used in studies of thermogenesis in
brown adipose depots, which requires experimentation to verify and a new measure of
temperature as output. As only male mice were used here, it is important to characterise
the responses in female mice and investigate sex-based deviations in response and verify

this method is reproducible in females.

The results gained here in mouse will not be immediately representative of other
species physiology without further experimentation. Therefore the current results cannot
be extrapolated to understanding human nervous control of white adipose tissue, which
ultimately research using models such as these, aims to bridge. However, relating to both
reproducibility and flexibility of the model, this approach can easily be applied across
species and should be assessed for interspecific reproducibility in humans to gain more

physiologically translatable and relevant data.

Comparing how relatable mouse versus human adipose explant responses are in terms
of lipolysis would also clarify and potentially solidify the validity of rodent models to effec-
tively study for, ultimately, human-centric issues. While there are known key differences
between human and mouse lipolysis such as adipocyte a2-AR expression and role, litera-
ture has suggested that inguinal and human abdominal adipose is "comparable" in terms
of results (Boérgeson et al. 2022). Further work applying this model in such comparisons
would develop (either prove or disprove) this narrative. As previously mentioned, further
comparison of responses between species may serve to eliminate, or at least reduce, the
need for access to human tissue which can be challenging for many research groups,

while rodents are generally more accessible (provided the identified differences are ac-
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counted for).

Moreover, application of this approach in humans can potentially insight and gen-
erate mitigative opportunities to target issues such as aforementioned catecholamine
resistance, often seen in human obesity. For instance it could help tease apart cate-
cholamine resistance and reveal whether nerve output is dysfunctional, alongside whether
receptors on adipocyte cell surfaces are desensitised, as others found (Valentine et al.
2022; Reynisdottir et al. 1994; Arner 2005), or whether it relates to top-down signalling
through altered adipokine secretion. More than likely, it is a complex combination and

insight using human tissue of obese patients may offer new targets for intervention.

Relating to this, at present, there have been three main approaches to mitigating

obesity in humans. Pharmacotherapies such as dinitrophenol (DNP) (sympathomimetic)
and sibutramine (serotonin-norepinephrine reuptake inhibitor) have been historically used
in an attempt to increase lipolysis via the (3-adrenergic axis. However these imposed
complex side effects, with the use of DNP linked to fatalities and sibutramine having
serious cardiovascular side effects (Grundlingh et al. 2011). Mirabegron has been trialled
as a 33-AR agonist for the induction of thermogenesis in BAT, but was found largely
ineffective in obese patients (Dabrowska et al. 2023). NICE-approved pharmacological
treatments for obesity include orlistat, a lipase inhibitor to reduce the efficiency of lipid
metabolism and thereby calorie reduction (NICE.org). However orlistat is associated
with issues relating to gastric motility and fat-soluble vitamin absorption (Filippatos et
al. 2008).
A recent and high-profile introduction to pharmaceutical weight loss intervention has
been semaglutide (Ozempic ®) and liraglutide diabetic medications, which target GLP-1
receptors in the CNS to reduce appetite and stimulate insulin release (NICE.org). These
drugs are effective, with rapid weight loss, yet often results in weight loss relapse, with
one study suggesting patients gained two-thirds of their weight loss back after a year
of semaglutide withdrawal (Wilding et al. 2022). At present, aside from diet and exer-
cise for weight management, bariatric surgeries present the most efficient and long-lived
means of weight intervention for obesity (BMJ 2023 guidance).

Therefore, in consideration of the above and in light of the projected increases in obesity
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and associated health & economic costs outlined in Chapter 1, there is an apparent need
for developing alternative mitigative treatments for obesity management. Veratridine as
a tool for neurogenic activation in an ex vivo model can therefore be used as a promising
platform for assessing existing pharmaceuticals in pre-clinical trials, opposed (or addi-
tional to) to in vitro cell culture, for responses in a more valid, dynamic setting.
Further to this, additional research exploring the involvement of other receptors and
signalling molecules not investigated here, may illuminate potential new targets for in-
tervention.

Also, through research into nervous innervation and more physiologically representa-
tive lipolysis in adipose tissue, we can develop alternative techniques to overcome the
obesity crisis. For example, there are already suggestions for nerve-stimulating elec-
trotherapies to target nerves and stimulate lipolysis, as has already been applied to treat
conditions such as Parkinson's disease and rheumatoid arthritis, among others (Francois

et al. 2018).

As mentioned within Chapter 2, a promising and fruitful step for future work is to
harness this platform to investigate the impact of veratridine stimulation on measureables
other than lipolysis. Particularly with regard to purinergic involvement, as some literature
that suggests no role in relation to lipolysis, instead find roles relating to a plethora of
other cell processes such as adipokine secretion, gene regulation or lipogenesis (Ali et al.
2018a; Jain et al. 2022; Musovic et al. 2022a; Laplante et al. 2010; Schédel et al. 2004).
Future work should verify whether veratridine-stimulated tissues secrete adipokines, as
has been found in other models in response to application of norepinephrine (Musovic

et al. 2022).

5.2.1.2 Pitfalls

Firstly, the mechanism underpinning veratridine-induced exocytosis remains unresolved,
with findings indicating a Ca?*-independent mechanism. The response is potentially
contingent on Na™ ions, which remains to be established and is recommended research
for follow-up studies. This could mean that other characteristics, such as complete neu-
rotransmitter deployment, alongside reuptake and neuromodulatory mechanisms, differ

from in vivo conditions. Therefore, veratridine-stimulated neurotransmitter release per-
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haps does not represent accurate physiology as desired, and may present a pitfall without
further characterisation.

Other studies using veratridine as a stimulant while applying antagonists typically look
for effects within the same excitable cell type in question, rather than look for evidence
of neurogenic effects on other cells (Soma et al. 2006; Platel et al. 2005). Therefore
characterising veratridine exocytosis is challenging when applying antagonists or Ca®*/
Na't-free media challenge to the whole tissue and isolated nerves may provide more
straightforward means to characterise the mechanism. For example culturing nerves
from sympathetic ganglia that have been shown to innervate the tissue to conduct ex-

periments on Na* dependency.

Leading from this, this project did not provide evidence that neurotransmitters were
released. While | systematically built a solid case, | have not unequivocally shown that
veratridine causes norepinephrine release from neurons, nor have | established what quan-
tities of norepinephrine are released. Further experiments using the culture of neurons
described above and subsequent norepinephrine spillover assays would provide more di-
rect evidence. The release of other co-transmitters was less convincing, therefore in the
same manner, | could also observe whether veratridine does in fact induce NPY or ATP
release in similar spillover studies.

Less specific assays can be performed with the existing methodology to measure the
general quantity of norepinephrine in supernatant, which can be used to detect levels

pre- and post-veratridine stimulation, providing proof of its liberation.

An additional characterisation of the veratridine response after proving release of
norepinephrine would be to probe whether release occurs in pulses, or whether it is
exhaustive. The stimulatory characteristics of veratridine may manifest as continuous
bursts of neurotransmitter release over the 3-hour duration of incubation, or a single
exhaustive expulsion of norepinephrine. If veratridine induces a complete discharge of
neurotransmitter at a timepoint early within the incubation period, neuromodulatory
mechanisms will be redundant, as there is not a continuation of exocytosis events to
regulate. Therefore, what is being observed with veratridine may not be a true reflection

of discrete physiological and regulatory processes that occur within the tissue.
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To challenge this, norepinephrine reuptake mechanisms can be antagonised with the use
of agents such as cocaine to disrupt nerve-mediated norepinephrine reuptake, which can
indicate whether the response is dynamic (Zhu et al. 2022). More direct experimental
measures could be applied, such as initiating the veratridine response, measuring glyc-
erol release, washing and then re-agonising tissues with veratridine to see whether the

response is repeatable.

In light of the above, a consideration of the model overall which ought to be in-
vestigated in future work using veratridine, is that it could be inducing damage to the
nerves, which would make for one single large release. Other studies have exploited
veratridine to this end (Zou et al. 2013). This may potentially explain why there are not
apparent effects of inhibiting exocytosis or any signs of neuromodulatory mechanisms
occurring, as nerves are damaged and releasing their contents in an unregulated fashion.
To identify whether this is occurring, measurement of lactate dehydrogenase content
in the tissue versus a positive and negative control may indicate whether this theory is
correct. Additionally, immunocytochemistry with nerve markers TH or 33-tubulin can
be performed on the tissue post-veratridine exposure to inspect the appearance of the
nerves for signs of damage compared to norepinephrine and controls.

Regardless of whether the nerves are damaged and permeabilised by veratridine, the
application still elicits lipolysis via a, convincingly, catecholamine stimulant. If this is
the case, while not relevant for investigations relating to neuronal feedback mechanisms,
stimulated lipolysis can still be investigated using veratridine to liberate endogenous

stores of norepinephrine, opposed to exogenously applied.

A limitation of the present study, opposed to a pitfall, is that | did not investigate
the role of intracellular calcium signalling at the adipocyte level in general. | thereby did
not determine a baseline for what the overall effects of calcium are in regulating lipolysis
in adipocytes in this system, which complicates interpretation of the purinergic role.
This project therefore has not contributed to understanding the involvement of Ca2™
in lipolysis regulation with specific systematic experiments, which would have provided
value to the scientific community.

To determine the general role of Ca?* in lipolysis regulation in tissue of the inguinal fat

287



pad, stimulation of isolated adipocytes at basal or with norepinephrine under Ca%*-free
conditions, will determine whether the lipolytic response is blunted. Then to challenge
the role of intracellular calcium cascades, artificially increasing/decreasing [Ca®*]i using
drugs such as ryanodine or caffeine/NAADP tetrasodium salt which inhibit or liberate
release of intracellular endoplasmic reticulum stores of Ca?*, respectively, and measure
glycerol release in response. Understanding general Ca®™" effects on lipolysis allows for
understanding purinergic receptor involvement. Using isolated adipocytes would provide
additional clarity as to the roles of the specific P2 purinergic receptors in lipolysis at a
more discrete level than was considered here. Perhaps also probing functionality of the
identified receptors by using FURA-2 AM fluorescent dye to determine whether Ca%*
levels change in response to receptor agonism.

In more general terms, to fully understand the effects of intracellular Ca?* in mouse
white adipocytes, subtypes of adenylyl cyclase present should be identified, as there are
different isoforms of AC which have differing sensitivities to Ca®*, resulting in different
outcomes to activity. For example, AC5 and AC6 are inhibited by Ca?* presence, which
would reduce AC-mediated lipolysis (Cooper 2005; Devasani & Yao 2022), meaning Ca**
signalling in these cases would inhibit cAMP-driven lipolysis. Ultimately, in reflection of
data presented here, adipocyte-level Ca®" effects may be negated when in context of
all other cell types and signalling mechanisms, resulting in no net observable effect on
lipolysis.

This again links back to the fact that lipolysis was the only outcome considered here,
as previously mentioned as a promising future study, but a present pitfall. Experiments
where application of pharmacological agents had no effect on lipolysis, may instead have
effected other cellular processes. Any pharmacological challenge applied must have an
effect on glycerol release for approximation of it's role. For example, while | found pep-
tides like NPY or P2 purinergic receptors appeared to have no impact on lipolysis, there
may be important changes to secretory patterns in adipokine release, which are critical
in top-down signaling signalling, rather than acute alterations in lipolysis (e.g. leptin
and adiponectin). Therefore array assays to detect levels of various adipokines would
be a complimentary line of investigation for a more systemic perspective of metabolic
regulation in white adipose tissue. Additionally, in cases where other researchers have

reported a drug as "having an effect" on lipolysis, they may be measuring intracellular
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AC activity by cAMP increases, or other downstream indicators of lipolysis aside from
glycerol release, which | haven't measured. If changes in intracellular mechanisms occur
post-exposure to a given drug, unless they have a direct effect on the amount of glyc-
erol released within the 3-hour incubation period, they will not be detected, which is a

limitation of the study.

As briefly mentioned at the beginning of this section, a pitfall that befalls any whole-
tissue experiment is detangling the responses when applying compounds, such as ver-
atridine and antagonists, to the whole tissue. The associated complexities of using a
physiologically representative ex vivo model are the equal and opposite drawbacks of the
positives, as without a cell-specific target, the impacts of pharmacological agents will
be shared among other cell types in the tissue. Therefore, in light of the above, char-
acterising the roles of each neurotransmitter should also occur on isolated adipocytes or
using aforementioned 3D culture models to determine approximate response baselines,

as compliment to the whole-tissue approach.

Finally, is veratridine a sound and valid tool for the neurogenic activation of lipolysis?
There are, of course, limitations in any scientific approach, as a model is always a model.
Overall, the model is promising, provided further work is applied to fully characterise the
mechanisms underpinning veratridine as a tool within it. As evidenced throughout this
thesis and chapter, characterisation of exocytosis mechanisms, the stimulatory profile of
veratridine (exhaustive or pulses) and whether or not it induces the release of all neuro-
transmitters, are all outstanding. Discovery of these outstanding points will determine
whether or not this mechanism is sufficiently representative of in vivo conditions, and
could potentially provide a promising alternative to cell culture approaches of investi-
gating metabolism. Therefore, comparison of key findings attained by veratridine could
be validated by repeating in another neurogenic-based model, such as EFS. While the
EFS technique is not free of its own pitfalls, these comparisons would help understand
the veratridine mechanism of action and to ascertain whether this approach represents
a truly valid model. For example, the release and roles of other neurotransmitters, (-
AR receptor subtype involvement and neuromodulatory mechanisms. Validation work

using opotogenetic approaches offers the most physiologically sound way of determining
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a baseline of responses of native neurogenic activation in vivo, with limited introduction
of variables associated with ex vivo work. Optogenetics combined with a tissue-specific
KO model for a given receptor type would allow for in vivo observations of lipolysis and

thereby provide comparison for the veratridine ex vivo response.

5.3 Conclusive remarks

To conclude, the data presented within this PhD thesis suggest that veratridine oper-
ates solely via sympathetic nerves identified via immunocytochemistry within the tis-
sue. Veratridine appears to act via a VGSC, releasing, independently of canonical Ca?*
mechanisms, what characteristically appears to be norepinephrine, as it acts via -ARs
. Specifically, veratridine-evoked lipolysis appears to be contingent on 32-AR subtypes.
This presents an interesting finding and the first reported example where 52-AR has
been the most critical subtype in rodent lipolysis, contrary to literature. No other neu-
rotransmitter investigated was influential on lipolysis, and purinergic signalling appeared
dispensable to lipolysis regulation overall.

Data also suggests that these inductions of lipolysis by norepinephrine are conducted in
a diffuse manner, as immunocytochemistry revealed a casual neuroadipose relationship,
which also appears to be exclusively sympathetic.

Future students and researchers should aim to further characterise the innervation and
neurogenic activation of white adipose tissue, as per the provided suggestions, to fully
develop these techniques for wider use in disease models and human adipose. The
collective data from this project, with particular emphasis on veratridine as a tool in
an ex vivo model, could be harnessed as a platform for drug development instead of,
or complimentary to, existing in vitro cell culture methods, as well as for novel target

identification.
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Figure 7.1: Lymph vasculature. Confocal image illustrating an example of lymph
vasculature captured in optimisation experiments, using a trial of Pecam-1 antibodies
(Alexa 647) additional to IB4 (Alexa 647) and (33-tubulin (Alexa 488), whereby the

distinctive striped pattern is evident. Scale bar represents 100 um.
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Figure 7.2: Severed nerve bundle among adipocytes and vasculature. Confo-
cal image illustrating interaction between a severed nerve bundle (Alexa 405), among
BODIPY-stained adipocytes (green channel) and I1B4-stained vasculature (Alexa 647).

Scale bar represents 100 pum.

350



Figure 7.3: Nerve bundle branching. Confocal image from optimisation experiments
illustrating TH-stained nerve bundles (Alexa 488) appearing to branch away from the

main bundle structure (white arrowheads). Scale bar represents 100 pm.

Table 7.1: Standard deviation values for data presented in this thesis VC vehicle

control, I1SO isoprenaline, NE, norepinephrine, VTD veratridine, CtX conotoxin.

Figure # Group SD value
4.1A Basal 1 hour 0.49
Basal 2 hour 0.76
Basal 3 hour 0.75
Basal 4 hour 0.79
4.1C VC 3.04
ISO 10 uM 5.11
NE 10 uM 11.33
4.2B VC 1 hour 2.58
VC 2 hour 2.39
VC 3 hour 2.55
NE 1 hour 4.18
NE 2 hour 3.5
NE 3 hour 3.28
4.3A VC 4.07
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Continuation of Table 7.1

Figure # Group SD value

VTD 10 uM 5.99

VTD 50 uM 7.01

VTD 100 uM 3.81

4.3B VC 2.36
NE 2uM 2.98

VTD 100 pM 2.93

4.3C VC 1 hour 1.06
VC 2 hour 3.17

VC 3 hour 4.38

VTD 1 hour 3.15

VTD 2 hour 3.86

VTD 3 hour 6.15

4.3D 1% DMSO 3.35
Control 2.78

4.4A VC 2.29
VTD + TTX (1 uM) 3.8

VTD 6.68

4.4B VC 2.21
TTX 1uM 2.67

4.4C NE 61.64
VTD 5.7

VC 5.64

4.5A VC 3.79
VC + propranolol 10 uM 0.85

VTD 1.28

VTD -+ propranolol 10 M 5.19

4.5B VC 2.55
Veratridine VC + propranolol 10 uM 2.73
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Continuation of Table 7.1

Figure # Group SD value
Tetrodotoxin NE 1.45
Propranolol NE + propranolol 10 uM 491

4.5C VC 1.33
VC + sotalol 10 uM 1.32
VC + sotalol 100 uM 1.64
VTD 6
VTD + sotalol 10 uM 4.87
VTD + sotalol 100 uM 5.14
4.6A i VC 2.76
VC + CGP20712 (1uM) 2.77
VC + CGP20712 (10uM) 3.9
VTD 6.4
VTD + CGP20712 (11M) 6.34
VTD + CGP20712 (10uM) 5.21
4.6A ii VC 2.08
VC + ICI118551 (1 pM) 1.48
VC + ICI118551 (10 uM) 2.36
VTD 6.46
VTD + ICI118551 (1 uM) 1.57
VTD + ICI118551 (10 uM) 1.89
4.6A iii VC 1.19
VC + L748337 (1uM) 6.25
VC + L748337 (10uM) 3.02
VTD 7.82
VTD + L748337 (1uM) 3.76
VTD + L748337 (10u:M) 4.11
4.6B i VC 0.94
VC + CGP20712 (1uM) 1.55
VC + CGP20712 (10uM) 1.65
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Continuation of Table 7.1

Figure # Group SD value
NE 4.36
NE + CGP20712 (11M) 9.14
NE + CGP20712 (10uM) 4.37
4.6B ii VC 1.83
VC + ICI118551 (1 uM) 2.24
VC + ICI118551 (10 pM) 0.85
NE 10.13
NE + ICI118551 (1 uM) 8.99
NE + ICI118551 (10 uM) 9.54
4.6B iii VC 2.58
VC + L748337 (1uM) 8.3
VC + L748337 (10uM) 6.39
NE 11.31
NE + L748337 (1uM) 9.38
NE + L748337 (10uM) 8.22
4.6C i NE 30.63
NE + CGP20712 (1 uM) 41.72
CGP20712 (1 uM) 0.94
4.6C ii NE 42.01
NE + ICI118551 (1 uM) 48.84
ICI118551 (1 ;M) 1.48
4.6C iii NE 87.87
NE + L748337 (1 uM) 78.62
L748337 (1 uM) 53.61
4.7 VC 2.55
VC + propranolol (10 uM) 2.73
L748337 (10 M) 7.98
L748337 (10 uM) + propranolol (10 M) 6.94

354



Continuation of Table 7.1

Figure # Group SD value

4.8A VC 4.37
VC + SR59230A (1uM) 1.54

VC + SR59230A (10u:M) 2.39

VTD 7.21

VTD + SR59230A (1uM) 6.21

VTD + SR59230A (10uM) 2.13

4.8B VC 2.17
VC + SR59230A (1uM) 2.2

VC + SR59230A (10uM) 3.24

NE 0.77

NE + SR59230A (1uM) 5.24

NE + SR59230A (10u:M) 1.36

4.8C NE 10.27

NE + SR59230A (1uM) 12.05

SR59230A (1uM) 22.37

4.9A VC 7.93
VC + CtX GVIA (1uM) 3.19

VC + CtX GVIA (10uM) 3.37

VTD 5.05

VTD + CtX GVIA (1uM) 4.15

VTD + CtX GVIA (10uM) 3.44

4.9B VC 1.14
VC 4 CtX MVIIC (1uM) 5.07

VC 4+ CtX MVIIC (10pM) 1.71

VTD 1.85

VTD + CtX MVIIC (1uM) 6.48

VTD + CtX MVIIC (10pxM) 6.06

4.9C VC 1.3
VC + clindipine (1uM) 0.24
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Continuation of Table 7.1

Figure # Group SD value
VC + clindipine (10xM) 4.43
VTD 0.59
VTD + clindipine (1uM) 1.08
VTD + clindipine (10:M) 1.86
4.9D VC 1.67
VC + nifedipine (10uM) 0.61
VC + nifedipine (100:M) 3.92
VTD 3.57
VTD + nifedipine (10:M) 1.75
VTD + nifedipine (10uM) 4.01
4.10A VC 4.07
VC + CGP37157 (10:M) 4.53
VC + CGP37157 (20uM) 4.52
VTD 6.58
VTD + CGP37157 (10:M) 3.09
VTD + CGP37157 (20uM) 4.21
4.10B VC 9.1
VC + KB-R7943 (1:M) 8.04
VC + KB-R7943 (101M) 5.71
VTD 1.55
VTD + KB-R7943 (11M) 3.31
VTD + KB-R7943 (10u:M) 7.05
4.11 VC 0.74
VC + yohimbine (1um) 7.37
VC + yohimbine (104m) 0.67
VTD 5.01
VTD + yohimbine (1xm) 1.94
VTD + yohimbine (10um) 4.31
4.12 VC 5.77
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Continuation of Table 7.1

Figure # Group SD value
VC + A317491 (10 uM) 5.18
VTD 7.27
VTD + A317491 (10 uM) 7.68
4.13A VC 1.29
VC + BIBN 4096 (100 nM) 1.09
VC + BIBN 4096 (1 ;M) 1.01
VTD 2.32
VTD + BIBN 4096 (100 nM) 3.44
VTD + BIBN 4096 (1 uM) 3.1
4.13B VC 1.61
VC + CP-96345 (100 nM) 3.37
VC + CP-96345 (1 uM) 2.47
VTD 3.74
VTD + CP-96345 (100 nM) 4.23
VTD + CP-96345 (1 uM) 4.06
4.14A VC 2.89
VC + BIBO 3304 (1 uM) 4.17
VTD 5.17
VTD + BIBO 3304 (1 uM) 5.13
4.14B VC 2.89
VC + BIIE 0246 (1 uM) 1.35
VTD 5.17
VTD + BIIE 0246 (1 uM) 5.13
4.14C VC 4.18
VC + L-152804 (1 uM) 4.99
VC + L-152804 (10 uM) 2.95
VTD 2.88
VTD + L-152804 (1 uM) 2.68
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Continuation of Table 7.1

Figure # Group SD value
VTD + L-152804 (10 uM) 4.31
4.15A VC 2.8
VC + suramin (100 pm) 2.11
VTD 5.64
VTD + suramin (100 zm) 4.81
4.15B VC 2.56
VC + PPADS (100 pm) 3.85
VTD 5.17
VTD + PPADS (100 pm) 5.00
4.15C VC 1.00
VTD + PPADS (100 um) 1.35
NE 5.25
NE + PPADS (100 ym) 3.53
4.18A VC 4.22
VC + PSB-12062 (10 uM) 3.56
VTD 3.62
VTD + PSB-12062 (10 uM) 7.69
4.18B Ve 4.22
VC + MRS 2578 (10 uM) 2.36
VTD 3.62
VTD + MRS 2578 (10 uM) 5.87
4.19A VC 2.44
VC + ATP (100uM) 2.53
VC + ADP (1001:M) 2.6
VC + UTP (100 uM) 1.34
VC + UDP (100 pM) 1.88
4.19B VC 2.44
NE + ATP (100u:M) 6.92
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Continuation of Table 7.1

Figure # Group SD value

NE + ADP (100uM) 6

NE + UTP (100 uM) 7.32

NE + UDP (100 xM) 2.98

NE 6.84

4.19C VC 1.38
VC + ATP (1mM) 1.7

VC + ADP (1mM) 2.57

VC 4+ UTP (1mM) 1.23

VC + UDP (1mM) 3.37

4.19D VC 1.38

NE + ATP (1mM) 5.14

NE + ADP (1mM) 0.92

NE + UTP (1ImM) 5.44

NE + UDP (1mM) 9.47

NE 6.58

4.20A VC 3.26

ATP (100 M) + ARL67156 (100 M) 1.75

ATP (100 puM) 2.25

ADP (100 uM) + ARL67156 (100 M) 4.71

ADP (100 uM) 1.59

UTP (100 zM) + ARL67156 (100 M) 1.08

UTP (100 pM) 1.36

UDP (100UM) + ARL67156 (100 M) 1.29

UDP (100 puM) 2.89

4.20B VC 3.26

VC + ARL67156 (100 uM) 1.58

NE 13.43

NE + ARL67156 (100 pM) 8.69

4.21 VC 1.68
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Continuation of Table 7.1

Figure # Group SD value
VC + apyrase (10U/mL) 1.39
NE 8.58
NE + apyrase (10U/mL) 2.76
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