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Abstract

While the central nervous system (CNS) plays a critical role in the regulation of
homeostasis, most of the CNS is isolated from constituents of the periphery by a blood-brain-
barrier (BBB). The subfornical organ (SFO) is a specialised structure known as a sensory
circumventricular organ (sensory CVVO) which lacks a BBB, expresses a wide variety and density
of membrane receptors, and sends projections to numerous nuclei critical in regulation of
homeostasis. Thus the SFO is situated to sense and integrate information about the physiological

state of the body and transduce this information to homeostatic control centres in the CNS.

The manuscripts comprising this thesis are focused on investigation of the regulation of
the rat SFO to maintain homeostasis. In the first manuscript, we investigated the effect of
overnutrition in the postnatal pre-weaning stage on gene expression in the SFO by RNAseq, and
observed significantly altered expression of 12 transcripts. In the second manuscript, we
combined the transcriptomics data from the first chapter with expression data from a previously
published microarray study to produce a list of ion channels and G-protein-coupled receptors
expressed within the SFO. We also investigated voltage-gated K*, Na*, and Ca?* currents in SFO
neurons, and validated the presence of receptors for the peptide hormones substance P,
endothelin, and neurotensin via electrophysiology, in an effort to correlate gene expression data
with physiology. Due to the markedly high expression of receptors for neurotensin revealed by
the transcriptomics data, in the third manuscript we investigated the electrical effects of
neurotensin on SFO neurons. Patch clamp electrophysiology experiments revealed that
neurotensin increases the electrical excitability of SFO neurons via an increase in nonselective

cation conductance and attenuation of delayed-rectifier voltage-gated K* currents.



Together, these manuscripts represent a significant contribution to our knowledge of the
regulation of SFO neurons, thereby improving our understanding of the CNS regulation of
homeostasis. We expect these data to be of particular interest to researchers focused on the

physiology of homeostasis and the treatment of obesity, hypertension, and metabolic syndrome.
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1. Introduction

This thesis is comprised of three manuscripts investigating the role of the subfornical
organ (SFO) in central regulation of homeostasis (Chapters 2-4). In chapter 2, we examined the
effects of early postnatal overnutrition using a small litter model (from birth to weaning) on gene
expression in the SFO using RNAseq. In chapter 3, we mined transcriptomic data from the
control group in the second chapter and from the control data of a previously published SFO
microarray transcriptome (Hindmarch et al., 2008) to develop a validated list of ion channel and
G-protein-coupled receptor (GPCR) transcripts expressed in the SFO. The ion channels and
GPCRs expressed within the SFO can give us insight in to the intrinsic electrical properties of
SFO neurons and the mechanisms behind them, as well as the sensing ability of the SFO.
Furthermore, the validated transcriptome data provided us with a list of GPCRs and ligand-gated
ion channels known to be expressed, but whose activity at the SFO is unexplored. From this list
we noted a particular high level of expression of two receptors for neurotensin: NTSR2 and
NTSR3. Therefore, in the fourth chapter we studied the electrical effects of neurotensin on
dissociated SFO neurons using whole cell patch clamp electrophysiology. This research will be
of particular interest to those investigators focused on the central regulation of homeostasis and
the perturbations of these systems in human health issues including obesity, hypertension, and

metabolic syndrome.

1.1. Obesity

Self-reported adult obesity rates in Canada have increased from 17.9% in 2009 to 27.8%
in 2017 (Statistics Canada, 2015, 2019) and are predicted to increase worldwide in coming years
(Twells et al., 2014). The increasing availability of palatable high-fat, high-sugar foods, larger

portion sizes (Nielsen and Popkin, 2019), and technological advances which have lead to a



decreased need for physical activity (Epstein et al., 2000) are most often cited as the major
causes of the obesity epidemic. The increase in obesity is of particular concern as excess body fat
is associated with increased risk for type Il diabetes (Ohlson et al., 1985; Lundgren et al., 1989),
hypertension (Berchtold et al., 1977), heart disease (Berchtold et al., 1977), and some cancers
(Calle et al., 2003). In addition to personal health and quality of life concerns, obesity places a
burden on healthcare systems. In Canada, obesity-related healthcare spending is estimated
between 4.6 to 7.1 billion dollars annually (~4% of the health care budget (Public Health
Agency of Canada and Canadian Institute for Health, 2011)). Considering these factors, there is
an urgent need for the development of improved prevention strategies and treatments for obesity,
and the first steps include gaining a better understanding of the central nervous systems (CNS)

that regulate homeostasis.

1.1.2. Predisposing factors

Obesity is caused by an imbalance of energy intake versus expenditure leading to positive
energy balance, typically by overeating and under exercising. While the apparent solution is to
correct this imbalance via decreasing food intake and increasing exercise, this solution fails for
many due to a combination of physiological and psychological factors (Herriot et al., 2008).
There are many factors which complicate the effective treatment of obesity, including genetic,
environmental, and physiological components. In a small number of cases, a single loss-of-
function mutation in an important energy balance gene can cause severe obesity. For example,
loss-of-function of the satiety hormone leptin or its receptor results in persistent hunger and as a
consequence unsuppressed feeding in humans (Froguel et al., 1998) and rodent models
(Pelleymounter et al., 1995). Similar effects are seen in loss-of-function mutations in other genes

such as the melanocortin receptor 4 (MC4R) (Kobayashi et al., 2002) and proopiomelanocortin



(POMC) (YYaswen et al., 1999), a precursor to the satiety signal a-melanocyte stimulating
hormone («MSH) (Biebermann et al., 1998). Even the presence of one functional copy of these
genes may not fully rescue the phenotype, producing individuals with variable severity of obesity
for some genes (Valette et al., 2014). More commonly, predisposition toward obesity is inherited
in functional variants of energy balance genes. Genome-wide association studies have identified
single nucleotide polymorphisms in as many as 870 genes associated with obesity, including
those with verified roles in regulation of energy balance (Locke et al., 2015; Akiyama et al.,
2017; Yengo et al., 2018). However, genetic variability in these genes explains only 5% of BMI
variance (Yengo et al., 2018), suggesting that other factors play a larger role in the current

obesity epidemic.

Once an individual becomes obese, physiological changes make weight loss more
difficult (McNay et al., 2012). While many obese people show increased serum levels of the
satiety hormone leptin (Considine et al., 1996), this is proposed to occur in parallel to central
leptin resistance (Frederich et al., 1995), preventing feelings of fullness and ultimately acting to
promote continued overfeeding. Similarly, some obese individuals show varying levels of
resistance to insulin (Yamashita et al., 1996), which also acts as a satiety signal at the CNS (Brief

and Davis, 1984).

In addition to genetic predisposition and adult physiological changes, overnutrition at
both prenatal and early postnatal stages are associated with the development of obesity (Shankar
et al., 2008; Habbout et al., 2012) and related conditions such as hypertension (Campbell et al.,
1996; Yim et al., 2013) and perturbations of glucose homeostasis (Siemelink et al., 2002) in
adulthood, though this thesis will focus only on the effects of early postnatal overnutrition. The

propensity toward obesity due to early overnutrition is in part due to alterations of energy



balance circuits. Rodent studies show that early postnatal high fat diets results in fewer
anorexigenic and orexigenic projections from the arcuate nucleus of the hypothalamus (ARC) to
the paraventricular nucleus of the hypothalamus (PVN) (Schipper et al., 2013). However, within
the ARC and the PVN, orexigenic galanin neuron densities are increased (Plagemann et al.,
1999a, 1999b). The response of neurons to energy balance signalling molecules are also altered
in some cases: early postnatal overnutrition results in weaker responses to leptin and insulin
(Davidowa and Plagemann, 2007; Glavas et al., 2010), and inverse effects of the anorexigenic
signals cocaine-amphetamine regulated transcript (CART), NPY, and corticotropin releasing
hormone in hypothalamic neurons (Davidowa et al., 2003, 2004; Davidowa and Plagemann,
2004). Notably, much of the research on the effects of early postnatal overnutrition on central
regulation of energy balance has focused on hypothalamic centres (see section 1.2), however
several nuclei outside the hypothalamus such as the ventral tegmental area (VTA) and sensory
circumventricular organs (sensory CVOs) also contribute to energy balance (Contreras et al.,
1982; Cador et al., 1986; Smith et al., 2008). This will be further explored with a focus on gene

expression (Chapter 2).

The genetic, environmental, and physiological influences make the treatment of obesity
surprisingly complex. Unravelling the ways in which energy balance homeostasis is altered in
obese individuals can aid in the prevention and treatment of obesity. However, to decipher the
ways in which the CNS regulation of energy balance is altered to promote obesity, we first need

to understand how these systems work in a healthy individual.

1.2. CNS hypothalamic regulation of energy balance
Multiple hypothalamic nuclei contribute to the regulation of energy balance. Early lesion

studies identified the lateral hypothalamus (LH), ventromedial nucleus (VMN), and later the



PVN as key nuclei coordinating energy balance: lesions of the LH reduce feeding and body
weight (Boyle and Keesey, 1975; Grossman et al., 1978), whereas the VMN lesions have the
reverse effect (Anand and Brobeck, 1951). At that time the LH and VMN were thought to be the
major sites for regulation of energy balance. However, other nuclei were also shown to play
important roles: lesions of the PVN also cause hyperphagia and increased body weight (Sims and
Lorden, 1986). Furthermore, the PVVN sends efferent projections to the medulla which modulate

gastric motility (Saper et al., 1976; Rogers and Hermann, 1987).

Since the 1980s, the ARC has been recognised as a major regulator and possibly the main
coordination centre of energy balance. The ARC contains 2 main populations of neurons
involved in regulation of energy balance, both of which send axonal projections to the LH,
VMN, and the PVN (Broberger et al., 1998; Wang et al., 2015): anorexigenic POMC/CART
neurons, and orexigenic NPY/agouti-related peptide (NPY/AgRP) neurons. POMC/CART and
NPY/AgRP neurons are thought to act antagonistically to suppress and promote feeding,
respectively (Yaswen et al., 1999; Aponte et al., 2011). NPY/AgRP neurons also send inhibitory
synaptic connections to POMC/CART neurons which allow inhibition of anorexigenic signals
when orexigenic signals are detected (Roseberry et al., 2004; Atasoy et al., 2012). Critical energy
balance signals also act in opposing ways on these neurons to promote a unified message. The
satiety signal leptin depolarises POMC/CART neurons and promotes expression of its
anorexigenic signals (Qiu et al., 2010), while hyperpolarising NPY/AgRP neurons to decrease
inhibitory input to POMC/CART neurons (Baver et al., 2014). Conversely, the hunger hormone
ghrelin activates NPY/AgRP neurons while also acting on POMC/CART neurons to inhibit
firing (Cowley et al., 2003). However, leptin and ghrelin are produced outside the CNS (Zhang

etal., 1994; Kojima et al., 1999) and as large peptide hormones are not capable of passively



crossing the blood-brain barrier (BBB), as are numerous other homeostatic signalling molecules.

How then do these nuclei monitor energy balance?

1.3. The blood-brain-barrier protects and isolates the CNS

Most areas of the CNS, including the hypothalamus is protected via a BBB composed of
tight junctions between endothelial cells and astrocyte end-feet (Figure 1.1A and B) (Reese and
Karnovsky, 1966). The BBB prevents polar molecules and macromolecules from freely passing
in to the interstitial fluid between neurons, allowing for tighter regulation of the internal
environment of the brain (Figure 1.1B). Herein lies a paradox in that the CNS is also critical in
the maintenance of homeostasis, which requires monitoring of signals in the circulation from
other systems, including signalling molecules such as peptides and large hormones which cannot

normally cross the BBB.

Some molecules may pass the BBB via passive diffusion (Fischer et al., 1998), though
this is not possible for some larger hydrophilic signals. A limited number of signalling molecules
are specifically moved across the BBB via a saturable transporter, for example leptin (Koistinen
et al., 1998) and insulin (Duffy and Pardridge, 1987). There are also some situations where the
BBB can become “leaky”, such as during inflammation (Reijerkerk et al., 2013), some
pathological states such as Alzheimer’s (Sun-young et al., 2013) and lupus (Alexander et al.,
2011), as well as in periventricular areas in mice which show a leaky choroid plexus (Ueno et al.,
2000). However, in these scenarios the BBB is not consistently and non-specifically open, posing

a problem for the prompt detection of signals of the physiological state of the periphery.



1.4. Sensory circumventricular organs lack a blood-brain-barrier

Sensory CVOs are unique structures in that they lack a BBB. Sensory CVOs are located
adjacent to ventricles, and contain extensive vasculature and fenestrated capillaries to facilitate
movement of blood and cerebrospinal fluid across sensory CVO cell bodies (Gross, 1992).
Sensory CVO vasculature slows perfusion of blood across the CVOs, thereby allowing blood and
important signals contained therein to come in contact with the CVO cell bodies for longer
(Gross, 1991). Furthermore, sensory CVOs express a large variety of peptide and hormone
receptors (Hindmarch et al., 2008; Szathmari et al., 2013), and send many projections to
important homeostatic control centres (Phillips and Camacho, 1981; Lind et al., 1982; Shapiro
and Miselis, 1985), positioning them as detectors and transducers of the body’s physiological
state. Three sensory CVOs exist in the mammalian brain: the organum vasculosum of the lamina
terminalis (OVLT) in the anterior wall of the 3" ventricle, the area postrema (AP) in the
brainstem, and the SFO in the anteroventral 3" ventricle (Figure 1.2). The present studies will

focus on the SFO and its roles in homeostasis.

1.5. The subfornical organ

1.5.1. Anatomy of the subfornical organ

The SFO is a sensory circumventricular organ with well-established roles in regulation of
cardiovascular output (Mangiapane and Simpson, 1983; Dai et al., 2013; Black et al., 2018),
hydromineral balance (Felix, 1976; Mangiapane and Simpson, 1980; Oka et al., 2015), energy
balance (Smith et al., 2008, 2010), and lesser roles in immune function (Roth et al., 2002;
Cerqueira et al., 2016) and reproduction (Limonta et al., 1981; Donevan et al., 1989). In line with
these roles, the SFO sends axonal projections to homeostatic centres including the median

preoptic nucleus (MPN) (Lind et al., 1982, 1984), the PVN (Miselis, 1982), the supraoptic



nucleus (SON) (Lind et al., 1982; Sawchenko and Swanson, 1983), the ARC, (Gruber et al.,
1987; Whyment et al., 2004), the LH (Burton et al., 1976; Miselis, 1982), the bed nucleus of the
stria terminalis (BNST) (Swanson and Lind, 1986; McKinley et al., 2003; Hollis et al., 2008) and
the OVLT (Lind et al., 1982). The SFO also receives synaptic input from many of these areas
including the LH, the ARC (Rosas-Arellano et al., 1996), the MPN (Gruber et al., 1987), the

nucleus of the solitary tract (NTS) (Miselis, 1982), the PVN, and the SON (Gruber et al., 1987).

The SFO can be separated into two regions with differences in anatomy, protein
expression, and subtle differences in electrical behaviour: the rostrodorsal outer shell or
peripheral SFO (hereafter referred to as shell SFO), and the ventromedial core (hereafter referred
to as core SFO) (Figure 1.3). Anatomically, the shell and core SFO regions differ in both
capillary structure and projections. The core SFO contains a dense network of long capillaries
with considerable surface area; in contrast, the shell SFO has narrower capillaries (Gross, 1991).
Whereas the shell SFO sends axonal projections to hypothalamic centres such as the
magnocellular cells of the PVN (Kawano and Masuko, 2010), the LH, and the SON, the core
SFO region primarily projects to the limbic BNST (Swanson and Lind, 1986; McKinley et al.,
2003; Hollis et al., 2008) in addition to hypothalamic nuclei including the parvocellular cells of
the PVN (Kawano and Masuko, 2010). The different projections from neurons in these zones
suggest there are distinct physiological roles for the core and shell SFO. Notably, the
magnocellular cells of the PVN secrete the neurohormones oxytocin and vasopressin via the
posterior pituitary (Lobo Antunes and Zimmerman, 1978), whereas the parvocellular cells of the
PVN secrete corticotropin releasing hormone (Paull and Gibbs, 1983; Piekut and Joseph, 1986),
vasopressin (Piekut and Joseph, 1986), and thyrotropin-releasing hormone (Liposits et al., 1987)

on to the anterior pituitary.



The differences between the core and shell regions are also reflected in the expression of
various proteins. Although the physiological significance is not yet clear, the expression profile
of calcium binding proteins calbindin and calretinin is distinct between shell and core SFO
neurons, such that shell SFO neurons express calretinin and core SFO neurons express calbindin.
This allows shell and core SFO neurons to be readily distinguished by their expression of
calretinin and calbindin (McKinley et al., 2003; Huang et al., 2019), respectively. Differences
also exist in the expression of angiotensin Il (Lind et al., 1984), and its receptor (Lenkei et al.,
1995; Giles et al., 1999), the former which shows increased expression in the shell SFO, and the
latter which is more densely expressed in the core SFO. Furthermore, expression differences
between shell and core SFO cells are not limited to neurons, as differential expression is also
evident in glial cells and SFO vascular elements (Pdcsai and Kalman, 2015). The distribution of
proteins in the shell and core SFO continues to be investigated, as these differences likely
underlie the differences in electrical behaviour and physiological roles between shell and core

SFO neurons (Lind et al., 1984; P6csai and Kalman, 2015; Huang et al., 2019)

Using an RNA gold nanoparticle molecular beacon probe to label calbindin in live
neurons, Huang et al. examined the differences in electrical properties of calbindin-positive
versus calbindin-negative neurons via patch clamp electrophysiology (Huang et al., 2019). In
general, a greater proportion of calbindin-positive neurons were spontaneously active than
calbindin-negative neurons, though they on average fired less. The firing pattern between
spontaneous calbindin and non-calbindin neurons also differed, as calbindin neurons showed a
propensity to burst firing as opposed to tonic firing. The increased spontaneous activity may be
related to the mean more depolarised resting membrane potential in core neurons and their

increased transient Na* current density. These properties represent average differences between



the core and shell populations, and cannot necessarily be used to identify individual neurons, as
these two populations overlap in these properties. Similarly, Anderson et al. (Anderson et al.,
2001) examined the electrophysiological properties of SFO neurons projecting to the PVN and
observed increased transient K* currents, but noted that this property, while ubiquitous in those
neurons, was not unique enough to distinguish them by K* current alone (Anderson et al., 2001).
For this reason, divergent protein expression remains a more effective tool for separating SFO

neuron subtypes.

1.5.2. Differential receptor expression in the subfornical organ

In line with its role as a sensor of physiological state, the SFO expresses an abundance of
receptors for signalling molecules. A microarray study which examined the effects of fasting and
water restriction on gene expression in the SFO revealed the expression of numerous receptors,
including multiple receptors known to be involved in energy balance and blood pressure

regulation (Hindmarch et al., 2008). Receptor expression will be further discussed in chapter 3.

The SFO contains several subpopulation of cells, in which individual neurons may
express only a subset of the transcripts discovered via microarray (Hindmarch et al., 2008) and
RNAseq (Chapters 2 and 3). Multiple studies show only a proportion of SFO neurons respond to
any particular signalling molecule (Ono et al., 2008; Dai et al., 2013; Lakhi et al., 2013; Black et
al., 2018; also explored in chapter 4), and that subsets of SFO neurons may have opposing
responses to the same signal (Dai et al., 2013; Lakhi et al., 2013; Black et al., 2018), due to the
complement of ion channels expressed within them. For example, insulin (Lakhi et al., 2013),
brain-derived neurotrophic factor (Black et al., 2018), and apelin (Dai et al., 2013) elicit either a
depolarising, hyperpolarising, or no response in dissociated SFO neurons. In some cases, the

ability to respond to a specific signal is reflected along the anatomic lines: leptin receptors are
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preferentially expressed in the core SFO (Smith et al., 2008) whereas vasopressin receptors are
preferentially expressed in the shell SFO (McKinley et al., 2003). The differing behaviours of
SFO neurons to signals may also be connected to differing physiological responses:
photoactivation of SFO neurons shows some SFO neurons acts to drive thirst whereas others

supress it (Oka et al., 2015).

1.5.3. The subfornical organ contributes to osmoregulation and regulation of cardiovascular
output

One of the first established roles for the SFO to detect circulating angiotensin to modulate
blood pressure and thirst (Mangiapane and Simpson, 1980). Direct microinjection of angiotensin
Il to the SFO was shown to increase blood pressure and water drinking (Mangiapane and
Simpson, 1979, 1980), which was reduced by SFO lesion (Massi et al., 1986; Mumford et al.,
1989). Stimulation of the SFO results in greater vasopressin release (Ferguson and Kasting,
1986), via projections to SON (Wilkin et al., 1989) and excitatory projections to PVN
vasopressin neurons (Tanaka et al., 1987; Ferguson, 1988). The magnocellular neurons of the
PVN and SON release vasopressin and oxytocin as neurotransmitters on to the posterior pituitary
(Brimble et al., 1978), whereas the PVVN parvocellular neurons which release vasopressin as a
neurotransmitter on the anterior pituitary (Brimble et al., 1978), and send axonal projections to
the median eminence (Ferguson et al., 1984a), medulla (Ferguson et al., 1984b), the spinal cord
(Bains and Ferguson, 1995) including preganglionic cells of the autonomic nervous system
(Swanson and Kuypers, 1980). The end result of angiotensin-biding at the SFO is release of
vasopressin in to the circulation to increase blood pressure via vasoconstriction (Friedman and
Pauls, 1952) and to regulate water homeostasis via the renal system (Ganote et al., 1968), and

potentially activation of the sympathetic nervous system and modulation of the baroreceptor
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reflex (Townend et al., 1995; Potts et al., 1999; Sayk et al., 2015). Furthermore, circulating
vasopressin acts on the SFO to decrease blood pressure (Smith and Ferguson, 1997) in a negative
feedback loop of the renin-angiotensin system. Since these seminal experiments, research has
shown the SFO to affect cardiovascular output and hydromineral balance in response to a variety
signalling molecules (Simpson and Routtenberg, 1972; Wall et al., 1992; Smith et al., 2007;
Smith and Ferguson, 2012; Dai et al., 2013; Kuksis et al., 2014; Cerqueira et al., 2016; Black et
al., 2018), allowing the SFO to detect numerous signals from multiple peripheral and central

sites, and integrate these signals to produce the appropriate output to homeostatic control centres.

Many of the signals which modulate the electrical activity of SFO neurons also have
demonstrated roles in other aspects of homeostasis: leptin (Smith et al., 2008; Smith and
Ferguson, 2012), ghrelin (Mimee et al., 2013), and adiponectin (Alim et al., 2010) alter the
electrical excitability of SFO neurons and modulate cardiovascular output at the SFO, but also
have roles in energy balance (Rentsch et al., 1995; Nakazato et al., 2001; Polson and Thompson,

2003).

1.5.4. The subfornical organ contributes to regulation of energy balance

Early research hinted at a role for the SFO in regulation of energy balance. The SFO
sends and receives projections to and from numerous homeostatic nuclei implicated in energy
balance, including the LH (Burton et al., 1976; Miselis, 1982; Gruber et al., 1987), PVN
(Miselis, 1982; Larsen et al., 1991; Cottrell and Ferguson, 2004), and ARC (Gruber et al., 1987,
Rosas-Arellano et al., 1996; Whyment et al., 2004). Furthermore, an early SFO lesion study
which was primarily focused on fever also noted changes in feeding and body fat (Takahashi et
al., 1997). More recently, numerous studies have confirmed that SFO is involved in energy

balance and begun to investigate the mechanisms by which the SFO contributes to energy
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homeostasis. A transcriptome of the SFO by microarray uncovered the expression of receptors
for key signalling molecules with known roles in regulation of energy balance, including leptin,
amylin, and insulin (Hindmarch et al., 2008). Electrophysiology studies have since confirmed
that leptin (Smith et al., 2008), ghrelin (Pulman et al., 2006), and insulin (Lakhi et al., 2013),
among other feeding signals (Pulman et al., 2006; Ono et al., 2008; Alim et al., 2010) can alter
the electrical excitability of SFO neurons. Importantly, electrical stimulation of the SFO induces
feeding in satiated rats (Smith et al., 2010). Thus, in recent years it has become clear that in
addition to its roles in the osmoregulation and cardiovascular output, the SFO can sense
circulating satiety and transduce this information to other nuclei to affect behaviour. However,
many receptors revealed by microarray (Hindmarch et al., 2008) and RNAseq (chapters 2 and 3)
as expressed in the SFO have not yet been investigated, including those whose ligands have roles

in regulation of energy balance.

1.6. The neuromedin family of signalling peptides

In the second and third chapter of this thesis, we performed RNAseq on the rat SFO and
developed a list of ion channels and GPCRs with validated expression in the SFO. One family of
receptors we observed to be strongly expressed in the SFO, which were not previously studied at
the SFO, were the neuromedin family of receptors. The first neuromedin was extracted from
porcine spinal cord and dubbed neuromedin U for its ability to stimulate contractile effects when
injected in to a rodent uterus (Minamino et al., 1985). Numerous neuromedins were
subsequently discovered (Leeman, 1973; Kangawa et al., 1983; Minamino et al., 1983) and can
now be divided in to 4 subgroups: 1. the bombesin-like neuropeptides neuromedin B and C, 2.
the tachykinin-like neuropeptides neuromedin K and L, 3. the neurotensin-like neuropeptides

neurotensin and neuromedin N, and 4. neuromedin U-like neuropeptides neuromedin U and S.
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Among these, the highest level of expression observed in the SFO was for neurotensin receptors.
Therefore, to investigate the role of neurotensin receptors at the SFO, in the fourth chapter we

examined the electrical effects of neurotensin application to dissociated SFO neurons.

1.6.1. Neurotensin

The neurotensin peptide was first extracted from bovine hypothalamus in 1973, in a study
where the authors describe neurotensin to have a powerful hypotensive action in rodents
(Carraway and Leeman, 1973). However, further research revealed that the effect of neurotensin
on blood pressure can be variable depending on species: in rodents and dogs, both coronary and
intracerebroventricular injections of neurotensin decreases blood pressure (Carraway and
Leeman, 1973; Ertl et al., 1993), whereas the opposite is seen resulting from intravenous or
intracerebroventricular injections guinea pigs (Kérouac et al., 1981). In humans, intravenous
injection of neurotensin does not appear to effect blood pressure, though the doses used were
lower than all but the lowest dose used in coronary injections in dogs (0.004-0.03 pg/kg/min in
humans vs 0.03-3 pg/kg/min) (Blackburn et al., 1980b; Rosell et al., 1980), which may explain
the absence of a response to intravenous injection of neurotensin in humans. As
intracerebroventricular injections are an invasive technique, it is not typically used for basic
research in humans, and is typically reserved for research in to treatment of neurodegenerative
disorders (Miller et al., 2012) or gliomas (Merchant et al., 1992). Thus it is not clear how
neurotensin in the brain effects blood pressure in humans. However, intravenous injection of
neurotensin in humans causes vasoconstriction specifically within adipose tissue (Rosell et al.,
1980), an effect also seen in dogs (Rosell et al., 1978), indicating some concordance between
humans and animal models. Furthermore, neurotensin’s effects on blood pressure are

complicated: some studies show bi- and triphasic effects on blood pressure in rats (Oishi et al.,
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1981; Rioux et al., 1982). While intracerebroventricular injection of neurotensin (Rioux et al.,
1981) and direct injection of neurotensin to the NTS (Kubo and Kihara, 1990; Ciriello and
Zhang, 1997) both decrease blood pressure in rats, direct injection of neurotensin to the VTA
potentiates the hypertensive effects of vasopressin (Van Den Buuse and Catanzariti, 2000). The
varying effects of neurotensin on blood pressure may then be modulated by a combination of

central action at multiple nuclei and peripheral action.

Since these early studies, the pathways by which neurotensin modulates blood pressure
remain under investigation. Multiple pathways are likely involved: neurotensin inhibits
noradrenaline release from perivascular fibres (Tsuda and Masuyama, 1993), and acts on the
renin-angiotensin system (Rioux et al., 1982). Notably, neurotensin does not appear to affect
isolated rabbit pulmonary arteries or rat aortal rings at doses which decrease blood pressure
(Obara et al., 1989; Di Paola and Richelson, 1990), though a more potent neurotensin analogue
caused vasodilation of aortal rings (Di Paola and Richelson, 1990), and coronary injections of
neurotensin appear to cause vasoconstriction of the coronary artery in guinea pigs (Ertl et al.,
1993). Given the expression of neurotensin receptors at the SFO and the established role of the
SFO in regulation of cardiovascular output, the SFO may be one site of central neurotensin
action to modulate blood pressure. Moreover, neurotensinogenic projections from the ARC to the
SFO are thought to be responsible for the cardiovascular and fluid homeostatic effects of ARC
stimulation, potentially via local vasodilation of vessels within the SFO (Rosas-Arellano et al.,

1996).

In addition to regulation of blood pressure, neurotensin is implicated in numerous
homeostatic processes including feeding (Levine et al., 1983; Ratner et al., 2016), digestion

(Andersson et al., 1976a, 1977; Blackburn et al., 1980a), thirst (Stanley et al., 1983; Hawkins et
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al., 1989), thermoregulation (Nemeroff et al., 1977), in addition to non-homeostatic roles in
psychiatric disorders including schizophrenia (O’Connor, 2001; For review see Caceda et al.,
2006). Because the SFO is primarily involved in homeostatic regulation, this thesis will focus on
neurotensin’s homeostatic roles. While neurotensin production occurs both peripherally (Sundler
etal., 1977; Goedert et al., 1984) and centrally (Carraway and Leeman, 1973; Goedert et al.,
1984), these populations appear to regulate different systems. In some cases, peripheral
injections show no effect when central injections do: intracisternal injection of neurotensin in
mice shows an antinociceptive effect not seen from intravenous neurotensin (Clineschmidt and
McGuffin, 1977). In other cases, neurotensin may show opposing effects from central and
peripheral administration: whereas intracisternal neurotensin injection causes hypothermia
(Nemeroff et al., 1977), one research group has reported hyperthermia resulting from peripheral

injection (Clineschmidt et al., 1979).

However, central and peripheral actions of neurotensin are not universally separable.
Feeding and drinking behaviours appear to be simultaneously regulated by neurotensin at both
central and peripheral levels: intravenous injection of neurotensin shows dipsogenic effects
(Stanley et al., 1983) and studies show injection of neurotensin in to the cerebral ventricle
(Hawkins et al., 1989) or activation of neurotensinogenic neurons promotes drinking (Brown et
al., 2019; Kurt et al., 2019), in particular in the LH. Intracerebroventricular (Levine et al., 1983),
hypothalamic, (Stanley et al., 1983) and systemic (Ratner et al., 2016) injections of neurotensin
generate an anorectic effect. In addition to effects on appetite, neurotensin inhibits both gastric
motor function (Andersson et al., 1977; Blackburn et al., 1980a) and release of gastric acid and

pepsin (Andersson et al., 1976b), and is critical for fat uptake (Kim et al., 2016). The effects on
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gastric function appear to be due to local neurotensin released from the ilium, though central

autonomic regulation cannot be ruled out.

Given the distinct and sometimes contradictory roles of peripheral and central
neurotensin, the peptide was long-assumed to not penetrate the blood-brain-barrier (Nemeroff et
al., 1977). However, a recent study showed that peripheral injection of neurotensin activates
nuclei implicated in regulation of energy balance including the AP, NTS, and PVN (Ratner et al.,
2016). While a transport kinetics study published in the same year showed that neurotensin is
capable of crossing the BBB (Gevaert et al., 2016) at rates similar to those reported for leptin
(Banks et al., 1996, 1999) (0.75 ul/g-min vs 0.587-0.894 ul/g-min), blocking BBB transport via
pegylation of neurotensin does not remove its anorexic effects. Moreover, peripherally injected
pegylated neurotensin still activates secondary messenger pathways in the CNS and was further
found to increase POMC expression in the ARC to decrease feeding (Ratner et al., 2016). This
study suggests that neurotensin acts at a structure which lies outside the BBB to influence central
regulation of energy balance. While the investigators did see activation of another sensory CVO,

the AP, the activity of the SFO was not reported.

1.6.2. Neurotensin receptors

To date 4 neurotensin receptors (NTSR) have been proposed: two GPCRs NTSR1 and 2,
and two single transmembrane domain receptors NTSR3, also known as sortilin 1 (SORT1), and
SorLa/LR11. NTSR1 and NTSR2 are the most similar of the neurotensin receptors, though they
only share 64% amino acid sequence homology (Chalon et al., 1996), which likely accounts for
differences in their binding affinities. NTSR1 shows higher affinity for neurotensin than NTSR2
(Tanaka et al., 1990; Chalon et al., 1996), but does not bind the neurotensin agonist

levocabastine as NTSR2 does (Chalon et al., 1996), allowing for the pharmacological
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identification of the neurotensin GPCRs. Though NTSRs are expressed both within (Carraway
and Leeman, 1973; Goedert et al., 1984) and outside (Sundler et al., 1977; Goedert et al., 1984)
the CNS, NTSRs are most highly expressed in the brain, at a level 6-100x greater than in
peripheral tissues as shown by autoradiograph of mMRNA expression (Tanaka et al., 1990).
Within the CNS, NTSR2 shows a much broader expression profile, such that no area with
NTSR1 expression is without NTSR2 expression at some level, though only the substantia nigra
and the VTA show strong expression of both receptors (Fassio et al., 2000; Sarret et al., 2003b).
Conversely, a number of areas show high levels of NTSR2 expression with no apparent NTSR1
expression, including ependymal cells, the SFO, and the ARC (Walker et al., 1998; Fassio et al.,
2000; Sarret et al., 2003b). Furthermore, while both NTSR1 (Elde et al., 1990) and NTSR2
(Sarret et al., 1998; Walker et al., 1998) are expressed in neurons, in rats NTSR2 expression is
more pronounced in astrocytes, glia, and ependymal cells (Walker et al., 1998), though in mice
NTSR2 expression is primarily found in neurons (Sarret et al., 1998). There are also
developmental differences between NTSR1 and NTSR2 expression: NTSR1 is expressed above
adult levels at birth (Sato et al., 1992), whereas NTSR2 is not expressed until PD14 and does not
reach adult expression levels until PD30 (Sarret et al., 1998); the significance of differences in

NTSR1 and NTSR2 expression in development is not clear.

NTSR3, a single-transmembrane domain receptor, shows no significant homology to the
GPCRs NTSR1 and 2. In situ hybridisation and immunohistochemistry data show NTSR3
expression overlaps with NTSR1 and NTSR2 in the brain, and in some cases is likely co-
expressed in the same cells (Sarret et al., 2003a). However, electron microscopy from the same
study revealed that NTSR3 has a primarily (though not exclusively) subcellular localisation, and

it is possible that NTSR3’s ability to bind neurotensin (Mazella et al., 1998) is related to its roles
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in ligand sorting and turnover (Petersen et al., 1997) as opposed to detection of extracellular
neurotensin. However, NTSR3 may still play a role in signalling: NTSR1 heterodimersation with
NTSR3 in the HT29 cell line showed differences in NTSR1 IPz and MAPK activity than NTSR1
alone (Martin et al., 2002). Notably, this has not been observed in neurons, nor in association
with NTSR2. Furthermore, two studies have observed direct electrical effects of neurotensin on
some neurons which was not mediated by NTSR1 or NTSR2 (Bose et al., 2015), though due to a
lack of NTSR3-specific agonists or antagonists, the authors could not confirm NTSR3 was
responsible as opposed to an unknown neurotensin receptor. A 4™ neurotensin receptor most
similar to NTSR3 has also been proposed: SorLa/LR11 can bind neurotensin in addition to other
ligands including various propeptides and apolipoprotein E (Jacobsen et al., 2001). Similar to
NTSR3, SorLa/LR11 shows a primarily subcellular localisation, expressing approximately 10%
on the outer membrane, and is proposed to mediate ligand sorting, trafficking, and endocytosis
(Jacobsen et al., 2001). Currently, the roles of the NTSR3 and SorLa/LR11 receptors are not well

understood, and this thesis will focus primarily on the neurotensin GPCRs.

Neurotensin GPCRs may couple with a multiple intracellular signalling pathways. The
most common pathway appears to be the phospholipase C through Geq/11 coupling. For example,
neurotensin’s excitation of periaqueductal grey neurons results in increased intracellular Ca?*
and can be blocked via an anti-Gq/11 antibody or an IP3 blocker, though not a protein kinase C
blocker (Li et al., 2017). However in other neurons, protein kinase C appears to be essential to
neurotensin’s effects (Thibault et al., 2011). Activation of the phospholipase C pathway by
neurotensin receptors has been reported in other CNS cells, including striatal neurons (Weiss et
al., 1988), midbrain dopamine neurons (Farkas et al., 2017), and possibly cortex cells (Sato et al.,

1991). One group examining rat brain slices found neurotensin increased IP3 in the
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hypothalamus, midbrain, frontal cortex, hippocampus, striatum, pons-medulla, and the
cerebellum (Ert et al., 1984). However, in some cases, neurotensin receptors in neurons are
coupled to G, or Gai/o Subunits and use the cAMP-mediated pathway. Multiple studies have
shown that neurotensin’s effect in some dopamine neurons involve activation of cAMP and
protein kinase A pathways (Malmersjo et al., 2009; Shi and Bunney, 2018). More evidence exists
for cAMP/cGMP-dependent pathways activated by neurotensin in cell lines, including
immortalised neuroblastoma N1E-115 cells (Amar et al., 1985; Bozou et al., 1989) CHO cells
(Yamada et al., 1993), and HEK293 cells (Slusher et al., 1994). Thus is appears the neurotensin
receptors couple to different intracellular signalling pathways or may activate different parts of

the same pathway depending on the cell subtype, leading to differing responses in different cells.

1.7. Aims of the present thesis

Given the role of the SFO in osmoregulation, cardiovascular output, and energy balance,
it is a site of particular interest to the study of perturbations of these processes, including obesity
and hypertension. In the three papers contained in this thesis, we performed experiments to
address the mechanisms by which the SFO responds to physiological changes, with the

hypothesis and aims as outlined below in bold.

In the first series of experiments, we focused on the response of the SFO to a chronic
challenge to energy balance. Numerous studies show that early exposure to overfeeding alters the
development of the hypothalamic energy balance circuitry (Plagemann et al., 1999a, 1999b;
Davidowa and Plagemann, 2007; Glavas et al., 2010; Schipper et al., 2013) and predisposes an
individual to obesity and related conditions (Campbell et al., 1996; Siemelink et al., 2002;
Habbout et al., 2012; Yim et al., 2013). Because the neurons of the SFO respond to satiety and

feeding signals (Pulman et al., 2006; Ono et al., 2008; Alim et al., 2010), and are altered by an
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acute challenge to energy balance such as fasting (Hindmarch et al., 2008), they may also
respond to a longer-term, less extreme challenge to energy balance. To that end we examined the
effect of overnutrition in the postnatal pre-weaning stage (PD0-21) on gene expression in the

SFO, with the following hypothesis:
1. Early postnatal overnutrition alters gene expression in the SFO.

As changes in gene expression were addressed using RNA sequencing (RNAseq) of both
control and treatment groups, these experiments also generated a full transcriptome of the rat
SFO in control conditions. Therefore, in the second series of experiments, we combined
RNAseq data with previously published microarray data (Hindmarch et al., 2008) with the

following aim:
2. Generate a verified list of GPCRs and ion channels expressed in the SFO.

The expression of receptors within the SFO represents the signalling molecules which the
SFO may respond, and the ion channels shape the electrical activity of these neurons. This
list identified potential targets (GPCRs and ligand-gated ion channels) for signalling
molecules at the SFO which have not been previously investigated. Examining the
expression of GPCRs revealed high expression of receptors for the signalling molecule
neurotensin. Given the high expression level of its receptors, and previously established role
of neurotensin in modulation of blood pressure (Rioux et al., 1981) and energy balance
(Leinninger et al., 2012), the effect of neurotensin on the SFO was of particular interest. Thus

the validated list of GPCRs directly led to the hypothesis of the 3™ chapter:
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3. Acute exposure to neurotensin modulates the electrical activity (membrane potential

and action potential frequency) of SFO neurons via modulation of ion channels.

In the third series of experiments, we found that neurotensin increases the electrical
excitability of dissociated SFO neurons by modulation of voltage-gated K+ and nonselective
cation currents. Together, these experiments directly address the gaps in our knowledge of
the regulation of homeostasis and the mechanisms by which the SFO responds to

environmental changes to maintain a stable internal environment.
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Figure 1.1. The blood-brain barrier is composed of tight endothelial junctions and astrocyte end
feet to prevent the passage of large hydrophilic molecules in to the brain (Reese and Karnovsky,
1966). (A) Cross-sectional representation of a capillary surrounded by endothelium and astrocyte
end feet. (B) Diagram representing a longitudinal view of the blood-brain barrier. Small,
lipophilic molecules may passively cross the blood-brain barrier while large, hydrophilic
molecules cannot. Molecules which can not easily cross the blood-brain barrier may instead

cross via transporters or channels, or bind receptors on the endothelium.
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Figure 1.2. Representation of a sagittal section of a rat brain showing the location of the three
sensory circumventricular organs: the area postrema (AP) located in the medulla, and vascular
organ of the lamina terminalis (OVLT) and subfornical organ (SFO) in the lamina terminalis in

the anterior wall of the third ventricle.
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Figure 1.3. Location and subregions (shell and core) of the subfornical organ. Adapted from

“Rat brain in stereotaxic coordinates” - Paxinos and Watson, 2005.
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2. The transcriptome of the rat subfornical organ is altered in response to early postnatal

overnutrition

2.1. Abstract

Early postnatal overnutrition in humans is associated with long-term negative outcomes
including obesity, increased risk of type-11 diabetes, and cardiovascular disease. Hypothalamic
neurons from rodents exposed to early postnatal overnutrition show altered expression of satiety
signals and receptors, and exhibit altered responses to many satiety signals, suggesting a
hypothalamic link between early overnutrition and development of these sequelae. Importantly,
several hypothalamic nuclei receive information regarding circulating hormones (such as insulin,
leptin and ghrelin) from the subfornical organ (SFO), a forebrain sensory circumventricular
organ which lacks a blood brain barrier. Previous transcriptomic studies indicate that challenges
to energy balance and hydration status stimulate changes in gene expression within the SFO,
including genes encoding ion channels and receptors. In order to determine if early postnatal
overnutrition also causes changes in SFO gene expression which may be associated with
homeostatic dysregulation, we performed whole transcriptome sequencing on SFO tissue from
rats raised in small (4 pups), or control (large, 12 pups) litters. lllumina RNA sequencing was
performed on SFO tissue from rats raised from small and large litters, and read sequences were
aligned to the Rat Rnor_6.0 genome. Control data were further compared to previously published
microarray data set for validation. We found statistically significant (p < 0.05) changes in
expression of 12 transcripts, three of which have likely roles in neuronal excitability, neurite
outgrowth and differentiation, and food intake (Manf, Slc24a4, Cracr2b). Additionally, gene
ontology analysis identified a trend among significantly altered transcripts in roles for oxidative

stress response. We conclude that the SFO transcriptome is subtly altered by early postnatal
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overnutrition, and recommend further investigation of the effect of early postnatal overnutrition

on SFO physiology and morphology.

2.2. Introduction

In humans, early postnatal overnutrition results in accelerated growth and weight gain, is
predictive of childhood (Gittner et al., 2013) and adult obesity (Rzehak et al., 2017), and is
correlated with increased risk of type 11 diabetes (Eriksson et al., 2003) and heart disease (Camhi
and Katzmarzyk, 2010). Similar effects are seen in rodents raised in small litters as a model of
early postnatal overnutrition: rats from small litters gain more weight relative to controls
(Wiedmer et al., 2002), a trend which persists into adulthood (Habbout et al., 2013). Moreover,
rodents show increased visceral white adipose tissue (Cordeiro et al., 2009), hypertension
(Plagemann et al., 1992), hyperinsulinemia (Plagemann et al., 1992), and hyperleptinemia
(Plagemann et al., 1999a) following early postnatal overnutrition. When fed a high fat diet, small
litter rats display persistent hyperphagia and increased caloric intake (Glavas et al., 2010),
suggesting early overnutrition primes rats for later weight gain. Numerous studies indicate that
altered neurophysiological development plays a key role (Rodrigues et al., 2009; Glavas et al.,
2010; Habbout et al., 2013). Increased densities of galanin and neuropeptide Y (NPY) neurons in
the arcuate nucleus of the hypothalamus (ARC) are found in small litter rats compared to control
rats, despite lower overall density of neurons (Plagemann et al., 1999b). Galanin neuron density
is similarly increased in the paraventricular nucleus of the hypothalamus (PVN; Plagemann et
al., 1999a). Neurons may additionally show altered responses to hormones following postnatal
overnutrition; for example leptin and insulin resistance is seen in hypothalamic neurons (Glavas
et al., 2010) in the face of increased central levels of both peptides (Glavas et al., 2010;

Plagemann et al., 1999b). Altered responses to the neuropeptides cocaine and amphetamine
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regulated transcript (CART), NPY, and corticotropin-releasing hormones are also observed in
the PVN, ARC, and ventromedial nucleus of the hypothalamus (VMN) (Davidowa et al., 2003;
Davidowa and Plagemann, 2004)

The subfornical organ (SFO) is a small forebrain sensory circumventricular organ found
on the anteroventral aspect of the third ventricle, between the columns of the fornix and attached
to the hippocampal commissure. Sensory circumventricular organs are specialised structures
uniquely lacking a blood-brain barrier (Gross and Weindl, 1987). They express a wide variety of
receptors for circulating hormones and signaling molecules, which when activated modulate
electrical activity of SFO neurons to allow transduction of information from the periphery to the
brain (Fry and Ferguson, 2007a). The SFO receives synaptic inputs from homeostatic regulatory
regions including the nucleus of the solitary tract (NTS) (Tanaka et al., 1997), the lateral
hypothalamus (LH) (Lind et al., 1984), and the median preoptic nucleus (MPN) (Lind et al.,
1984). The SFO also sends axonal projections to various other centres including the PVN
(Miselis, 1982), ARC (Gruber et al., 1987; Whyment et al., 2004), the LH (Burton et al., 1976;
Miselis, 1982), the MPN (Lind et al., 1982, 1984), the supraoptic nucleus (SON) (Lind et al.,
1982; Sawchenko and Swanson, 1983), and the vascular organ of the lamina terminalis (OVLT)
(Lind et al., 1982). Critical roles for the SFO have been established in osmoregulation (Felix,
1976), cardiovascular output (Mangiapane and Simpson, 1983), and energy homeostasis (Smith
et al., 2010). Stimulation of the SFO results in feeding in satiated rats (Smith et al., 2010), and
microarray data shows strong expression of receptors for hormones involved in energy balance
including adiponectin, leptin, amylin, and ghrelin, the activity of which is confirmed in SFO

neurons (Hindmarch et al., 2008, and references therein).
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That the SFO plays a key role in integration of signals related to energy balance and
cardiovascular regulation is highlighted by the observation that acute fasting or water restriction
dramatically modulates its transcriptome, causing significant alteration of hundreds of transcripts
(Hindmarch et al., 2007). Interestingly, research performed on the impact of postnatal
overnutrition on the brain has focused on other nuclei such as the ARC, (Davidowa and
Plagemann, 2000; Juan De Solis et al., 2016), VMN (Davidowa et al., 2002), and the PVN
(Davidowa and Plagemann, 2004; Plagemann et al., 1999a), but not the SFO which is a key
centre communicating information from the periphery to the hypothalamus. In order to evaluate
possible roles of SFO in the long term effects of early postnatal overnutrition, we compared the
transcriptomes of the SFO of six-week-old male rats raised in small litters (4 pups) to those
raised in larger (control) litters (12 pups) using RNA sequencing. Here we report statistically
significant (false discovery rate corrected, p<0.05) 1.16 — 1.7 fold changes (in either direction) in
12 SFO transcripts involved in neuronal excitability, neuron differentiation and outgrowth, food
intake, and/or response to oxidative stress, from rats raised in small litters compared to those

raised in large litters.

2.3. Methods

2.3.1. Animals and diets

All procedures were approved by the University of Manitoba Animal Care Committee in
accordance with the Canadian Council for Animal Care. Two groups of 8 timed-pregnant dams,
all birthing on the same day were used for these studies. For each group of 8 dams on postnatal
day one (PD 1), all of the pups were mixed and randomly assigned to a dam: 2 dams received 12
pups to form a large litter, whereas 6 dams received 4 pups to form a small litter. The litters were

composed of equal numbers of male and female pups. This procedure was repeated a second
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time with a separate set of 8 dams and their pups, for a total of 16 dams; 4 large litters and 12
small litters. Weights between control and small litter rats (n=48, male and female each) on PD 3
were 12.4 £ 0.3 g and 12.9 g £ 0.3 g respectively were not significantly different (p > 0.05, t-
test).

After weaning, rats were kept in a light-controlled facility (12 hours light: 12 hours dark),
and given ad libitum access to standard rat chow. Pups were weaned at PD 21 into cages of two
males or two females.

Male rats were sacrificed on PD 42-47, between the hours of 9 am and 12 pm (2:45 —
5:45 following lights on). Briefly, rats were decapitated, the brain removed and placed in ice-
cold oxygenated artificial cerebrospinal fluid (composition, in mM: 126 NaCl, 2.5 KCl, 1.25
NaH2PO4, 2 MgCl», 10 D-glucose, 26 NaHCOs3, 0.5 CaCly) for 2 minutes. A 3 mm block of
tissue was cut at the level of the hypothalamus (approximately 9 to 6 mm interaural in the
coordinates of the Paxinos and Watson rat brain atlas (Paxinos and Watson, 2007)), and a
vibratome was used to prepare a brain slice containing the SFO, which was dissected out, using
caution not to harvest choroid plexus. Brain tissue was stored in RNAlater at -20 °C until time of
RNA extraction. Only SFO tissue from male rats was used for RNA sequencing. To reduce
biological variability, SFO tissue was pooled (Hindmarch et al., 2006, 2008; Colombari et al.,
2011). Briefly, 6 males from each large litter were pooled in to a single RNA sample for
sequencing, providing 4 large litter samples of 6 SFO each. For small litters, the 2 males from

the 3 litters (for a total of 6 SFO) were pooled, resulting in 4 small litter samples of 6 SFO each.

2.3.2. RNA extraction and sequencing
RNA extraction and sequencing were performed at the ABM laboratory in Vancouver.

RNA extraction was performed using the PureLink RNA Mini Kit (Thermo Fisher Scientific),
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and analysed using a Bioanalyzer (Agilent). RNA integrity number values (RIN) were assessed
using the RNA 6000 pico kit on an Agilent 2100 Bioanalyzer; all RIN values were between 7.7
and 8.6. Two micrograms of sample were prepared for library construction using the TruSeq
Standard mRNA Library Prep Kit (Illumina). Briefly, the RNA was subject to polyA enrichment,
fragmentation, and cDNA synthesis. Indexed adaptors were ligated to the cDNA library, and
then libraries were pooled in equal molar ratio. Quality of library was assessed using an Agilent
Bioanalyzer prior to sequencing; library sizes ranged from 401 to 427. Sequencing was
performed on the NextSeq 500 platform with 2x 75 bp end sequencing. For each sample,
sequencing produced between 42.8 and 54.7 million reads: reads were aligned to Rat Rnor_6.0

reference genome and annotation (GCF_000001895.5) using Hisat2 with the parameters (--rf --mm

--dta); mapping rates were between 86.76% and 88.52%. Stringtie was used to estimate FPKM
for each sample and differential expression between small and control litter rats was performed
using DESeg2. Differentially expressed genes were identified according to logz(fold change) >
0.5 or < -0.5 with adjusted p-values < 0.05 (Wald test with Benjamini-Hochberg multiple test
correction, as previously described (Love et al., 2014)). Functional annotation with gene

ontology and pathway annotation was performed using KOBAS (Xie et al., 2011).

2.3.4. Validation of RNA sequencing data

Relative expression of transcripts identified by RNAseq in control rats were compared
against those from the control group of an existing microarray dataset (Hindmarch et al., 2008).
The rats used in the experiments performed by Hindmarch et al were slightly older (10-12 week)
male Sprague Dawley rats from Harlan Sera-lab, Loughborough, UK; litter size is unknown.
There were also minor differences in sample collection: dissections occurred at slightly different

times in the morning (9 AM — 12 PM in our study vs 11 AM — 1 PM), rat brains used in this
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study were cooled in aCSF before SFO dissection whereas those from Hindmarch’s study were
immediately placed in a cooled brain matrix post-removal. In both cases, choroid plexus was
removed and the SFO was carefully dissected out under microscope from a larger slice, however
Hindmarch et al used a single 1 mm section, whereas we have used a larger 3 mm section, which
was then cut on a vibratome to reveal the SFO. In both studies, samples were stored in RNAlater
at-20TC.

Ensembl Gene ID was used as the annotation feature for matching unique genes from
each experiment. To allow for fair comparison between microarray and RNAseq data, only those
transcripts which could be mapped back to the microarray were included. Of the 31100 probe
sets present on the GeneChip Rat Genome 230 2.0 Array, 12779 were not annotated with
Ensembl gene IDs and were excluded from analysis, whereas 10910 probes were annotated both
with Ensembl gene IDs (of which 8914 were unique Ensembl IDs) and marked as present on the
microarray. In the case of RNA-sequencing data, 15628 transcripts with associated Ensembl
gene IDs were considered present (FPKM>0.5), and for comparison of the two datasets, only the
transcripts with Affy IDs and associated Ensembl IDs which were detected and called as present

by both methods were included.

2.4. Results

2.4.1. Effect on body weight of early overnutrition

To confirm that rearing as small litters induced larger body weight, males were weighed
at six weeks of age. Consistent with previously published observations (Habbout et al., 2012,
2013), male rats raised in small litters showed significantly increased body weight relative to
control rats, with weights of 418.5 + 4.5 g and 382.9 + 6.9 g (mean £ SE) for small and control

litters respectively (p = 7.6 x 107, t-test).
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2.4.2. Differential expression analysis

Of the 32884 transcripts identified for the Rat Rnor 6.0 genome assembly, 15630 were
identified as present in the SFO. To determine the effect of postnatal overnutrition on the
transcriptome of the SFO, differential expression analysis was performed using DESeqz2.
Statistically significant changes in relative expression were detected for 12 transcripts (p<0.05,
with multiple test correction). Specifically, 4 transcripts were upregulated and 8 were
downregulated in response to postnatal overnutrition. Gene ontology terms were found in
oxidative stress response, and regulation of protein folding/activity were detected by KOBAS

gene ontology analysis (Table Al).

2.4.3. Comparison to microarray data

In order to validate the present RNAseq experiment, sequencing data from control litters
was compared to control data from previously published microarray data from the SFO
(Hindmarch et al., 2008). Of the 18321 Affymetrix probe IDs which could be mapped to
Ensembl 1Ds, 10910 were detected by the microarray; these mapped to 9115 unique Ensembl
IDs. Of those, only 174 transcripts were detected by the microarray, but were not detected by
RNA sequencing. Conversely, 3586 transcripts were detected exclusively by RNA sequencing
(Figure 2.2), suggesting higher sensitivity of detection of weakly expressed transcripts. Relative
expression (FPKM and relative intensity) of transcripts present in both data sets were compared
(Figure 2.3), and were demonstrated to have good concordance (Pearson’s r = 0.65455; p<0.001

Student’s two tailed t-test).
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2.5. Discussion

The objective of this study was to determine if there are changes in SFO gene expression
associated with early overnutrition in rat pups that may be related to the development of sequelae
such obesity, type Il diabetes (Eriksson et al., 2003) and heart disease (Camhi and Katzmarzyk,
2010) observed in humans and rodents (Plagemann et al., 1992; Habbout et al., 2013). We
observed statistically significantly differential expression in 12 transcripts (Figure 2.1); of these
one was identified as a pseuodogene (AABR07030823.1) and one is currently uncharacterised. Of
particular interest are three transcripts, mesencephalic astrocyte-derived neurotrophic factor
(Manf), EF-hand calcium-binding domain-containing protein 4A (Cracr2b), and solute carrier
family 24 member 4 (Slc24a4), as they may alter neuronal excitability or development.
Ultimately we found only subtle changes in few transcripts, leading us to conclude that the SFO
does not show the dramatic changes following early postnatal overnutrition compared to changes
elicited by acute food or water restriction (Hindmarch et al., 2007).

Manf is a neurotrophic factor whose roles in the CNS have yet to be fully elucidated.
Increasing evidence suggests Manf participates in neurite outgrowth and neuronal differentiation
(Tseng et al., 2017) as well as protection against cell damage in Parkinson’s disease (Voutilainen
et al., 2009), cerebral ischemia (Airavaara et al., 2009), and endoplasmic reticulum stress
(Apostolou et al., 2008; Hellman et al., 2011). Recent data suggests that Manf, acting at the level
of the PVN, plays a role in regulation of energy balance. Specifically Manf protein and transcript
levels rise in response to fasting and fall following feeding; Manf overexpression or direct
injection to the hypothalamus causes hyperphagia and increased body weight, whereas Manf

knockdown results in hypophagia and decreased weight gain in 3 month old mice (Yang et al.,
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2017). Whether Manf also acts to negatively regulate energy balance via the SFO is unknown.
Additionally, given its roles in neurite outgrowth and neuronal differentiation in the cortex
(Tseng et al., 2017), there is also potential for altered SFO neuron development resulting from
decreased Manf expression.

Slc24a4 is a member of a family of potassium-dependent Na*/Ca?* exchangers,
exchanging one Ca?* ion and one K* ion for four Na* ions (Schnetkamp, 1995). Altered ion
transport accomplished by downregulation of Slc24a4 expression may result in changes to
neuronal excitability and calcium-dependent pathways via decreased calcium extrusion.
Intriguingly, in rat PVN, this transporter has an established role in energy balance: Slc24a4
knockout mice show hypophagia and weight loss due to constitutive activation of the
melanocortin-4-receptor (Li and Lytton, 2014), a transcript which we also detected in the SFO.
Importantly, altered expression of another Slc member (the Slc12al (Na*/K*/2CI") transporter) in
hypothalamo-neurohypophyseal neurons causes a mild change in CI- homeostasis but has
dramatic effects on neuronal excitability and ultimately osmoregulation (Konopacka et al.,
2015). The effect on calcium levels may additionally be altered by upregulation of Cracr2b, a
regulator of intracellular CRAC Ca++ channels (Srikanth et al., 2010). Although the changes in
expression in these genes are small, they have the potential to alter SFO neuron electrical
behaviour: SFO neurons have high input resistance, typically 2 GOhm, so alteration of resting
membrane currents of a few pA causes alteration of action potential activity (Fry and Ferguson,
2007b). Further work to determine specific actions and localisation of the Manf, Slc24a4, and
Cracr2b proteins in the SFO will improve our knowledge of their electrophysiological and
developmental effects, and will inform our understanding of any roles they may play in the

development of negative health outcomes secondary to early postnatal overnutrition.
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Related functions of differentially expressed transcripts identified using KOBAS show a
trend of changes in transcripts for proteins that are involved in oxidative stress response and
protein phosphorylation. Expression of heat shock protein 105 kDa (Hsph1l), heat shock 27kDa
protein 1 (Hspb1l), and oxidative stress regulators including Manf (Oh-hashi et al., 2015),
cysteine-rich with EGF-like domain protein 2 (Creld2) (Oh-hashi et al., 2009), and cysteine and
histidine rich domain containing 1 (Chordcl) (Gano and Simon, 2010) was significantly altered
by postnatal overnutrition. Previous studies have found increased oxidative stress following early
postnatal overnutrition in plasma (Habbout et al., 2012) and liver (Conceicao et al., 2013). While
the small litter rats in this study may not have been obese, evidence suggests they were
predisposed to adult obesity (Habbout et al., 2013; Rzehak et al., 2017). While to our knowledge
no studies have specifically examined the effect of early postnatal overnutrition on oxidative
stress in the brain, recent research indicates a link between adult overnutrition or obesity and
neural oxidative stress (Zhang et al., 2005; White et al., 2009; Morrison et al., 2010). Of
considerable interest then, is whether or not the observed changes in gene expression are
associated with future development of obesity, and whether or not this altered pattern of
expression represents pathology or compensatory action. Additionally, it will be important to
investigate whether the observed changes are unique to the SFO, unique to areas regulating
energy balance and other aspect of homeostasis, or globally observed in the brains of animals

subjected to early overnutrition.

Of note, the rats in this study were sacrificed peripubertally at PD 42-47. This raises a
question of whether a change in onset of puberty may have played a role in the differential gene
expression observed. Smith and Spencer (2018) demonstrated that the age of male puberty onset

was not affected in small litters of four pups per litter, compared to litters of 12, despite their
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accelerated weight gain. In contrast, the age of puberty onset was significantly delayed in litters
of 20 pups. Therefore, we do not believe that different age of puberty was a factor driving the
observed changes in gene expression. Whether the onset of male puberty causes changes in
transcription in the SFO is unknown, and to our knowledge, such changes in SFO transcription

have not been reported.

Through comparing relative expression of SFO transcripts obtained via RNA sequencing
in our control group to the data from the control group of a previously published microarray data
(Hindmarch et al., 2008), we show correlation between data from the two techniques and
validate our present dataset in a manner similar to that by other researchers comparing RNAseq
and microarray datasets (Mortazavi et al., 2008; Malone and Oliver, 2011; Guo et al., 2013). We
have achieved this level of replication despite that the data were produced by different
laboratories, by different personnel, with rats from different suppliers and of different ages (six
weeks versus 10-12 weeks). We have presented a correlation of a restricted number of transcripts
(10910). The number of transcripts shared between the two datasets was low relative to the total
number of present unique transcripts found by each technique (15937 by the microarray and
15630 by RNAseq). This is due to limitations in mapping transcripts between the two datasets.
To ensure a fair comparison, only those Affymetrix probes which could be mapped to the
ENSEMBL IDs from the Rat Rnor_6.0 genome assembly were used (18321 probes); as such,
data from unannotated probes on the Affymetrix microarray could not be included (12778
probes). This mapping issue has been encountered previously by other investigators who
demonstrated similar issues with mapping Affymetrix 1Ds to Ensembl gene IDs (Chen et al.,
2011; Black et al., 2014). A more recent microarray analysis of the rat SFO has also been

published employing laser microdissection to dissect the SFO without the overlying ependymal
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cell layer (Szathmari et al., 2013, 2015). We expect our data to be similar to these except with
regard to transcripts overrepresented within the ependymal layer, which was included in both our

data and microarray data from Hindmarch et al. (2008).

The microarray study of Hindmarch et al. (2008) examining gene expression changes in
rat SFO demonstrated significant changes in expression of 48 transcripts following the extreme
conditions of 72 h water restriction, and 687 transcripts following 48 h food restriction.
Differentially expressed transcripts included ion channels, neuropeptides and hormone receptors,
and signaling molecules including neurotrophins. These results suggest the SFO is a dynamic
sensor, changing its properties in response to both severe and mild challenges to homeostasis.
Thus, we were intrigued when the present RNA sequencing experiment indicated that early
overnutrition altered expression of only 12 transcripts, 9 of which were related to oxidative

stress, and 3 transcripts with known roles in neuronal excitability and/or energy homeostasis.

Electrophysiological evidence in small litter rat neurons shows altered response to amylin
in ARC and PVN (Davidowa et al., 2004) and CART in VMN (Davidowa et al., 2003; Davidowa
and Plagemann, 2004), respectively. Based on this data and the sensory transduction role of SFO
for circulating homeostatic signals, we anticipated changes in transcripts associated with
receptors and ion channels. It is interesting then that no changes in expression of receptors and
ion channels were detected. It is possible that food and water restriction used in Hindmarch et al.
(2008) was a powerful and acute stimulus, whereas the early overnutrition investigated here was
a mild and prolonged manipulation, not strong enough to evoke a robust changes in gene
expression. Furthermore, while the reported changes are statistically significant, they are
relatively subtle (<2-fold change). Thus we have come to the conclusion that early postnatal

overnutrition does not cause robust changes in gene expression in the SFO such as those seen in
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the hypothalamus (Chen et al., 2008; Collden et al., 2015). However, some of the altered
transcripts may be suited to modulate electrical excitability or neuronal differentiation. It is
unclear whether these changes are reflective of early postnatal overnutrition, or whether they are
predictive of changes in physiology which manifest later in life in postnatally overnourished rats,
and further research along the developmental timescale will be necessary to determine this.
Future research investigating the underpinnings of the effects of early postnatal overnutrition on
long-term negative health outcomes should include the role of the SFO, with particular focus on

the 12 transcripts we have identified.

We have for the first time examined the effect of postnatal overnutrition on the SFO
transcriptome, while also producing the first RNAseq transcriptome of the SFO, building on
previous microarray work (Hindmarch et al., 2008). We expect that the sequencing data
presented here will provide a valuable resource for other researchers. Our raw data have been
deposited in to the Sequence Read Archive (SRA) at NCBI, and we encourage other researchers

to examine our data for future research investigating roles of the SFO in homeostasis.
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Figure 2.1. Fold regulation of transcripts significantly changed (p<0.05; * indicates p < 0.05; **
p <0.01) by postnatal overnutrition in rat subfornical organ. Cracr2b = EF-hand calcium-binding
domain-containing protein 4A; Elovl1 = Elongation of very long chain fatty acids protein 1;
LOC100910245 = Ribose-phosphate pyrophosphokinase 2-like; Creld2 = Cysteine-rich with
EGF-like domain protein 2; AABR07030823.1 is a pseudogene; Manf = Mesencephalic astrocyte-
derived neurotrophic factor; Hsphl = Heat shock protein 105 kDa; Chordcl = Cysteine and
histidine-rich domain-containing protein 1; Ahsa2 = AHA1, activator of heat shock protein
ATPase 2 (p=0.01485); Slc24a4 = Solute carrier family 24 member 4; Hspb1 = Heat shock
27kDa protein 1. Dotted lines indicate fold-change cut-offs, greater than 1.15 fold up- or

downregulation.
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174

Figure 2.2. Overlap between previously published microarray data and RNA sequencing
transcriptomes. Only transcripts which could be mapped between the RNAseq dataset and
microarray dataset via Ensembl IDs were included. 8941 unique transcripts (unique Ensembl
IDs) were detected by both the microarray and RNAseq. 3586 and 174 transcripts were

exclusively detected by RNAseq and microarray respectively.
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Figure 2.3. Comparison of rat subfornical organ relative expression (FPKM) values to publicly
available rat subfornical organ Affymetrix microarray relative expression (intensity) (Hindmarch
et al., 2008). Relative expression levels were determined based on log2 transformed average
expression values in all control samples in each experiment. 8941 unique Ensembl gene ID
annotated transcripts detected by both methods are included; of these 1969 Affy IDs map to the
same Ensembl identified as at least one other Affy ID, such that 10910 points are included. Good
concordance exists between the two methods despite differing experimental conditions, as

demonstrated by the Pearson correlation coefficient (r = 0.65455).
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2.7. Connection between Chapter 2 and 3:

In addition to the first evidence that gene expression in the SFO is altered by early
postnatal overnutrition, the data presented in chapter 2 also present a transcriptome of the rat
SFO. However, to be certain that a transcript is truly expressed in the area of interest, RNAseq
experiments require further validation, preferably with a secondary method. The preliminary
comparison of the expression data from RNAseq with that from a previously published
microarray as presented in chapter 2 indicate a good concordance between the two datasets. Thus
in chapter 3 we combined the RNAseq data from chapter 2 with microarray data and information
from the International Union of Pharamcologists database to produce a list of GPCRs and ion
channels with validated expression in the SFO. GPCRs and ion channels are of particular interest
as they determine the intrinsic electrical properties of neurons and allow binding of ligands to
modulate the behaviour of neurons. Thus, the complement of GPCRs and ion channels expressed
in the SFO is directly related to the ability of the SFO to sense signals of the physiological state

and transduce this information to other homeostatic nuclei.
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3. The verified ion channelome of the rat subfornical organ

3.1. Abstract

The subfornical organ (SFO) is a sensory circumventricular organ (CVO) located in the
anteroventral third ventricle with critical roles in regulation of energy balance, osmoregulation,
and cardiovascular output. Due to the unique absence of a blood-brain barrier in sensory CVOs
and their synaptic connections to and from homeostatic control centres, sensory CVOs are
critical to homeostasis. The ability of the SFO to detect and transduce circulatory signals is
mediated by the population of ion channels and G-protein-coupled receptors (GPCR) expressed.
To identify the ion channelome and GPCR transcriptome of the SFO, we mined our previously
published RNAseq transcriptome of the rat SFO, compared the relative expression values to the
microarray data from Hindmarch et al. for validation, and compared both datasets were
compared to the IUPHAR Guide to Pharmacology database. We report the expression of 35
voltage-gated ion channels, 19 ligand-gated ion channels 13 other ion channels, and 75 GPCRs
in the SFO. We also present electrophysiological data on voltage-gated K*, Na* and Ca?*
currents in conjunction with expression data of a subunits for voltage-gated cation channels, and
current clamp recordings indicating the presence of receptors for neurotensin, endothelin, and
substance P. Furthermore, we have assembled a full updated list of expression of ion channels
and receptors in the SFO. Here we present a dataset which reflect the channelome and GPCR-
ome of the SFO which may serve as an important resource for further studies of ion channel and

GPCR function in the SFO and regulation of energy balance and cardiovascular output.

3.2. Introduction
Most of the mammalian central nervous system (CNS) is protected from the constituents

of the circulation by a blood-brain barrier. In contrast, sensory circumventricular organs (CVOs),
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are unique structures in that they contain fenestrated capillaries which allow molecules to move
freely from the circulation to the interstitial fluid between neurons. Neurons of sensory CVOs,
which include the organum vasculosum of the lamina terminalis (OVLT), area postrema (AP),
and the subfornical organ (SFO) express a wide variety of membrane receptors, placing them in a
privileged position to detect circulating signals of physiological states. Moreover, neurons from
sensory CVOs make synaptic connections with hypothalamic and brainstem homeostatic control
centres (Phillips and Camacho, 1981; Lind et al., 1982; Shapiro and Miselis, 1985). The wide
variety of receptors expressed by sensory CVO neurons allow them to respond to a numerous
signalling molecules, and the complement of ion channels determine the unique
electrophysiological properties of sensory CVO neurons (Fry and Ferguson, 2007; Medlock et

al., 2018).

The SFO is a forebrain sensory CVO located on the anteroventral aspect of the third
ventricle with demonstrated roles in homeostasis including hydromineral balance and
osmoregulation (Felix, 1976; Mangiapane and Simpson, 1980a; Oka et al., 2015), cardiovascular
output (Mangiapane and Simpson, 1983; Dai et al., 2013; Black et al., 2018), and energy balance
(Smith et al., 2008, 2010), as well as immune function (Roth et al., 2002; Cerqueira et al., 2016)
and reproduction (Limonta et al., 1981; Donevan et al., 1989). For example, the SFO has long
been demonstrated as a sensor for angiotensin Il (Angll) to drive thirst and modulate blood
pressure (Mangiapane and Simpson, 1980a) via the renin-angiotensin system. The SFO also
responds to numerous other signalling molecules to modules blood pressure and heart rate, as
indicated by SFO microinjection studies (Smith and Ferguson, 1997, 2012; Smith et al., 2007;
Black et al., 2018). The role of the SFO in modulation of cardiovascular output is further

supported by lesion (Mangiapane and Simpson, 1980b; Mumford et al., 1989) and electrical
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stimulation experiments (Ishibashi and Nicolaidis, 1981; Ferguson and Kasting, 1986). Similarly,
animals with SFO lesions show decreased water and salt intake in response to Angll (Thunhorst
et al., 1999), and stimulation of SFO neurons using DREADDs (Designer Drugs Exclusively
Activated by Designer Drugs) promotes drinking and salt intake (Nation et al., 2016). A recent
optogenetics study also shows subpopulations of SFO neurons which trigger or suppress thirst
(Oka et al., 2015). Furthermore, SFO neurons show changes in electrical excitability when
stimulated with numerous homeostatic hormones and neuropeptides such as angiotensin (Ono et
al., 2001), ghrelin (Pulman et al., 2006), vasopressin (Washburn et al., 1999), orexin (Ono et al.,
2008), and others. In addition to detecting signals within the circulation, the SFO also receives
synaptic input from areas including the lateral hypothalamus (Gruber et al., 1987), the median
preoptic nucleus (Gruber et al., 1987), the nucleus of the solitary tract (Miselis, 1982), and the
paraventricular and supraoptic nuclei (Larsen et al., 1991; Cottrell and Ferguson, 2004). The
SFO also sends axonal projections to various regions including the median preoptic nucleus
(Lind et al., 1982, 1984), the paraventricular nucleus (Miselis, 1982) and the supraoptic nucleus
(Lind et al., 1982; Sawchenko and Swanson, 1983), the arcuate nucleus of the hypothalamus
(Gruber et al., 1987; Whyment et al., 2004), the lateral hypothalamus (Burton et al., 1976;
Miselis, 1982), and OVLT (Lind et al., 1982). Therefore, the SFO is in a privileged position to
integrate information regarding the homeostatic state of the periphery, transduce this information

to homeostatic control centres and receive feedback from these same centres.

In 2008 (Hindmarch et al.) a microarray study demonstrated that the transcriptome of the
SFO in rat was dramatically altered by both challenges to water and energy balance strongly
suggesting that it is a dynamic integrator of homeostatic information; in contrast, very few

changes in gene expression were observed in response to similar stimuli in the AP (Hindmarch et

84



al., 2011). These data also revealed the first list of G-protein-coupled receptors (GPCR) and ion
channels expressed in the SFO under normal (control) conditions. Expression of selected
individual transcripts, including a number of receptors with intriguing therapeutic potential have
since been investigated (Smith et al., 2008; Alim et al., 2010; Smith and Ferguson, 2012;
Hindmarch and Ferguson, 2015), however full-scale validation of the earlier transcriptomic data
using similar conditions has not been undertaken. Recently, we published a study that utilised
RNAseq to evaluate changes in SFO gene expression in rat caused by early postnatal
overnutrition (Peterson et al., 2018). Preliminary comparison of the datasets generated by
Hindmarch et al. (2008) and Peterson et al. (2018) indicated concordance between gene
expression levels (R?= 0.428; Two-way t-test)). In this study, we have mined both published
datasets, and cross-referenced against the IUPHAR/BPS Guide to Pharmacology database
(Ireland et al., 2017) in order to carry out a detailed analysis of expression of GPCRs and ion
channels, thus providing a validated SFO-specific “GPCR-ome” and “ion channel-ome”. These
data will be of great interest to those investigating SFO physiology and its roles in regulation of

homeostasis.
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3.3. Methods

3.3.1. Cross-validation of RNAseq vs microarray gene expression data

Relative expression of transcripts identified by RNAseq in control rats (Peterson et al.,
2018) were compared against those from control rats from a published Affymetrix 230 2.0
genome chip microarray dataset (Hindmarch et al., 2008) using gene ID as the common
identifier. At all steps, alternate gene names were also manually checked to ensure no targets
were missed. As the resulting list of genes found to be expressed by both RNAseq and
microarray showed a good positive correlation (R = 0.43) (Peterson et al., 2018) this list was
compared against the IUPHAR/BPS Guide to Pharmacology database to identify the list of ion
channels and GPCRs. lon channels were further separated in to 3 categories based on their
IUPHAR classification: ligand-gated ion channels (5-HT3 receptors, acid-sensing ion channels,
epithelial sodium channels, GABAA receptors, glycine receptors, ionotropic glutamate receptors,
IP3 receptors, nicotinic acetylcholine receptors, P2X receptors, and ZAC receptors), voltage-
gated ion channels (CatSper and two-pore channels, cyclic nucleotide-regulated channels,
potassium channels, ryanodine receptors, transient receptor potential channels, voltage-gated
calcium channels, voltage-gated proton channels, and voltage-gated sodium channels), or other
ion channels (aquaporin, chloride channels, connexins and pannexins, piezo channels, sodium-

leak channel, non-selective, store-operated ion channels).

To identify transcripts only detected by one method, the IUPHAR database was also
compared against the individual present lists for both RNAseq and microarray. The Rnor_6.0
genome assembly and the Affymetrix 230 2.0 genome chip annotation files were further checked

against the database to differentiate between undetected transcripts and undetectable transcripts
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(not in Rnor_6.0 annotation or no probe on the microarray); 10 were not present in Rnor_6.0,

whereas 121 had no associated probes on the Affymetrix 230 2.0 genome chip.

3.3.2. Electrophysiological validation of selected GPCR and ion channel expression

Animal procedures and primary SFO neuron culture
All procedures were approved by the University of Manitoba Animal Care Committee in

accordance with the Canadian Council for Animal Care. Male Sprague Dawley rats (150 + 10 g)
were provided ad libitum access to standard rat chow and water and kept in a light-controlled
facility. Dissociated SFO cultures were prepared as previously reported (Pulman et al., 2006).
Briefly, rats were sacrificed between the hours of 8 am and 12 pm (1:45 — 5:45 following lights
on), the brain removed and placed in ice-cold oxygenated artificial cerebrospinal fluid
(composition, in mM: 126 NaCl, 2.5 KCI, 1.25 NaH2POa, 2 MgCl., 10 D-glucose, 26 NaHCO3,
0.5 CaCly) for 2 minutes. A 3 mm block of tissue at the level of the hypothalamus containing the
SFO was cut, placed in Hibernate A media (Gibco), and the SFO was microdissected away from
the surrounding tissue. Isolated SFO was incubated in 10 mL Hibernate A media containing 5
mg of papain (Worthington) for 30 minutes at 37 °C, then washed three times in Hibernate A
supplemented with 1X B-27 (Gibco) and gently triturated. Cells were centrifuged at
approximately 3000g for 5 minutes and resuspended in Neurobasal A (Gibco) supplemented with
1X B-27 and 1X Glutamax (Gibco) and finally plated on glass-bottom culture dishes (MatTek).

Cells were cultured for up to 5 days.

Electrophysiology and drugs
For all electrophysiology recordings, only cells with a starting access resistance of <30

MQ and less than a 30% change, membrane seals >1 GQ, and stable holding current in current
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clamp were used. Data were acquired using a HEKA EPC10 patch clamp amplifier and
Patchmaster 2x73.5 software (Mahone Bay, Nova Scotia, Canada). Cells were allowed to

stabilise for at least 2 minutes after forming whole cell seal before recording.

For current clamp recordings, extracellular recording solution (Table 1, physiological)
was perfused through the culture dish via a peristaltic pump at a flow rate of ~2 mL/min.
Electrodes pulled from borosilicate glass (Sutter Instruments) had resistance of 2-5 MQ when
filled with intracellular solution (Table 2, physiological). Following 4 minutes of stable baseline
recording, 10 nM neurotensin (Tocris; 1909), 100 pM endothelin (Tocris; 1160), or 1 uM
substance P (Sigma; S6883) were washed over the cell for 2 minutes. Changes in membrane
potential and action potential frequency of neurons during the response period (first 300 s
following drug application) was determined in Spike 2 version 6.18 software, compared against a
100 s baseline period. Cells were considered responsive to the drug if either the membrane
potential changed 2 or more standard deviations from the mean control membrane potential, or if
they showed at least 2-fold change in action potential frequency, based on the greatest change

from baseline in a 100 s interval during the response period.

For investigation of voltage-gated K* currents in SFO neurons, two voltage clamp
protocols were performed to observe two distinct subtypes of K* currents observable in SFO
neurons: the transient la and delayed-rectifier Ik. In order to record the total voltage-gated K+
current (Itot), neurons were subjected to a series of 500 ms depolarising steps in 10 mV
increments from —70 to +30 mV following a 500 ms —80 mV hyperpolarising prepulse to remove
inactivation. In order to record Ik, neurons were subjected to a series of 500 ms depolarising

steps in 10 mV increments from —70 to +30 mV following a 500 ms —40 mV prepulse to

88



inactivate transient currents (Anderson et al., 2001; Medlock et al., 2018). To reveal the Ia

component, Ik was subtracted from lor.

For investigation of voltage-gated Na* currents, voltage dependence of inactivation,
transient current density, and persistent current density were investigated. To measure transient
current density, 15 ms-long 10 mV voltage steps from —90 to +50 mV were applied to neurons
following a —100 mV pre-pulse. Persistent currents were elicited using a ramp from —100 mV to
0 mV over 1 s. In order to examine time dependent recovery from inactivation of Na* current,
neurons were subjected to two 15 ms +20 mV pulses with a 2-910 ms recovery pulse at —80 mV

between.

For voltage-gated Ca?* currents, neurons were subjected to500 ms depolarising 10 mV
voltage steps from —70 to +40 mV, preceded by a hyperpolarising a 500 ms —100 mV prepulse to
remove inactivation. A current-voltage plot was constructed using the earliest time point at each

voltage step from when the current activated.

3.4. Results
3.4.1. Development of complete list of GPCR and ion channel expression in the SFO

We have validated the expression of 67 ion channels and 75 GPCRs expressed in the
SFO by RNAseq and microarray. Of the unvalidated transcripts identified, RNAseq uniquely
detected 120 GPCRs and 103 ion channels, of which 89 and 32 respectively were lacking the
associated probe on the microarray. Microarray identified 1 GPCR and 5 ion channels which
RNAseq could not, of which 3 ion channels were not found in the Rnor 6 annotation used to
identify transcripts. For GPCRs and most ion channel groups there is a correlation between
RNAseq FPKM and microarray relative intensity (R? = 0.36 — 0.82; p < 0.01, ANOVA,; Figure

3.1). Interestingly, no correlation was found between relative expression levels for both methods
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for ligand gated ion channels (R? = 0.086; p = 0.22, ANOVA). A full list of all identified GPCRs

and ion channels is available as supplementary data (Appendix Table A3.1).

3.4.2. Validation of selected receptors in SFO neurons

After examining the GPCR expression dataset, our attention was drawn to the expression
of receptors for 3 neuropeptides in particular: neurotensin, substance P, and endothelin (Figure
3.2). Specifically, the expression levels of receptors for neurotensin and endothelin were notably
higher than that of the type 1 angiotensin Il receptor (24.4 FPKM/4.24 intensity). We were also
intrigued by the expression of tachykinin receptors given their established role in water balance
(Polidori et al., 1998). To investigate whether binding at these receptors can modulate the
electrical excitability of SFO neurons, we applied their endogenous ligands to dissociated SFO
neurons in current clamp and examined effects on membrane potential and action potential

frequency.

Neurotensin
Neurotensin is a tridecapeptide first extracted from bovine hypothalamus and noted for its

powerful hypotensive effect in rodents (Leeman, 1973; Rioux et al., 1981; Hawkins et al., 1989).
Since its initial discovery, numerous roles have been identified for central neurotensin including
energy balance (Levine et al., 1983; Cooke et al., 2009), water homeostasis (Rioux et al., 1981),
and stress response (Rowe et al., 1997; Steele et al., 2017), among others (Clineschmidt and
McGuffin, 1977; Fuxe et al., 1992). Moreover, though central and peripheral sources of
neurotensin were long thought to be entirely separate (Nemeroff et al., 1977), recent c-fos
evidence indicates that peripheral injections of neurotensin activate hypothalamic centres (Ratner
et al., 2016). Whether this occurs via crossing the blood-brain barrier (Gevaert et al., 2016) or

transduction from areas without a blood-brain-barrier including the SFO is currently unclear.
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RNAseq and microarray data show expression of two receptors for the neuropeptide neurotensin
(Ntsr2 and Ntsr3), with particularly high expression levels (Ntsr2: 41.2 FKM/13.8 intensity,
Ntsr3: 45.6 FPKM/0.83605 intensity; Figure 3.2). Given the marked expression of neurotensin
receptors Ntsr2 and Ntsr3 and neurotensin’s well-established roles in the same homeostatic
processes as the SFO, including cardiovascular output (Leeman, 1973; Rioux et al., 1981;
Mangiapane and Simpson, 1983; Hawkins et al., 1989; Dai et al., 2013; Black et al., 2018),
feeding (Levine et al., 1983; Smith et al., 2008, 2010; Cooke et al., 2009), and osmoregulation
(Felix, 1976; Mangiapane and Simpson, 1980a; Rioux et al., 1981; Oka et al., 2015), we sought

to investigate the electrical effects of neurotensin on SFO neurons.

To validate the existence of neurotensin receptor proteins and to investigate the
physiological role of neurotensin receptors in SFO neurons, we applied neurotensin to cultured
dissociated SFO neurons (Figure 3.3A). Application of 10 nM neurotensin depolarised and/or
increased action potential frequency of 42.9% (9/21) of dissociated SFO neurons. Mean
depolarisation among responsive neurons was 5.2 + 2.3 mV (n=9/21) and mean change in action

potential frequency among responsive neurons was 1.9 + 0.4 Hz (n=9/21).

Substance P
Tachykinins and their receptors are widely expressed in the central and peripheral

nervous systems (Mantyh et al., 2018), in addition to the immune (Rameshwar and Gascon,
1996) and digestive systems (Mantyh et al., 2018), among others. Given the established role of
central tachykinins in mediating angiotensin-induced water intake (Polidori et al., 1998) and salt
intake (Polidori et al., 1994), we sought to investigate whether the Tacrl expression in the SFO
translated to electrical effects. We validated the expression of Tacrl against microarray data,

however its physiological relevance or which cells it is expressed in is not yet clear. We did not
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see expression of any other tachykinin receptors above the threshold in either method (Tacrl =
1.80 FPKM/1.43 intensity; Tacr2 = 0.03 FPKM/0.03 intensity; Tacr3 = 0.28 FPKM/0.08
intensity). Although there are numerous mammalian tachykinins, we chose the endogenous
ligand substance P an due to its high binding affinity to TACR1 relative to other tachykinins
(Hershey and Krause, 1990). Application of 100 uM substance P depolarised and increased
action potential frequency of SFO neurons such that length of action potential bursts was

increased (Figure 3.3B; n=2/3).

Endothelin
Endothelin receptors ETRA and ETRB are the 45" and 3" most highly expressed GPCRs

in the SFO, respectively (Etra:10.4 FPKM./2.41 intensity; Etrb: 175.7 FPKM/33.9 intensity).
Moreover, direct microinjection experiments show that endothelin at the SFO increase blood
pressure (Wall et al., 1992), though due to the nature of in vivo experiments, it is not clear which
cells are the site of endothelin action at the SFO. Recent evidence suggests that at least some
ETRB receptors (ETRA was not investigated) are expressed on glial cells, where they act to
promote lactate release from osmosensory Nay cells, though those results focused on the role of
endothelins in sensing of salt balance as opposed to blood pressure (Hiyama et al., 2013).
Moreover, neither of these experiments examining endothelins at the SFO investigated the
effects of endothelin on SFO neurons specifically, leaving some uncertainty as to whether
endothelin receptors are expressed on neurons. The effects of endothelin on the electrical activity
of single isolated rat SFO neurons has not been investigated. To further investigate the electrical
effects of endothelin on SFO neurons, endothelin B was applied to dissociated neurons.
Application of 100 pM endothelin B substantially depolarised SFO neurons (Figure 3.3C; n=3/7),

confirming expression of a receptor for endothelin in rat SFO neurons specifically.
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3.4.3. Validation of voltage-gated ion currents in SFO neurons.

One goal of the present study is to advance reconciliation of the observed ion currents
with ion channel gene expression, in order gain a better understanding of the electrophysiological
properties of SFO neurons. To that end, we have provided a validated list of ion channels
expressed in the SFO as supplementary data (Supplementary Table 3.1). As numerous studies
have investigated the properties of voltage-gated cation currents in SFO neurons (Washburn et
al., 2000; Washburn and Ferguson, 2001a; Fry and Ferguson, 2007), we have focused on those
channels and provided a list of voltage-gated K*, Na*, and Ca?* channels expressed in the SFO

alongside representative traces of these currents from SFO neurons.

Voltage-gated K* channels.
The validated dataset shows the presence of K* channels alpha subunits which encode

both inactivating and non-inactivating K* currents, as has been previously observed (Washburn
et al., 1999; Washburn and Ferguson, 2001a; Medlock et al., 2018). We validated the expression
of 4 Kv1 channel subunits (Kcna2,4-6), the Ky2.1 channel subunit (Kcnbl), 4 K3 channel
subunits (Kcncl-4), the Ky4.3 channel subunit (Kcnd3), the Ky6.2 channel subunit (Keng2), the
Kv7.5 channel subunit (Kcng5), Kv10.1 channel subunit (Kcnvl), and 2 Ky11 channels subunits
(Kenh2,6). RNAseq uniquely detected 2 Ky1 channel subunits (Kcnal,3), the Ky2.2 channel
subunit (Kcnb2), the Ky4.1 channel subunit (Kcnd1), the Kv5.1 subunit (Kenfl), 2 K6 channel
subunits (Kcngl,4), 3 K7 channel subunits (Kcng2-4), the Ky8.1 channel subunit (Kcnvl), the
K\9.2 channel subunit (Kcns2), the Ky11.3 channel subunit (Kcnh7), and the Ky12.3 channel
subunit (Kcnh4). Microarray uniquely identified Ky4.2 (Kcnd2), as it is not present the most

current rat gene annotation (Rnor 6).

93



In order to evaluate the contribution of Ia and Ik to the total K* current in SFO neurons,
we subjected dissociated SFO neurons to several voltage protocols in voltage clamp by either
removing inactivation with a hyperpolarising prepulse at =80 mV, or isolating Ik from Ia via a
depolarising prepulse. We then generated a current-voltage plot from the peak outward current at
each voltage step to illustrate the differences between voltage-dependence of activation (Figure
3.4D). We observed transient voltage-gated K* currents inactivated by depolarising voltage near
—40 mV, the bulk of which are fully activated within a few ms but begin to inactivate within 100
ms, typical of |4, and non-inactivating currents which display slower activation and inactivation
times (Figure 3.4A-C) typical of Ik. Furthermore, | activated at a lower voltage than Ik, and had

a larger peak current magnitude (Figure 3.4).

Voltage-gated Na™ channels.
The importance of voltage-gated Na* currents in shaping the unique electrical properties

of SFO neurons has been shown by previous authors (Washburn et al., 2000; Fry and Ferguson,
2007; Fry et al., 2008; Kuksis and Ferguson, 2015). In addition to the rapid upstroke of the
action potential, Na* currents are thought to contribute to the subthreshold oscillations and
bursting behaviour seen in SFO neurons (Washburn et al., 2000; Fry and Ferguson, 2007), and
can be modulated by binding of signalling molecules (Fry et al., 2008; Kuksis and Ferguson,
2015). We have validated the expression of Na* channel o subunits Nay1.1 (Scnla: 4.10
FPKM/3.00 intensity), Nay1.2 (Scn2a: 10.29 FPKM/4.72 intensity), Nay1.3 (Scn3a: 6.43
FPKM/2.98 intensity), and Nay1.7 (Scn9a: 8.62 FPKM/6.10 intensity). Furthermore, we have
detected expression of Nay1.6 (Scn8a: 3.45 FPKM/0.12 intensity) which is not validated by

microarray.
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In order to evaluate Na* current properties in SFO neurons, we separated transient and
persistent Na* currents and examined their properties separately, in addition to the time-
dependent recovery from inactivation of voltage-gated Na* currents. We observed large, transient
Na* currents which fully activated and inactivated within 10 ms (Figure 3.5A-B), from which we
generated inactivation and activation conductance curves. The activation curve revealed a
voltage of % activation of -13.5 mV and a slope factor of -7.0, whereas the inactivation curve
revealed a voltage of % inactivation of -45.2 mV and a slope factor of -4.1 (Figure 3.5C). We
consistently observed persistent Na* currents (Figure 3.5D) when neurons were subjectedtoa 1 s
ramp to remove the influence of transient voltage-gated Na* currents. Finally, we noted a
relatively slow recovery from inactivation with a time constant t of 120 ms (full recovery in
approximately 300 ms) (Figure 3.5E-F); resurgent Na* currents are not observed in SFO neurons

(data not shown).

Voltage-gated Ca?* channels.
Though commonly studied for their effects on neurotensin release at synapses, voltage-

gated Ca?* currents at the soma also contribute to the intrinsic electrical properties of neurons.
During the upstroke of an action potential, voltage-gated Ca?* channels also allow for the influx
of depolarising current to the neuron, though less than voltage-gated Na* channels. However, this
influx of Ca** may also influence Ca?*-dependent signalling pathways. Depending on the
kinetics of the Ca?* channel, they may also activate at a more hyperpolarised potential than
voltage-gated Na* channels, and if this current is significantly large the neuron may reach the
threshold for action potential firing. This is evident in some neurons which show a rebound
depolarisation following hyperpolarisation, which removes their inactivation. Voltage-gated Ca?*
channels can also be modulated by binding of signalling molecules to membrane receptors: in
SFO neurons, potentiation of Ca?* channels in addition to other cations contributes to
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depolarisation of neurons in response to Ang Il (Washburn and Ferguson, 2001b) and hydrogen

sulfide (Kuksis and Ferguson, 2015).

Electrophysiological evidence also shows the presence of L (Cayl), P/Q, and R-type
(Cay2) Ca?* currents in SFO neurons (Washburn and Ferguson, 2001b). We have validated the
expression of 2 L-type channels (Cacnalc: 2.11 FPKM/1.58 intensity; Cacnald: 2.99
FPKMY/0.93 intensity) as well as N-type (Cacnalb: 5.85 FPKM/3.68 intensity), and further
detected via RNAseq but not validated the expression of P/Q-type (Cacnala: 4.67 FPKM/0.51
intensity), R-type (Cacnale: 0.60 FPKM/ 0.10 intensity), and T-type channels (Cay3: Cachalg:
8.68 FPKM/1.05 intensity; Cacnalh: 2.89 FPKM/0.43 intensity; Cacnali: 4.15 FPKM/0.59
intensity). In voltage clamp recordings we observed the presence of low-voltage activated Ca?*
currents in addition to high-voltage activated Ca?* currents (Figure 3.6). Furthermore, we also
occasionally observed after-hyperpolarisation firing characteristic of T-type Ca?* currents in

current clamp recordings (Figure 3.6C).
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3.5. Discussion

In this study we have provided a validated list of GPCRs and ion channels that are
expressed in the rat SFO. Based on transcriptomic data, we have identified three transcripts
whose effects on SFO neurons were not recorded previously and have demonstrated the action of
ligands for these selected GPCRs (neurotensin, substance P, and endothelin), and provided
examples of voltage gated-ion currents together with ion channel expression data. Together,
these data will improve our understanding of the interaction with signalling molecules and

electrical properties of SFO neurons.

The SFO plays a critical role in regulation of energy balance (Smith et al., 2010), fluid
balance (Felix, 1976), and cardiovascular output (Mangiapane and Simpson, 1983). Previously
published microarray data (Hindmarch et al., 2008; Szathmari et al., 2013) strengthened the
evidence of the role of the SFO in these processes, while providing new research targets. We
have validated the expression of transcripts for GPCRs and ion channels from the microarray
dataset of Hindmarch et al. (2008). We are confident in these data as we have previously shown
a positive correlation between expression levels of all comparable transcripts in the 2 datasets
(Peterson et al., 2018), which is reflected in the GPCR, voltage-gated ion channel, and other ion
channel data (Figure 3.1). RNAseq has superior dynamic range over microarray (Nagalakshmi et
al., 2008), and due its difference in design does not suffer from limitations such as cross-
hybridisation and limited probesets as does microarray. Moreover, when compared to protein
expression levels, investigators report that RNAseq provides a more accurate measure of

expression compared to microarray (Fu et al., 2009).
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3.5.1. GPCRs

There is considerable interest in characterising the response of SFO neurons to a wide
variety of signalling molecules and physiological stimuli (Lakhi et al., 2013; Oka et al., 2015;
Nation et al., 2016; Simpson and Ferguson, 2017; Black et al., 2018). We have begun to
investigate the expression and physiological relevance of three GPCRs with established roles in
osmoregulation and cardiovascular output: Ntsr2, Tacrl, and Etrb (Leeman, 1973; Rioux et al.,
1981; Massi et al., 1991; Wall et al., 1992). Our data suggest that Ntsr2 and Etrb are among the

most highly expressed GPCR transcripts in the SFO.

Neurotensin receptors

The tridecapeptide neurotensin and its receptors are of interest as they play roles in multiple
homeostatic processes: neurotensin decreases food intake at the AP and NTS (Ratner et al., 2016),
and via interaction with leptin in other nuclei (Hawkins et al., 1989), and ICV injected neurotensin
increases drinking (Rioux et al., 1981) and has marked but variable effects on blood pressure
(Leeman, 1973; Kérouac et al., 1981; Rioux et al., 1981; Ertl et al., 1993). There are at least two
possible sources of NT input to the SFO: from the circulation (Reinecke, 1985), and from
neurotensinogenic projections originating in the arcuate nucleus of the hypothalamus (Rosas-
Arellano et al., 1996). Previous research provides evidence for binding of neurotensin to the SFO
(Quirion et al., 1982) and evidence for protein expression of NTSR2 (Sarret et al., 2003b) and
NTSR3 (Sarret et al., 2003a); taken together, these studies suggest a role for neurotensin in the
regulation of blood pressure and thirst at the SFO. Current clamp recordings (Figure 3.3A) show
that neurotensin depolarises neurons and promotes action potential firing in the SFO; the ionic
mechanism is the subject of chapter 4. As both NTSR2 and NTSR3 are strongly expressed in the

SFO, further research is required to dissect the individual contributions of these receptors to the
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depolarising effect of neurotensin. However, NTSR3 has a primarily subcellular membrane
localisation (Sarret et al., 2003a) and is thought to be concerned with intracellular trafficking
(Evans et al., 2011) and neurotensin turnover (Petersen et al., 1997), suggesting that NTSR2 is

likely to play the predominant role in neurotensin-mediated modulation of electrical activity.

Tachykinin receptors

Tachykinins are a large group of peptides first extracted from horse tissue and noted for
their contractile effects on rabbit intestine (V Euler and Gaddum, 1931); this first tachykinin was
named substance P. It is now evident that numerous other tachykinins exist (Pernow and Silva,
1955; Chapman et al., 1960; Kangawa et al., 1983; Minamino et al., 1983), and these are also
implicated in numerous homeostatic processes including though not limited to cardiovascular
regulation (Burcher et al., 1977; Loesch and Burnstock, 1988), nausea (Saito et al., 2013), salt
appetite (Massi et al., 1991), water intake (Polidori et al., 1998). Specifically, central exposure to
tachykinins inhibits salt and water intake (Massi et al., 1991). Notably, tachykinins show an
inhibitory effect on angiotensin Il-induced drinking (Polidori et al., 1998), one of the earliest and
best-described roles of the SFO. In mammals, numerous distinct endogenous tachykinins have
been discovered with differing affinities for their receptors. Tachykinins can be separated in to
four distinct groups: Tacl, which encodes substance P, neurokinin A, neurokinin B, and
neuropeptide vy, Tac2 which encodes neurokinin B, and Tac4, which encodes hemokinins and
endokinins. Currently, 3 receptors have been identified: TACR1, TACR2, and TACR3, also

known as neurokinin receptors 1-3.

However, not all tachykinin receptors are equally implicated in the homeostatic effects of
tachykinins: TACRL1 versus TACRS3 appear to have different roles, as TACR3 agonists inhibit

need-free sodium intake, whereas TACR1 agonists do not (Polidori et al., 1994), and instead
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more strongly affect water intake (Polidori et al., 1998). Whereas previous research found
evidence of TACR1 and TACRS receptors at the SFO via radioligand binding (Saffroy et al.,
1988; Larsen et al., 1992) and c-fos expression (Michl et al., 2001), we found that only mRNA
Tacrl expression levels were above our threshold. Whether SFO neurons are affected by
tachykinins to modulate salt and water intake is currently unclear, though we show that
application of the tachykinin substance P to dissociated SFO neurons causes marked
depolarisation (Figure 3.3), suggesting a role of tachykinins acting on SFO neurons. Further
experiments with selective agonists and antagonists are required to more fully understand the
response and distinguish what differing roles, if any, the different tachykinins receptors may play

at the SFO.

Endothelin receptors

Our data also indicate the expression of receptors for the peptide hormone endothelin 3
(Figure 3.2 and Figure 3.3). Etrb (175.7 FPKM/33.9 intensity) was the most strongly expressed
endothelin receptor, however we also observed expression of Etra (10.5 FPKM/2.41 intensity).
Endothelins (ET-1 -2, and -3) were first discovered for their action as a potent vasoconstrictors
(Hickey et al., 2017). However, receptors have since been discovered in a variety of tissues,
including the brain (Motegi, 2016), and direct injection of endothelin to SFO increases blood
pressure (Wall et al., 1992), suggesting endothelin modulates blood pressure through multiple
systems. Previous research in mice showed the expression of endothelin receptors on Nax-
positive glia, and presented that endothelins can modulate synaptic activity via lactate release
from glial cells (Hiyama et al., 2013). Notably, the expression profile of Nax differs between
mice and rats: mice may exclusively express Nax within the SFO in ependymal cells, whereas

evidence exists for Nax in rat SFO ependymal cells and neurons (Nehmé et al., 2012). A 2009
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study showed that ependymal cells may express ETRB, and show changes in intracellular Ca?*
concentrations, opening the possibility to ependymal signalling (Genzen et al., 2009). Other glial
cells may also participate in or modulate signalling through the release of gliotransmitters
(Navarrete and Araque, 2008), or changes in lactate production (Hiyama et al., 2013). Thus,
there remains some uncertainty as to the expression profile of endothelin receptors in rats, as
both RNAseq and microarray data here include glial cells, neurons, and the overlying ependymal
layer. Whether neuronal, glial cells, epithelia cells, or a combination, are implicated in the
hypertensive effect of endothelin action at the SFO is unclear (Wall et al., 1992), though the
evidence we present here (Figure 3.3) suggests at least some activation of endothelin receptors

on SFO neurons.

3.5.2. Voltage-gated cation channels

While receptors recognise and bind signalling molecules to initiate cell signalling
cascades, ion channels shape the intrinsic electrical properties of neurons. There is an ongoing
effort to characterise the specific ion currents of neurons and their responses to signalling
molecules associated with specific channels in numerous cell types. Previous labs have
attempted this using single-cell PCR with some success (Eberwine et al., 1992; Ono et al., 2005;
Hoyda et al., 2007, 2009); however, this technique is particularly susceptible to contamination
due to the difficulty in maintaining a RNase-free environment for patch clamping (Sucher et al.,
2000). Furthermore, it can suffer from a high false negative rate due to the small amount of
available cytoplasm for the reaction, decreasing the probability of high quality RNA for the
reaction. Thus although a positive result is indicative of the presence of a channel transcript, a
negative result may not indicate its absence. To aid the effort of reconciling channel expression

data with electrophysiological data, we have extracted the population of voltage-gated K*, Ca?*,
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and Na" channel o subunits expressed in the SFO, with a focus on the Ky, Nay, and Cay families,
which share a well-conserved 4x6 transmembrane domain structure (Ertal et al., 2000; Goldin et

al., 2000; Gutman et al., 2005).

Voltage-gated K* channels

Voltage-gated K* channels are a diverse class of protein, having members with different
numbers of transmembrane segments (2, 4, 6, or 7) and methods of activation. Among the Ky
family of voltage-gated K* channels, there are 12 subfamilies (Ky1-12 or KCNA-D, F-H, Q, S
and V2). The best studied among these are the Shaker (Ky1/KCNA), Shab (Kv2/KCNB), Shaw
(Kv3/KCNC), and Shal (Kv4/KCND) families. The Ky alpha subunit group also includes
K\5/KCNF, Ky6/KCNG, K\8/KCNV, and K9/KCNS, KCNQ channels (K\7), and the Ether a-
go-go family, including EAG (Kv10/KCNH1,5), ERG (Kv11/KCNH2,6,7), and ELK

(Kv12/KCNH3,4,8), which are not considered here.

The Ky family of voltage-gated K* channels share a conserved general structure of 4
heteromultimeric segments each composed of 6 transmembrane segments, centred around a pore
formed from hairpin loops in each segment (Doyle et al., 1998). Voltage-gated K* channels
exhibit considerable variable within their biophysical properties due to the splice variants of each
subunit (Wang et al., 1996; Ohya et al., 1997), modifier subunits (Kramer et al., 1998), multiple
potential heterotetrametric combinations of subunits, (Gutman et al., 2005), and post-
translational modifications (Henke et al., 2004; Gubitosi-Klug et al., 2005). In this study, as in
previous studies (Washburn et al., 1999; Washburn and Ferguson, 2001a; Medlock et al., 2018),
we have demonstrated the presence of 2 distinct subclasses of voltage-gated K+ current: the
rapidly activating and inactivating la current (Figure 3.4C), and the slow-inactivating delayed-

rectifier Ik currents (Figure 3.4B).

102



The transient Ia current activates at hyperpolarised (<-40) potentials opposing
depolarising current through other cation channels such as nonspecific cation channels and
voltage-gated Na* channels, though it is quickly inactivated and thus overcome by voltage-gated
Na* currents at more depolarised potentials. In SFO neurons, la is also thought to contribute to
the characteristic membrane potential oscillations which are involved in SFO bursting behaviour
(Medlock et al., 2018). Comparatively, Ik facilitates membrane repolarisation (Segal et al.,
2018). The currents presented here are due to a combination of voltage-gated K* ion channels
which were identified via RNAseq and microarray. Without being able to determine the ion
channel subunits expressed within a particular neuron, it can be difficult to identify the specific
ion channel complement based on current properties alone. Current information suggests that, of
those subunits found to be expressed in the SFO, the K\1.1 - Ky1.6, Ky2.1 and K,2.2, K\3.1 and
Kv3.2, Ky7.2 and K,7.3, as well as the K10 family subunits contribute to Ik, whereas the K3.3
and Ky3.4, as well as K\4.1 and Ky4.3 contribute to Ia (Ono et al., 2005; Judge et al., 2008),
though the currents produced by some subunits and specific combinations continue to be
investigated. Other subunits, such as K.5.1, Ki6.1, K\6.2, K\6.4, and K,9.2, are non-functional
unless associated with a member of the K2 family (Kramer et al., 1998; Judge et al., 2008),

likely acting to modulate the Ik currents typically produced by those channels.

This SFO channelome provides an updated list of ion channels known to be expressed in
the SFO which can be further investigated. We have validated the expression of 20 of 41 known
voltage-gated K* channels in the Ky family, and present 9 transcripts detected uniquely by

RNAseq which require further validation.
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Voltage-gated Na™ channels

Voltage-gated Na* channels play critical roles in driving neuronal excitability, where they
are classically thought of as driving the rapid depolarisation phase of the action potential through
allowing the rapid entry of Na* ions. They also to contribute to sub-threshold oscillations of
membrane potential which contribute to the characteristic bursting firing patterns seen in some
SFO neurons (Fry et al., 2008). In mammals, there are 9 voltage-gated Na* channelo subunits.
The fully assembled channels are composed of four 6-transmembrane domains each with a filter
pore between the 5™ and 6™ segments, connected by 3 linkers. The Nay1.1-Nay1.3 and Nay1.6
isoforms are of particular interest as they are most heavily expressed in the CNS (Goldin et al.,

2000).

The voltage-gated Na* current includes both a transient component, which activates and
inactivates within 15 ms, and a persistent component. Subthreshold persistent Na* (Inap) current
is unique in that, although it rapidly activates, it does not inactivate: unlike the rapidly
inactivating components that produce transient currents, Inar may last several hundred ms. Only a
small portion of transient Na* current comprises the non-inactivating portion, estimated at <4%
of the peak transient current in some neuronal subtypes (Cummins et al., 2017b). In SFO neurons
specifically, Inap is implicated in the subthreshold membrane potential oscillations (Fry and

Ferguson, 2007).

Some components of Na* currents are notably different in SFO neurons. Intriguingly,
SFO neurons display remarkably slow recovery from inactivation time constant (t) of 120 ms,
and fully recovering in ~300 ms (Figure 3.5E-F). Comparatively, hippocampal CA1 neurons
fully recover within 20 ms (Cummins et al., 2017a), and fast-firing Purkinje neurons within 10

ms (Aman and Raman, 2007). The slow recovery from inactivation may be related to Nay1.7

104



expression seen in SFO, which is preferentially expressed in PNS neurons as opposed to CNS
neurons , but which was reported in HEK cells to show a considerably slower recovery from
inactivation with a t of 40 ms (Huang et al., 2014), compared to t values of ~5 ms for Nay1.1 and
Nay1.6 (Patel et al., 2015), ~15 ms for Nay1.3 (Cummins et al., 2001). The recovery from

inactivation seen in SFO neurons is slower still; the mechanism behind this is unknown.

The SFO is comprised of several subpopulations of neurons, between which the intrinsic
electrical properties determined by ion channels subtly differ. Differential distributions of
voltage-gated Na* channels underlie some of the electrical differences between the neurons in the
shell and core SFO: a greater proportion of shell SFO neurons are more depolarised and are more
electrically active than core SFO neurons, though core SFO neurons display a bursting firing
pattern (Huang et al., 2019). Notably, core and shell SFO neurons also differ in their projections:
both the core and shell subregions project to the PVN, though core SFO neurons project to
magnocellular cells, whereas shell SFO neurons project to the parvocellular cells (Kawano and
Masuko, 2010). This is an important distinction as these PVN cells differ in their pathways, such
that magnocellular cells secrete oxytocin and vasopressin via the posterior pituitary, and
parvocellular cells secrete corticotropin release hormone, vasopressin, and thyrotropin-releasing
hormone on to the anterior pituitary. The core SFO neurons also send more axonal projections to
the limbic bed nucleus stria of the terminalis (Swanson and Lind, 1986; McKinley et al., 2003;
Hollis et al., 2008). Ultimately, these differences in electrical properties of SFO neurons may be
linked to distinct physiological outputs. Further research is necessary to examine the differential
distribution of voltage-gated Na* channels from the shell and the core regions of the SFO to fully

understand how they contribute to differences in electrical behaviour.
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Voltage-gated Ca?* channels

Voltage-gated Ca®* channels are composed of a pore-forming and voltage-sensing o
subunit, and in most types have 4 auxiliary subunits: the co-transcribed a2 and & subunits, the
trafficking or membrane-localisation  subunit, and the y subunit. The pore-forming subunits are
sufficient to produce a Ca?* current (Perez—Reyes et al., 1989) and are split in to 3 subgroups
based on the current properties they confer and their sensitivity to different Ca?* channel
blockers: Cay1 (composed of CACNALC, D, S, and F), which produce a long-lasting L-type
current, Cay2 which produce P/Q-, N-, and R-type currents (CACNALA, B, and E, respectively),
and Cay3, which produce transient T-type currents (CACNAG-I) (Ertal et al., 2000). We have
validated the expression of 2 L-type subunits (Cay1.2 and Cay1.3), and the N-type subunit
(Cav2.2) as present via both RNAseq and microarray. Comparatively, RNAseq detected all
known P/Q-, N-, and R-type subunits, and all known T-type subunits in the SFO. The roles of
voltage-gated Ca®* channels are broad and depend on their location, intensity, and the duration of

Ca?* influx.

L-type calcium channels are activated at depolarised membrane potentials and produce a
long-lasting, slowly deactivating inward current (Helton et al., 2005). We did not observe the
expression of Cay1.1 or Cayl.4; this is unsurprising as these are not highly expressed in the brain,
and are instead primarily localised in skeletal muscle (Bannister and Beam, 2013) and the retina
(Morgans, 2001; Berntson et al., 2003), respectively. Presynaptically, L-type channels have been
shown to play a role in neurotransmitter release (Mortensen, 2013; Subramanian et al., 2013).
However voltage-gated Ca?* channels may also be localised to the cell soma or dendrites, and
depending on their cell localisation, L-type channels may play different roles: in hippocampal

neurons, the L-type channels we detected are thought to be primarily localised to the soma and
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dendrites, where they contribute to excitation-transcription coupling (Biase et al., 2010).
Excitation-transcription coupling is a mechanism by which electrical activity alters transcription

to cause short or long term changes in cells, and is important for synaptic plasticity.

Both the Cay1 and Cay2 subfamilies are thought to alter gene expression via excitation-
transcription-coupling (Wheeler et al., 2012). Similar to L-type channels, the Cay. group of P/Q-,
N-, and R-type channels are also activated at depolarised voltages, though they are resistant to
the L-type blockers and unlike L-type channels all are primarily expressed in neurons. Evidence
suggests that all channels in this group can also be localised presynaptically and increase Ca?*
levels to promote neurotransmitter release (Wu et al., 1999; Huang et al., 2011). Furthermore,
modulation of voltage-gated Ca?* currents influences the electrical excitability of neurons. In
SFO neurons, N-type Ca?* currents are potentiated by binding of angiotensin or NaHS to
increase electrical excitability in concordance with voltage-gated K™ or Na* channels (Washburn
and Ferguson, 2001b; Kuksis and Ferguson, 2015; Simpson and Ferguson, 2018). Furthermore,
influx of Ca?" via voltage-gated channels can be secondary to modulation of other voltage-gated
channels to increase electrical excitability, and simply reflecting an increasing in action potential

firing, as is the case with ghrelin in SFO neurons (Pulman et al., 2006).

T-type channels are unique among voltage-gated Ca?* channels in that they activate at
more hyperpolarised potentials (~—60 mV) and are inactivated quickly relative to L-type
channels (Carbone and Lux, 1984; Bossu and Feltz, 1986). Structurally, T-type channels share a
conserved pore-forming subunit structure with other voltage gated Ca?* channels (Jan and Jan,
1990; Perez-Reyes, 2015), though they appear to lack auxiliary subunits (Leuranguer et al.,
1998). Peterson et al. detected by RNAseq all 3 known T-type a subunit transcripts, whereas

none were detected via microarray (Hindmarch et al., 2008). T-type channels are involved in
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Ca?*-mediated rebound depolarisation (also known as low-threshold spike) which follows
hyperpolarisation, and may lead to a burst of firing mediated by Na* channels (Jahnsen and
Llinds, 1982; Jahnsen and Llinas, 1984). This is most evident in neurons with high frequency
firing: expression of T-type Ca?* channels is required for repetitive firing in the thalamus (Kim et
al., 2001). Though the expression of T-type Ca* were only observed in the RNAseq dataset, the
presence of rebound depolarisation action potential firing has been previously reported in SFO
neurons (Washburn and Ferguson, 2001a). Furthermore, Washburn et al (Washburn and
Ferguson, 2001a) also noted the presence of low-voltage activated Ca?* currents in addition to
high-voltage activated Ca" currents, though these are the first data to connect physiological
evidence of low-voltage activated Ca®* currents with expression data for the SFO. The
physiological significance of the occasional presence of T-type Ca®* currents is currently unclear.
Neither the RNAseq nor the microarray data distinguish between peripheral or core SFO
neurons, or neuronal and non-neuronal cells within the SFO; further research in to the specific
expression pattern and subcellular localisation of the voltage-gated cation channels discussed

here would help to resolve their physiological roles.

3.5.3. Conclusion

We have validated the expression of 75 GPCRs, 35 voltage-gated ion channels, 19
ligand-gated ion channels, and 13 other ion channels, expressed in the SFO via RNAseq and
microarrray. We found a correlation between the relative expression levels from RNAseq and
microarray data for all groups; intriguingly, the ligand-gated ion channels showed a poor
correlation (Pearson’s R? = 0.03) which was not statically significant (p>0.05). We have
validated the expression of many receptors and ion channels previously known to be expressed in

the SFO, including receptors for angiotensin and a subset of Na*, K*, and Ca?" ion channels.
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These include intriguing potential targets of future research including GPCRs, and voltage-gated

Ca?*, K* and Na* channel subunits.

The list of validated transcripts detected by both methods, as well as those detected by
either RNAseq or microarray only, or not detected by either is available as supplementary data
(Supplementary Table 1) and will aid in future research on SFO physiology. Given the role of
SFO in energy balance, osmoregulation, and cardiovascular output, we expect these data will be
useful to researchers interested in these processes and the development of treatments for obesity

and hypertension.
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Figure 3.1. Validation of RNAseq transcript relative expression levels using microarray data for
(A) GPCRs (for 75 validated transcripts: R?=0.62; p = 0), (B) voltage-gated ion channels (for 40
validated transcripts: R?=0.38; p = 2.17 x 10°), (C) ligand-gated ion channels (for 19 validated
transcripts: R?=0.08; p = 0.22), and (D) other ion channels (of 13 validated transcripts: R?>=0.82;
p = 2.17 x 10°). Correlation was assessed only for transcripts detected by both methods. Ligand-
gated ion channels include 5-HT3 receptors, acid-sensing ion channels, epithelial sodium
channels, GABAA receptors, glycine receptors, ionotropic glutamate receptors, IP3 receptors,
nicotinic acetylcholine receptors, P2X receptors, and ZAC receptors. Voltage-gated ion channels
include CatSper and two-pore channels, cyclic nucleotide-regulated channels, potassium
channels, ryanodine receptors, transient receptor potential channels, voltage-gated calcium
channels, voltage-gated proton channels, and voltage-gated sodium channels. Other ion channels
include aquaporin, chloride channels, connexins and pannexins, piezo channels, sodium-leak

channel, non-selective, store-operated ion channels.
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Figure 3.2. Relative expression levels from RNAseq (left axis) and microarray (right axis) of
selected transcripts chosen for electrophysiological validation. Relative expression level of the

angiotensin receptor is provided for comparison.
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Figure 3.3. Effects of neuropeptides neurotensin (Nts), Substance P (SP), and endothelin (ET)
on dissociated SFO neurons. (A) Dissociated SFO neurons depolarise and increase action
potential frequency in response to neurotensin. At 10 nM neurotensin (Nts), 42.9% of dissociated
SFO neurons depolarise on average by 6.2 + 2.3 mV (n=8) and increase action potential
frequency by on average 1.9 + 0.4 Hz (n=9). RNAseq data show expression of at least two
receptors for neurotensin: Ntsr2 and Ntsr3. (B) Dissociated SFO neurons depolarise and increase
action potential frequency in response to substance P (SP). RNAseq data show expression of at
least one receptor for SP: Tacrl. (C) Dissociated SFO neurons depolarise considerably in
response to endothelin (ET). A receptor for endothelin (Etrb) is the 3" most highly expressed

GPCR in the SFO transcriptome.
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Figure 3.4. SFO neurons display two distinct subtypes of voltage-gated K* current. K* currents
were elicited using 10 mV current steps from -65 to +35 mV, using either a hyperpolarising
(=100 mV) pre-pulse to record total K* current (Itor, A), or a depolarising pre-pulse (-30 mV) to
examine only delayed-rectifier currents (lk, B). Transient K* currents (la) are shown as the
current remaining after subtracting Ik from total current (C). (D) The VI plot generated from the
currents in B and C show the differences between the la in Ik in terms of peak current and

voltage-dependence of activation.
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Figure 3.5. Properties of voltage-gated Na+ currents in SFO neurons. (A) Representative
transient Na* currents from a SFO elicited using 15 ms 10 mV steps from —70 to +60 mV,
following a —90 mV pre-pulse. (B) Representative recording from SFO neuron subjected to pre-
pulses ranging from =100 mV to 0 mV I 10 mV steps, followed by a 15 ms pulse at 0 mV to
investigate inactivation properties of voltage-gated Na* current in SFO neurons. (C) Results
from A and B were used to generate activation and inactivation conductance curves for transient
Na+ currents in this neuron. (D) Representative voltage trace of SFO neuron subjected to 1 s
prolonged ramp from —100 to 0 mV. Persistent Na* current does not inactivate as quickly as
transient Na* currents. (E) Representative trace of a SFO neuron subjected to two pulses at +20
mV with varying times between pulses (2-910 ms). (F) Results from E are plotted to investigate
time-dependent recovery from inactivation, indicating a slow recovery from inactivation with a

time constant of 120 ms.
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Figure 3.6. Numerous subtypes of channels make up voltage-gated Ca?* current in SFO neurons.
(A) Representative traces of voltage-gated Ca?* currents from a dissociated SFO neuron. Ca?*
currents were investigated in Na* and K*-free solution and elicited using 10 mV current
injections from -60 mV to +30 mV (B). Current-voltage plot generated from Ca?* current
recording in A. Note inward current beginning at -50 mV, indicating the activation of low-
voltage activated Ca?* channels (T-type). (C) Activation of T-type channels causes a short-lived

depolarisation, in this case reaching the action potential firing threshold of the neuron.
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Table 3.1. Extracellular recording solutions used.

Concentration (mM)

Compound  Physiological K+ Currents Sodium Currents  Calcium Currents
NaCl 140 140 50 120
KCI 5 4 --- ---
CaCl; 2 1 1 ---
MgCl, 1 1 1 1
BaCl; 1 1
CslCl, 1

BaCl; 1
cdCl; 0.3
TEA 100 10
4-AP 1
HEPES 10 10 10 10
Dextrose 10 10 10 10
TTX --- 0.0005 --- 0.0005

Table 3.2. Intracellular recording solutions used.

Concentration (mM)

Compound Physiological K+ Currents Sodium Currents  Calcium Currents

K+ gluconate 130 120
CsMeSOq 120
CsCl> 140
NaCl 10 10
CaCl; 1 0.1
KCI 10
MgCl 1 1 1
EGTA 5 10 10
HEPES 10 10 10 10
Dextrose 10
NaATP 4 4 2 2
NaGTP 0.1 0.1 0.2 0.2
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3.7. Connection between chapters 3 and 4

In the second chapter, we presented a list of ion channels and GPCRs with validated and
unvalidated expression in the SFO. Of these we further explored the significance of the receptors
for endothelin, substance P, and neurotensin via their effects of electrical excitability of
dissociated SFO neurons. These results indicated that marked mRNA expression of Ntsr2 and
Ntsr3 is paired with robust increases in the electrical excitability of SFO neurons. Considering
the converging roles of neurotensin and the SFO in regulation of thirst, cardiovascular output,
and energy balance, we further explored the effects of neurotensin on SFO neurons and the ionic

mechanism by which neurotensin alters the electrical excitability of SFO neurons in chapter 4.
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4. Neurotensin modulates the electrical excitability of subfornical organ neurons.

4.1. Abstract

Neurotensin is a pleiotropic signaling molecule with metabolic and cardiovascular
activities. The subfornical organ (SFO), which lacks a blood-brain-barrier, has well-recognized
roles in energy homeostasis, hydromineral balance, and cardiovascular output, and has at least
two neurotensin inputs: circulating neurotensin in the blood, and neurotensinogenic projections
from the arcuate nucleus of the hypothalamus. Moreover, SFO transcriptomic data shows high
expression of neurotensin receptor transcripts Ntsr2 and Ntsr3, suggesting neurotensin plays a

signalling role at the SFO.

We sought to investigate the electrical effects of neurotensin on dissociated SFO neurons
via whole cell patch clamp electrophysiology. Whole-cell current clamp recordings show that at
a dose of 100 nM, neurotensin depolarises (7.0 £ 1.8 mV) and increases the action potential
frequency (3.3 + 0.81 Hz) of 53% of SFO neurons (n=12/23). Percent responsive neurons
decreased in a dose-dependent manner with an apparent ECso of 7.61 nM. Voltage clamp and
current clamp protocols to investigate neurotensin’s ionic mechanism of action revealed that
neurotensin increases the electrical excitability via modulation of two ion channels: attenuation
of delayed-rectifier (I) K* currents (reversal potential of -75.0 + 3.8 mV, increased input
resistance) and modulation of nonselective cation currents (reversal potential of -51.3 + 6.1 mV,
decreased input resistance). These are the first data to show the direct electrical effects of
neurotensin on SFO neurons, in support of the potential role of neurotensin’s action at the SFO

to modulate homeostasis.
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4.2. Introduction

Neurotensin is a tridecapeptide first extracted from bovine hypothalamus and noted for its
hypotensive action when injected in to the ventricle of a rat (Leeman, 1973; Rioux et al., 1981;
Hawkins et al., 1989). However, regulation of blood pressure has proven more complex, as some
studies indicate bi- or triphasic effects of neurotensin on mean arterial pressure and heart rate in
rats (Oishi et al., 1981; Rioux et al., 1982; Gully et al., 1996). Furthermore, since the initial
discovery of neurotensin additional homeostatic roles for neurotensin in the central nervous
system have been identified: in addition to modulation of blood pressure in guinea pigs and rats
(Leeman, 1973; Rioux et al., 1981), intracerebroventricular injection of neurotensin promotes
drinking (Baker et al., 1989) and supresses feeding in rats (Levine et al., 1983; Cooke et al.,
2009). Specific nuclei have been implicated in the pressor, dipsogenic, and energy balance
effects of neurotensin: 1. Direct neurotensin injection to the rat nucleus of the solitary tract
(NTS) decreases mean arterial pressure (Ciriello and Zhang, 1997), whereas injection to the rat
rostral ventrolateral medulla increases basal blood pressure (Ishizuka et al., 1993). 2.
Neurotensin microinjection studies have primarily ruled out some nuclei as promoting
dipsogenesis in rats via neurotensin, including the paraventricular PVN (Stanley et al., 1983),
amygdala, and the preoptic area of the hypothalamus (Baker et al., 1989). Evidence from
neurotensinogenic neurons provides insight to other nuclei: activation of neurotensinogenic
neurons in the mouse lateral hypothalamus (LH) (Kurt et al., 2019) were shown to promote
drinking, though the efferent projections and neuronal inputs of these neurons implicated in thirst
require further investigation. 3. Direct injections of neurotensin in rats to the paraventricular
nucleus of the hypothalamus (PVN) (Stanley et al., 1983), the NTS (de Beaurepaire and

Suaudeau, 1988), and the ventral tegmental area (VTA) (Cador et al., 1986) decrease food
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intake. However, some homeostatic nuclei remain uninvestigated, and the full pathways for the
pressor, drinking, and feeding effects of neurotensin are still unclear. Furthermore, many early

studies did not differentiate between different neurotensin receptor subtypes.

The effect of neurotensin is elicited through at least 3 receptors: The G-protein coupled
receptors NTSR1 and 2, and the single transmembrane domain type 1 receptor NTSR3 (also
called SORT1). The type 1 and 2 receptors are most similar based on sequence homology, but
show differences in expression distribution (Nouel et al., 1999; Fassio et al., 2000; Sarret et al.,
2003b; Inoshima et al., 2017) and ligand affinity (Tanaka et al., 1990; Chalon et al., 1996).
NTSR3 is the most poorly understood of the known neurotensin receptors, though evidence
suggests it is predominantly located on membrane-bound organelles (Sarret et al., 2003a) and
may play a role in mediating neurotensin turnover (Petersen et al., 1997). Another single
transmembrane domain receptor similar to NTSR3, SorLa/LR11, is thought to bind neurotensin
in addition to apolipoprotein E and various propeptides (Jacobsen et al., 2001). Similar to
NTSR3, SorLa/LR11 shows a primarily subcellular localisation, expressing approximately 10%
on the outer membrane, and is proposed to mediate ligand sorting, trafficking, and endocytosis

(Jacobsen et al., 2001).

Neurotensin is produced both peripherally (Sundler et al., 1977; Goedert et al., 1984) and
centrally (Carraway and Leeman, 1973; Goedert et al., 1984), though given the different effects
of peripheral vs central injections (Sumners et al., 1982), the central and peripheral sources are
often considered separate (Nemeroff et al., 1977). As a result, until recently neurotensin was not
thought to cross the blood-brain-barrier (BBB) (Gevaert et al., 2016), a network of tight
endothelial junctions formed by astrocyte end-feet which isolate the brain from the periphery by

preventing passive passage of large, hydrophilic molecules (Risau and Wolburg, 1990).
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However, peripherally injected neurotensin induces activity of hypothalamic nuclei, including
the paraventricular nucleus of the hypothalamus (PVN) and the NTS, and decreases food intake
(Ratner et al., 2016). This effect was shown not to result of interaction of neurotensin with the
vagus nerve. Moreover, the apparent ability of neurotensin to cross the BBB does not appear to
be relevant to this effect, as prevention of BBB crossing via pegylation did not alter the anorectic
effect of neurotensin. Thus the effects of neurotensin in this case are likely mediated through an
area of the brain lacking a BBB. While the authors did see increase c-fos expression in the area

postrema, activity in other sensory circumventricular organs (sensory CVOs) was not examined.

The subfornical organ (SFO) is a sensory CVO, which is a unique structure which lacks a
BBB, and a recent transcriptomics study shows high expression levels for NTSR2 and NTSR3 in
the SFO (Peterson et al., 2018). Furthermore, neurotensinogenic projections originating in the
arcuate nucleus of the hypothalamus project to the SFO (Rosas-Arellano et al., 1996). In addition
to neurotensin receptors, the SFO expresses a broad variety of other membrane receptors crucial
for regulation of homeostasis, placing it to effectively detect circulating signalling molecules
from the periphery. Moreover, the SFO sends axonal projections to important homeostatic
centres including the median preoptic nucleus (MPN) (Lind et al., 1982, 1984), the PVN
(Miselis, 1982), the supraoptic nucleus (SON) (Lind et al., 1982; Sawchenko and Swanson,
1983), the arcuate nucleus of the hypothalamus (ARC) (Gruber et al., 1987; Whyment et al.,
2004), the LH (Burton et al., 1976; Miselis, 1982), the bed nucleus of the stria terminalis (BNST)
(Swanson and Lind, 1986; McKinley et al., 2003; Hollis et al., 2008) and vascular organ of the
lamina terminalis (Lind et al., 1982). The SFO also receives synaptic input from many of these
areas including the MPN (Hernesniemi et al., 1972), the NTS (Miselis, 1982; Zardetto-Smith and

Gray, 1987), the ARC (Rosas-Arellano et al., 1996), and the PVN (Lind et al., 1982). Thus the
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SFO is situated to detect signals of physiological state, integrate this information with signals
from other nuclei, and transduce this information to other homeostatic nuclei to play a critical

role in regulation of homeostasis.

Though the classical role of the SFO is as a detector of angiotensin |1 to increase blood
pressure and drive thirst (Mangiapane and Simpson, 1980, 1983), continued research has shown
the SFO responds to numerous other signalling molecules to modulate cardiovascular output and
thirst, to varying effects. Whereas some molecules such as endothelin and hydrogen sulfide act to
increase blood pressure and heart rate (Wall et al., 1992; Kuksis et al., 2014), others such as
apelin have the opposite effect (Smith and Ferguson, 2012; Dai et al., 2013). In recent years
increased research has expanded the known roles of the SFO to include energy balance, (Smith et
al., 2008, 2010), salt appetite (Thunhorst et al., 1999; Nation et al., 2016), and to a lesser extent
immune function (Takahashi et al., 1997; Cerqueira et al., 2016) and reproduction (Donevan et
al., 1989). Numerous energy balance signalling molecules including leptin (Smith et al., 2008;
Smith and Ferguson, 2012), adiponectin (Alim et al., 2010), insulin (Lakhi et al., 2013), and
others (Hoyda et al., 2009; Ahmed et al., 2014; Riediger et al., 2017) act at the SFO, and more
directly, electrical stimulation of the SFO induces feeding (Smith et al., 2010). Given the
established and converging roles of neurotensin and the SFO in regulation of blood pressure,
thirst, and feeding, the high expression levels of neurotensin receptor transcripts in the SFO
(Peterson et al., 2018), and known neurotensinogenic inputs to the SFO, we sought to

characterise the effects of neurotensin on the electrical excitability of SFO neurons.
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4.3. Methods
4.3.1. Animals and dissection

All procedures were approved by the University of Manitoba Animal Care Committee in
accordance with the guideline from the Canadian Council for Animal Care. Male Sprague
Dawley rats (150-175¢g) were given ad libitum access to standard rat chow and kept in a light-
controlled facility. Rats were sacrificed by decapitation between the hours of 8 am and 12pm
(1:45 — 5:45 following lights on). The brains were removed and placed in ice-cold oxygenated
artificial cerebrospinal fluid (composition, in mM: 126 NacCl, 2.5 KCI, 1.25 NaH2PO4, 2 MgCl_,
10 D-glucose, 26 NaHCO3, 0.5 CaCly) for 2 minutes. A 3 mm block of tissue containing the SFO
was cut at the level of the hypothalamus (Paxinos and Watson, 2007), and the tissue surrounding
the SFO was dissected under a dissecting microscope. Dissociated SFO cultures were prepared
as previously described (Ferguson et al., 1997). Briefly, dissected SFO was incubated in 10 mL
Hibernate media (Gibco) containing 5 mg of papain (Worthington) for 30 minutes at 37 °C, then
washed three times in B-27 (Gibco) supplemented Hibernate, and triturated. Dissociated cells

were incubated in Neurobasal (Gibco) supplemented with B-27 and Glutamax (Gibco).

4.3.2. Electrophysiology

All electrophysiological recordings were performed within 5 days of culturing as
previous evidence suggests that SFO neurons maintain their electrical properties for at least six
days in culture (Ferguson et al., 1997). Data were acquired using a HEKA EPC10 patch clamp
amplifier and Patchmaster 2.53 software (Mahone Bay, Nova Scotia, Canada). Cells were
visualised under phase contrast microscopy at 400x magnification (Axiovert 135, Carl Zeiss

Inc.).
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Current Clamp.
Electrodes fashioned from borosilicate glass (Sutter Instruments) with a resistance of 2-5

MQ when filled with intracellular solution were used. Only cells with stable access resistance
(<30% change in MQ), membrane seals >1 G, and stable membrane potential were used.
Neurons used for current clamp experiments had a mean access resistance of 13.58 + 0.50 MQ
(n=101). Extracellular recording solution was constantly flowed through the culture dish via a

peristaltic pump at a flow rate of ~2 mL/min.

For current clamp recordings investing changes in membrane potential, action potential
firing frequency, and input resistance, physiological extracellular (composition in mM: 140
NaCl, 5 KClI, 2 CaCl,, 1 MgCl,, 10 HEPES, 10 mM dextrose) and intracellular (composition in
mM: 5 EGTA, 130 K gluconate, 10 KCI, 10 HEPES, 1 CaCl, 4 NaATP, 0.1 NaGTP) solutions
were used. Neurons were held without enough current to maintain membrane potential near -60
mV during recording. For dose response, following a 4-minute baseline recording period, 2 mLs
of either saline (control) or neurotensin (0.1-100 nM; Tocris, 1909) was washed over the cells,
and resting membrane potential and action potential frequency recorded. To determine whether
the effect seen in SFO neurons is due to interaction with neurotensin receptors, cells were first
washed over the 100 nM NTSR1/2 antagonist SR142948 (Tocris; 2309) for 3 minutes to allow

antagonist binding, followed by a 2-minute wash with 100 nM neurotensin.

To gain insight in to the ion channels implicated in the electrical effects of neurotensin on
SFO neurons, the reversal potential of the effect and changes in input resistance were calculated.
To determine the reversal potential a calculate input resistance, 1-5 pA current steps were
applied once baseline had stabilised and at the onset of neurotensin effect or, where no effect was

seen, 3 minutes following neurotensin application. The relationship between voltage and current
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was plotted (VI plot), the input resistance calculated from the slope, and the reversal potential of
the effect from the intersection of the VI plots before and after neurotensin. For all current clamp
experiments, a cell was considered responsive to neurotensin if the membrane potential changed
by 2 standard deviations from the baseline potential and/or at least doubled in action potential

frequency within 3 minutes of neurotensin application.

Voltage Clamp.
For experiments investigating changes in voltage-gated K* and nonselective cation

currents (Insc), physiological extracellular (composition in mM: 140 NaCl, 5 KCI, 2 CaCl,, 1
MgCly, 10 HEPES, 10 mM dextrose) and intracellular (composition in mM: 5 EGTA, 130 K
gluconate, 10 KCI, 10 HEPES, 1 CaClz, 4 NaATP, 0.1 NaGTP) solutions were used. Electrodes
fashioned from borosilicate glass (Sutter Instruments) with a resistance of 2-5 MQ when filled
with intracellular solution were used. Only cells with stable access resistance (<30% change in
MQ), membrane seals >1 G, and stable baseline current used. Neurons used for voltage clamp
experiments had a mean access resistance of 11.28 + 0.74 MQ (n=71). Extracellular recording
solution was constantly flowed through the culture dish via a peristaltic pump at a flow rate of ~2

mL/min.

Changes in voltage-gated K* currents were investigated by subjecting neurons to 500 ms
10 mV steps from —60 mV to +30 mV, following either a hyperpolarising (=100 mV, to remove
inactivation) or depolarising (—30 mV, to inactivate transient currents) pre-pulse. Transient K*
current (1a) was measured from the peak current of the resulting difference current of the
depolarising and hyperpolarising protocols; delayed rectifier K* (Ik) current was measured from

the early and late currents at each step from the depolarising protocol. Currents were normalised
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to peak current in the control condition, and mean normalised current-voltage (V) plots before

and after 100 nM neurotensin application compared.

Changes in Insc were investigated using a ramp from —100 mV to 0 mV over 6 s. The
point at which the elicited currents before and after 100 nM neurotensin crossed or diverged was
examined as an indication of the reversal potential, and current at—100 and 0 mV before and after
100 nM neurotensin were compared to investigate changes in the net direction of current. Mean
difference current 1V plots were generated by subtracting baseline ramp currents from 100 nM
neurotensin ramp current, the value at 10 mV intervals between —90 and 0 mV extracted, and the

mean and standard errors calculated from the pooled difference data.

Changes in voltage-gated Na+ currents were performed in low-Na*, K*-free extracellular
recording solution (composition in mM: 50 NaCl, 100 TEA-CI,1 MgCl;, 1 CaClz, 1 CsCly, 1
BaCly, 0.3 CdCl», 10 HEPES, 10 glucose) and internal recording solution (composition in mM:
10 NaCl, 120 CsMeSOg, 1 MgCl», 10 HEPES, 10 glucose, 2 NaATP, 0.2 NaGTP) to minimise
amplitude of Na* currents and remove the interference of K* currents, To record voltage-
dependent Na* current, neurons were subjected to a 1 s pre-pulse at —100 mV (to enable full Na*
channel recovery) followed by 15 ms 10 mV steps from —70 mV to +50 mV. Persistent Na* was
recorded using 1 s ramp from —100 mV to 0 mV. Peak transient and persistent Na* currents and

Na* conductance were compared before and after application of neurotensin.
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4.3.3. Statistics

All statistics were performed using OriginLab 2018 software. Changes in membrane
potential and action potential frequency before and after application of a specific dose of
neurotensin were tested using a pairwise t-test. Differences between effects of neurotensin doses
and saline control, 100 nM neurotensin with or without SR142948 antagonist and saline, were
compared via one-way ANOVA with a post-hoc t-test and Bonferroni correction. Differences in
peak current at —100 and 0 mV derived from long ramp experiments were compared to
differences to saline controls (to account for the current run-up or run-down) via a two-way t-
test. Welch correction was applied where unequal variance was evident between groups as tested
by a two=way test for unequal variance. Differences in proportion of responsive neurons were
tested using Chi Square test. VVoltage-gated K* IV plots and Na* conductance plots were fitted to

a Boltzmann Curve (y = A2 + (A1-A2)/(1 + exp((x-x0)/dx))) and compared using an F-test.

4.4. Results

4.4.1. Neurotensin directly affects SFO neurons via NTSR2 receptors

Sensitivity of SFO neurons to 100 nM neurotensin, a concentration which we expected to
elicit a near-maximum response (Seutin et al., 1989; Werkman et al., 1999), was recorded using
current clamp electrophysiology (Figure 4.1). At this concentration, 54.2% (13/24) of cells
exhibited a significant response of a depolarisation (n= 10/24; paired t-test, p=0.0054) and/or an

increase in action potential frequency (n= 8/24; paired t-test, p=0.0085).

Having determined that the electrical activity of SFO neurons is modulated by
neurotensin, to ascertain whether the effects of neurotensin were concentration-dependent, 0.1 —
100 nM neurotensin was applied to cultured SFO neurons, and the percentage of responsive

neurons (Figure 4.2A), change in membrane potential (Figure 4.2B), and change in action
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potential frequency (Figure 4.2C) were recorded. Between 1-100 nM, proportion of responsive
neurons, membrane potential changes, and changes in action potential frequency decreased in a

dose-dependent manner; no effect was seen at 100 pM.

Previous studies show the expression of 2 receptors for neurotensin in the SFO: NTSR2
and 3 (Fassio et al., 2000; Sarret et al., 2003b, 2003a; Peterson et al., 2018). To determine which
receptors are implicated, we examined whether the high-affinity NTSR1/2 antagonist SR142948
(Werkman et al., 1999; Heine et al., 2019) could block the response to 100 nM neurotensin. Of
the 10 neurons treated with 100 nM SR142498, none showed a significant depolarisation or
change in action potential frequency when exposed to 100 nM neurotensin (Figure 4.3). The
proportion of responsive neurons was significantly different from 100 nM neurotensin without
SR14928 pre-treatment (Chi square text, p=0.042) but not saline control (Chi square test,
p=1.00). Changes in membrane potential and action potential frequency in the 100 nM
SR142928+100 nM neurotensin group did not differ from changes seen in saline control (One-
way ANOVA with post-hoc Bonferroni correction, membrane potential p=1.00; action potential

p=1.00).

4.4.2. lonic mechanism of neurotensin-induced changes in membrane potential

Neurotensin attenuates Ik in SFO neuron
Voltage-current plots constructed before and after 100 nM neurotensin application

revealed 2 groups of responsive neurons: those which showed a decrease in input resistance and
a reversal potential of effect of —51.2 £ 6.19 mV (n=5), and those which showed an increase in
input resistance and a reversal potential of effect of —75.0 £3.92 mV (n=3) (Figure 4.4). This

lead us to investigate to possibility of two distinct types of current modulated by neurotensin.
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The combination of increased input resistance and a reversal potential of -75 mV
suggests the closing of K™ channels in response to neurotensin. Previous studies demonstrate the
presence of two subtypes of voltage-gated K+ current which may be modulated by binding of
circulating signalling molecules (Ono et al., 2005; Lakhi et al., 2013). To confirm the effect of
neurotensin on voltage-gated K™ currents, and to investigate which sub-types of K* channels are
implicated, both the transient Ia and delayed-rectifier Ik K* currents were recorded in voltage-
clamp before and after neurotensin application (Figure 4.5). A significant decrease in Ik
amplitude was seen at both early and late time points (F-test; early p=1.5 x 10*; late p=7.3 x 10°
12) ‘While some current run-down was observed in Ik in saline control conditions, this was not
significant (F-test; early p=0.53; late p=0.62). No significant change was detected in Ia currents

by neurotensin (F-test; p=0.20).

Neurotensin increases conductance through nonselective cation channels
The reversal potential of those neurons which showed a decrease in input resistance did

not match that of the equilibrium potential of any single permeant ion typically implicated in
setting neuronal membrane potential (K*: =80 mV; Na*: +55 mV; Ca?*: +110 mV, CI: —61
mV). This indicates that a nonselective ion channel is likely modulated. To investigate whether
nonselective cation channels are affected by neurotensin, currents were elicited from SFO

neurons via a long 6 s ramp from —100 to 0 mV.

One set of neurons (n=4/22 treated with neurotensin) displayed increased inward current
below and outward current above approximately -60 mV; these currents were linear in the range
of —90 to —20 mV (Figure 4.6). Current-voltage properties combined combined with the reversal
potential of —55.9 £ 3.5 mV indicates the modulation of a nonselective cation channel (Pulman et

al., 2006). Another set of neurons (n=6/22 treated with neurotensin) showed increased inward
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current activated at —30.1 = 4.8 mV; this suggests the activation of a voltage-gated current, likely
a decrease in K* currents given the observed decrease in Ik neurotensin. At 0 mV, both the
voltage-gated channel (two-way t-test with Welch correction, p=0.0018) and nonselective cation
channel (two-way t-test with Welch correction, p=0.039) groups were significantly different than
changes in current at 0 mV in saline controls. The remaining neurons (n=12/22 treated with
neurotensin) showed no significant response to neurotensin (two-way t-test with Welch

correction, p=0.37).

Neurotensin does not alter voltage-gated Na+ channel currents
Neither peak transient Na* current, maximum persistent current, nor Na+ conductance

were significantly different between baseline and during neurotensin application (Pairwise t-

tests: transient p=0.54 and persistent p= 0.54; F-test: conductance p= 0.074; Figure 4.7).

4.5. Discussion

These data are the first to demonstrate that SFO neurons sense neurotensin and respond
by increasing electrical activity as measured by changes in membrane potential and action
potential frequency. Using whole cell patch clamp electrophysiology, we observed that at 100
nM, 54% of SFO neurons depolarised and/or increased action potential frequency in response to
neurotensin, whereas the remaining 46% of neurons showed no response. Neurotensin’s effects
on membrane potential, action potential frequency, and proportion of responsive cells decreased

in a dose-dependent manner, and are absent at 100 pM.

Application of the NTSR1/2-specific antagonist SR142948 completely eliminated the
observed depolarisation and increase in action potential frequency. Given that previous
immunohistochemistry evidence suggests that NTSR1 is not present in the SFO (Fassio et al.,

2000), these data suggest that this response is mediated by NTSR2 only. Though NTSR3 is also
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notably strongly expressed in the SFO, its role at the SFO is currently unclear. The intracellular
localisation of NTSR3 (Sarret et al., 2003a) and protein affinity chromatography (Petersen et al.,
1997) suggest that NTSR3 is likely involved in ligand trafficking and sorting, and is unlikely to
play a principal role in signalling. However, heterodimerisation between NTSR3/SORT and
NTSR1 was previously reported in the HT29 cell line which altered the affinity of NTSR1 for
neurotensin, and properties of the NTSR1 downstream signalling pathway including MAPK
phosphorylation and phosphoinositide turnover (Martin et al., 2002). Notably, a similar

relationship has not been reported in neurons, nor between NTSR2 and NTSR3.

Using input resistance experiments and voltage-clamp experiments we sought to
investigate the ionic mechanisms underlying the excitatory response of SFO neurons to
neurotensin. These data show the modulation of two different populations of ion channels in
response to neurotensin resulting in depolarisation: attenuation of delayed-rectifier K+ currents
and enhancement of nonselective cation current (Insc). The reversal potentials obtained from
long ramp (—55.9 £ 3.5 mV) and input resistance data (—51.2 = 6.19 mV) indicating modulation
of a nonselective cation channel are most similar to that previously reported in SFO neurons by
Washburn et al of —48 £ 4 mV (Washburn et al., 1999). Furthermore, insulin (Lakhi et al., 2013)
and nesfatin-1 (Kuksis and Ferguson, 2014) have been shown to modulate both exclusively Ik
without I, and glucose modulates Insc alone (Medeiros et al., 2012) to alter electrical
excitability of SFO neurons. Moreover, Il-1B both decreases outward Ik and increases Insc
resulting in a similar depolarisation and increased action potential frequency in dissociated SFO
neurons (Desson and Ferguson, 2003). Whereas in response to II-1p, depolarisation resulted
primarily from nonselective cation channels, in our case, it is not clear whether modulation of

these currents occur in the same or different cells.
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Some neurons indicated exclusively decreased outward K™ current: input resistance data
from 3 neurons showed a reversal potential very close to the equilibrium potential of K* (=75.0 +
3.8 mV; n=3/8 neurons which responded to neurotensin, of 16 total neurons tested), and long
ramps from 6 neurons (of 10 neurons which responded to neurotensin, of 22 neurons total)
indicated a decrease in outward current at 0 mV with no change in inward current below —20
mV, suggesting the modulation of a voltage-gated ion channel without changes in nonselective
cation channels. However, one neuron displayed increased inward current below —60 mV in
addition to decreased K™ current beginning near —20 mV during the long ramp protocol,
suggesting the involvement of both Insc and Ik (Figure 8). This indicates that in at least some
cases both currents can be modulated by neurotensin in the same neuron. Whether Ik is also
modulated to a smaller degree in the remaining neurons displaying increased nonselective cation

current is not evident from the data.

Central neurotensin is implicated in mediation of numerous homeostatic mechanisms
(Leeman, 1973; Rioux et al., 1981; Levine et al., 1983; Cooke et al., 2009). Of these, its effects
on blood pressure, water balance, and feeding are most relevant to its expression in the SFO.
Numerous intracerebroventricular injection experiments (Quirion et al., 1981; Rioux et al., 1981,
Sumners et al., 1982) indicate that neurotensin in the brain modulates blood pressure, though
some studies indicate a decrease in blood pressure (Quirion et al., 1981; Rioux et al., 1981)
whereas one study found intracerebroventricular injections of neurotensin increased blood
pressure (Sumners et al., 1982). Furthermore, some studies indicate bi- or triphasic changes in
blood pressure in response to neurotensin (Oishi et al., 1981; Rioux et al., 1982; Gully et al.,
1996), and differing pressor effects elicited from intravenous and intracerebroventricular

injections (Sumners et al., 1982). The variable effects of neurotensin may be partially explained
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by the involvement of peripheral sites in addition to central sites: in the guinea pig,
neurotensinogenic fibres lead to the heart as indicated by immunohistochemistry, radioassay, and
chromatography (Reinecke et al., 1982), and neurotensin infused in to guinea pig hearts acts as a
vasodilator (Bachelard et al., 1986). Conversely, infusion of neurotensin to a rat heart increases
mean coronary perfusion pressure (Quirion et al., 1980). Moreover, application of the ganglionic
blocker hexamethonium inhibits the effect of intravenous neurotensin, suggesting the
involvement of mast cells (Kérouac et al., 1982). Within the central nervous system, different
nuclei may be involved in different phases of the triphasic effects of neurotensin: while
microinjection to the NTS decrease blood pressure (Ciriello and Zhang, 1997), specific injection
to the VTA strengthens increases in blood pressure due to vasopressin (Van Den Buuse and
Catanzariti, 2000). If neurotensin at the SFO is implicated in regulation of blood pressure, it is
not clear whether it may cause an increase or decrease. Previous direct microinjection
experiments indicate that signalling molecules at the SFO may act to either increase (Smith et al.,
2007; Kuksis et al., 2014) or decrease (Dai et al., 2013; Black et al., 2018) blood pressure, for
example orexin and hydrogen sulfide increase blood pressure (Smith et al., 2007; Kuksis et al.,
2014), whereas apelin and brain-derived neurotrophic factor decrease blood pressure (Dai et al.,
2013; Black et al., 2018). Furthermore, that these signalling molecules may result in either
depolarisation or hyperpolarisation of dissociated SFO neurons, irrespective of their effects on
blood pressure. Direct microinjection of neurotensin to the SFO would be needed to clarify the

role of neurotensin at the SFO on blood pressure, if any.

Another converging role of the SFO (Mangiapane and Simpson, 1980, 1983) and
neurotensin (Rioux et al., 1981; Stanley et al., 1983) is in water homeostasis. Some of the earliest

research on SFO physiology show that either electrical stimulation (Robertson et al., 1983) or
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injection of angiotensin or acetylcholine (Mangiapane and Simpson, 1980, 1983) to the SFO
induce polydipsia. Conversely, lesioning of the SFO disrupts normal thirst and water drinking
when dehydrated. Moreover, SFO projects to many centres regulating thirst, including the SON
(Lind et al., 1982; Sawchenko and Swanson, 1983), the MPN (Lind et al., 1982, 1984), the
OVLT (Lind et al., 1982), the LH (Burton et al., 1976; Miselis, 1982), and the PVN (Miselis,
1982; Oka et al., 2015). Whether the SFO promotes thirst via its projections to the LH is un
unclear: evidence suggests that the SFO does not modulate thirst through the LH as the
dipsogenic effect of angiotensin microinjection to the SFO is not abolished by LH lesions
(Kucharczyk et al., 1976), though these results may also be indicative of redundant pathways, or
non-angiotensin-mediated drinking via the SFO to the LH. Evidence for the involvement of SFO
projections to the PVN, SON, and MPN suggest the involvement of at least some of these
structures: when SFO neurons were specifically stimulated using DREADD-based approach,
increased c-fos activity was observed in the PVVN, SON, and MPN only in mice with an intact
SFO, and that this activation increases water and salt appetite (Nation et al., 2016), suggesting
that these structures are implicated in SFO-mediated thirst. The best evidence exists for SFO-
MPN connections in regulating thirst, as destruction of SFO-MPN projections greatly reduces
angiotensin-mediated water drinking (Lind and Johnson, 1982), and activation of glutamatergic
SFO neurons projecting to the MPN (but not to the PVN) promotes water drinking (Zimmerman
et al., 2016). Notably the MPN also sends axonal projections to the PVN and SON, thus
activation of the PVN and SON and SFO by DREADDs may be directly or indirectly due to the

activation of SFO neurons.

That both intravenous (Stanley et al., 1983) and intracerebroventricular (Rioux et al.,

1981) injections of neurotensin affect water intake has been noted for decades, though the nuclei
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on which neurotensin acts to promote drinking remains unclear. Numerous neurotensin direct
microinjection studies examining thirst have provided negative results, showing that neurotensin
does not act directly on the PVN (Stanley et al., 1983), VTA, LH, amygdala, or the preoptic area
of the hypothalamus (Baker et al., 1989) to promote dipsogenesis. Current evidence suggests that
neurotensin cells in the LH release neurotensin to cause dipsogenesis (Kurt et al., 2019), though
the endpoint of the LH neurotensin projections is unknown. Because LH is protected by the
BBB, it cannot directly interact with signalling molecules unless they are specifically transported
across the BBB; both the signalling molecule or the inputs to LH neurotensin neurons
responsible for the neuron’s effects on water homeostasis are also unknown. Projections from the
OVLT are one possible source of synaptic input to the LH to modulate thirst (Hubschle et al.,
1998), though the SFO also send axonal projections to the LH (Burton et al., 1976; Miselis,

1982).

Neurotensin (Stanley et al., 1983) and the SFO (Smith et al., 2010) also both have
established roles in regulation of energy balance. The best understood aspect of the effect of
neurotensin on appetite and feeding behaviour has been in the mesolimbic dopamine system
nucleus the VTA, where neurotensin is involved in hedonic aspects of feeding (Cador et al.,
1986). This appears to be mediated through NTSR1 (Seutin et al., 1989; Woodworth et al.,
2017), which is not expressed in the SFO. Knockout studies suggest a clear role for NTSR1 in
hedonic food intake, as these mice show increased intake of palatable foods specifically
(Remaury et al., 2002; Opland et al., 2013). However, the relative importance of NTSR1 to
homeostatic feeding varies depending on the mouse strain, as some NTSR1 knockout mice show
hyperphagia and increased body weight (Remaury et al., 2002), others show hypophagia and

weight loss (Opland et al., 2013). The homeostatic aspect of neurotensin’s effect on feeding is
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less well understood, though several nuclei appear to be implicated. Direct injection of
neurotensin to the PVN (Stanley et al., 1982) and the NTS (de Beaurepaire and Suaudeau, 1988)
suppresses feeding, though the circuits mediating these effects are not fully clear. Neurotensin
may act both as a neurotransmitter or a peptide hormone, and the action of neurotensin as a
neurotransmitter does not necessarily reflect its action as a peptide hormone. However, in
addition to the nuclei noted above at least sensory CVVO may respond to plasma neurotensin:
circulating neurotensin activates hypothalamic nuclei and causes anorexia in vagotomised rats,
but is not removed when neurotensin is prevented from crossing the BBB. The authors suggest
this effect is due to homeostatic energy balance nuclei, as they saw no activation of reward
regions in the nucleus accumbens or the BNST (Ratner et al., 2016). While activity of another
sensory CVO, the area postrema, was increased as indicated by c-fos expression, the activity of
the SFO was not investigated. Notably, the putative effects of neurotensin on cardiovascular
output, fluid intake, and energy balance, are not mutually exclusive: other signalling molecules

such as angiotensin Il act the SFO to modulate multiple homeostatic properties.

The SFO also has a well-established role in regulation of energy balance. Specific
electrical stimulation of the SFO induces feeding even in satiated rats (Smith et al., 2010).
Furthermore, mounting evidence shows that the SFO is responsive to multiple energy balance
signalling molecules including leptin (Smith et al., 2008; Smith and Ferguson, 2012),
adiponectin (Alim et al., 2010), insulin (Lakhi et al., 2013), cholecystokinin (Ahmed et al.,
2014), and amylin (Riediger et al., 2017). The only known neurotensinogenic projection to the
SFO is from the ARC, which plays a major role in regulation of energy balance (Cowley et al.,
2001; van den Top et al., 2004), and is also implicated in regulation of blood pressure (Brody et

al., 1986). Given the converging roles of the SFO (Smith et al., 2010) and neurotensin (Levine et
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al., 1983) in regulation of feeding, neurotensin may also act at the SFO to affect energy balance,

via synaptic neurotensin from the ARC or plasma neurotensin.

In this study, we demonstrated that neurotensin modulates the electrical properties of
dissociated SFO neurons, increasing their excitability via changes in Ik and Insc. The SFO is a
potential site where neurotensin can act to affect blood pressure, drinking, and/or feeding, though
to clarify the physiological role of the SFO, further research characterising the physiological
effects of direct microinjection of neurotensin to the SFO on blood pressure and feeding

behaviour is necessary.
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Figure 4.1. Representative current clamp traces showing dissociated SFO neurons which (A)
depolarised and increased action potential frequency in response to 100 nM neurotensin (Nts) or

(B) were insensitive to Nts.
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Figure 4.2. Neurotensin dose-dependently modulates electrical properties of SFO neurons. (A)
Percentage of SFO neurons responsive to neurotensin is dependent on dose at concentrations of
0.1-100 nM. (B) Effect of neurotensin on membrane potential 0.1 — 100 nM. (C) Effect of
neurotensin on action potential frequency 0.1 — 100 nM. Open points are non-responders
whereas filled points indicate responders. Whiskers indicate 1.5 interquartile range, square in
box indicates mean. Asterisk indicates statistically significance of responsive neurons vs saline
controls * p< 0.05; ** p< 0.01 (one-way ANOVA with post hoc t-test and Bonferroni

correction.)
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Figure 4.3. Effect of neurotensin on SFO neurons is specific to NTSR2. (A) RNAseq expression
data shows that Ntsr2 and 3 are highly expressed in the SFO (mean + 95% confidence interval),
whereas Ntsrl expression does not meet the detection cut-off (FPKM<0.5) (Peterson et al.,
2018). Angiotensin 2 receptor Agtrla expression is provided for comparison. (B) Of 10 neurons
pre-treated with the NTSR1/2 specific antagonist SR142948, none showed a significant response
to 100 nM neurotensin; this distribution was significantly different from 100 nM neurotensin
without antagonist (Chi Square test, p =0.0423). (C) Changes in membrane potential and (D)

action potential frequency were not significantly different from saline controls.

* indicates p< 0.05; ** p<0.01; *** p< 0.001 (Proportion responsive neurons: Chi-square test;
Membrane potential and action potential frequency: one-way ANOVA with post-hoc Bonferroni

correction).
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Figure 4.4. Voltage-current (V1) plots were constructed before and after 100 nM neurotensin
application. SFO neurons which (A) responded and show increased input resistance, or (B)
responded and decreased increased input resistance. A.1. and B.1. are representative traces of
SFO neurons showing changes in membrane potential elicited by current injections before and
after 100 nM neurotensin. A.2. and B.2. are VI plots constructed from mean of neurons which
(A.2.) responded with increased input resistance (n=3) or (B.2.) responded with decreased input
resistance (n=5). Values are reported as mean + SEM. The combination of increased input
resistance and a reversal potential of -75.0 + 3.8 mV implies the modulation of K* channels in
one set of neurons. Decreased input resistance and a reversal potential of -51.3 + 6.1 mV implies

the modulation nonselective cation channels.
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Figure 4.5. Neurotensin attenuates delayed-rectifier K* current (Ik), but not transient K* (1a). (A)
Representative traces showing examples of voltage-gated K+ current. VVoltage-gated Na*
currents are truncated. To investigate voltage-gated K* currents, SFO neurons were subjected to
500 ms 10 mV voltage steps from -60 to +30 mV. A.1. Total K* current (Itot) elicited by hold at
-100 mV pre-pulse to remove inactivation. A.2. Ik of an SFO neuron. 1a was on inactivated by a
-30 mV pre-pulse, revealing only the Ik component. A.3. Ia of an SFO neuron, revealed by
subtracting Ik from Irot. (B) Ik of a SFO neuron before (B.1) and after (B.2) 100 nM neurotensin
application. Current at both early and late time points is reduced. (C) Normalised IV plots
showing changes in Ia (C.1) and both early and late Ik (C.2, C.3), expressed as mean + SEM.
Differences between mean IV plots before and after 100 nM neurotensin were significant for
early (F-test, p=1.5x10") and late (F-test, p=7.3x10?) Ik, but not peak Ia (F-test, p=0.20). (D)

Fold change in peak K* current at +30 mV.
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Figure 4.6. Current though nonselective cation channels (Insc) and voltage-gated K* current (Ik)
is decreased by neurotensin in SFO neurons. (A) A subset of SFO neurons respond to
neurotensin through increased Insc. A.1. Representative trace of a SFO neuron displaying
increased current through a nonselective cation channel after application of 100 nM neurotensin
(Nts). A.2. Mean (= SEM) difference current of neurons displaying increased Insc after 100 nM
neurotensin application (n=4/22 treated with neurotensin). (B) A subset of SFO neurons respond
to neurotensin through decreased voltage-gated K* conductance. B.1. Representative trace of a
SFO neuron displaying decreased delayed-rectified K™ conductance (Ik) after application of 100
nM neurotensin. B.2. Mean (£ SEM) difference current of neurons displaying decreased Ik after
100 nM neurotensin application (n=6/22 treated with neurotensin). (C) A subset of SFO neurons
do not respond to neurotensin. C.1. Representative trace of a SFO neuron no response to 100 nM
neurotensin. C.2. Mean (= SEM) difference current of neurons which did not respond to 100 nM

neurotensin (n=12/22 treated with neurotensin).
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Figure 4.7. Voltage-gated Na* currents are not significantly modulated by neurotensin in SFO
neurons. (A) A representative trace of the transient component of Na* current in a SFO neuron,
elicited from a prepulse at -90 mV followed by 15 ms voltage steps from -70 to +50 mV. (B)
Peak density of transient Na+ current in neurotensin-exposed neurons vs saline controls. (C) A
representative trace of the persistent component of Na* current in a SFO neuron, elicited from a
1s ramp from -100 to 0 mV. (D) Peak density of persistent Na* current in neurotensin-exposed

neurons vs saline controls.
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Figure 4.8. Insc and Ik may be modulated in the same neuron. The long ramp data from 1 SFO
neuron indicates an increase in Inscc and a decrease in Ik to increase the neuron’s electrical
excitability. Note the increase in inward current at -100 mV, and the linear trend in the
neurotensin-exposed neuron which is indicative of an increase in Insc. The change in the linear

trend at approximately -30 mV indicates a decrease in outward K* current.
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5. Discussion

This thesis describes three sets of experiments which add to the scientific knowledge of
the SFO. In the first set of experiments (Chapter 2), we investigated the effects of early postnatal
(between PDO0-21) overnutrition via a small litter model on gene expression in the rat SFO. We
found that early postnatal overnutrition significantly altered the expression of 12 transcripts with
shared roles in oxidative stress response and protein folding and activity. Of greatest interest
were the changes in the neurotrophic factor Manf, the Ca?*-binding protein Cracr2b, and the
Na*/K*/Ca?* exchanger Slc24a4, as their encoded proteins are likely to influence neuronal
development and electrical excitability of neurons: Manf is a regulator of neurite outgrowth and
migration (Tseng et al., 2017), and even small changes in ion concentrations across the plasma
membrane such as that caused by changes in expression of a transporter can influence the
excitability of neurons (Konopacka et al., 2015). We further performed a preliminary comparison
of the RNAseq dataset against previously published microarray data (Hindmarch et al., 2008) to

demonstrate concordance between the expression levels.

In the second set of experiments (Chapter 3), we continued our validation of the
transcripts in the SFO using the RNAseq data with the microarray data. Given the importance of
receptors and ion channels in shaping the behaviour of neurons, we extracted the expression
levels of GPCRs and ion channels as outlined in the IUPHAR database from both datasets, to
produce a validated set of GPCRs and ion channels expressed in the SFO. We focused on the
voltage-gated cation channel transcripts by attempting to correlate our validated expression of
voltage-gated K*, Na*, and Ca?* channels with SFO current traces of each. This validated list
also includes many receptors whose activity at the SFO have not yet been investigated. We

further examined the specific effects of the endogenous ligands for ETRA and ETRB, NTSR2
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and NTSR3, and TACRL1 on SFO neurons, showing that endothelin, neurotensin, and substance

P bind to receptors on SFO neurons to influence the electrical excitability of neurons.

The high expression of neurotensin receptors revealed by the transcriptomic data directly
led to the third set of experiments (Chapter 4), where we examined the effects of neurotensin on
the electrical activity of SFO neurons. In these experiments, the dose-dependent effect of
neurotensin on proportion of responsive neurons, membrane potential, and action potential
frequency was investigated using whole cell patch clamp electrophysiology in current clamp
configuration. Using a combination of current clamp techniques to investigate changes in input
resistance and voltage clamp experiments to examine changes in specific currents in response to
neurotensin, we found that attenuation of Ik and an increase in Insc were responsible for the
depolarisation and increase in action potential frequency observed in SFO neurons in response to

neurotensin. Moreover, we found that these effects were mediated exclusively by NTSR2.

5.1. Relevance

Together these manuscripts represent a significant contribution to the broader knowledge
of the regulation of homeostasis by the SFO. On one level, they address the mechanisms by
which the SFO responds to physiological changes. One mechanism by which the SFO addresses
changes is through altering gene expression, which may affect the sensitivity of the SFO to
detect particular signals or alter its output properties. A SFO microarray study from Hindmarch
et al. (2008) showed robust changes in gene expression following short-term challenges to
homeostasis by 48-hour fasting or 72-hour water restriction. In chapter 2, we showed that a long-
term subtle manipulation of energy balance by early postnatal overnutrition also caused subtle
changes in expression of a limited number of transcripts, showing that the SFO is responsive to

both acute and chronic physiological challenges. Even subtle disruptions to normal gene
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expression levels can have dramatic consequences in early development when the brain is still
developing: for example, other researchers have shown that early postnatal overfeeding alters the
onset of leptin expression during development of the mouse, which ultimately leads to
differences in behaviour of the feeding circuitry and feeding behaviour (Davidowa and
Plagemann, 2000; Juan De Solis et al., 2016). Numerous studies show that exposure to early
overnutrition is correlated with increased risk of obesity in child- and adulthood (Gittner et al.,
2013; Rzehak et al., 2017), cardiovascular disease (Camhi and Katzmarzyk, 2010), and type 11
diabetes (Eriksson et al., 2003) in humans; thus the consequences of early overnutrition may last

in to adulthood.

The electrical response of SFO neurons to circulating signals of physiological state are
also critical to understanding how the SFO detects and responds to environmental changes. Gene
expression data also contributes to this effort, as understanding the population of ion channels
and receptors expressed in the SFO can give us insight in to the electrical properties of its
neurons. In chapter 3, we attempted to address the gap in our understanding of the electrical
properties of SFO neurons through compiling a list of validated ion channels and GPCRs
expressed in the SFO. We further provided examples of voltage-gated cation channel currents
from SFO neurons to correlate the expression of voltage-gated K*, Na*, and Ca?* channels to the
current properties of SFO neurons. We singled out specific Ky family voltage-gated K* channels
which likely contribute to either the transient Ia or delayed-rectifier Ik portion of SFO voltage-
gated K* currents. We also found physiological evidence of a subtype of voltage-gated Ca?*
channel, the expression of which was not validated by microarray: the low-voltage activated T-
type channels. These channels are unique among the Cay family of ion channels in that they

activate at lower membrane potentials (~—60 mV); we presented an 1V plot from a neuron in
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non-physiological solutions used to isolate Ca?* current which indicated the opening of low
voltage activated voltage-gated Ca?* channels. The specific role and distribution of low voltage

gated Ca®* channels in the SFO requires further investigation.

One technique to study individual ion channels is the use of heterologous expression
systems to study current properties of specific ion channels in relative isolation (Faivre et al.,
1999). While these studies are useful for identifying properties of a current generated by an ion
channel, they may not give us full insight in to the properties of the current generated by a
channel within a neuron. For example, among voltage-gated cation channels with a 4x6
transmembrane domain configuration, the presence of auxiliary B, y, and & subunits can modulate
ion channel properties including inactivation and activation kinetics (Auld et al., 1988; Namkung
et al., 1998), current amplitude (Gurnett et al., 1996), and membrane trafficking (Isom et al.,
1994; Brice and Dolphin, 1999). Furthermore, among K,-family voltage-gated K* channels,
some o subunits act as modulators of other a subunits. The effect of an interaction between
specific proteins or subunits the current properties of an ion channel can be investigated using
heterologous systems by co-expressing the proteins or subunits and comparing the resultant
currents with and without the subunit of interest (Korner et al., 2018), though this becomes
exponentially more complicated when considering multiple interactions. Ultimately, to fully
understand the behaviour of a channel in a specific neuron we must study it in that neuron. To
that end, a body of ongoing work is focused on correlating the expression of specific ion
channels with current properties in SFO neurons (Washburn and Ferguson, 2001; McKinley et
al., 2003; Ono et al., 2005; Fry and Ferguson, 2007; Hindmarch et al., 2008; Medlock et al.,
2018). Our ion channelome dataset is a part of this effort and will aid future researchers

interested in the SFO and homeostatic regulation.
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One benefit of a validated list of GPCRs and ion channels expressed in the SFO is that it
provides a list of putative targets with roles in homeostatic regulation. A growing body of work
dating back to the 1980s has investigated the electrical and physiological effects of numerous
signalling molecules at the SFO including angiotensin Il (Mangiapane and Simpson, 1980;
Mangiapane et al., 1984; Massi et al., 1986; Ono et al., 2001), leptin (Smith et al., 2008; Smith
and Ferguson, 2012), apelin (Dai et al., 2013), and vasopressin (Smith and Ferguson, 1997;
Washburn et al., 1999), among many others (McKinley et al., 2003; Alim et al., 2010;
Hindmarch and Ferguson, 2015; Black et al., 2018). Our research on the electrical effects of

neurotensin adds to this effort.

Now that tools are in place to do so, one benefit to improving our understanding of the
intrinsic electrical properties of SFO neurons is to use this information to predict the outputs of
SFO neurons. Recently, Medlock et al. (2018) used available information on biophysical
properties of current subtypes in the SFO to model SFO neurons using the Hodgkin-Huxley-type
model, to model two different electrophysiological phenotypes of SFO neurons (tonic and burst
firing neurons) and predict their response to stimuli such as a change in a specific type of current
modulated by binding of a signalling molecule to a receptor. The better we understand the
intrinsic electrical properties of SFO neurons and how they are modulated by signalling
molecules such as neurotensin the more accurate a model of a SFO neuron can become. This
model could be improved by increased understanding of the current carried by the ion channels
which we have validated the expression of and by examining in detail and spatial distribution of
co-occurrence of these ion channels. A predictive model of the SFO can work to further our

understanding of the specific electrical mechanisms by which SFO neurons respond to hormones
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representing changes in physiological state, thereby improving our understanding of the broader

regulation of thirst, cardiovascular output, and energy balance.

One factor to consider when predicting the response of the SFO to physiological changes
is that the different homeostatic roles of the SFO are interrelated: Hindmarch et al.’s SFO
microarray data (2008) indicates that some transcripts are altered by both thirst and fasting,
reflecting that the homeostatic outputs regulated by the SFO are not independent. The
interconnectivity of ingestive behaviours has been known for multiple decades: drinking water
quenches thirst but also decreases blood osmolarity (Baldes and Smirk, 1934). Conversely,
eating can increase the concentrations of glucose, salts, and other solutes in the plasma, thereby
increasing osmolarity and driving thirst, which ultimately increases blood pressure (Hgst et al.,
1996). Thus, a perturbation of one system will affect others as well. For example, a common
symptom of type Il diabetes is excessive thirst resulting from increased plasma glucose
concentrations (Reinehr, 2005). Given the interconnectedness of basic needs, they are also
regulated together to ensure survival. One example is the case of dehydration anorexia, which is
the body’s response to dehydration in which thirst needs override hunger acting to decrease meal
size to prevent further increases in plasma osmolarity (Boyle et al., 2012). Though dehydrated
hungry rats show many expected responses to negative energy balance, including decreases
plasma concentrations of satiety hormones leptin and insulin (Watts et al., 1999), hypothalamic
regulation overrides these signals to decrease feeding. The alterations to hunger to preferentially
promote drinking over feeding involves activation of the network which inhibits feeding after it
has already begun (Salter-Venzon and Watts, 2009). Specifically, PVN and LH neurons show
reduced sensitivity to their afferent homeostatic feeding inputs (Salter-Venzon and Watts, 2009).

Once thirst is quenched, the inhibitory portion of the feeding network is suppressed and feeding
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can continue as usual. Whether the SFO is also implicated in the network of changes induces by

dehydration-anorexia aside from its typical role in promoting dipsogenesis is unknown.

Given the position of the SFO to respond to signalling molecules in the circulation and
electrical inputs from other homeostatic nuclei, the SFO is well-situated to integrate the impacts
of different homeostatic needs, outputs, and behaviours. Indeed, a recent study showed that
thirst-promoting nitric oxide synthase 1 SFO neurons respond to liquid or cold metal at the oral
cavity to anticipate the osmotic impacts of eating and drinking behaviours (Zimmerman et al.,
2016). The inhibitory effects are anticipatory because the changes in activity of on thirst-
promoting neurons occurs before effects on plasma osmolarity takes effect. These data suggest

that the SFO anticipates the interactions between fluid homeostasis and cardiovascular output.

5.2. Unanswered questions

The data in the three manuscripts presented in this thesis generated new questions. In
chapter 2 (second manuscript) we examined the effect of early postnatal overnutrition on gene
expression in the SFO via RNAseq. We noted subtle changes in expression of 12 transcripts at
the peripubertal stage (6 weeks) which were significant. Because early postnatal overnutrition is
associated with increased risk of obesity (Gittner et al., 2013; Rzehak et al., 2017) and related
conditions (Eriksson et al., 2003; Camhi and Katzmarzyk, 2010) in to adulthood, this raises the
question as to the changes in SFO gene expression in rats subjected to early postnatal
overnutrition throughout later life stages. There are several possibilities, including that these
expression changes may resolve, persist in to later life stages, or changes in expression of
different genes may be evident in later life stages as a result of early postnatal overnutrition. To
address this question, changes in gene expression between control and early postnatal overfed

rats who have reached full adulthood (~21 weeks) or in later life (~104 weeks) (Yu et al., 2014)
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could be examined using gPCR (to examine specifically the 12 transcripts of interest) or a
transcriptomics technique such as RNAseq, microarray, or qPCR array (for a smaller number of

genes) to investigate a broader range of potential changes in gene expression.

Further questions were generated as a result of the neurotensin research. Chapter 4
indicated modulation of 2 distinct types of currents, Insc and Ik to drive the increase in electrical
excitability of SFO neurons. Some evidence indicates that this occurs in separate populations of
neurons whereas other evidence suggests that in some cases both currents are modulated in a
single neuron. Given that the experiments to examine changes in Insc, Ik, and reversal potential
in current clamp were performed in separate cells, we cannot say for certain whether these

populations overlap and with what frequency.

Moreover, because the shell and core SFO neurons cannot readily be
electrophysiologically distinguished, and dissociation removes anatomical cues as to the identity
of SFO neurons, we cannot say whether primarily shell or core neurons respond to neurotensin,
or if the differences in electrical response to neurotensin (modulation of Insc vs Ik) are divided
along anatomical lines. There are several possible solutions to this problem, including single cell
RT-PCR and single cell transcriptomics, viral transfection, and molecular beacon probes.
Electrophysiology and RT-PCR can be performed on the same cell to connect
electrophysiological properties of neurons to gene expression and to identify neuronal subtypes
for example calbindin vs calretinin-positive (core and shell) or GABA/glutamatergic neurons,
and has been previously used with SFO neurons to correlate voltage-gated K* current properties
to ion channel expression (Ono et al., 2005). Single-cell PCR following electrophysiology to

correlate electrical properties of neurons with gene expression has also been successfully

195



performed in other types of neurons including rat pituitary (Hodne et al., 2010), mouse midbrain

neurons (Dey et al., 2017), and in both rat pups and adult rats (Ritter et al., 2015).

RNAseq can similarly be combined with electrophysiology, and while patch clamp and
single cell RNAseq have not been combined in the study of SFO neurons, these techniques have
been successfully combined to differentiate between neuronal subtypes in pyramidal and
interneurons from the mouse cortex (Cadwell et al., 2016; Fuzik et al., 2016) and mouse
hippocampal neurons (Zeisel et al., 2015). While these techniques offer the benefit of readily
examining multiple genes in the same neuron, it is also a post-hoc test which does not allow one
to select for a specific phenotype before recording from a neuron. Moreover, while a positive
result is likely indicative of true expression of the gene of interest, a negative result does not

necessarily indicate lack of expression.

Conversely viral vectors and molecule beacon probes allow for apriori detection of
neurons with the transcripts of interest, and do not suffer from the same technical challenges as
single cell RT-PCR. Both lentivirus (Matsuda et al., 2016) and adenovirus (Vasquez et al., 1998)
vectors have been successfully used with SFO cells. Huang et al. (2019) used gold nanoparticle-
conjugated molecular beacon probes (SmartFlare) to cause calbindin-expressing SFO neurons to
fluoresce allowing for visual identification of potential shell SFO neurons without altering their
electrical properties. Both viral transfection and molecular beacon probes could serve as an
appropriate solution for identification of SFO neuron subpopulations to determine whether
neurotensin-responsive neurons are differentially distributed among the core and peripheral SFO
neuron populations. Furthermore, as with single cell RT-PCR, multiple genes can be examined,
though this becomes more complicated as each gene needs to be expressed with a different

fluorescent probe colour and potentially viewed using a different filter. Future experiments could
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include examining differences in response to neurotensin between shell and core SFO neurons,
or to connect differences in electrical properties of neurons in as recorded in voltage and current

clamp to changes in Ik or Insc in response to neurotensin.

5.3. Future directions extending this work

The ability of dissociated SFO neurons to respond to neurotensin is one step in
understanding the full role of neurotensin signalling at the SFO. To more fully understand the
significance of neurotensin signalling at the SFO, we need to examine neurotensin’s effects in
the fuller physiological context in which this signalling occurs naturally. One route would be to
examine the synaptic effects of neurotensin on SFO neurons. Numerous studies indicate that
neurotensin modulates synaptic transmission. The specific effect of neurotensin, however, can be
varied: for example, in the VTA neurotensin has been shown to either enhance (Bose et al.,
2015) or inhibit (Kortleven et al., 2012)) glutamatergic excitatory post-synaptic potentials
(EPSPs) and inhibit inhibitory post-synaptic potentials (IPSPs) (Stuhrman and Roseberry, 2015).
Moreover, enhancement of glutamatergic transmission may occur through either NTSR1 or
NTSR2 depending on the neuronal subtype (Bose et al., 2015). Some research has also proposed
arole for NTSR3 or SorLa/LR11 in synaptic transmission, as evidenced by experiments in which
NTSR1/NTSR2-specific blockers did not alter the effect of neurotensin (Bose et al., 2015),
though due to a lack of widespread pharmacological blockers for NTSR3 and SorLa/LR11 the
involvement of eithers of these receptors could not be confirmed. Brain slices containing SFO
can be prepared and the SFO visually identified, allowing for recording from SFO neurons with
some of their projections and inputs intact, and with the ability to visually identify shell vs core
neurons with a fair degree of confidence. Moreover, if the blood vessels are left intact, the effect

of neurotensin on SFO vessels can be visually examined at the same time as electrophysiological
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experiments. Because ARC stimulation enhances the effect of angiotensin 11 on SFO neurons,
and the ARC sends neurotensinogenic projections to the SFO which terminate near blood
vessels, Rosas-Arellano et al. suggested that neurotrensin released from ARC projections could
directly dilate SFO blood vessels to improve solute permeability (Rosas-Arellano et al., 1996).
Thus the hypothesis on the synaptic and local blood vessel effects of neurotensin at the SFO

could be tested concurrently.

Another set of future experiments which would improve our understanding of
neurotensin’s role in the SFO would be to examine the distribution of neurotensinogenic inputs
and neurotensin receptors relative to SFO anatomy. The two major subdivisions of the SFO, its
shell and core, can be separated by their expression of calretinin or calbindin, respectively
(McKinley et al., 2003; Huang et al., 2019). Using triple immunohistochemistry, we can examine
the distribution of neurotensin-producing axonal inputs to the SFO relative to shell and core SFO
neurons, and the distribution of neurotensin receptors in shell and core neurons. As shell and
core SFO neurons project to different regions of the brain (Swanson and Lind, 1986; McKinley
et al., 2003; Hollis et al., 2008; Kawano and Masuko, 2010) and have subtle differences in
intrinsic electrical properties (Huang et al., 2019), knowing which neurons or vessels receive
neurotensin input and which are competent to respond to neurotensin will give us insight in to
the potential roles of neurotensin at the SFO. Similarly, we could triple immunohistochemistry to
investigate the distribution of Manf, Cracr2b, and Slc42a4 relative to calbindin (core) and

calretinin (shell) SFO neurons.

Numerous experiments involving microinjection to the SFO and monitoring changes in
blood pressure and heart rate have been previously performed (Smith et al., 2007; Smith and

Ferguson, 2012; Cerqueira et al., 2016). In some cases, these results are the same as an
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intracerebroventricular injection as is seen with endothelin injections (Ouchi et al., 1989; Wall et
al., 1992), though in many cases the opposite effect is seen such as with leptin (Dunbar et al.,
1997; Smith and Ferguson, 2012) and orexin (Lin et al., 2002; Smith et al., 2007). Given this
and the bi- or triphasic effects of neurotensin on blood pressure (Oishi et al., 1981; Rioux et al.,
1982), we cannot predict what the effect of a direct neurotensin injection the SFO on heart rate
and blood pressure would be. A series of direct microinjection experiments would expand our
understanding of the physiological consequences of neurotensin at the SFO. While
intracerebroventricular injections allow drugs to pass the BBB via injection in to a ventricle, they
are not specific to the site of action. Microinjections allow for administration of a drug of interest
to a specific site by guiding a cannula to the coordinates of the nucleus of interest. The injection
site can be examined after the experiment to confirm the drug was administered to the correct
site. By microinjection angiotensin to the SFO as a positive control, which has a well-established
effect on blood pressure via the SFO, or the drug vehicle (saline) as a negative control, we can
further confirm that the blood pressure and heart rate responses of neurotensin or lack thereof are

due to injection of neurotensin as opposed to the cannulation setup.

Combining direct microinjection techniques with the Cre/lox recombination system
allows for the study of knockdown or knock-in of genes at a specific nucleus in the brain. In this
case, we can microinject a viral vector to generate Cre recombinase enzyme expression directly
to the SFO in genetically modified rats with lox sequences flanking a ShRNA inserted (Hitz et
al., 2007), ensuring knockdown of the target gene to exclusively in the SFO. For example,
targeting Ntsr2 expression allows us to investigate the role of neurotensin action at the SFO
specifically, whereas knockdown of Manf, Cracr2b, or Slc24a4 at the SFO allows us to

investigate the role of these transcripts in the SFO. As the lox sequences are not activated except
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in the presence of the Cre recombinase enzyme, injection controls for this technique include
injection of the microinjection vehicle alone to rats expressing the lox sequence (to control for
the effects of the injection itself) and injection of the viral vector for Cre recombinase to rats
without the lox sequence (to control for the effects of the expression of Cre recombinase enzyme
alone). The production of rats with SFO-specific knockdowns allows us to perform a variety of
in vivo and in vitro experiments. For example, to investigate whether binding of neurotensin to
NTSR2 specifically is responsible for the effects of neurotensin at the SFO on cardiovascular
output as noted in the above paragraph, these in vivo microinjection experiments with the same
controls can be repeated in NTSR2 knockdown animals. Furthermore, the SFO from Cre/lox-
mediated knockdown animals may be used for further electrophysiological studies. For
electrophysiological experiments, the Cre/lox system can be used in conjunction with a reporter
sequence so that SFO neurons which have successfully knocked down expression of the gene of
interest fluoresce (Weber et al., 2011). Using current and voltage clamp electrophysiology, we
can compare the intrinsic electrical properties of Cracr2b, or Slc24a4 knockdown SFO neurons
to normal SFO neurons, examining electrical properties of neurons including resting membrane
potential, action potential frequency and length of action potential bursting behaviour, and
properties of Ca?*, Na*, and K* currents (Huang et al., 2019). The four series of experiments
proposed above would be a direct continuation of the research outlined in this thesis and will
improve our understanding of the regulation of SFO neurons by the signalling molecule

neurotensin, and the roles of Manf, Cracr2b, and Slc24a4 in the SFO.
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5.4. Conclusion

Taken together, the three manuscripts presented in this thesis add to our knowledge of the
SFO, its regulation of homeostasis, challenges to homeostasis, and the electrical properties of its
neurons. Specifically, these manuscripts address the response of the SFO to prolonged challenges
to energy balance, and the intrinsic electrical properties of the neurons and their ability to detect
and respond to signals of physiological state. We expect these data will be of particular interest
to researchers interested in the SFO and its role in homeostatic regulation and the treatment of

obesity, hypertension, and related conditions.
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Appendix

A Affymetrix Rat Gene Chip 230 (31099 probes)

Mapped to ENSEMBL 1D Present

B Rat Rnor_6.0 (32884 gene IDs)

Mapped to Affy ID Present
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Figure A2.1. Overlap between previously published microarray data and RNA sequencing
transcriptomes. (A) Of 15630 transcripts detected by RNAseq (compared to Rnor_6.0 rat
genome assembly), 12527 transcripts could be mapped to Affymetrix IDs. 2710 transcripts could
be mapped but were not expressed within the SFO according to RNAseq. (B) Of the 15937

probes called as present on the microarray, 10910 could be mapped to 9115 unique Ensembl IDs.
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Figure A2.2. Weights of male rats from small and large (control) litters at age 6 weeks. Small

litter rats were significantly heavier than controls (p < 0.05, t-test).
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Table A2.1. Gene ontology analysis (generated by KOBAS) of significantly changed genes.

FDR

Input Background  Adjusted
Gene Ontology Term ID Number  Number p-value
negative regulation of oxidative stress-
induced intrinsic apoptotic signaling
pathway G0:1902176 2 15 0.021297
regulation of oxidative stress-induced
intrinsic apoptotic signaling pathway GO0:1902175 2 20 0.021297
negative regulation of oxidative stress-
induced cell death GO0:1903202 2 31 0.021297
negative regulation of response to
oxidative stress GO0:1902883 2 32 0.021297
negative regulation of cellular response
to oxidative stress GO0:1900408 2 32 0.021297
intrinsic apoptotic signaling pathway in
response to oxidative stress GO0:0008631 2 33 0.021297
chaperone-mediated protein folding GO0:0061077 2 41 0.024176
regulation of oxidative stress-induced
cell death GO0:1903201 2 41 0.024176
regulation of cellular response to
oxidative stress GO0:1900407 2 48 0.029084
regulation of response to oxidative
stress G0:1902882 2 51 0.029415
cell death in response to oxidative stress GO:0036473 2 54 0.029854
negative regulation of protein
phosphorylation GO0:0001933 3 308 0.041021
negative regulation of intrinsic
apoptotic signaling pathway G0:2001243 2 73 0.041997
cellular response to hydrogen peroxide  GO:0070301 2 73 0.041997
negative regulation of phosphorylation ~ GO:0042326 3 340 0.043582
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Table A3.1: List of GPCRs and ion channels expressed (or not) in the SFO (validated and

unvalidated)

Legend:

Validated expression in SFO: present in RNAseq and microarray

RNAseq present, microarray absent

RNAseq absent, microarray present

Absent via RNAseq and microarray

$ indicates not in Rnor 6.0 genome assembly

* indicates no probe on microarray

G-protein coupled receptors:

Gene
name

Ackrl
Ackr2
Ackr3
Ackrd

Adcyap
1rl

Adgral
Adgra2
Adgra3
Adgrbl
Adgrb2
Adgrb3
Adgrdl
Adgrel

Full gene name

atypical chemokine receptor 1 (Duffy blood
group)

atypical chemokine receptor 2
atypical chemokine receptor 3

atypical chemokine receptor 4

ADCYAP receptor type |

adhesion G protein-coupled receptor Al
adhesion G protein-coupled receptor A2
adhesion G protein-coupled receptor A3
adhesion G protein-coupled receptor B1
adhesion G protein-coupled receptor B2
adhesion G protein-coupled receptor B3
adhesion G protein-coupled receptor D1

adhesion G protein-coupled receptor E1

RNAseq
FPKM

0
0.29693
18.77618
3.12748

23.8251
10.656
12.33302
20.06078
0
16.51651
8.60045
0.45511
4.16669

Microarray
intensity

0

0.66014
5.16816
0.48184

0.40937
2.11026
2.19174
1.61407
4.69477
3.38494
3.36904
0.15891
0.92202
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Adgre4
Adgre5
Adgrfl
Adgrf2
Adgrf3
Adgrf4
Adgrf5
Adgrgl
Adgrg2
Adgrg3
Adgrg5
Adgrg6
Adgrg7
Adgrll
Adgrl2
Adgri3
Adgrl4
Adgrvl
Adoral
Adora2a
Adora2b
Adora3
Adrala
Adralb
Adrald
Adra2a
Adra2b

adhesion G protein-coupled receptor E4,
pseudogene

adhesion G protein-coupled receptor E5
adhesion G protein-coupled receptor F1
adhesion G protein-coupled receptor F2
adhesion G protein-coupled receptor F3
adhesion G protein-coupled receptor F4
adhesion G protein-coupled receptor F5
adhesion G protein-coupled receptor G1
adhesion G protein-coupled receptor G2
adhesion G protein-coupled receptor G3
adhesion G protein-coupled receptor G5
adhesion G protein-coupled receptor G6
adhesion G protein-coupled receptor G7
adhesion G protein-coupled receptor L1
adhesion G protein-coupled receptor L2
adhesion G protein-coupled receptor L3
adhesion G protein-coupled receptor L4
adhesion G protein-coupled receptor V1
adenosine Al receptor

adenosine A2a receptor

adenosine A2b receptor

adenosine A3 receptor

adrenoceptor alpha 1A

adrenoceptor alpha 1B

adrenoceptor alpha 1D

adrenoceptor alpha 2A

adrenoceptor alpha 2B

0.07678
4.29274
0
0.00772
604

0
3.04547
65.61031
3.31704
0.21917
0.15741
3.19833
0
22.75052
5.36998
7.56742
2.33879
23.73019
24.99361
1.47618
3.00796
0.90222
0.4842
0.54344
0.02389
3.43953
0.03928

0
0.89141
0.30709
0.22161
0
0.22161
0.55072
8.62456
1.30148
0.07846
0.46273
0.73441
0
2.99926
0.40569
1.02679
0
457428
1.50477
0.46337
1.22374
0.37252
0.17
0.89038
0.07323
1.04112
0.11701
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Adra2c
Adrbl
Adrb2
Adrb3
Agtrla
Agtrlb
Agtr2
Aplnr
Avprla
Avprlb
Avpr2
Bdkrbl
Bdkrb2
Brs3
C3arl
Coarl
Cb5ar2
Calcr
Calcrl
Casr
Cckar
Cckbr
Ccrl
Ccrl10
Ccer2
Ccr3
Ccr4

adrenoceptor alpha 2C
adrenoceptor beta 1
adrenoceptor beta 2
adrenoceptor beta 3

angiotensin | receptor type a
angiotensin | receptor type b
angiotensin Il receptor type 2
apelin receptor

arginine vasopressin receptor 1A
arginine vasopressin receptor 1B
arginine vasopressin receptor 2
bradykinin receptor B1
bradykinin receptor B2
bombesin receptor subtype 3
complement C3a receptor 1

complement Cb5a receptor 1

complement component 5a receptor 2

calcitonin receptor

calcitonin receptor like receptor
calcium sensing receptor
cholecystokinin A receptor
cholecystokinin B receptor

C-C motif chemokine receptor 1
C-C motif chemokine receptor 10
C-C motif chemokine receptor 2
C-C motif chemokine receptor 3

C-C motif chemokine receptor 4

3.99223
0.58735
1.42202
0.34203
24.40621
0
0.0524
7.96127
1.15645
0

0
0.0531
0.26839
0.09343
1.16687
1.34773
1.20438
32.33745
5.81745
3.26219
0.00807
0.19617
1.00766
0.26722
0.11101
0.0811
7

0.64059
0.22594
0.30367
0.49868
4.23995
0.30186
0.48377
1.27948
0.10489
0.46378
0.30719
0.28937
0.27539
0
0.39242
0.6242
0
4.86407
3.3688
1.21124
0.42368
0.18343
0.02806
0.14257
0.19493
0.4278
0.226
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Ccr5
Ccr6
Cer7
Ccr8
Ccr9
Ccrl2

Celsrl

Celsr2

Celsr3
Chrm1l
Chrm2
Chrm3
Chrm4
Chrm5
Cmklrl
Cnrl
Cnr2
Crhrl
Crhr2
Cx3crl
Cxcrl
Cxcr2
Cxcr3
Cxcr4
Cxcrs

C-C motif chemokine receptor 5
(gene/pseudogene)

C-C motif chemokine receptor 6
C-C motif chemokine receptor 7
C-C motif chemokine receptor 8
C-C motif chemokine receptor 9
C-C motif chemokine receptor like 2

cadherin EGF LAG seven-pass G-type
receptor 1

cadherin EGF LAG seven-pass G-type
receptor 2

cadherin EGF LAG seven-pass G-type
receptor 3

cholinergic receptor muscarinic 1
cholinergic receptor muscarinic 2
cholinergic receptor muscarinic 3
cholinergic receptor muscarinic 4
cholinergic receptor muscarinic 5
chemerin chemokine-like receptor 1
cannabinoid receptor 1

cannabinoid receptor 2

corticotropin releasing hormone receptor 1

corticotropin releasing hormone receptor 2

C-X3-C motif chemokine receptor 1
C-X-C motif chemokine receptor 1
C-X-C motif chemokine receptor 2
C-X-C motif chemokine receptor 3
C-X-C motif chemokine receptor 4

C-X-C motif chemokine receptor 5

10.21364
0.06311
0.16422
0.0079
366
1.19507

7.92936

6.69445

3.86056
0.08574
1.40418
1.1405
1.27274
0.70391
1.57917
20.02889
0.39146
0.651
0.71781
15.85633
0
0.09434
0.27746
16.98855
0.42206

1.41868
0.03285
0
0
0
0.36802

1.51356

2.75926
0.02599
0.46417
0.27358
0.2299

0.29485
0.20017
7.83229
0.04664
0.17306
0.58285
0.64111
0.33861
0.21821
0.52108
3.6953

0.09627
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Cxcré
Cysltrl
Cysltr2
Drdl
Drd2
Drd3
Drd4
Drd5
Ednra
Ednrb
F2r
Fri1
F2ri2
F2ri3
Ffarl
Ffar2
Ffar3
Ffard
Fprl
Fpr2
Fpr2
Fpr3
Fshr
Fzdl
Fzd2
Fzd3
Fzd4
Fzd5

C-X-C motif chemokine receptor 6
cysteinyl leukotriene receptor 1
cysteinyl leukotriene receptor 2
dopamine receptor D1

dopamine receptor D2

dopamine receptor D3

dopamine receptor D4

dopamine receptor D5

endothelin receptor type A

endothelin receptor type B

coagulation factor Il thrombin receptor
F2R like trypsin receptor 1
coagulation factor 11 thrombin receptor like 2
F2R like thrombin or trypsin receptor 3
free fatty acid receptor 1

free fatty acid receptor 2

free fatty acid receptor 3

free fatty acid receptor 4

formyl peptide receptor 1

formyl peptide receptor 2

formyl peptide receptor 2

formyl peptide receptor 3

follicle stimulating hormone receptor
frizzled class receptor 1

frizzled class receptor 2

frizzled class receptor 3

frizzled class receptor 4

frizzled class receptor 5

0.26415
0.33377
0.04466
0.29312
0.44887
0.21568
0
0.10866
10.45032
175.73241
12.1799
0.12777
0.16403
0.09665
0
0.03415
0.00446
0.18805
0.00347
0.00814
0.00814
0.03784
0
10.63276
7.93329
8.11519
1.23995
8.53842

0

0.36547
0.18682
0.14566
0.61526
0.41543
0.23911
0.12669
2.40702
33.9357
7.72788
0.74662
0.37064
0.30447
0

0.05658
0

o O o o o

0
1.82697
2.33763
0.68142
1.1179
0.07761
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Fzd6
Fzd7
Fzd8
Fzd9

Gabbrl

Gabbr2
Galrl
Galr2
Galr3
Gegr
Ghrhr
Ghsr
Gipr
Glplr
Glp2r
Gnrhr
Gpbarl
Gperl
Gprl
Gpri01
Gprl07

Gpri12l
Gprll9
Gpr119
Gpril2

Gprl32

frizzled class receptor 6
frizzled class receptor 7
frizzled class receptor 8
frizzled class receptor 9

gamma-aminobutyric acid type B receptor
subunit 1

gamma-aminobutyric acid type B receptor
subunit 2

galanin receptor 1

galanin receptor 2

galanin receptor 3

glucagon receptor

growth hormone releasing hormone receptor
growth hormone secretagogue receptor
gastric inhibitory polypeptide receptor
glucagon like peptide 1 receptor
glucagon like peptide 2 receptor
gonadotropin releasing hormone receptor
G protein-coupled bile acid receptor 1

G protein-coupled estrogen receptor 1

G protein-coupled receptor 1

G protein-coupled receptor 101

G protein-coupled receptor 107

adhesion G protein-coupled receptor G4
G protein-coupled receptor 119

G protein-coupled receptor 119

G protein-coupled receptor 12

G protein-coupled receptor 132

3.62239
4.50452
2.16433
3.81997

207.41576

9.9972
0.43504
4.82825
1.26458
0.02967
0.00452
0.0684
0.29599
1.89684
0.03326
0.00873
0.03991
1.14087
0.58802
5.32934
20.19762

0
0
0
0.78289
0.14795

1.21921
0
1.15766
0

17.5055

4.26628
0.04129
0

0.196
0.03426
0.31465
0.54898
0.47705
0.50796
0.39967
0.45799
0
0.34469
0.08544
0
3.29636

0.38839
0

* &
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Gprl35
Gprl37
Gprl39
Gpri41
Gpri42
Gpr143
Gprl46
Gprl49
Gpr15

Gprl50
Gpri51
Gprl52
Gprl53
Gprl56
Gprl57
Gprl58
Gprle0
Gpri6l
Gprle2
Gprl7

Gprl7l
Gprl73
Gprl74
Gprl76
Gprl79
Gprl8

Gprl8

Gprl82

G protein-coupled receptor 135
G protein-coupled receptor 137
G protein-coupled receptor 139
G protein-coupled receptor 141
G protein-coupled receptor 142
G protein-coupled receptor 143
G protein-coupled receptor 146
G protein-coupled receptor 149
G protein-coupled receptor 15

G protein-coupled receptor 150
G protein-coupled receptor 151
G protein-coupled receptor 152
G protein-coupled receptor 153
G protein-coupled receptor 156
G protein-coupled receptor 157
G protein-coupled receptor 158
G protein-coupled receptor 160
G protein-coupled receptor 161
G protein-coupled receptor 162
G protein-coupled receptor 17

G protein-coupled receptor 171
G protein-coupled receptor 173
G protein-coupled receptor 174
G protein-coupled receptor 176
G protein-coupled receptor 179
G protein-coupled receptor 18

G protein-coupled receptor 18

G protein-coupled receptor 182

1.95202
53.04756
0.10061
0.02844
0

0.8955
5.84671
5.89955
48
1.18012
0.03179
616
7.16311
0.94569
1.16238
4.42888
1.13775
3.31195
46.84618
16.03428
0.40328
11.95022
0.03181
31.41416
0.15909
0.25467
0.25467
0.93495

0
2.37091
0

0

0
0.43474
3.33984
2.81065
0
0.85492
0

0
0.57748
0

0
5.01543
0
0.76742
5.62079
0

0
0.2277
0
7.19634
0

0

0
0.18724
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Gprl83
Gpril9
Gpr20
Gpr21
Gpr22
Gpr25
Gpr26
Gpr27
Gpr3
Gpr3l

Gpr33
Gpr34
Gpr35
Gpr37
Gpr37i1
Gpr39
Gprd
Gpr45
Gpr50
Gpr52
Gpr55
Gpr55
Gpr6
Gpr6l
Gpr62
Gpr63
Gpr65

G protein-coupled receptor 183
G protein-coupled receptor 19
G protein-coupled receptor 20
G protein-coupled receptor 21
G protein-coupled receptor 22
G protein-coupled receptor 25
G protein-coupled receptor 26
G protein-coupled receptor 27
G protein-coupled receptor 3
G protein-coupled receptor 31

G protein-coupled receptor 33
(gene/pseudogene)

G protein-coupled receptor 34
G protein-coupled receptor 35

G protein-coupled receptor 37

G protein-coupled receptor 37 like 1

G protein-coupled receptor 39
G protein-coupled receptor 4

G protein-coupled receptor 45
G protein-coupled receptor 50
G protein-coupled receptor 52
G protein-coupled receptor 55
G protein-coupled receptor 55
G protein-coupled receptor 6

G protein-coupled receptor 61
G protein-coupled receptor 62
G protein-coupled receptor 63

G protein-coupled receptor 65

1.90566
11.45561
0
0.05146
2.16256
0.15954
0.29883
1.79968
0.81779
0.95195

0
15.2159
0.06189
47.44945
112.07879
527
2.48128
3.25957
0.02797
0.88914
198

198
5.86817
458676
3.47303
0.71928
0.56795

0
1.95017
0.12269
0
0
0
0.49801
0.17276
0
0

0
1.41199
0
10.1082
13.02

0
0.09761
0.25544
0.09863
0

0

0
0.64627
0.60478
0.11255
0

0
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Gpr68
Gpr75
Gpr83
Gpr84
Gpr85
Gpr87
Gpr88

Gprc5a

Gprcbb

Gprcbce

Gprc5d

Gprc6a
Grml
Grm2
Grm3
Grm4
Grms
Grmé
Grm7
Grm8
Grpr
Hcarl
Hcar2
Hcrtrl
Hcrtr2

G protein-coupled receptor 68
G protein-coupled receptor 75
G protein-coupled receptor 83
G protein-coupled receptor 84
G protein-coupled receptor 85
G protein-coupled receptor 87

G protein-coupled receptor 88

G protein-coupled receptor class C group 5

member A

G protein-coupled receptor class C group 5

member B

G protein-coupled receptor class C group 5

member C

G protein-coupled receptor class C group 5

member D

G protein-coupled receptor class C group 6

member A

glutamate metabotropic receptor 1
glutamate metabotropic receptor 2
glutamate metabotropic receptor 3
glutamate metabotropic receptor 4
glutamate metabotropic receptor 5
glutamate metabotropic receptor 6
glutamate metabotropic receptor 7
glutamate metabotropic receptor 8
gastrin releasing peptide receptor
hydroxycarboxylic acid receptor 1
hydroxycarboxylic acid receptor 2
hypocretin receptor 1

hypocretin receptor 2

2.28106
5.16736
2.73483
2.52822
11.54069
0.02452
1.20431

0.6685

191.25851

3.39134
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0
0.71739
3.53916
10.19022
0.89122
0.87468
439
5.84938
3.08472
0.04601
2.986
2.02547
0.21443
0.09187

1.11134
0.46502
1.84265
0.7235
2.16851
0
1.43845

0.66103

12.3232

0.56878

0

1.98508
1.55891
3.89833
0.62636
0.03479
0.14707
0.53761
1.09351
0.46934
0

0

0.46206
0.42954
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Hrhl
Hrh2
Hrh3
Hrh4
Htrla
Htrlb
Htrld
Htrlf
Htr2a
Htr2b
Htr2c
Htrd
Htroa

Htr5b
Htr6
Htr7
Kisslr

Lgrd

Lgr5

Lgr6

Lhcgr
Lparl
Lpar2
Lpar3
Lpard

histamine receptor H1

histamine receptor H2

histamine receptor H3

histamine receptor H4
5-hydroxytryptamine receptor 1A
5-hydroxytryptamine receptor 1B
5-hydroxytryptamine receptor 1D
5-hydroxytryptamine receptor 1F
5-hydroxytryptamine receptor 2A
5-hydroxytryptamine receptor 2B
5-hydroxytryptamine receptor 2C
5-hydroxytryptamine receptor 4
5-hydroxytryptamine receptor 5A

5-hydroxytryptamine receptor 5B,
pseudogene

5-hydroxytryptamine receptor 6
5-hydroxytryptamine receptor 7
KISS1 receptor

leucine rich repeat containing G protein-
coupled receptor 4

leucine rich repeat containing G protein-
coupled receptor 5

leucine rich repeat containing G protein-
coupled receptor 6

luteinizing hormone/choriogonadotropin
receptor

lysophosphatidic acid receptor 1
lysophosphatidic acid receptor 2
lysophosphatidic acid receptor 3
lysophosphatidic acid receptor 4

5.0156
0.96758
2.68744
0.00507
0.46528
1.24547
0.16789
0.48396
0.69648
0.02228
34.39964
0.00653
0.8692

0.40705
1.05322
0.52494
3.35692

28.31896

1.12403

1.61731

0.04172
52.83691
0.2456
0.77833
1.81721

1.67177
0.02988
0.94722
0.02272
0.02362
0.28121
0.06222
0.40041
0.50043
0.22903
35.835

0.27001
0.81053

0.28196
0.17264
0.51103
0.09679

1.92236

0.74224

1.38004

0.24058
13.6638
0.20164
0.18664
0.45334
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Lpar5
Lpar6
Ltb4r
Ltb4r2

Mas1

Mclr
Mc2r
Mc3r
Mcér
Mcsr
Mchrl
Minr
Mrgprd
Mrgpre
Mrgprf
Mrgprg
Mtnrla
Mtnrlb
Nmbr
Nmurl
Nmur2
Npbwrl
Npffrl
Npffr2
Npsrl
Npylr
Npy2r

lysophosphatidic acid receptor 5
lysophosphatidic acid receptor 6
leukotriene B4 receptor
leukotriene B4 receptor 2

MASL1 proto-oncogene, G protein-coupled
receptor

melanocortin 1 receptor
melanocortin 2 receptor
melanocortin 3 receptor
melanocortin 4 receptor
melanocortin 5 receptor

melanin concentrating hormone receptor 1
motilin receptor

MAS related GPR family member D
MAS related GPR family member E
MAS related GPR family member F
MAS related GPR family member G
melatonin receptor 1A

melatonin receptor 1B

neuromedin B receptor

neuromedin U receptor 1
neuromedin U receptor 2
neuropeptides B and W receptor 1
neuropeptide FF receptor 1
neuropeptide FF receptor 2
neuropeptide S receptor 1
neuropeptide Y receptor Y1
neuropeptide Y receptor Y2

0.62355
3.54239
0.05224
0.00253

0.02116

0
0.0304
1.1005
0.98791
0.00629
0.64114
0.00249
0.00391
6.8271
1.3575
0.00464
0.02393
0
0.16716
0.03102
0.94768
0.95019
0.95878
0.11779
0.16009
2.21268
3.00448

0
1.91307
0.09056
0

0.32631

0

0

0
0.21012
0.1991
0.36188
0

0

0
0.07128
0

0

0
0.4886
0.48961
0.14901
0
0.31395
0.68891
0
0.68533
0.02283

*
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Npy4r neuropeptide Y receptor Y4 0.19228 0.4903

Npy5r neuropeptide Y receptor Y5 0.52936 0.15025

Ntsrl neurotensin receptor 1 0.2703 0.19789

Ntsr2 neurotensin receptor 2 41.1987 13.8148

olfactory receptor family 51 subfamily E

Olr63 member 1 0.02672 0 *
Opn3 opsin 3 4.35554 1.70782

Opn4 opsin 4 0.15798 0.15004

Opn5 opsin 5 0 0 *
Oprdl opioid receptor delta 1 0.04002 0.05319

Oprkl opioid receptor kappa 1 5.61786 1.27044

Oprll opioid related nociceptin receptor 1 11.57353 1.28169

Oprml  opioid receptor mu 1 0.89071 0.17475

Oxgrl oxoglutarate receptor 1 0 0 *
Oxtr oxytocin receptor 0.02752 0.04542

P2ryl purinergic receptor P2Y1 17.57994 1.51476

P2ryl0  purinergic receptor P2Y10 0.08298 0.07978

P2ryl2  purinergic receptor P2Y12 17.84347 2.61078

P2ryl3  purinergic receptor P2Y13 3.16884 0 *
P2ryl4  purinergic receptor P2Y14 1.62497 0.84874

P2ry2 purinergic receptor P2Y2 1.02023 0.181

P2ry4 pyrimidinergic receptor P2Y4 1.31973 0.16055

P2ry6 pyrimidinergic receptor P2Y6 1.98 1.35207

Prihr prolactin releasing hormone receptor 7.07741 0.14669

Prokrl  prokineticin receptor 1 0 0.20886

Prokr2  prokineticin receptor 2 2.30818 0.15666

Ptafr platelet activating factor receptor 3.93252 2.07696

Ptgdr prostaglandin D2 receptor 1.45959 0.12209
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Ptgdr2 prostaglandin D2 receptor 2 0.08185 0.0423

Ptgerl prostaglandin E receptor 1 0.18374 0.11792

Ptger2 prostaglandin E receptor 2 1.40365 0.88667

Ptger3 prostaglandin E receptor 3 3.22516 0.35377

Ptgerd prostaglandin E receptor 4 0.28454 0.22226

Ptgfr prostaglandin F receptor 0.82609 748

Ptgir prostaglandin 12 receptor 0.13499 0 *
Pthlr parathyroid hormone 1 receptor 4.6881 0.8853

Pth2r parathyroid hormone 2 receptor 0.03058 0.22751

Qrfpr pyroglutamylated RFamide peptide receptor 0.03008 0 *
Rxfpl relaxin/insulin like family peptide receptor 1~ 17.60129 0 *
Rxfp2 relaxin/insulin like family peptide receptor 2~ 0.54036 0 *
Rxfp3 relaxin/insulin like family peptide receptor 3 ~ 4.81719 0 *
Slprl sphingosine-1-phosphate receptor 1 50.33706 14.8313

Slpr2 sphingosine-1-phosphate receptor 2 5.02572 0.17277

Slpr3 sphingosine-1-phosphate receptor 3 25.44074 6.50061

Slprd sphingosine-1-phosphate receptor 4 0.08228 0 *
Slprb sphingosine-1-phosphate receptor 5 17.89621 2.25646

Sctr secretin receptor 3.62767 0.72574

Smo smoothened, frizzled class receptor 26.81248 2.26709

Sstrl somatostatin receptor 1 1.44576 0.71449

Sstr2 somatostatin receptor 2 1.99533 0.39094

Sstr3 somatostatin receptor 3 0.34612 0.97125

Sstr4 somatostatin receptor 4 0.14091 0.30621

Sstr5 somatostatin receptor 5 0.78612 0.24967

Sucnrl  succinate receptor 1 403 0 *
Taarl trace amine associated receptor 1 0 0.38411
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Taar2
Taar3
Taar4
Taarb
Taar6

Taar8a

Taar9
Tacrl
Tacr2
Tacr3
Taslrl
Taslr3
Thxa2r
Tpral
Trhr
Tshr
uts2r
Viprl
Vipr2
Xcerl

trace amine associated receptor 2
(gene/pseudogene)

trace amine associated receptor 3, pseudogene
trace amine associated receptor 4, pseudogene
trace amine associated receptor 5
trace amine associated receptor 6
trace amine associated receptor 8

trace amine associated receptor 9
(gene/pseudogene)

tachykinin receptor 1

tachykinin receptor 2

tachykinin receptor 3

taste 1 receptor member 1

taste 1 receptor member 3
thromboxane A2 receptor
transmembrane protein adipocyte associated 1
thyrotropin releasing hormone receptor
thyroid stimulating hormone receptor
urotensin 2 receptor

vasoactive intestinal peptide receptor 1
vasoactive intestinal peptide receptor 2

X-C motif chemokine receptor 1

0.00735
0.00738
0.00541
0
0
0

0

1.80144
0.03762
0.28038
0.32517
0.00788
0.82145
19.7842
0.26078
2.22802
0.60172
0.00799
0.62867
0.20775

o O O O o o

0
1.42783
0.03421
0.07494
0
0.43487
0.55117
2.78698
0.69369
0.22447
0.04256
0.32281
0.1738
0
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Voltage-gated ion channels:

Gene
name

Cacna
1h

Cacna
1i

Cacna
1s

Catspe
rl

Catspe
r2

Catspe
r3

Catspe
r4

Cngal
Cnga2
Cnga3
Cnga4
Cngb1l
Cngb3

Hcnl

Hcn2

Hcn3

Hcn4

Hvcnl

Full gene name

calcium voltage-gated channel subunit alphal H

calcium voltage-gated channel subunit alphal |

calcium voltage-gated channel subunit alphal S

cation channel sperm associated 1

cation channel sperm associated 2

cation channel sperm associated 3

cation channel sperm associated 4
cyclic nucleotide gated channel alpha 1
cyclic nucleotide gated channel alpha 2
cyclic nucleotide gated channel alpha 3
cyclic nucleotide gated channel alpha 4
cyclic nucleotide gated channel beta 1
cyclic nucleotide gated channel beta 3

hyperpolarization activated cyclic nucleotide gated
potassium channel 1

hyperpolarization activated cyclic nucleotide gated
potassium and sodium channel 2

hyperpolarization activated cyclic nucleotide gated
potassium channel 3

hyperpolarization activated cyclic nucleotide gated
potassium channel 4

hydrogen voltage gated channel 1

RNAseq
FPKM

2.88623

414717

0.00272

2.0908

0.01294

0.01519
0.67418
0

2.29406
0.03486
2.34471
0.00475

2.55793

18.32771

6.47722

2.31037
1.37526

Microarray
intensity

1.04682

0.58692

0.03518

0.36493

0

0.22318
0.59017
0.09954
0.16741
0.27996
0

1.03223

1.86672

0.88082

0.02703
0
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Kcnal

Kcnal

Kcna2

Kcna3

Kcna4

Kcnab5

Kcnab

Kcna7

Kcnbl

Kcnb2

Kcncl

Kcnc2

Kcnc3

Kcnc4d

Kcndl

Kcnd2

Kcnd3

potassium voltage-gated channel subfamily A
member 1

potassium voltage-gated channel subfamily A
member 10

potassium voltage-gated channel subfamily A
member 2

potassium voltage-gated channel subfamily A
member 3

potassium voltage-gated channel subfamily A
member 4

potassium voltage-gated channel subfamily A
member 5

potassium voltage-gated channel subfamily A
member 6

potassium voltage-gated channel subfamily A
member 7

potassium voltage-gated channel subfamily B
member 1

potassium voltage-gated channel subfamily B
member 2

potassium voltage-gated channel subfamily C
member 1

potassium voltage-gated channel subfamily C
member 2

potassium voltage-gated channel subfamily C
member 3

potassium voltage-gated channel subfamily C
member 4

potassium voltage-gated channel subfamily D
member 1

potassium voltage-gated channel subfamily D
member 2

potassium voltage-gated channel subfamily D
member 3

2.6877

0.00413

6.01674

1.63413

2.34605

4.53163

22.82651

0.04535

4.03142

1.53107

4.15517

5.06581

5.66321

13.06868

1.56502

8.00956

3.70805

6.31347

0.25572

1.05203

0.76695

3.78666

1.27953

0.05149

3.83402

2.70796

0.66046

2.38833

1.42971

5.14506

3.85618
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Kcenfl

Kcngl

Kcng2

Kcng3

Kcng4

Kcnhl

Kcnh2

Kcnh3

Kcnh4

Kcnh5

Kcnh6

Kcnh7

Kcnh8

Kcnjl
Kcnjl

Kcnjl

Kcnjl

potassium voltage-gated channel modifier subfamily
F member 1

potassium voltage-gated channel modifier subfamily
G member 1

potassium voltage-gated channel modifier subfamily
G member 2

potassium voltage-gated channel modifier subfamily
G member 3

potassium voltage-gated channel modifier subfamily
G member 4

potassium voltage-gated channel subfamily H
member 1

potassium voltage-gated channel subfamily H
member 2

potassium voltage-gated channel subfamily H
member 3

potassium voltage-gated channel subfamily H
member 4

potassium voltage-gated channel subfamily H
member 5

potassium voltage-gated channel subfamily H
member 6

potassium voltage-gated channel subfamily H
member 7

potassium voltage-gated channel subfamily H
member 8

potassium voltage-gated channel subfamily J member
1

potassium voltage-gated channel subfamily J member
10

potassium voltage-gated channel subfamily J member
11

potassium voltage-gated channel subfamily J member
12

1.76685

5.56212

6.51779

0.02246

3.81197

5.3395

15.36578

0.25288

0.89753

0.48013

4.84301

1.06026

0.07979

0.07311

25.75609

2.25877

1.72569

2.16789

0.62778

1.63155

1.32214

1.1669

0.08577

0.17901

1.2605

0.13415

0.02798

0.0256

0.14313

0.48313

0.17625
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Kcnjl

Kcnjl

Kcnjl

Kcnjl

Kcnj2

Kcnj3

Kcnj4

Kcnj5

Kcnj6

Kcnj8

Kcnj9

Kcnkl
Kcnk1

Kcnkl

Kcnkl

Kcnkl

Kcnkl

potassium voltage-gated channel subfamily J member
13

potassium voltage-gated channel subfamily J member
14

potassium voltage-gated channel subfamily J member
15

potassium voltage-gated channel subfamily J member
16

potassium voltage-gated channel subfamily J member
2

potassium voltage-gated channel subfamily J member
3

potassium voltage-gated channel subfamily J member
4

potassium voltage-gated channel subfamily J member
5

potassium voltage-gated channel subfamily J member
6

potassium voltage-gated channel subfamily J member
8

potassium voltage-gated channel subfamily J member
9

potassium two pore domain channel subfamily K
member 1

potassium two pore domain channel subfamily K
member 10

potassium two pore domain channel subfamily K
member 12

potassium two pore domain channel subfamily K
member 13

potassium two pore domain channel subfamily K
member 15

potassium two pore domain channel subfamily K
member 16

19.73969

4.7599

0.09821

15.65715

3.33881

1.59416

0.19662

1.90383

1.02588

0.9019

8.80888

9.05503

1.64138

0.20314

0.94288

0.02294

4.2301

0.28315

1.33932

0.455

1.66001

0.12769

0.21389

0.14845

0.71823

1.52052

0.40962

0.05645

1.92298

0.27097

0.17508

0.85028

0.36587

0
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Kcnkl

Kcnk2

Kcnk3

Kcnk4

Kcnk5

Kcnk6

Kcnk7

Kcnk9

Kcnma

Kcnnl

Kcnn2

Kcnn2

Kcnn3

Kcnn4

Kcngl

Kcng2

Kcng3

potassium two pore domain channel subfamily K
member 18

potassium two pore domain channel subfamily K
member 2

potassium two pore domain channel subfamily K
member 3

potassium two pore domain channel subfamily K
member 4

potassium two pore domain channel subfamily K
member 5

potassium two pore domain channel subfamily K
member 6

potassium two pore domain channel subfamily K
member 7

potassium two pore domain channel subfamily K
member 9

potassium calcium-activated channel subfamily M
alpha 1

potassium calcium-activated channel subfamily N
member 1

potassium calcium-activated channel subfamily N
member 2

potassium calcium-activated channel subfamily N
member 2

potassium calcium-activated channel subfamily N
member 3

potassium calcium-activated channel subfamily N
member 4

potassium voltage-gated channel subfamily Q
member 1

potassium voltage-gated channel subfamily Q
member 2

potassium voltage-gated channel subfamily Q
member 3

14.76248

1.33985

0.41763

1.25308

0.39068

0.14737

5.1482

1.86821

2.16711

1.52509

3.78492

6.0961

0.36203

0.31264

10.21197

1.03644

2.78658

0.77552

0.54016

0.3091

0.7491

0.39337

0.39943

1.14841

1.14841

0.47289

0.19609

1.35497

0.48689

0.81711
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Kcng4d

Kcngb

Kcnsl

Kcns2

Kcns3

Kcentl

Kcnt2

Kcnul

Kcnvl

Kcnv2

Mcoln

Mcoln

Mcoln

Pkd2

Pkd2l1

Pkd212
Ryrl

potassium voltage-gated channel subfamily Q
member 4

potassium voltage-gated channel subfamily Q
member 5

potassium voltage-gated channel modifier subfamily
S member 1

potassium voltage-gated channel modifier subfamily
S member 2

potassium voltage-gated channel modifier subfamily
S member 3

potassium sodium-activated channel subfamily T
member 1

potassium sodium-activated channel subfamily T
member 2

potassium calcium-activated channel subfamily U
member 1

potassium voltage-gated channel modifier subfamily
V member 1

potassium voltage-gated channel modifier subfamily
V member 2

mucolipin 1

mucolipin 2

mucolipin 3

polycystin 2, transient receptor potential cation
channel

polycystin 2 like 1, transient receptor potential cation
channel

polycystin 2 like 2, transient receptor potential cation
channel

ryanodine receptor 1

0.83115

0.78514

0.17624

2.68343

0.42998

4.65921

2.20484

0.00378

1.33768

0.05846

19.47008

0.00316

0.59793

14.90464

0.00539

0.07989
0.06332

0.60978

0.9625

0.32588

0.10365

0.80784

0.65723

0.62511

0.47579

3.60541

0.23505

9.48042

0.23497
0
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Ryr2
Ryr3
Scnl0

Scnll

Scnla
Scn2a
Scn3a
Scnda
Scn5a
Scn8a
Scn9a
Tpcnl
Tpcn2

Trpal

Trpcl

Trpc2

Trpc3

Trpcd

TrpcS

Trpc6

Trpc7

ryanodine receptor 2

ryanodine receptor 3

sodium voltage-gated channel alpha subunit 10

sodium voltage-gated channel alpha subunit 11
sodium voltage-gated channel alpha subunit 1
sodium voltage-gated channel alpha subunit 2
sodium voltage-gated channel alpha subunit 3
sodium voltage-gated channel alpha subunit 4
sodium voltage-gated channel alpha subunit 5
sodium voltage-gated channel alpha subunit 8
sodium voltage-gated channel alpha subunit 9
two pore segment channel 1

two pore segment channel 2

transient receptor potential cation channel subfamily
A member 1

transient receptor potential cation channel subfamily
C member 1

transient receptor potential cation channel subfamily
C member 2, pseudogene

transient receptor potential cation channel subfamily
C member 3

transient receptor potential cation channel subfamily
C member 4

transient receptor potential cation channel subfamily
C member 5

transient receptor potential cation channel subfamily
C member 6

transient receptor potential cation channel subfamily
C member 7

0.42116
1.78863

0.15241

0.13666
4.10373
10.28531
6.43042
0.05824
0.33157
3.45493
8.62151
38.45973
3.32282

0.04608

0.61129

1.98793

2.60359

1.68274

1.29291

1.65031
2.94162

0.38315

0.09619
3.00307
4.72349
2.9835

0.03241
0.16251
0.12433
6.09753
4.87123
1.10096

2.8719

0.54593

0.63875

0.63776

0.04585

0.29628

236



Trpml

Trpm2

Trpm3

Trpm4

TrpmS

Trpm6

Trpm7

Trpm8

Trpvl

Trpv2

Trpv3

Trpva

Trpvs

Trpv6

transient receptor potential cation channel subfamily
M member 1

transient receptor potential cation channel subfamily
M member 2

transient receptor potential cation channel subfamily
M member 3

transient receptor potential cation channel subfamily
M member 4

transient receptor potential cation channel subfamily
M member 5

transient receptor potential cation channel subfamily
M member 6

transient receptor potential cation channel subfamily
M member 7

transient receptor potential cation channel subfamily
M member 8

transient receptor potential cation channel subfamily
V member 1

transient receptor potential cation channel subfamily
V member 2

transient receptor potential cation channel subfamily
V member 3

transient receptor potential cation channel subfamily
V member 4

transient receptor potential cation channel subfamily
V member 5

transient receptor potential cation channel subfamily
V member 6

0.19166

2.99785

17.00175

0.69027

0.12118

0.09396

11.57418

0.03529

0.66109

8.26521

0.36223

1.19596

0.56845

0.41919

7.014

0.04871

0.13478

0.88011

1.67714

0.07552

0.51283
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Ligand-gated ion channels:

Gene
name

Asicl
Asic2
Asic3
Chrnal

Chrnal
0

Chrna2
Chrna3
Chrna4
Chrna5
Chrna6
Chrna7
Chrna9
Chrnbl
Chrnb2
Chrnb3
Chrnb4
Chrnd

Chrne

Chrng

Gabral

Gabra2

Gabra3

Full gene name

acid sensing ion channel subunit 1
acid sensing ion channel subunit 2
acid sensing ion channel subunit 3

cholinergic receptor nicotinic alpha 1 subunit

cholinergic receptor nicotinic alpha 10 subunit

cholinergic receptor nicotinic alpha 2 subunit
cholinergic receptor nicotinic alpha 3 subunit
cholinergic receptor nicotinic alpha 4 subunit
cholinergic receptor nicotinic alpha 5 subunit
cholinergic receptor nicotinic alpha 6 subunit
cholinergic receptor nicotinic alpha 7 subunit
cholinergic receptor nicotinic alpha 9 subunit
cholinergic receptor nicotinic beta 1 subunit
cholinergic receptor nicotinic beta 2 subunit
cholinergic receptor nicotinic beta 3 subunit
cholinergic receptor nicotinic beta 4 subunit
cholinergic receptor nicotinic delta subunit
cholinergic receptor nicotinic epsilon subunit

cholinergic receptor nicotinic gamma subunit

gamma-aminobutyric acid type A receptor alphal

subunit

gamma-aminobutyric acid type A receptor alpha2

subunit

gamma-aminobutyric acid type A receptor alpha3

subunit

RNAseq
FPKM

12.59786
13.58714
0.18443
0.05761

112
0.03022
3.38858
4.34396
0.02002
0
9.50312
0.03955
1.97324
12.15794
0.07179
4.54691
0
0.50452
0

22.64117

12.25983

16.40755

Microarray
intensity

1.67222
3.92846
0.12909
0.3501

0.06682
0.65417
0.19232
1.02911
0.15652
0.07543
1.3082

0.37896
1.15119
0.23236
0.02408
0.76521
0.14878
0.25884
0.0873

10.5765

2.09369

0.0472
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Gabra4

Gabrab5

Gabra6b

Gabrbl

Gabrb2

Gabrb3

Gabrd

Gabre

Gabrgl

Gabrg?2

Gabrg3

Gabrp

Gabrq

Gabrrl

Gabrr2

Gabrr3
Glral

gamma-aminobutyric acid type A receptor alphad
subunit

gamma-aminobutyric acid type A receptor alpha5
subunit

gamma-aminobutyric acid type A receptor alpha6
subunit

gamma-aminobutyric acid type A receptor betal
subunit

gamma-aminobutyric acid type A receptor beta2
subunit

gamma-aminobutyric acid type A receptor beta3
subunit

gamma-aminobutyric acid type A receptor delta
subunit

gamma-aminobutyric acid type A receptor epsilon
subunit

gamma-aminobutyric acid type A receptor gammal

subunit

gamma-aminobutyric acid type A receptor gamma2

subunit

gamma-aminobutyric acid type A receptor gamma3

subunit

gamma-aminobutyric acid type A receptor pi
subunit

gamma-aminobutyric acid type A receptor theta
subunit

gamma-aminobutyric acid type A receptor rhol
subunit

gamma-aminobutyric acid type A receptor rho2
subunit

gamma-aminobutyric acid type A receptor rho3
subunit (gene/pseudogene)

glycine receptor alpha 1

13.10074

10.30772

332

4.2744

4.23783

17.06353

0.13721

21.00746

30.11948

22.45081

1.5668

0.00829

2.70718

0.17102

1.16061

0
0.06746

0.13925

2.04332

0.43974

10.09

0.1239

0.69508

0.39011

4.89065

1.0475

6.20191

0.8177

0.05759

0.91926

0.13692

0.37388

0.24222
0.36634
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Glra2
Glra3
Glrad
Glrb

Grial

Gria2

Gria3

Griad
Gridl
Grid2

Grikl

Grik2

Grik3

Grik4

Grik5

Grinl

Grin2a

Grin2b

Grin2c

glycine receptor alpha 2
glycine receptor alpha 3
glycine receptor alpha 4
glycine receptor beta

glutamate ionotropic receptor AMPA type subunit
1

glutamate ionotropic receptor AMPA type subunit
2

glutamate ionotropic receptor AMPA type subunit
3

glutamate ionotropic receptor AMPA type subunit
4

glutamate ionotropic receptor delta type subunit 1
glutamate ionotropic receptor delta type subunit 2

glutamate ionotropic receptor kainate type subunit
1

glutamate ionotropic receptor kainate type subunit
2

glutamate ionotropic receptor kainate type subunit
3

glutamate ionotropic receptor kainate type subunit
4

glutamate ionotropic receptor kainate type subunit
5

glutamate ionotropic receptor NMDA type subunit
1

glutamate ionotropic receptor NMDA type subunit
2A

glutamate ionotropic receptor NMDA type subunit
2B

glutamate ionotropic receptor NMDA type subunit
2C

2.83469
0.10043
0.4566
21.58509

79.77848

28.35372

3.24668

10.76736
3.37534
2.389

20.46693

4.64253

1.69949

7.30837

26.03991

26.91762

0.07362

0.27166

5.80179

0.3172
0.39159
0
6.49287

1.99502

20.1097

4.98878

0.34915
0.20466
0.15946

2.17376

1.25044

0.29278

0.51606

2.36961

4.84796

0.25449

0.69505

3.1889
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Grin2d

Grin3a

Grin3b
Htr3a
Htr3b
Itprl
Itpr2
Itpr3
P2rx1
P2rx2
P2rx3
P2rx4
P2rx5
P2rx6
P2rx7
Scnnla
Scnnlb
Scnnlg

glutamate ionotropic receptor NMDA type subunit
2D

glutamate ionotropic receptor NMDA type subunit
3A

glutamate ionotropic receptor NMDA type subunit
3B

5-hydroxytryptamine receptor 3A
5-hydroxytryptamine receptor 3B

inositol 1,4,5-trisphosphate receptor type 1
inositol 1,4,5-trisphosphate receptor type 2
inositol 1,4,5-trisphosphate receptor type 3
purinergic receptor P2X 1

purinergic receptor P2X 2

purinergic receptor P2X 3

purinergic receptor P2X 4

purinergic receptor P2X 5

purinergic receptor P2X 6

purinergic receptor P2X 7

sodium channel epithelial 1 alpha subunit
sodium channel epithelial 1 beta subunit

sodium channel epithelial 1 gamma subunit

1.55483

1.80165

0.0279
0.85947
0
6.11613
1.33751
1.12491
0.26735
4.4765
1.36384
11.17898
0.05593
52.96405
3.18344
0.57733
0.12783
0.23084

0.2759

0.24778

0.33715
0.52209
0.24447
12.0711
0.66946
0.73877
0.08245
0.21751
0.70281
1.74883
0.15855
4.70851
0.28413
0.04188
0.82864
0.30849
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Other ion channels:

Gene
name

Anol
Agpl
Agp2
Aqp3
Agp4
Agp5
Agp6
Aqgp7
Agp8
Agp9

Cftr
Clenl
Clcn2
Clcn3
Clcn4
Clcn5
Clcn6
Clen7
Clcnka
Clcnkb
Gjal
Gjal0
Gja3
Gjad
Gjab

Full gene name

anoctamin 1

aquaporin 1 (Colton blood group)
aquaporin 2

aquaporin 3 (Gill blood group)
aquaporin 4

aquaporin 5

aquaporin 6

aquaporin 7

aquaporin 8

aquaporin 9

cystic fibrosis transmembrane conductance

regulator

chloride voltage-gated channel 1
chloride voltage-gated channel 2
chloride voltage-gated channel 3
chloride voltage-gated channel 4
chloride voltage-gated channel 5
chloride voltage-gated channel 6

chloride voltage-gated channel 7

chloride voltage-gated channel Ka

chloride voltage-gated channel Kb

gap junction protein alpha 1
gap junction protein alpha 10
gap junction protein alpha 3
gap junction protein alpha 4

gap junction protein alpha 5

RNAseq
FPKM

18.07925
15.63078
0.00216
245
142.07014
0.00575

0

0

0

3.55981

0.00242
0.13418
8.64905
35.89265
19.47461
2.01434
22.21917
16.50765
0
0.28879
167.27918
275
0.07257
0.92502
0.11945

Microarray
intensity

8.27877
1.83298
0.09731
0.11658
52.5917
0.07878
0.46685
0.57341
0.46919
0.60185

0.32833
0.28394
1.34019
18.1412
4.67295
0.31307
7.38807
0.41648
0.30687
0.37488
50.9026
0

0.16072
0.91373
0.65515
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Gja8
Gjbl
Gjb2
Gjb3
Gjb4
Gjb5
Gjb6
Gjcl
Gjc2
Gjc3
Gjd2
Gjd3
Gjd4
Gjel
Mip
Nalcn
Panx1
Panx2

Panx3

Piezol

Piezo2

gap junction protein alpha 8

gap junction protein beta 1

gap junction protein beta 2

gap junction protein beta 3

gap junction protein beta 4

gap junction protein beta 5

gap junction protein beta 6

gap junction protein gamma 1

gap junction protein gamma 2

gap junction protein gamma 3

gap junction protein delta 2

gap junction protein delta 3

gap junction protein delta 4

gap junction protein epsilon 1
major intrinsic protein of lens fiber
sodium leak channel, non-selective
pannexin 1

pannexin 2

pannexin 3

piezo type mechanosensitive ion channel
component 1

piezo type mechanosensitive ion channel
component 2

0
17.83156
21.16591
0.02782
0.00313
0.60982
37.81746
3.30129
16.40784
14.13007
1.40732
0.04572
0

0
1.25083
30.64044
3.35556
13.56859
0.34563

1.16172

0.18806

0
0.61288
3.90916
0.40358
0.38416
0.05171
2.43995
0.73984
0.27802
0
0.12901
0
0
0
0.02981
14.3179
1.08723
0
0.03824

0.7799

0.04296
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