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Abstract 

The subfornical organ (SFO) is a sensory circumventricular organ, lacking a proper 

blood-brain barrier. Neurons of the SFO are exposed directly to the ionic environment and 

circulating signaling molecules in the plasma, providing a unique window for communication of 

physiological status from the periphery to the central nervous system (CNS). The SFO is 

recognized as a key site for hydromineral balance, cardiovascular regulation and energy 

homeostasis. Neuropeptide Y (NPY) is a potent stimulator of food intake when released 

centrally, and has well-documented pressor effects when released peripherally. It has been 

demonstrated that the SFO expresses NPY receptors, however the effects of NPY on SFO 

neurons has never been investigated. The aim of this study was to determine the effects of NPY 

on the electrophysiological properties of SFO neurons dissociated from Sprague Dawley rats. 

Using whole cell patch clamp techniques in the current-clamp configuration, we report that 300 

nM NPY caused 16% of SFO neurons to depolarize and 26% to hyperpolarize. The remaining 

neurons were insensitive to NPY. These effects were dose-dependent with a combined EC50 of 

3.7 nM. Specific NPY receptor antagonists were applied, suggesting that the Y5 receptor 

predominately elicited a hyperpolarizing effect, while the Y1 receptor had a mixed response that 

was predominately hyperpolarizing, and the Y2 receptor had a mixed response that was 

predominately depolarizing. Using the voltage-clamp configuration, it was also observed that 

NPY caused an increase in the voltage-gated K+ current density as well as a shift in membrane 

activation of the persistent Na+ current, mediating the hyperpolarizing and depolarizing effects, 

respectively. These findings indicate that NPY elicits electrophysiological changes on SFO 

neurons, suggesting that the SFO is a key site of action for NPY in mediating energy regulation 

and/or cardiovascular output. 
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1. Introduction 

1.1 Energy homeostasis 

Energy homeostasis, or energy balance, refers to the idea that for an animal energy 

consumption must balance the expenditures for maintenance, growth, reproduction and 

locomotion.  Energy balance requires complex interactions among neurological, 

endocrinological, genetic, and psychological systems ultimately resulting in perception of hunger 

and satiety. Many factors thus dictate a person’s weight, and dysregulation of energy balance can 

lead to excessive weight loss or gain. Extreme weight gain or weight loss are both associated 

with a myriad of serious health implications. A deficit of calories may be due to a lack of quality 

food available, lack of consumption, or other pathological disorders preventing absorption. This 

may lead to major health issues such as amenorrhea, weakness and fatigue, a depressed immune 

system, kidney failure and liver failure (Thornton and Gordon, 2016). On the other hand, 

ingestion of excess calories beyond the needs of the person can lead to an over-accumulation of 

adipose tissue. This can cause increased risks of developing chronic health conditions such as 

cardiovascular diseases, type II diabetes, and musculoskeletal disorders (Must et al., 2014). 

1.2. Obesity 

In humans, while undernourishment is a serious concern, particularly in developing or 

conflicted countries with a lack of available quality foods, the prevalence of over-nourishment on 

a global scale is much greater and is thus considered an alarming concern for the health of the 

general population. For example, in 2014, 61.8% of Canadian men and 42.6% of Canadian 

women over the age of 18 were considered overweight or obese, while 2% of adults were 

underweight in 2009 (Statistics Canada, 2014). These health concerns are increasing medical 
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costs, such that $4.6 billion was spent in Canada in 2008 due to overweight and obesity related 

issues (Public Health Agency of Canada and Canadian Istitute for Health Information, 2011). 

These costs are even higher in the United States, where it was reported that the medical costs due 

to obesity increased from $78.5 billion in 1998 to $147 billion in 2008 (Finkelstein et al., 2009). 

The staggering costs attributed to obesity substantiate the fact that more effective initiatives must 

be taken to reduce this health and economic problem. 

Obesity is the accumulation of adipose tissue caused by an imbalance between energy 

intake and expenditure. Obesity is most commonly a result of overeating and a lack of physical 

activity, however, it may also be attributed to endogenous factors such as genetic predisposition, 

pregnancy or dysregulation by the central nervous system (CNS) (Berthoud, 2005). Regulation 

of hunger and satiety by the CNS is particularly important, as all animals rely on homeostatic 

mechanisms of the CNS to regulate caloric intake, expenditure, and storage, in order to maintain 

appropriate energy levels (Berthoud, 2005). The CNS controls energy homeostasis, functioning 

as an integrator, detecting signals from the periphery and sending output accordingly. For 

example, the CNS receives signals from the adipose tissue, providing information regarding 

metabolic status of the body. The gastro-intestinal tract also reports to the CNS, forming the gut-

brain axis, in which these two systems communicate via neural, immune and endocrine pathways 

to relay feedback of hunger and satiety. Furthermore, the sensory system (peripheral nervous 

system) reports to the CNS and can stimulate or suppress appetite.   

Due to the added stress obesity has on the body and the health disorders associated, it is 

important to reduce the prevalence of obesity. Diet-induced obesity may be reversible, however, 

once obesity occurs, fewer than 10% of individuals are able to permanently sustain significant 

weight loss (Leibel and Hirsch, 1984). This is due to an irresistible drive to seek and ingest food 
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while limiting energy expenditure, in order to regain lost adipose stores (Leibel and Hirsch, 

1984). A similar response is also observed in rats, in which animals increased food intake and 

reduced energy expenditure following a period of caloric restriction and weight loss until 

returning to their pre-diet weight (Mitchel and Keesey, 1977). The predisposed need to increase 

adipose stores may be due to false signals between the gut-brain axis or inaccurate signaling 

within the CNS (Levin, 2007). With a growing need to reduce the prevalence of obesity related 

health disorders in humans, and difficulty reversing obesity via means of dieting, it is important 

to gain a further understanding of the mechanisms that control energy balance within the 

mammalian CNS.  The general aim of the work presented in this thesis is to contribute to our 

understanding of homeostatic circuits that regulate energy balance.   

The remainder of this introduction will review key information regarding what is 

currently known about the regulation of energy balance by the CNS. It will review the “generally 

accepted” network of metabolic regulation and explain the controversy in the current model of 

how circulating peptides cross the blood-brain barrier (BBB) to reach the CNS. The importance 

of the circumventricular organs (CVOs) will be highlighted as an important route for circulating 

peptides to reach their central targets, as the CVOs lack a BBB and project to key hypothalamic 

areas that mediate energy balance. In particular, the focus will be the subfornical organ (SFO), a 

CVO within the CNS that is an integration site of energy balance and cardiovascular output. The 

introduction will also focus on neuropeptide Y (NPY); a peptide found centrally and peripherally 

that plays a role in both energy balance and cardiovascular output. The specific goal of the 

research described in the following sections of this document is to characterize the effects of 

NPY on the electrophysiological properties of SFO neurons.  
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1.3. CNS regulation of energy homeostasis 

The hypothalamus has long been regarded as the most important area of the CNS in 

regulating energy homeostasis, in part because it provides an essential link between the nervous 

and endocrine systems. Early research in the 1940s and 1950s, demonstrated that lesions in the 

ventromedial hypothalamus of rats resulted in profound hyperphagia and obesity, while lesions 

in the lateral hypothalamus (LH) led to hypophagia and exhaustion due to a lack of caloric intake 

(Hetherington and Ranson, 1983). These early studies established a definitive role of the CNS in 

regulating hunger and body weight, in which the hypothalamus is a major component of this 

metabolic control. More recent studies indicated that a sub-region of the ventromedial 

hypothalamus, known as the arcuate nucleus of the hypothalamus (ARC), contains receptors to a 

variety of metabolic peripheral signals and is a main site of central peptide release (Saper and 

Lowell, 2014).  

1.3.1. NPY/melanocortin system of the ARC 

The ARC is comprised of distinct neuronal groups whose identity is based on the primary 

peptide neurotransmitter expressed. The NPY subpopulation co-expresses NPY and agouti-

related peptide (AgRP), and is located ventromedially in the ARC. The melanocortin 

subpopulation co-expresses pro-opiomelanocortin (POMC) as well as cocaine-and-

amphetamine-regulated transcript (CART) and is located in the ventrolateral ARC (Meister et al., 

2006). These two neuronal subpopulations along with the signals they relay are collectively 

referred to as the NPY/melanocortin system.  

NPY released from synaptic terminals of ARC neurons is a potent stimulator of feeding.  

NPY from ARC and other sources has additional roles in physiological responses including 

hydromineral balance (Edvinsson et al., 1983, 1984; Pau et al., 1988), stress (Heilig, 2004), 
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immune function (Wheway et al., 2005), circadian rhythms (Wiater et al., 2011), emotion 

(Heilig, 2004; Holzer et al., 2012) and autonomic responses (Kishi et al., 2005). NPY binds to 

the G-protein coupled receptors (GPCR) Y1, Y2, Y4, Y5, and Y6.  While Y1, Y2, Y4 and Y5 

are expressed in the ARC, only Y1, Y2 and Y5 are implicated in feeding regulation (Acuna-

Goycolea, 2005). Discussion of the Y receptors continues in section 1.6. 

Co-expressed with NPY in neurons of the ARC, AgRP is an orexigenic peptide that acts 

as an endogenous antagonist of central melanocortin receptors involved in feeding regulation 

(Ollmann, 1997). Specifically, AgRP is an antagonist for the anorexigenic MC3 and MC4 

receptors, which bind to peptides of the melanocortin system (Fong et al., 2000).   

POMC, expressed in the melanocortin subpopulation of neurons, is a precursor 

polypeptide that is cleaved to give rise to a number of peptides including α-melanocyte-

stimulating hormone (MSH), β-MSH, γ-MSH and adrenocorticotropic hormone (ACTH). These 

POMC derived peptides act through the melanocortin GPCRs (MC1R-MC5R). α-MSH plays a 

role in a number of physiological changes, however, is predominantly associated with skin 

pigmentation and energy balance. α-MSH may bind to MC1R, expressed in melanocytes in order 

to control skin pigmentation (Chhajlani and Wikberg, 1992). Centrally, the highest levels of α-

MSH expression is in the hypothalamus, in which it is synthesized in the ARC (Watson and Akil, 

1979). Centrally, α-MSH may bind to the melanocortin receptors MC3R and MC4R, commonly 

referred to as the central MCRs, in order to regulate energy balance and inhibit food intake 

(Yaswen et al., 1999). β-MSH has also been shown to have a role in feeding inhibition, acting in 

the ARC (Kask et al., 2000a), however, such effects were not apparent in a later study 

(Millington et al., 2001) and therefore considered somewhat controversial. γ-MSH has not been 

demonstrated to have effects on feeding regulation, however, it is involved in additional 
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physiological mechanisms such as cardiovascular regulation (Irani and Haskell-Luevano, 2005). 

ACTH plays a major role in steroidogenesis, binding to MC2R in the adrenal cortex and 

adipocytes (Schiöth et al., 1996), but is also involved in feeding inhibition (Vergoni et al., 1986).  

CART is the other major peptide expressed in the POMC expressing neuronal population. 

CART is known for its role in addictive behaviors, reward and reinforcement, altering dopamine 

levels in the CNS. Furthermore, CART plays a role in blood pressure (Matsumura et al., 2001; 

Hwang et al., 2004), behavior (Kask et al., 2000b; Abbott et al., 2001; Aja et al., 2001) and 

satiety (Jensen et al., 1999; Vrang et al., 1999; Asakawa et al., 2001; Stanley et al., 2001). The 

receptors in which CART acts upon are currently unknown.   

The neuronal subpopulations of the NPY/melanocortin system are regulated by peripheral 

metabolic hormones, then integrate and relay orexigenic (appetite stimulating) and anorexigenic 

(appetite inhibiting) signals to higher order brain structures within the hypothalamus. 

1.3.2 Conventional peripheral metabolic signals that interact within the hypothalamus 

The peripheral peptide hormone ghrelin, discovered in 1999 (Kojima et al., 1999), is an 

orexigenic signal released from the stomach into circulation. Ghrelin is detected by regions of 

the brain expressing ghrelin receptors, known as growth hormone secretagogue receptors 

(GHSR), in order to stimulate hunger (Howard et al., 1996; Tschop et al., 2000). There are two 

isoforms of the GHSR; GHSR1a and GHSR1b. GHSR1a is the active isoform, which ghrelin 

binds to, causing a cascade of effects that varies among neuronal populations. GHSR1a receptors 

are highly expressed in the NPY subpopulation of the ARC (Hahn et al., 1998). When ghrelin 

binds, the GHSR1a receptors elicit a depolarizing effect and an increased action potential 

frequency in NPY neurons (Cowley et al., 2003). The depolarizing effect causes a release of 

NPY and AgRP as neurotransmitters to other hypothalamic and non-hypothalamic centers, 
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including the cerebral cortex (Shintani et al., 2001; Rossi et al., 2015) to stimulate hunger, as 

observed in rats (Tschop et al., 2000; Shintani et al., 2001) and humans (Druce et al., 2006). In 

addition to stimulating hunger, the release of AgRP inhibits the anorexigenic POMC neurons 

(Rossi et al., 1998), preventing satiation. Activation of NPY neurons also induces the release of 

gamma aminobutyric acid (GABA), an inhibitory neurotransmitter, onto appetite inhibiting 

neurons (Tong and Pelletier, 1992). It is thus accepted that these NPY neurons play an 

integrative, opposing role with the POMC neuronal subpopulation to enhance hunger signaling 

when ghrelin is released.  

The ARC also contains receptors for anorexigenic peripheral molecules such as leptin, 

which is synthesized and released from white adipocytes (Cowley et al., 2001) and circulates in 

the plasma at levels proportionate to the amount of adipose tissue (Williams et al., 2010). Leptin 

is released into the circulatory system and must enter the CNS to be integrated by neuronal 

centers expressing the appropriate receptors and elicit a satiety stimulus (Broberger, 2005). 

Leptin molecules stimulate the POMC subpopulation of the ARC through membrane 

depolarizations causing an increased action potential frequency (Cowley et al., 2001). 

Conversely, leptin also inhibits the orexigenic NPY neurons through hyperpolarizing changes in 

membrane potential (Nagamori et al., 2003), therefore indirectly stimulating POMC neurons 

through disinhibition of NPY neurons.  

Similarly, insulin is released from beta cells of the pancreas, and found in the plasma at 

levels proportionate to blood glucose levels (Williams et al., 2010). Insulin acts to decrease 

blood glucose levels by acting directly on hepatic insulin receptors (Cuatrecasa, 1991), 

increasing glucose storage in skeletal muscle (Defronzo et al., 1981) or acting indirectly via the 

hypothalamus (Houten et al., 1980), thus decreasing food intake. In the case of central actions, 
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insulin causes hyperpolarizations in the membrane potential of both AgRP and POMC neurons 

(Spanswick et al., 2000). In addition, insulin decreases the expression of NPY and increases the 

expression of POMC (Spanswick et al., 2000).  

Understanding the mechanisms by which these peripheral and central signals act on the 

ARC for plausible pharmacological avenues of obesity prevention is an area of immense interest. 

The effects of these signals have been the focus of much inquiry as therapeutics for obesity, 

however, it must first be clear how these circulating signals reach the ARC in order to elicit their 

satiety effects.  

1.4 How the CNS monitors energy status  

 It is well-established that the CNS is critical in responding to circulating metabolic 

signals in order to maintain homeostatic regulation of energy balance. While there is a high 

receptor density for numerous circulating metabolic signals including ghrelin, leptin, and insulin 

throughout the hypothalamus, the signals must first reach the receptors in order to elicit a 

response. Due to the blood-brain barrier (BBB), however, many circulating peptides are not able 

to diffuse from circulation to the CNS, resulting in a significant paradox in the current model of 

peptide action that has lead to much controversy in the literature (Fry and Ferguson, 2010; Smith 

and Ferguson, 2010). 

1.4.1. The blood-brain barrier  

The BBB is a highly selective impermeable barrier that separates the circulating plasma 

from the extracellular fluid of the CNS. The BBB is composed of endothelial cells from cerebral 

vessels that are connected via tight junctions and astrocyte end-feet that encircle the endothelial 

cells (Reese and Karnovsky, 1967; Brightman and Reese, 1969; Risau and Wolburg, 1990). 

These components provide a tight barrier that is only permeable to lipophilic substances, thus 
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excluding hydrophilic molecules such as sugars, peptide hormones and larger proteins from the 

underlying neural tissue.  

Because the BBB prevents the passage of peptides, the aforementioned circulating 

metabolic signals such as leptin are not able to freely diffuse across this barrier. It is established 

however that areas such as the ARC play a major role in metabolic signaling. While the ARC 

contains NPY and POMC expressing neurons integral for hunger and satiety signaling, how the 

ARC detects circulating signals remains controversial.  

One theory in the literature has postulated that the ARC contains a “leaky” BBB due to 

its capabilities of responding to peripheral signals. Using immunofluorescence for tight junction 

proteins, it was shown that the proteins become reorganized due to fasting, thus making the BBB 

become “leaky”, allowing peptides to cross this barrier to induce feeding behaviours (Langlet et 

al., 2014). However, a significant concern with this notion is how satiety signals reach the CNS 

if the BBB is only permeable during times of fasting. Furthermore, many studies investigating 

the anatomy of the ARC have demonstrated an intact BBB, and it is thus likely that circulating 

signals reach the ARC via an alternative mechanism (Peruzzo et al., 2000; Reviewed in 

Rodríguez et al., 2010). 

Due to the established limitations of metabolic signal diffusion across the BBB, previous 

studies have also suggested the role of transporter proteins. For example, specific ghrelin 

transporters have been demonstrated to transport ghrelin across the BBB, however with much 

slower kinetics than what is physiologically relevant based upon the observed timing of feeding 

behaviour after peripheral ghrelin injection (Grouselle et al., 2008). Similarly, leptin is able to 

cross the BBB via a receptor-mediated transport protein (Banks et al., 1996; Hileman et al., 

2002), that was thought to be a short splice variant of the leptin receptor ObRa (Bjørbæk et al., 
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1997; Belouzard and Rouillé, 2006). However, experiments conducted on the spontaneously 

hypertensive obese (SHROB) rat model, which contains a mutation in the leptin receptor gene, 

blocking expression of all splice variants, demonstrated that leptin was still able to enter the CSF 

and exert central actions (Kastin et al., 1999; Banks et al., 2002). These findings indicate that 

transport proteins alone cannot be responsible for allowing circulating metabolic signals to reach 

the CNS and there must be additional pathways, which has continued to direct current research 

towards the circumventricular organs (CVOs).  

1.4.2. Circumventricular organs 

CVOs are neuronal areas that are not protected by an established BBB, named 

accordingly due to their proximity to the ventricular system of the CNS. Their capillaries contain 

fenestrations and lack an enclosure of astrocyte cell end feet, unlike the majority of the CNS 

(Wisloki and Leduc, 1952). CVO neurons are thus exposed directly to the ionic environment and 

signaling molecules of the circulatory system, therefore able to either secrete signals into 

circulation or detect circulating signals.  

There are a total of eight CVOs: three sensory, four secretory, and one undefined. The 

sensory CVOs include the subfornical organ (SFO), the area postrema (AP) and the organum 

vasculosum of lamina terminalis (OVLT). With a wide variety of membrane receptors, sensory 

CVO neurons can detect changes in ionic concentrations and signaling molecules, such as those 

involved in feeding. Furthermore, CVO neurons can communicate this information to autonomic 

control centers such as the hypothalamus, providing a unique window for communication of 

physiological status from the periphery to the CNS and a relay within the CNS. The secretory 

CVOs include the neurohypophysis, median eminence (ME), intermediate lobe of the pituitary 

gland, and the pineal gland. The secretory CVOs are responsible for secreting hormones and 
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glycoproteins into peripheral circulation according to feedback from the CNS. The remaining 

CVO, the subcommissural organ (SCO), is ambiguous in nature because of its relatively low 

permeability to cerebrospinal fluid (CSF). This is due to the lack of fenestrated capillaries 

(Petrov et al., 1994).   

Early work demonstrated that unlike the majority of cerebral vasculature, vessels of 

CVOs contain fenestrated endothelium, and are thus often referred to as “brain windows” 

(Wisloki and Leduc, 1952; Reviewed in Gross and Weindl, 1987; Duvernoy and Risold, 2007). 

Further research indicated that the tight junction protein zonula occludens-1, typically expressed 

in endothelium, was expressed in ependymal cells of CVOs, suggesting that the barrier had 

shifted from the vascular side to the ventricular side (Petrov et al., 1994). More recent studies on 

CVOs using immunohistochemistry discovered the presence of tanycytes, a specialized type of 

ependymal cell that lacks cilia, but contains long processes and end-feet (De Seranno, 2004; 

Langlet et al., 2013). These tanycytes form a barrier between the brain and the CSF, therefore 

allowing movement of circulating molecules from the blood to the CVO but preventing diffusion 

of these molecules to the CSF in order to maintain brain homeostasis (Mullier et al., 2010; 

Langlet et al., 2013, 2014).  

1.5. The SFO 

1.5.1. Anatomy of the SFO 

The SFO is of considerable interest because of its established role in regulating 

hydromineral balance, cardiovascular regulation and its new emerging role in energy balance. 

The SFO is situated along the sagittal midline of the brain, ventral to the hippocampal 

commissure, protruding into the third ventricle. Morphologically and functionally, it can be 

characterized as having a ventromedial core and a dorsolateral peripheral region (Kawano and 
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Masuko, 2010). These distinct neuronal populations are also visible through 

immunohistochemical staining, in which the core expresses the calcium binding protein 

calbindin, and the periphery expresses the calcium binding protein calretinin (McKinley et al., 

2010). Furthermore, through electron microscopy techniques, it has been established that the 

core region contains the highest number of neuronal cell bodies and has the highest capillary 

density, while the peripheral regions have a greater proportion of nerve fibers (Dellmann and 

Simpson, 1976).  

The SFO receives the majority of input from circulating peptides, but also receives input 

from afferent projections from a number of CNS structures, including the median preoptic 

nucleus (MnPO) (Lind et al., 1984), nucleus reuniens of the thalamus (Lind et al., 1984), nucleus 

tractus solitarius (NTS) (Zardetto-Smith and Gray, 1987), LH (Lind et al., 1984), and midbrain 

raphe (Lind, 1986). In particular the NTS and LH are key centers for the regulation of energy 

balance (Anand and Brobeck, 1951; Kanoski et al., 2014). 

In addition to receiving hypothalamic input, SFO neurons project to hypothalamic control 

centers, while anterograde and retrograde tracers have demonstrated slightly different projections 

between the core and periphery. The ventromedial core sends a large proportion of its projections 

to the bed nucleus of the stria terminalis (Swanson and Lind, 1986) and the parvocellular neurons 

of the paraventricular nucleus (PVN) (Kawano and Masuko, 2010). The dorsolateral periphery 

sends projections to hypothalamic areas including the supraoptic nucleus (SON), MnPO, LH, 

and the magnocellular neurons of the PVN (Miselis et al., 1979; Saper and Levisohn, 1983; Sgro 

et al., 1984; Duan et al., 2008; Kawano and Masuko, 2010). It has also been demonstrated that 

the SFO projects to the ARC, however it is unclear if these projections are sent from the core or 

periphery (Gruber et al., 1987).   
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1.5.2. SFO regulation of cardiovascular output 

It is well-established that the SFO plays a critical role in the integration of circulating 

signals for the maintenance of cardiovascular regulation and hydromineral balance. For example, 

the SFO is recognized as a key site of action for circulating angiotensin II (ANG II) in 

stimulating drinking (Robertson et al., 1983; Simpson and Routtenberg, 2014; Simpson and 

Routtenberg, 1974), increasing arterial pressure (Tiruneh et al., 2013), and activating efferent 

neurons of the sympathetic nervous system (Ciriello and Gutman, 1998; Mangiapane and 

Simpson, 1980). The SFO expresses ANG II receptors in the core and periphery, while 

expression levels are higher in the core (Lind et al., 1985; Lenkei et al., 1995). The SFO also 

expresses ANG II and ANG-converting enzyme, demonstrating a role in not only detecting 

circulating ANG signaling, but expressing such signals and projecting them to areas such as the 

MnPO of the hypothalamus (Lind et al., 1984).  

The SFO responds to additional hormones important for the regulation of cardiovascular 

output and blood pressure such as relaxin, known to induce hemodynamic changes during 

pregnancy. ICV administration of relaxin stimulates neurons of the SFO, affecting vasopressin 

secretion and drinking behavior (Otsubo et al., 2010).  

Furthermore, the role of regulating hydromineral balance is supported by the fact that the 

SFO projects to magnocellular PVN neurons. These PVN neurons are vasopressinergic, meaning 

they synthesize and release antidiuretic hormone (ADH) from the posterior pituitary gland, 

therefore the SFO can directly affect ADH release (Miseles, 1982). A recent study utilizing 

optogenetic activation techniques to stimulate neuronal subregions of the SFO have induced 

drinking behaviours in rats (Oka et al., 2015). This study demonstrated two distinct neuronal 

subregions, in which the activation of a subpopulation expressing the transcription factor ETV-1 
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led to an immediate drinking response and a second subpopulation expressing the vesicular 

GABA transporter led to drinking inhibition (Oka et al., 2015). A similar study activated mice 

SFO neurons in vivo using a Designer Receptors Exclusively Activated by Designer Drugs 

(DREADD) technique, in which a strong drinking behaviour was induced (Nation et al., 2016).  

In addition to drinking, sodium sensing is another important component of body fluid 

balance. The novel sodium-sensing channel, Nax, plays a role in sensing extracellular sodium 

levels. It has been demonstrated that the SFO neurons expresses the Nax channel and is a 

principal site in the regulation of salt intake behaviours (Watanabe et al., 2000; Nehmé et al., 

2012). Similar studies have focused on glial sodium-sensing rather that neuronal, in which it was 

found that the Nax channel were preferentially expressed in SFO glial cells (Watanabe et al., 

2000; Hiyama et al., 2004). Regardless of the controversy, these studies validate that the SFO is 

an important site for sodium sensing.  

Microarray, PCR, and immunohistochemistry analysis further supports the established 

role of the SFO in regulating cardiovascular output and blood pressure through mRNA 

expression of ANG II receptors (Wei et al., 2009), relaxin receptors (Coldren et al., 2015) and 

the Nax channel (Hiyama et al., 2004), but also reveals expression of a variety of orexigenic and 

anorexigenic peptide receptors, suggesting a role in energy homeostasis.  

1.5.3. SFO regulation of energy balance 

In more recent years, the SFO has been demonstrated to play a role in regulating energy 

balance. Microarray data has demonstrated the expression of insulin, ghrelin, leptin and amylin 

receptors in the SFO, all of which are important energy balance signals (Hindmarch et al., 2008). 

Given its projections to key hypothalamic energy regulating areas and its expression of 

numerous metabolic peptide receptors, it is not surprising that direct in vivo electrical stimulation 
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of the SFO in satiated rats was shown to elicit feeding behaviour (Smith et al., 2010). 

Furthermore, SFO neurons have been shown to respond to all four of these satiety signals via 

changes in electrical activity (Lakhi et al., 2013; Pulman et al., 2006; Smith et al., 2009), thought 

to regulate feeding behavior (Smith and Ferguson, 2010; Baraboi et al., 2010).  

The electrophysiological changes of SFO neurons vary depending on the peptide, as 

different receptors are stimulated. For example, cultured SFO neurons responded to ghrelin with 

depolarizations and an increased action potential frequency (Pulman et al., 2006). Furthermore, 

cultured SFO neurons responded to insulin, in which approximately half of the responsive 

neurons hyperpolarized and half depolarized (Lakhi et al., 2013). Similarly, it was found that 

leptin had a depolarizing effect on the majority of dissociated SFO neurons, while the remaining 

responsive neurons hyperpolarized (Smith et al., 2009). Amylin induced a similar effect, in 

which one third of SFO neurons depolarized, one third hyperpolarized and one third had no 

response (Pulman et al., 2006).  

Further supporting the role of the SFO in regulation of energy balance is the response to 

cholecystokinin (CCK), a hormone secreted by intestinal I cells that inhibit food intake. CCK 

predominantly acts on primary vagal afferents, leading to the activation of the AP and the NTS. 

Recently however, it was found through microarray data that the SFO contains CCK receptors, 

and that CCK stimulates SFO neurons in vitro and in vivo through depolarizing and 

hyperpolarizing effects (Ahmed et al., 2014).  

In addition, the SFO has been shown to respond to glucose. Although glucose is not a 

hormone, there are increased levels of this metabolic signal in the gut and the blood post-feeding. 

Circulating glucose not only provides important signals of energy status to the CNS, but also has 

important physiological implications on the circulating levels of metabolic hormones. In the SFO 
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specifically, glucose has been demonstrated to depolarize a subpopulation of neurons and 

hyperpolarize another (Medeiros et al., 2012) 

While the effects of numerous peripheral metabolic signals on the SFO and hypothalamic 

circuitry has been studied, evidence as to whether there is a link between the central signaling 

molecules such as NPY and the SFO is lacking, despite the unique ability of SFO to detect 

signals and its evident projections to metabolic regulating areas. The effects of leptin and insulin 

in particular have been a major focus of inquiry as therapeutics for obesity, however, it is thought 

that individuals who are obese typically develop central resistance to these circulating signals 

(Kahn et al., 1972; Caro et al., 1996). Different avenues of energy regulation must therefore be 

examined, stimulating interest in the actions of NPY at the SFO. Like the SFO, NPY regulates 

both cardiovascular output and energy homeostasis.   

1.6. Neuropeptide Y 

NPY is a well-conserved 36 amino acid neuropeptide that belongs to the pancreatic 

peptide family, along with pancreatic polypeptide (PP) and polypeptide YY (PYY). NPY, PYY 

and PP share a high sequence homology and all bind to the same Y receptors (Y1-Y6), but with 

varying affinities. Y1, Y2 and Y5 receptors are implicated in energy regulation and preferentially 

bind NPY and PYY, while Y4 preferentially binds PP (Gehlert et al., 1996), and Y6 is non-

functional in rats and primates (Table 1.1) (Burkhoff et al., 1998; reviewed in Patel and Patel, 

2009).  

Intracellular signaling via the Y family is complex.  The Y family of GPCRs all contain a 

Gαi/ο α subunit, that inhibits adenylyl cyclase upon binding of the NPY ligand, preventing the 

conversion of adenosine triphosphate (ATP) to cyclic adenosine monophosphate (cAMP) (Kassis 

et al., 1987; Motulsky and Michel, 1988; reviewed in Patel and Patel, 2009). The relative levels 
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of intracellular cAMP are thus able to alter channel opening of cyclic nucleotide gated channels. 

In addition, the Gαi/ο α subunit of Y2 also activates a receptor-operated calcium channel (ROCC), 

enhancing levels of intracellular Ca2+ (Lynch et al., 1994). Furthermore, as a secondary 

transduction pathway, Y2 may contain a Gq/11 α subunit that stimulates phospholipase C (PLC) 

that cleaves phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into diacyl glycerol 

(DAG) and inositol 1,4,5-trisphosphate (IP3), in which IP3 elicits an increase in intracellular Ca2+ 

(Ekelund and Erlinge, 1997; Grouzmann et al., 2001). Some studies have linked the Y1 receptor 

with increases in intracellular Ca2+ in cell lines that express the Y1 receptor, although there is 

conflicting data of whether or not it is due to an IP3 generating mechanism (Fredholm et al., 

1985; Motulsky and Michel, 1988; Perney and Miller, 1989; Aakerlund et al., 1990). 

Y receptors are located throughout the CNS and periphery, eliciting variable effects. As 

previously mentioned, NPY plays a role in numerous physiological responses including 

hydromineral balance (Edvinsson et al., 1983, 1984; Pau et al., 1988), stress (Heilig, 2004), 

immune function (Wheway et al., 2005), circadian rhythms (Wiater et al., 2011), emotion 

(Heilig, 2004; Holzer et al., 2012) and autonomic responses (Kishi et al., 2005), however; its role 

in cardiovascular output and energy regulation are the predominant effects of focus. 
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Table 1.1. Summary of the affinity (EC50) of human NPY, PYY, PP to the Y receptors associated 
with energy regulation (Dumont et al., 2000a and reviewed in Patel and Patel, 2009). 
  

Peptide Y1 EC50 Y2 EC50 Y5 EC50 

NPY 0.14 1.2 0.96 

PP 150 >1000 1.4 

PYY1-36 0.70 0.58 1.0 

PYY3-36 >1000 0.20 15 
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1.6.1. NPY regulation of cardiovascular output and hemodynamics 

NPY in the periphery is classically known to elicit a robust pressor effect. Numerous 

studies have reported increased NPY levels in pre-hypertensive and adult spontaneously 

hypertensive rats, compared to normotensive rats (Dhital et al., 1988; Kawamura and 

Takebayashi, 1991; Fujimoto et al., 1993), as well as increased platelet and plasma NPY levels 

in humans with primary hypertension (Solt et al., 1990; Berent et al., 1997; Wocial et al., 2016). 

NPY is released into the circulation by chromaffin cells of the adrenal medulla due to acute 

stress (Cavada et al., 2002), by immune cells (Bedoui et al., 2003) or by the sympathetic nerve 

terminals of the gut and pancreas (Sundler et al., 1983). In circulation, NPY can induce 

angiogenesis (Zukowska-Grojec et al., 1998), vasoconstriction (Zukowska-Grojec et al., 1988), 

cerebral vasoconstriction, water and salt excretion (Smyth et al., 1988), and increased blood 

pressure (Edvinsson et al., 1983, 1984).  

When NPY is released via sympathetic nerve terminals, it is often co-released with the 

catecholamine norepinephrine (NE) and ATP, in which NPY elicits the long lasting phase of the 

vasoconstriction effect predominantly via the Y1 receptor (Zukowska-Grojec et al., 1987 

Reviewed in Gruber et al., 2009; Westfall et al., 2013). While Y1 receptors play the predominant 

role in NPY mediated vascular tone, NPY acts on the vascular smooth muscle that expresses 

both Y1 and Y2 receptors (Modin et al., 1991). The vasoconstricting action of NPY is 

independent of NE, as the NPY induced effect was not altered when an α-adrenoceptor 

antagonist was applied in a feline model, however, NPY augments the pressor effects of NE 

(Edvinsson, 1985). In order to further regulate hemodynamincs, NPY acts on the kidneys. It has 

been demonstrated that NPY-containing post-ganglionic fibers innervate the kidneys (Ballesta et 

al., 1984), and that intrarenal injection of NPY increased natriuresis and diuresis in Sprague 
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Dawley rats (Smyth et al., 1988), while decreasing renal blood flow (Bischoff et al., 1997). 

Due to the increase in blood pressure caused by NPY, heart rate decreases as a result of 

the cardiac baroreceptor reflex (Smith-White et al., 2002a). Conversely, it has been shown that 

Y2 receptors expressed on parasympathetic nerve terminals inhibit the vagus nerve to reduce the 

heart rate (Smith-White et al., 2002b). Therefore, NPY elicits an initial reduction in heart rate 

during the pressor effects, however, this is followed by an increase in heart rate (Gruber et al., 

2009).  

While the majority of the cardiovascular regulating effects of NPY are peripheral, NPY 

can also elicit cardiovascular effects acting on central targets. It has been demonstrated that NPY 

injections in the hypothalamus induced an increase in mean arterial pressure (MAP) via 

excitation of sympathetic output (Martin et al., 1989; Martin, 2004). Furthermore, the Y1 

receptor antagonists BIBO 3304 was applied centrally and peripherally, both of which attenuated 

cardiovascular effects, suggesting a central site of NPY mediated cardiovascular regulation 

(Gruber et al., 2009). 

1.6.2. NPY regulation of energy balance 

It is well established that both central and peripheral administration of NPY plays a role 

in regulating cardiovascular output, however only central NPY induces feeding behaviour 

(Stanley and Leibowitz, 1984). PYY and PP also play a role in energy balance and are highly 

expressed by the digestive system and released into circulation. Conversely, NPY is 

predominantly expressed by the central and peripheral nervous systems, and released as a 

neurotransmitter to elicit its energy regulating roles within the CNS (Holzer et al., 2012).  

PYY is primarily synthesized in endocrine L-cells of the gut, released postprandial to 

inhibit gut motility, gastric acid secretion and pancreatic secretion (Naruse et al., 2002). In the 
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blood, PYY1-36 is rapidly converted to PYY3-36, the biologically active isoform (Mentlein et al., 

1993). PYY3-36 is the predominant circulating form of PYY, preferentially binding to Y2 

(Dumont et al., 1995), and has been proposed to act in the ARC, inhibiting NPY release and 

inhibiting feeding behaviour (Batterham et al., 2002). The less prevalent PYY1-36 isoform has 

opposing effects, in which it elicits feeding behaviours when acting on central targets (Grandt et 

al., 1994). PP is released from pancreatic F-cells postprandial and elicits anorexigenic effects 

peripherally, including inhibition of gut motility and appetite (Batterham et al., 2003). NPY is 

one of the most widely expressed peptides in the brain, eliciting its energy regulating effects on 

central targets. NPY is expressed in areas including the NTS, hippocampus, periaqueductal grey, 

basal ganglia, amygdala, nucleus accumbens, cerebral cortex, and hypothalamus (reviewed in 

Farzi et al., 2015). Specific to feeding regulation however, the ARC contains a subpopulation of 

neurons in which NPY is expressed and is the main site of NPY production within the 

hypothalamus (Chronwall et al., 1985). When stimulated, the NPY-expressing neurons of the 

ARC release NPY as a neurotransmitter at the synaptic terminals, projecting to areas including 

the neighboring POMC-expressing neurons of the ARC, inhibiting the anorexigenic POMC 

neurons. The NPY-expressing neurons also send projections to the PVN, LH, DMH, and 

ventromedial nucleus of the hypothalamus (VMN), which are second-order hypothalamic areas 

involved in food intake and energy balance (Elmquist et al., 1999; Reviewed in Schwartz et al., 

2000).  

The PVN is a major target for NPY-ergic fibers and is known for its role in feeding 

stimulation (Elmquist et al., 1999). NPY injections into the PVN induces a feeding response and 

leads to increased meal frequency and obesity over long term sustained NPY administration 

(Stanley et al., 1985; Merlo Pich et al., 1992; Tiesjema et al., 2007, 2009). The LHA is also a site 
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of feeding stimulation, in which acute NPY injections lead to increased feeding, and sustained 

NPY administration lead to hyperphagia, increased meal size, and obesity (Stanley et al., 1993). 

Additionally, the ARC sends dense NPY-ergic projections to the DMN, a hypothalamic area that 

induces feeding behavior. Long-term NPY administration lead to increased food intake and 

weight gain (Yang et al., 2009). Conversely, the VMN plays a significant role in feeding 

inhibition (Chee et al., 2010).  

1.7. NPY and the SFO 

It is evident that the SFO and NPY play key roles in energy balance and cardiovascular 

regulation, however the effects of NPY on the SFO are unknown. It has been demonstrated 

through microarray data, PCR, in situ hybridization and histochemistry that Y1, Y2 and Y5 

receptors are expressed in the SFO (Dumont et al., 2000a, 2007; Kishi et al., 2005; Hindmarch et 

al., 2008). Although there are no current studies that characterize the effects of NPY of the SFO, 

there is evidence that PYY3-36 acts on SFO neurons and reduces feeding behaviour (Baraboi et 

al., 2010a). Additionally, electrophysiology studies applying PYY1-36 to SFO neurons 

demonstrated that a low concentration (100 pM) elicits depolarizing effects, while a high 

concentration (100 nM) elicits hyperpolarizing effects (Mellado, 2006). It is thus likely that NPY 

also acts on SFO neurons, as PYY3-36 and PYY1-36 elicit their effects through the same Y 

receptors as NPY. Furthermore, using immunohistochemical staining for NPY, it appears that the 

SFO does receive NPY input (Fig. 1.1). Together, these findings lead us to posit that SFO 

neurons are a likely target of NPY, not only for the regulation of feeding, but also for 

cardiovascular output. It is well known that the risk of cardiovascular disease increases with 

increased weight (Wildman et al., 2005). Body mass and blood pressure regulation are therefore 

potentially linked by a common mechanism, such as NPY acting on Y receptors of SFO neurons.  
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A) 

 

B)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.1. Location of the SFO and immunohistochemical staining for NPY in a coronal slice of 
SFO from a Sprague Dawley rat. A) Location of SFO in a coronal view, with the insert 
demonstrating SFO location in sagittal view. Image modified from Paxinos and Watson (2006). 
B) Preliminary immunohistochemistry data (courtesy of Shuo Huang) indicating the presence of 
NPY in SFO, with particular enrichment near large blood vessels (*), in the shell region (arrow) 
and in a ringed pattern (insert).  Scale bar, 50 µm. 
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1.8. Objectives 

The experiments described in this thesis investigate the modulation of SFO neurons by 

NPY, and elucidate some of the underlying ionic mechanisms by which NPY causes these 

effects. This series of experiments are the first to characterize the effects of NPY on SFO 

neurons, including the change in membrane potential, the receptors involved and the change in 

specific ion currents. This data is important, as both NPY signaling and the SFO have been 

demonstrated to have a physiological role in energy regulation and cardiac output, as discussed 

previously; however, the actions of NPY on SFO neurons have never been investigated. The 

knowledge gained in these experiments will further our understanding of how the CNS regulates 

homeostasis, and may provide insights toward the development of strategies to prevent and treat 

obesity. 

1.9. Hypotheses 

1.9.1. Hypothesis 1: NPY will modulate electrophysiological properties of SFO neurons 

Given the facts that (a) NPY is highly expressed in the CNS and in the SFO in particular, 

(b) NPY demonstrates a strong link to energy balance and cardiovascular output and (c) Y 

receptors are expressed in the SFO, it was expected that NPY would modulate the membrane 

potential, action potential frequency, and input resistance of SFO neurons. In order to test this 

hypothesis, SFO neurons were subjected to patch clamp electrophysiology in the current-clamp 

configuration. Continuous recordings were conducted in order to measure the changes in 

membrane potential and action potential frequency before and after NPY was applied. Neurons 

were also subjected to increasing steps of current to create voltage-current plots and the input 

resistance before and after NPY application measured. 
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1.9.2. Hypothesis 2: NPY will stimulate specific NPY receptors  

 It has been demonstrated that Y1, Y2 and Y5 receptors are expressed in the SFO. 

Therefore, it was expected that activation of one or more of the receptors would result in changes 

in electrical properties of SFO neurons. In order to test this hypothesis electrophysiological 

changes were measured in continuous recordings in the current-clamp configuration. Two 

specific Y receptor antagonists were applied at once, followed by NPY application to reveal the 

effects of the third, unblocked receptor.  

1.9.3. Hypothesis 3: NPY will modulate a change in current   

Previous literature suggests that a non-selective cation conductance (NSCC), 

hyperpolarization-activated current (Ih), persistent Na+ current (INaP), and voltage-gated K+ 

current are commonly modulated ion currents in SFO neurons (Ferguson and Bains, 1996; 

Ferguson and Li, 1996; Washburn et al., 1999; Washburn and Ferguson, 2001; Pulman et al., 

2006; Fry and Ferguson, 2007; Dai et al., 2013; Kuksis and Ferguson, 2014). It was hypothesized 

that NPY would induce significant changes in at least one of these currents in SFO neurons. In 

order to investigate this, both the amplitude of current and the voltage-dependence of activation 

were investigated for these currents before and after NPY application using electrophysiology in 

the voltage-clamp configuration. Neurons were subjected to ramps of increasing voltage to 

investigate changes in NSCC and INaP, as well as depolarizing voltage steps to investigate 

changes in voltage-gated K+ currents.  
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2. Methods 

 In order to characterize the effects of NPY on SFO neurons, male Sprague Dawley rats 

were sacrificed, brains removed and cultures of dissociated neurons prepared. The use of 

dissociated neurons is important to ensure that any observed effects on SFO neurons is direct, 

and not due to effects on presynaptic neurons. In the first series of experiments, patch clamp 

electrophysiology was conducted in the current-clamp configuration on individual dissociated 

neurons in order to study the electrophysiological properties of SFO neurons and how these 

properties changed following application of NPY. In the second series of experiments, NPY as 

well as specific Y receptor antagonists were applied in the current-clamp configuration to 

determine which Y receptors were stimulated in SFO neurons. The third series of experiments 

used the voltage-clamp configuration to investigate the identity of currents modulated when NPY 

was applied.   

2.1. Cell Culture 

All animal protocols conformed to the standards of the Canadian Council on Animal Care 

and the University of Manitoba Animal Care Committee. Cell cultures were prepared according 

to protocols modified from Fry and Ferguson (2007) and Lakhi et al. (2011). Briefly, two 

Sprague Dawley rats (~150 g) were decapitated, the brains quickly removed and placed into 

oxygenated, ice-cold brain slicing solution for 2 min (Table 2.1). A 3 mm slice of brain tissue 

beginning at the optic chiasm (approximately 9 mm to 6 mm in the coordinates of Paxinos; 

Paxinos and Watson, 2007) was prepared and transferred into Hibernate A media (Gibco, 

Burlington, ON, Canada) supplemented with 1X B-27 (Gibco) (Fig. 2.1). SFO was carefully 

dissected from surrounding tissue under a dissecting microscope (Olympus SZX7, Shinjuku, 

Tokyo, Japan), transferred to 5 ml Hibernate media containing 10 mg of papain (Worthington 
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Biochemical Corp., Lakewood, NJ), and incubated for 25 min at 30°C. Tissue was washed twice 

in Hibernate media/B-27. Following this, SFO tissue was gently triturated, centrifuged at 200 g 

for 5 min, and resuspended in Neurobasal-A/B-27 supplemented with 0.25X glutamax (Gibco). 

Dissociated neurons were then plated on glass-bottomed 35 mm culture dishes (MatTek Ashland, 

MA) at a low density to ensure synaptic contacts did not form between neurons. The neurons 

were incubated at 37°C in 5% CO2. Experiments were performed within 1–4 days, as it has been 

demonstrated that SFO neurons in culture can be recorded from up to 6 days with no 

electrophysiological changes (Ferguson et al., 1997). Only neurons that had no contact with other 

cells were used for recordings. Cultured SFO neurons were visualized under an inverted 

microscope (Zeiss IM 35, Germany) with Hoffman Modulation contrast optics and subjected to 

patch clamp electrophysiology (Fig. 2.2). 
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Table 2.1. Slice solution composition. 

Compound Molecular Weight (g/mol) Final Concentration (mM) 

NaCl 58.44 87 

KCl 74.55 2.5 

NaH2PO4 119.98 1.25 

CaCl2 147.02 0.5 

MgCl2-6H2O 203.3 7 

NaHCO3 84.01 25 

D-glucose 180.16 25 

Sucrose 342.30 75 
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Figure 2.1. Ventral view of a Sprague Dawley rat brain with two markers, indicating where cuts 
were made to obtain a 3 mm section containing the SFO. Scale bar, 3 mm. 
 
 
 
 
 

 

 

Figure 2.2. Light microscopy image of a dissociated neuron in culture with a glass pipette above, 
creating a whole cell seal. Scale bar, 10 µm. 
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2.3. Electrophysiology 

Whole cell patch clamp recordings from SFO neurons were made using a HEKA EPC10 

patch clamp amplifier (HEKA instruments, Mahone Bay, NS). Recordings were carried out 

using Patchmaster V2x90 for stimulation and recording. Only neurons with a whole cell seal > 1 

GΩ were used for further recordings. For current-clamp recordings, data were filtered with a low 

pass filter at 10 kHz and acquired at 40 to 50 kHz. All current-clamp recordings were conducted 

in the same external recording solution (ERS) (Table 2.2). Patch electrodes for current-clamp 

recordings were fabricated from thick wall (1.5mm outer diameter, 0.87 inner diameter) 

borosilicate glass (Sutter Instruments, Novato, CA) and had a resistance of 6.5 to 7.5 MΩ when 

filled with internal recording solution (IRS) (Table 2.3). Voltage-clamp recordings were carried 

out using the same internal and external solutions. In the voltage-clamp configuration, data were 

filtered with a low pass filter at 10 kHz and acquired at 20 to 50 kHz. Series resistance was less 

than 30 MΩ and was compensated from 65 to 90% at 10 µs. Patch electrodes for voltage-clamp 

recordings were fabricated from thin wall (1.5 mm outer diameter, 1.1 mm inner diameter) 

borosilicate glass (Sutter Instruments) and had resistances of 3 to 4 MΩ when filled with IRS.  

Current-clamp recordings were carried out with the aim of quantifying changes in 

membrane potential, action potential frequency and input resistance. Input resistance is a 

measure of electrical excitability, and changes in input resistance can indicate modulation of ion 

currents. Two protocols were carried out in current-clamp configuration. The first held neurons 

at -60 mV and subjected them to a series of current injections (-25 pA to +30 pA in 5 pA steps) 

in order to calculate input resistance. Input resistance was calculated from the slope of the 

voltage-current relationship. The protocol was carried out before and after treatment of NPY. 

From this protocol, changes in Isag, elicited by Ih were also measured. The second protocol held 
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neurons at -60 mV and recorded changes in membrane potential and action potential frequency 

over time, before and after treatment of NPY or NPY and antagonists. 

Voltage-clamp recordings were carried out to determine the identity of ion currents 

modulated by NPY. Two protocols were carried out in voltage-clamp configuration. The first 

aimed to determine if NSCC or INaP were modulated by NPY. Neurons were subjected to a 

depolarizing ramp from -80 mV to +20 mV over 1 s (Fry and Ferguson, 2007). The second 

protocol aimed to determine if voltage-gated K+ currents were modulated. Neurons were 

subjected to a series of depolarizing voltage steps from -70 mV to +20 mV from a holding 

potential of -80 mV (Fry and Ferguson, 2007). In both cases, protocols were carried out before 

and after treatment with NPY, and currents were compared in order to determine if the activation 

properties or current amplitudes were altered.    

Controls included the application of a separate vial of ERS, using the solenoid valve, to 

ensure that patch clamped neurons exhibited no significant difference when the inflow was 

switched. These controls were conducted to eliminate the possibility that changes in electrical 

properties could be due to cell damage, or “run up/run down.” 
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Table 2.2. Physiological ERS composition. 

Compound Molecular Weight (g/mol) Final Concentration (mM) 

NaCl 58.44 140 

KCl 74.55 2 

CaCl2 147.02 2 

MgCl2-6H2O 203.3 1 

HEPES Salt 238.3 10 

D-glucose 180.16 10 

 

pH adjusted to 7.4 with NaOH, osmolarity adjusted to 300 mOsm/kg with sucrose 

 

 

Table 2.3. Physiological IRS composition. 

Compound Molecular Weight (g/mol) Final Concentration (mM) 

K-gluconate 234.25 130 

KCl 74.55 10 

MgCl2-6H2O 203.3 2 

EGTA 380.4 5.5 

HEPES Salt 238.3 10 

CaCl2 147.02 0.1 

Na2ATP 551.14 2 

 

pH adjusted to 7.3 with KOH, osmolarity adjusted to 280 mOsm/kg with sucrose 
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2.4. NPY and antagonists 

 NPY and antagonists were purchased from Tocris (Tocris Bioscience, Bristol, UK). To 

determine the dose-response relationship, concentrations of applied NPY ranged from 300 nM to 

1 pM; this concentration range was chosen based on previous patch clamp studies using NPY, 

where the EC50 values reported were between 3 and 13 nM, and the values for “shoulder of the 

dose response” (the beginning of the upper asymptote) were generally near 500 nM (Brown et 

al., 1995; McCullough et al., 1998). Voltage-clamp recordings used 300 nM NPY in order to use 

the lowest dose possible while eliciting maximum effects. In all experiments, NPY was applied 

for 1 min using the flow through perfusion system.   

BIBO 3304, a specific Y1 receptor antagonist, was dissolved as a stock solution in 

DMSO at a concentration of 1 mM and used in experiments at a concentration of 100 nM. BIIE 

0246, a specific Y2 receptor antagonist, was also disolved as a stock in DMSO at 1 mM and used 

at a concentration of 100 nM, while L-152,804 was dissolved in DMSO at a concentration of 10 

mM and used at a concentration of 1 µM in experiments. These concentrations were chosen 

based on previous patch clamp electrophysoiology experiments on neurons, to ensure effective 

blockage of Y receptors (Heredia et al., 2002; Sosulina et al., 2008; Xu et al., 2009; Dubois et al., 

2012; Giesbrecht et al., 2012; Ide et al., 2013; Zhang et al., 2015). Antagonists were applied to 

the neurons at least 10 min before 100 nM NPY application (Wieland et al., 1998; El Bahh et al., 

2002).  

2.5. Data analysis 

Responsiveness of SFO neurons to 300 nM to 1 pM NPY was determined by comparing 

the membrane potential of neurons before and after application over 100 s periods. SFO neurons 

were considered responsive if their mean membrane potential demonstrated a shift of at least 5 
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mV by approximately 400 s after application compared to control baseline before application 

(Fry and Ferguson, 2008). Dose responses were fitted with the Hill equation to determine the 

EC50. Change in firing frequency before and after application was compared among 

spontaneously active neurons. Change in input resistance and Isag, determined through 

increasingly positive current pulses, were also compared before and after NPY application.   

NSCC and INaP were investigated using a voltage ramp protocol. No changes in NSCC 

were observed, and therefore, NSCC was not considered further. Amplitude of the peak INaP and 

the membrane potential at which the peak occurred were determined before application of 300 

nM NPY and compared to values after application. Outward voltage-gated K+ currents were 

elicited by a series of depolarizations. The peak amplitude of the rapidly inactivating K+ current 

was determined by measuring the outward current during the first 20 ms of membrane 

depolarization, and the delayed retifier K+ current was determined by measuring the mean 

current from 90 to100 ms during a 100 s depolarization. Amplitude of the rapidly inactivating 

and delayed rectifier K+ currents were converted to density by dividing the current by the cell 

capacitance. The density-voltage relationships were determined before application of 300 nM 

NPY and compared to values after application.   

Continuous recordings were concatenated in Spike 2 Software (Version 6.18, Cambridge 

Electronic Design, Cambridge, UK). All statistical analyses were performed using OriginPro 

software (OriginPro 2016 Student Version, Originlab, Northampton, MA, USA). Level of 

significance was p ≤ 0.05. 

2.6. Validation of flow thru system, determining latency to effect and washout 

During electrophysiological recordings, a flow-through system was utilized to maintain a 

constant flow of fresh ERS (Fig. 2.3). Further experiments in testing the effects of NPY utilized 
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this system, diverting the flow from control ERS to ERS containing NPY, using a solenoid 

operated pinch valve controlled by a trigger switch. Preliminary studies on the efficacy of this 

system involved the use of a 15 mM KCl solution, as KCl elicits membrane depolarization. 

Neurons were held in the current-clamp configuration in a continuous recording and KCl 

solution was applied for 1 min.  

The latency for the 15 mM KCl to reach the neurons after the solenoid was switched, and 

the time it took to washout was determined.  
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Figure 2.3. Image of assembled flow-through system, demonstrating the route of solution inflow 
and outflow, and the ability to change the inflow between ERS and a second solution.  
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3. Results 

In the following sections, a series of experiments to determine the effects of NPY on SFO 

neurons will be described. Section 3.1 describes validation of the flow through system. Section 

3.2 describes current-clamp experiments used to investigate the effects of NPY at concentrations 

from 300 nM to 1 pM. Section 3.3 describes the current-clamp experiments used to investigate 

which Y receptors were stimulated when NPY and antagonists for Y1, Y2 and Y5 receptors were 

applied. Lastly, section 3.4 describes voltage-clamp experiments that were used to investigate the 

ion currents that were manipulated due to NPY application.  

3.1. Validation of the flow through system 

Preliminary work sought to confirm the efficacy of the flow-through system that was 

utilized in later experiments of the study. The recordings suggest that it took 83.8 ± 1.3 s from 

the time that the flow was switched from ERS to 15 mM KCl to reach the neurons and an 

additional 142.3 ± 8.3 s to washout (n=4) (Fig. 3.1). This confirms that the flow through system 

did in fact work and was proficient for use in further experiments. Subsequent continuous 

current-clamp traces shown are adjusted according to these experiments to indicate when the 

treatment reached the neurons, rather than the time the solenoid was switched.   

Further control experiments were conducted, where regular ERS was applied and 

exchanged for a new vial of the same solution to demonstrate the effect of switching solutions. 

The recordings demonstrate that the mean change in membrane potential was 0.2 ± 0.3 mV. 

Using a one-way t-test, the change in membrane potential was not significant (n=8, p≤ 0.05) and 

thus there were no effects that could be attributed to changing solutions. 
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A) 

 

 

 
 
 
B) 

 
 

Figure 3.1. Elucidating the latency to effect and demonstrating complete washout of test solution 
in the recording bath. Representative continuous current-clamp recordings of a A) spontaneously 
active and B) quiescent SFO neuron when a solution of 15 mM KCl in ERS was applied for 1 
min. The arrows demonstrate the time point at which KCl first reaches the neuron (first arrow), 
the time point of complete wash in (second arrow), and the point of complete washout (third 
arrow), according to the change in membrane potential.  
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3.2. NPY modulates electrical properties of SFO neurons in a dose-dependent manner 

 In the first series of NPY experiments, current-clamp recordings from SFO neurons were 

obtained and the effect of NPY on membrane potential and electrical activity were examined. 

Recordings from 132 neurons were obtained with a mean resting potential of -60.4 ± 0.6 mV. Of 

the 132 neurons observed, 40.1% were spontaneously active with a firing frequency of 2.7 ± 0.4 

Hz. The mean input resistance of these neurons was 4.4 ± 0.3 GΩ. 

The sensitivity of neurons to 300 nM NPY was tested, a concentration that was expected 

to elicit a maximum response. At this concentration, 5/31 of the neurons tested exhibited a 

depolarization (18.8 ± 3.7 mV), 8/31 exhibited a hyperpolarization (-14.4 ± 3 mV), and 18/31 

exhibited no change in membrane potential, according to the criteria established in the methods 

sections (Figs 3.2, 3.3). Using the Kruskal-Wallis non-parametric ANOVA, changes in 

membrane potential were considered significantly different, where p≤ 0.05.  

At 300 nM NPY caused a concomitant change in action potential frequency. Neurons that 

depolarized had an increase in action potential frequency by 0.6 ± 0.3 Hz, neurons that 

hyperpolarized had a decrease in frequency by 1.4 ± 0.5, while neurons that had no change in 

membrane potential demonstrated an increase in action potential frequency by 0.0 ± 0.2 Hz (Fig. 

3.4). Using the Kruskal-Wallis non-parametric ANOVA, changes in action potential frequency 

were considered statistically significant between all groups, where p≤ 0.05.   

As input resistance is a measure of neural excitability, the change in input resistance in 

response to 300 nM NPY was investigated. Dissociated SFO neurons were subjected to 12 steps 

of increasing current, 1500 ms long, increasing by 5 pA, starting at -25 pA (Fig. 3.5a). Neurons 

were subjected to this protocol before and after application of 300 nM NPY and voltage-current 

plots were created to measure the change in input resistance (Fig. 3.5b). When categorized 
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according to the change in membrane potential, no consistent trends were apparent and the 

Kruskal-Wallis non-parametric ANOVA showed no significant difference among groups of 

neurons, where p ≤ 0.05 (Fig. 3.5c). However, it was apparent that many individual neurons 

exhibited a change in input resistance due to NPY application. 
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A) 

 

 

 

 

B) 

 

 

 

 

C) 
 

 

 
Figure 3.2. NPY modulates electrical activity of SFO neurons. Representative continuous 
current-clamp recordings of spontaneously active dissociated SFO neurons that A) 
hyperpolarized B) depolarized or C) were insensitive to a 1 min application of 300 nM NPY.  
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Figure 3.3. NPY modulates membrane potential of dissociated SFO neurons. Bar graphs 
representing mean changes in membrane potential (mV) for neurons treated with 300 nM NPY. 
The mean changes were significantly different between all groups using the Kruskal-Wallis non-
parametric ANOVA, where p ≤ 0.05. 
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Figure 3.4. NPY significantly modulates action potential frequency of dissociated SFO neurons. 
Bar graphs representing mean changes in action potential frequency (Hz) for SFO neurons 
treated with 300 nM NPY. The mean changes were significantly different between all groups 
using the Kruskal-Wallis non-parametric ANOVA, where p ≤ 0.05. 
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A)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
B)             C) 

 
 

Figure 3.5. 300 nM NPY did not cause a consistent change in input resistance in SFO neurons. 
A) Current-clamp recording from a representative SFO neuron subjected to a series of 12 steps 
of increasing current injection for 1500 ms each; each step increasing by 5 pA and starting at -
25 pA.  B) Voltage-current plot for the cell before and after NPY treatment; the slope of the 
relationship (V/I) is defined as the input resistance. C) Box plots depicting the change in input 
resistance after application of 300 nM NPY and categorized according to response of the 
neuron. Boxes extend to the 25th and 75th percentiles where the midline represents the median, 
the square represents the mean, and whiskers extending to the 5th and 95th percentiles. All data 
points are plotted to the left of the box plots. The mean changes in input resistance were not 
significantly different among groups of neurons that depolarized, hyperpolarized, or had no 
change in membrane potential, according to the Kruskal-Wallis non-parametric ANOVA, 
where p ≤ 0.05.  
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It has been previously demonstrated that HCN channels are expressed in many SFO 

neurons (Lakhi et al., 2013). HCN channels carry the Ih current, which can be observed as Isag in 

current-clamp recordings. In order to determine if Isag was modulated by NPY, the amplitude of 

Isag was analyzed from the same current-clamp recordings used for measuring the change in input 

resistance, before and after application of NPY (Fig. 3.6). Neurons that depolarized due to NPY 

application had a mean Isag of 9.8 ± 7.8 mV, neurons that hyperpolarized had a mean Isag of 5.0 ± 

2.0 mV, and neurons that had no change in membrane potential had a mean Isag of -3.8 ± 3.3 mV. 

The Kruskal-Wallis non-parametric ANOVA revealed that there was no significant difference in 

the amplitude of change in Isag before and after the application of 300 nM NPY among neurons 

that either depolarized, hyperpolarized or had no change in membrane potential (Fig. 3.7a).  

In order to determine if there was a relationship between electrophysiological response 

and the presence or absence of Isag, the percentage of neurons that exhibited Isag was categorized 

according to the change in membrane potential due to NPY application. These data revealed that 

3/5 neurons that depolarized due to NPY exhibited Isag, 4/8 neurons that hyperpolarized due to 

NPY exhibited Isag, and 6/14 neurons that had no change in membrane potential exhibited Isag 

(Fig. 3.7b). A chi-squared test revealed no significant difference in the proportion of neurons that 

exhibited Isag versus what was expected for any of the groups, where p≤ 0.05. Therefore the 

responses to NPY were not correlated with presence or absence of Isag. 

In order to examine the dose dependency of NPY, we carried out current-clamp 

experiments as above, recording membrane potential and action potential frequency, but treated 

neurons with NPY in concentrations from 1 pM to 300 nM NPY. As illustrated in Fig. 3.8a, as 

the concentration of NPY decreased, the percentage of neurons that responded to NPY with a 

change in membrane potential decreased. The data were fitted to the Hill equation, revealing an 
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apparent EC50 of 3.9 nM for neurons that depolarized and an apparent EC50 of 3.5 nM for 

neurons that hyperpolarized (Fig. 3.8b,c).  
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A) 
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Figure 3.6. Isag in SFO neurons. A) Dissociated SFO neurons were subjected to 12 steps of 
increasing current for 1500 ms each, increasing by 5 pA, starting at -25 pA.  The phenomenon of 
repolarizing membrane potential (arrow) after a hyperpolarizing current injection is caused by 
activation of HCN channels. B) Example of Isag before and after the application of 300 nM NPY 
revealed no change in this neuron. 
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Figure 3.7. Isag and response to NPY are not statistically correlated in SFO neurons. A) There 
was no significant change in the amplitude of the Isag in neurons that depolarized, hyperpolarized 
or had no change in membrane potential using the Kruskal-Wallis non-parametric ANOVA, 
where p≤ 0.05. B) According to a chi-squared test, there was no significant difference in the % of 
neurons that exhibited an Isag among neurons that depolarized, hyperpolarized, or had no change 
in membrane potential. 
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B)          C)  

 
Figure 3.8. Effects of NPY are concentration dependent. A) Percentage of SFO neurons that 
responded with a depolarization (≥5 mV) or hyperpolarization (≥-5 mV) increased with 
increasing concentrations of NPY (0.1 to 300 nM). Dose response curves fitted with the Hill 
equation revealed B) an EC50 of 3.9 ± 2.9 nM for neurons that depolarized and C) an EC50 of 3.5 
± 5.7 nM for neurons that hyperpolarized. 
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3.3. NPY activates multiple Y receptors 

There are five known Y receptors in the rat CNS, of which Y1, Y2 and Y5 are expressed 

in the SFO. In order to determine if the observed depolarizations and hyperpolarizations were 

caused by specific receptor subtypes, we carried out a series of current-clamp recordings while 

specific Y receptor antagonists were applied to SFO neurons followed by NPY application. Two 

of the three receptors were blocked at a time with specific antagonists to determine which Y 

receptors were activated by NPY.  

In the presence of all three Y receptor antagonists (Y1R antagonist BIBO 3304; Y2R 

antagonist BIIE 0246; Y5R antagonist L-152,804), none of the six neurons tested exhibited 

change in membrane potential; plotted as 100% no response in Fig 3.9. In the presence of the 

Y1R and the Y2R antagonists, allowing only activation of the Y5 receptor, we observed 7/11 

neurons exhibited a hyperpolarization and 2/11 had no change in membrane potential (Fig. 3.9). 

In the presence of the Y2R and the Y5R antagonists, allowing only activation of the Y1 receptor, 

2/13 neurons depolarized, 4/13 hyperpolarized, and 7/13 exhibited no change in membrane 

potential (Fig. 3.9). Lastly, in the presence of the Y1R and Y5R antagonists, allowing only 

activation of Y2, we observed 4/12 neurons depolarized, 1/12 hyperpolarized, and 7/12 exhibited 

no change in membrane potential (Fig. 3.9).  
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Figure 3.9. NPY stimulates multiple Y receptors. A stacked bar graph representing the percent 
response of dissociated SFO neurons categorized by no change, a depolarization, or a 
hyperpolarization in membrane potential in response to the application of 100 nM NPY and 
specific Y receptor antagonists. Antagonists were applied at least 10 min prior to NPY 
application (100 nM Y1R antagonist BIB0 3304; 100 nM Y2R antagonist BIIE 0246; 1 µM Y5R 
antagonist L-152,804). 
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3.4. NPY modulates multiple ion currents 

Current-clamp experiments revealed Ih, a possible target of NPY, was not modulated by 

NPY. In order to further explore what ion currents are modulated by NPY, leading to 

depolarizations and hyperpolarizations of the membrane potential, we carried out a series of 

voltage-clamp experiments. In these experiments ion currents of SFO neurons were recorded 

before and after application of 300 nM NPY.   

Because INaP and NSCC have been shown to be critical regulators of SFO activity, we 

next investigated whether NPY modulated these two currents. To evoke NSCC and INaP, neurons 

were subjected to a 1 s depolarizing voltage ramp from -80 to -20 mV (Fig. 3.10a). Examination 

of the early current elicited between (most negative potential) and -50 mV did not reveal 

significant changes induced by NPY (data not shown). We did not investigate the NSCC further. 

We next investigated whether NPY caused changes in the properties of INaP. Immediately we 

observed that in some of the 16 neurons tested, NPY caused a change in the amplitude of the 

peak INaP and a hyperpolarizing shift in the membrane potential at which this peak current 

occurred (Fig 3.10a). Analysis of the INaP from all 16 neurons revealed a statistically significant 

decrease in mean amplitude when analyzed by a one way t-test: mean change in INaP amplitude 

after NPY application was -15.0 ± 3.7 pA, p≤ 0.05 (Fig. 3.10b). However, visual inspection of 

the data suggests that there is a subpopulation that does not respond to NPY and another 

subpopulation where NPY stimulates a decrease in INaP amplitude. The voltage dependence of 

activation for INaP was also analyzed. Of 20 neurons tested, the mean change in voltage-

activation after NPY application was -5.6 ± 0.7 mV (Fig. 3.10c). Using a one way t-test (p≤ 0.05, 

n= 20), the hyperpolarizing shift in the voltage-activation of INaP was considered significant. It 

should be noted that there was significant variation in both the amplitude of INaP and the voltage-
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activation of this current. 

Voltage-gated K+ currents are another key regulator of SFO neuronal activity, and it was 

therefore investigated if these currents are modulated by NPY. SFO neurons were subjected to 

depolarizing voltage steps from -70 to +30 mV for 100 ms (Fig. 3.11a). The change in voltage-

gated K+ current density was analyzed during an early and late time point to observe changes in 

the rapidly inactivating and delayed rectifier voltage-gated K+ currents, respectively. It was 

observed during the early time point that there was a significant increase in the rapidly 

inactivating K+ current density at -40 and -30 mV and a significant decrease at +30 mV, using 

paired t-tests (p ≤ 0.05, n= 16) (Fig.311b). During the late time point, there was a significant 

increase in the delayed rectifier voltage-gated K+ current density at -30, -20, and -10 mV, using 

paired t-tests (p ≤ 0.05, n= 16) (Fig.3.11c). 
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A) 

 
 
 
 
 
 

 
 
 
 
 
 
 
B)       C) 

 
Figure 3.10. NPY modulates INaP in SFO neurons. A) A representative voltage-clamp trace of an 
SFO neuron subjected to a depolarizing voltage ramp -80 to -10 mV before and after 300 nM 
NPY was applied. This neuron exhibited a 13 mV shift in the membrane potential at peak. B) 
The INaP amplitude before and after application of 300 nM NPY displayed as a box plot 
extending to the 25th and 75th percentile, the whiskers extending to the 5th and 95th percentile, the 
line representing the mean and the square representing the median. A significant difference in the 
mean INaP was observed before and after NPY application, using a one sample t-test (p-value ≤ 
0.05, n= 16). C) The change in membrane potential at which the INaP peaked after 300 nM NPY 
application displayed as a box plot. A significant decrease in membrane potential at the peak INaP 
was observed after NPY application using a one sample t-test (p ≤ 0.05, n= 20).   

5 10 15 20
-50

-40

-30

-20

-10

0

C
on

tro
l

Row Numbers

 Control
 NPY

100 pA 

10 mV 

-100

0

100

200

300

-20-60 -40

C
ur

re
nt

 (p
A

)

Voltage (mV)

 Control
 NPY

-80

-60 mV 

-80 mV 

-40

-30

-20

-10

0

10

 INaP

Δ
 P

ea
k 

Am
pl

itu
de

 (p
A)

-15

-10

-5

0

5

Δ
 M

em
br

an
e 

Po
te

nt
ia

l a
t P

ea
k 

(m
V)

INaP



 54 

A) 
 
 
 
 

 

 

 

 

 

 

 
 
 B)       C)         
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Figure 3.11. NPY modulates voltage-gated K+ currents in SFO neurons. A) Representative 
voltage-clamp recordings of SFO neurons subjected to steps of increasing voltage from -70 to 
+30 mV for 100 ms before and after application of 300 nM NPY. Current density plots were 
made, demonstrating B) at the early time point, a significant increase in the voltage dependent 
activation of K+ current at -40 and -30 mV, and a significant decrease in the voltage-dependent 
activation at +30 mV in the rapidly inactivating voltage-gated K+ current, using paired t-tests (p≤ 
0.05, n= 16). C) At the late time point, signifying the delayed rectifier voltage-gated K+ current, 
there was a significant increase in the voltage-dependent activation at -30, -20 and -10 mV, using 
paired t-tests (p≤ 0.05, n=16).  
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4. Discussion 

This study is the first to demonstrate that NPY modulates the electrophysiological 

properties of SFO neurons. Patch clamp recordings of dissociated neurons revealed that NPY 

elicits depolarizing or hyperpolarizing effects on SFO neurons and that the percentage of neurons 

that respond is dose-dependent. Using specific antagonists for Y1, Y2, and Y5 receptors, this 

study suggests that all three receptors are activated in SFO neurons by 100 nM NPY resulting in 

a change in membrane potential. To decipher the ionic mechanisms that cause variable 

responses, ion currents were measured before and after NPY application. Patch clamp 

electrophysiology in the current-clamp configuration identified an Isag in SFO neurons, however 

the amplitude of the Isag was not significantly modulated due to NPY. Voltage-clamp studies 

demonstrated that there was no change in the amplitude of NSCC, but NPY caused a decrease in 

the amplitude of INaP as well as a hyperpolarizing shift in the voltage of activation of INaP. Further 

experiments demonstrated an increase in the early, rapidly inactivating voltage-gated K+ current 

density, as well as the late, delayed rectifier voltage-gated K+ current density. The observed 

changes in Na+ and K+ currents are likely the predominant driving factors of the depolarizing and 

hyperpolarizing effects.  

The present study utilized cultures of dissociated SFO neurons to determine whether or 

not NPY elicits electrophysiological changes in these neurons. Dissociated neurons were used 

for several reasons. When a solution is applied to neurons in culture rather than to a tissue slice, 

it is able to reach the cells much faster as there is no overlying or surrounding tissue to impede 

diffusion. Furthermore, cultured neurons are useful in electrophysiology experiments to 

electrically isolate neurons, ensuring that any observed effects are postsynaptic, and not due to 

activity of presynaptic neurons. Another reason why the use of dissociated neurons is important 
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is to reduce the number of animals needed for experimentation. A new culture of neurons was 

used every time NPY was applied, as the binding of agonists to some GPCRs can cause rapid 

internalization of receptors. If NPY was applied to slices, the number of data points obtained per 

animal would be significantly reduced.  

The electrophysiological properties of the SFO neurons in the present study are consistent 

with previously published observations. For example, the neurons had a mean RMP of -60.4 ± 

0.6 mV, whereas a previous study on dissociated SFO neurons demonstrated a RMP of -57 to -65 

mV (Ferguson et al., 1997). Furthermore, the input resistance of SFO neurons is known to be 

very high, which is indicative of a compact dendritic tree and few leak channels. The present 

study observed an input resistance of 4.4 ± 0.3 GΩ, while previous literature has reported an 

input resistance between 0.6 and 3.0 GΩ for SFO neurons (Ferguson and Li, 1996; Washburn 

and Ferguson, 2001; Dai et al., 2013; Lakhi et al., 2013; Kuksis and Ferguson, 2014). SFO 

neurons are also known to exhibit prominent action potentials due to the rapidly activating 

voltage-dependent Na+ current (Ferguson et al. 1997), which is consistent with the findings in the 

present study. In addition to prominent action potentials, SFO neurons fired spontaneously, 

similarly observed in previous studies (Ferguson et al., 1997; Lakhi et al., 2013). Of the neurons 

tested in this study, 40.2% were spontaneously active, with a mean firing frequency of 2.7 ± 0.4 

Hz, compared to 48% spontaneously active and a mean firing frequency of 1.6 ± 0.6 Hz in the 

literature (Lakhi et al., 2013). Due to the similarities in electrophysiological properties we 

observed compared to the literature, we can be confident in the quality of electrophysiological 

data obtained in the present study.  

4.1. NPY modulates electrical activity of SFO neurons in a dose-dependent manner 

This study was the first to characterize the effects of NPY on the RMP of dissociated 
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SFO neurons. Continuous current-clamp recordings demonstrated that the application of NPY on 

dissociated SFO neurons elicited either depolarizing effects, hyperpolarizing effects, or no 

change in RMP. In previous reports, NPY has been shown to predominantly elicit 

hyperpolarizing membrane potential effects in responsive neurons. For example, NPY 

hyperpolarizes POMC neurons of the ARC, through the activation of G-protein-linked inwardly 

rectifying K+ (GIRK) and the reduction in voltage-gated Ca2+ currents, reducing the action 

potential frequency in these anorexigenic neurons (Cowley et al., 2001; Acuna-Goycolea, 2005). 

NPY also acts at the lateral amygdala (Sosulina et al., 2008) and the VMN (Chee et al., 2010), 

causing hyperpolarizing membrane potential effects via activation of GIRK. Similarly, 

gonadotropin-releasing hormone expressing neurons of hypothalamic slices are hyperpolarized 

due to NPY application, likely via GIRK and voltage-dependent inhibition of Ca2+ channels (Xu 

et al., 2009). It is therefore of interest that NPY causes such variable effects in SFO neurons. 

NPY commonly elicits hyperpolarizing effects, however, previous reports demonstrate 

that SFO neurons exhibit both depolarizing and hyperpolarizing responses to signal molecules. 

For example, patterns of mixed responses have been previously characterized with the 

application of 100 nM apelin, an adipocyte derived hormone involved in cardiovascular 

regulation as well as food intake (Dai et al., 2013). Apelin caused 32% of dissociated SFO 

neurons to depolarize through the activation of NSCC and 29% to hyperpolarize due to a 

voltage-activated K+ conductance (Dai et al., 2013). The application of 100 nM insulin to 

dissociated SFO neurons stimulated similar responses, where 37% of neurons depolarized due to 

an increase in Ih and 33% hyperpolarized due to an increase in KATP conductance, a type of 

inward rectifying K+ current (Lakhi et al., 2013). In contrast, a single type of response can also 

be observed in SFO neurons. For example, ANG II modulated the membrane potential, causing a 
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decrease in the rapidly inactivating K+ current (Ferguson and Li, 1996; Ferguson and Bains, 

1997). Furthermore, prokineticin 2, a neuropeptide that influences the circadian rhythm in 

mammals, caused depolarizing effects in SFO neurons via transient increases in intracellular 

Ca2+, as well as an increase in the transient Na+ current (INaT) and INaP (Fry et al., 2008). 

Therefore, the present observation that NPY elicits depolarizing effects in some neurons and 

hyperpolarizing effects in others is consistent with previously published literature. This is likely 

due to the expression of multiple Y receptors in the SFO that modulate different ion channels, 

which will be further discussed in section 4.2.  

Application of NPY at concentrations from 300 nM to 1 pM revealed that NPY 

modulates electrical activity of SFO neurons in a dose-dependent manner. The percentage of 

neurons that depolarized or hyperpolarized over the range of NPY concentrations followed the 

same trend and had very similar EC50 values: the EC50 for neurons that depolarized was 3.9 nM 

and the EC50 of neurons that hyperpolarized was 3.5 nM. These values are consistent with 

previously published reports. For example previous patch clamp dose-response experiments 

revealed that the EC50 of NPY was 3 nM in Xenopus oocytes (Brown et al., 1995) and 13 nM in 

dissociated PC12 cells (McCullough et al., 1998), where NPY hyperpolarized the cells. The 

majority of studies investigating effects of NPY on neurons utilize slices, in which the EC50 was 

higher than presently observed (40-300 nM) (Browning and Travagli, 2003; Kash and Winder, 

2006; Sosulina et al., 2008; Chee et al., 2010; Giesbrecht et al., 2012). It is expected that the 

EC50 would be lower for neurons in culture, as there is no surrounding tissue obscuring the 

diffusion of the solution. Therefore, it was anticipated that the EC50 in the present study would be 

closer to that observed in the cell line models. Our reported EC50 values are also consistent with 

physiological plasma NPY levels in rats (4 nM), thus confirming that the observed effects are 
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physiologically relevant (Zhang et al., 2015). 

In addition to the depolarizing and hyperpolarizing changes in membrane potential, 

changes in action potential frequency after NPY application were observed. These data revealed 

that depolarizing neurons had a mean increase in action potential frequency, hyperpolarizing 

neurons had a mean decrease in action potential frequency, and neurons that had no change in 

membrane potential had no mean change in firing frequency. The concomitant changes in 

membrane potential and firing frequency are consistent with what was expected, confirming 

excitation or inhibition of neurons by NPY. 

In order to characterize the ionic mechanism of electrophysiological changes of SFO 

neurons induced by treatment with peptide satiety signals, previous studies have analyzed the 

current-voltage relationship, investigating the change in input resistance and the reversal 

potential of the effect (Dai et al., 2013; Lakhi et al., 2013). To begin characterizing the ionic 

mechanisms of change in SFO neurons elicited by NPY, we first quantified changes in input 

resistance after NPY application. According to Ohm’s Law, an increase in input resistance 

signifies that a small change in current causes a larger change in membrane potential, translating 

to an increase in cell excitability. In the present experiments, we observed a high variability in 

input resistance after NPY application, where neither depolarizing nor hyperpolarizing effects 

were correlated with an increase or decrease in input resistance. This is critical, as the changes in 

input resistance indicates that NPY modulated channel activity and cell excitability. SFO 

neurons have a very high input resistance, and it is possible that small changes in input resistance 

due to NPY had significant effects on cell excitability. However, some neurons exhibited no 

change in membrane potential, but demonstrated a significant decrease in input resistance. These 

data suggest that multiple Y receptors may be involved and/or multiple ion conductances may be 



 60 

simultaneously modulated. Because there was no consistent correlation between input resistance 

and change in membrane potential, the reversal potential of the effect was not investigated.   

4.2. NPY acts on SFO neurons via Y1, Y2 and Y5 receptors 

NPY, PYY and PP are peptides of the pancreatic peptide family, all of which bind to 

members of the Y family of GPCRs, and these satiety signals are implicated in energy regulation 

(Stanley and Leibowitz, 1984; Naruse et al., 2002; Batterham et al., 2003). Of these peptides, 

only NPY and PYY have been shown to elicit effects on central targets. While PP preferentially 

binds to the Y4 receptor, NPY and PYY preferentially bind to Y1, Y2 and Y5 receptors 

(Reviewed in Gehlert, 2004). PYY is a 36 amino acid peptide (PYY1-36), however is readily 

converted to PYY3-36 and is present in highest circulating levels in this form, preferentially 

binding to Y2 receptors (see Table 1.1 for affinities) (Dumont et al., 2000a). Therefore, NPY is 

likely the only peptide of the pancreatic peptide family to elicit central effects on all Y1, Y2 and 

Y5 receptors and is the only peptide of this family to have additional roles in cardiovascular 

output and hydromineral balance (Edvinsson et al., 1984; Edvinsson, 1985; Pau et al., 1988; 

Kishi et al., 2005).  

Previous literature has established that Y1, Y2 and Y5 receptors play a physiological role 

in energy regulation in the CNS, while only Y1 and Y2 receptors play a role in cardiovascular 

output (Reviewed in Gehlert, 2004). Furthermore, studies have confirmed the expression of Y1, 

Y2 and Y5 receptors in the SFO (Dumont et al., 2000a, 2007; Kishi et al., 2005; Hindmarch et 

al., 2008). Therefore, the current study investigated the potential roles of all three Y receptors 

expressed in the SFO (Y1, Y2, and Y5) in NPY-induced membrane changes of SFO neurons. 

Specifically, we applied two Y receptor antagonists at a time, followed by application of NPY to 

reveal the effects of the third, unblocked receptor. The observed results suggest that NPY 
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modulated activity of SFO neurons via Y1, Y2, and Y5 receptors. It was found that when the Y2 

and Y5 receptor were blocked, leaving the Y1 receptor available, NPY elicited a mixed response 

that was predominantly hyperpolarizing. When only the Y2 receptor was available, NPY elicited 

a mixed response that was predominantly depolarizing, and when the Y5 receptor was available, 

NPY exclusively elicited a hyperpolarizing response. Furthermore, when all three Y receptor 

antagonists were applied with NPY, no response was observed. 

All Y receptor antagonists used in the present study have been demonstrated to have 

highly specific binding for rat Y receptors. The Y2 receptor antagonist BIIE 0246 used in the 

current study, has been reported to show a high binding affinity for the Y2 receptor, with an IC50 

of 15 ± 3 nM, demonstrating >650 fold affinity for Y2 over Y1, Y4 and Y5 (Dumont et al., 

2000b). The Y5 receptor antagonist L-152,804 used in the study is reported as highly selective 

for Y5, where Ki= 26 nM, demonstrating a 300 fold selectivity for Y5 over Y1, Y2 and Y4 

(Kanatani et al., 2000). The Y1 receptor antagonist BIBO 3304 is an exception. BIBO 3304 has 

an IC50 of 0.72 ± 0.4 nM for the Y1 receptor, demonstrating > 2600 fold affinity for Y1 over Y2, 

Y4 and Y5 (Wieland et al., 1998). However, while BIBO 3304 is selective for the Y1 receptor 

over other Y receptors, a recent study demonstrated that BIBO 3304 not only blocked the central 

cardiovascular effects of NPY, but also cardiovascular effects of γ-MSH (Gruber et al., 2009). 

Furthermore, in that study, peripheral administration of BIBO 3304 did not completely block the 

cardiovascular effects of a Y1 agonist, suggesting the presence of an additional receptor that 

interacts with γ-MSH or NPY to elicit cardiovascular effects (Gruber et al., 2009). In the context 

of the present study it is evident that the effects of NPY on SFO neurons were blocked when all 

three Y receptor antagonists were applied, therefore BIBO 3304 appears to effectively block the 

actions of the Y1 receptor in SFO neurons.  
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Previous data therefore confirms that the Y receptor antagonists used in the present study 

are effective blockers, and it is likely that the effects of each Y receptor were isolated when two 

antagonists were applied at a time. The present data suggest that under physiological conditions, 

all three receptors could be activated by NPY agonists, therefore modulating multiple ion 

channels, which explains why variable responses in neuronal activity were observed. As 

previously mentioned, the Y1, Y2 and Y5 receptor contain a Gαi/ο α subunit, that inhibits the 

conversion of ATP to cAMP (Kassis et al., 1987; Motulsky and Michel, 1988; Reviewed in Patel 

and Patel, 2009), while Y2 is also able to activate a ROCC and may contain a Gq/11 α subunit that 

stimulates PLC (Ekelund and Erlinge, 1997; Grouzmann et al., 2001). Additionally, Y1 and Y5 

receptors have been shown to be expressed presynaptically, while Y2 are expressed both pre and 

postsynaptically in POMC neurons of the ARC (Rhim et al., 1997; Ghamari-Langroudi et al., 

2005). The expression patterns of the Y receptors in the SFO are unknown. Such differences in 

the transduction pathways and expression patterns allow the receptors to modulate different ion 

channels, thus inducing differential effects on the membrane potential, as observed in the present 

study. However, whether the variable effects in the membrane potential translate to differential 

effects in cardiovascular output or energy balance is unknown.  

It is of interest however, that the percentage of neurons that responded to 100 nM NPY 

with the application of the Y1 and Y5 receptor antagonists were much higher than the percentage 

of neurons that responded to 100 nM NPY alone. Specifically, from the dose-response data, we 

see that 58% of neurons either hyperpolarized or depolarized in response to 100 nM NPY, 

however; when 100 nM NPY was applied along with the Y1 and Y2 receptor antagonists, 64% 

of neurons responded. Furthermore, when the Y2 and Y5 receptor antagonists were applied, 46% 

of neurons responded, and when the Y1 and Y5 receptor antagonists were applied, 42% of 
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neurons responded. The variation observed could be due to the activation of multiple receptors, 

modulating multiple antagonistic ion channels. Therefore, when the Y1 and Y2 receptors were 

blocked, the hyperpolarizing effects of Y5 were highlighted and no longer antagonized by the 

activation of depolarizing conductances. It is therefore not surprising that the percentage of 

neurons that responded in the presence of the Y1 and Y2 receptor antagonists is higher than that 

observed in the dose-response with the application of 100 nM NPY. Conversely, the percentage 

of neurons that responded in the presence of the Y2 and Y5 receptor antagonists as well as the 

Y1 and Y5 receptor antagonists was lower than what was observed in the dose-response. This 

could be due to the fact that in both of these groups, when the Y1 or Y2 receptor was available, 

NPY elicited mixed responses. This suggests that these two receptors simultaneously modulate 

multiple ion channels, and the depolarizing and hyperpolarizing membrane potential effects were 

balanced in some neurons, resulting in a lower percentage of neurons responding than expected. 

Although activation of antagonistic conductances seems paradoxical, such an effect may in fact 

serve to make some neurons insensitive to synaptic or humoral input. 

4.3. NPY modulates INaP and voltage-gated K+ currents 

The application of NPY to SFO neurons confirmed that both depolarizing and 

hyperpolarizing changes in membrane potential occurred, and application of specific Y receptor 

antagonists suggested that multiple Y receptors were activated. Based on our observations that 

some neurons depolarized and some neurons hyperpolarized, without a consistent correlation to 

change in input resistance, we expected that different ion currents were modulated. Our 

experiments revealed that INaP and IK were modulated, and that Ih and NSCC were not.  

The first current that was investigated was the Ih. A previous study indicated that cultured 

SFO neurons responded to insulin, in which approximately half of the responsive neurons 
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hyperpolarized and half depolarized (Lakhi et al., 2013). It was discovered that the depolarizing 

membrane potential action was due to the activation of a HCN or Ih channel (Lakhi et al., 2013). 

SFO neurons were also shown to respond to an allosteric agonist of the extracellular calcium-

sensing receptor (omega conotoxin GVIA) that activated Ih, further confirming a regulatory role 

of Ih in SFO neurons (Washburn et al., 2000). Ih is modulated by cAMP levels and therefore 

expected to be modulated by NPY, as activation of Y receptors alters cAMP level (Lyashchenko 

et al., 2014). However, Ih is not typically modulated by NPY. The Ih current produced an Isag, 

which was observed in current-clamp recordings. Measurement of the Isag before and after NPY 

application revealed no change. Furthermore, there was no correlation in the percentage of 

neurons that exhibited Isag and the membrane effect due to NPY, revealing that Ih is present in 

these SFO neurons, but does not play a role in NPY-induced modulation of the membrane 

potential. Additional currents were examined.   

In order to further investigate modulation of other specific ion currents, neurons were 

subjected to patch clamp electrophysiology in the voltage-clamp configuration. A common 

current of interest is the NSCC, which is generally thought to be carried by TRP channels. For 

example, Pulman et al. (2006) demonstrated that cultured SFO neurons responded to the 

application of ghrelin with depolarizations in the RMP and an increased action potential 

frequency, through activation of a NSCC. Similarly, apelin elicited both hyperpolarizing and 

depolarizing membrane potential effects on cultured SFO neurons, in which the depolarizations 

were attributed to an increase in NSCC (Dai et al., 2013). Both studies subjected SFO neurons to 

a voltage ramp in order to observe the NSCC. A similar voltage ramp was conducted in the 

present experiment, however no change in NSCC in any neurons occurred.  

 In the same voltage ramp data, INaP was also observed. Previous studies on SFO neurons 
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have demonstrated spontaneous firing activity and the presence of small sub-threshold 

oscillations in the membrane potential between firing (Ferguson and Bains, 1996; Washburn et 

al., 1999; Washburn and Ferguson, 2001; Pulman et al., 2006). Further investigations revealed 

that oscillations in membrane potential are attributed to INaP and are critically important in 

regulating spontaneous activity (Fry and Ferguson, 2007). These oscillations are driving factors 

of increased firing for the maintenance of tone, enhanced output, or synchrony of postsynaptic 

firing (Ferguson and Bains, 1996; Ferguson et al., 1997; McKinley et al., 2010). Patch clamp 

experiments have demonstrated modulation of INaP by various peptides. For example, a previous 

study demonstrated that prokineticin 2 influences SFO neurons through an increase in INaP 

amplitude (Fry et al., 2008). Similar patch clamp experiments on SFO neurons demonstrated that 

hydrogen sulfide, a gasotransmitter implicated in various functions including blood pressure 

regulation, increased INaP amplitude in 89% of neurons tested (Kuksis and Ferguson, 2015). The 

possibility that INaP could be regulated by NPY was therefore investigated. The data revealed a 

significant decrease in the amplitude of peak INaP after application of 300 nM NPY, as well as a 

hyperpolarizing shift in the activation of INaP. While the decrease in INaP amplitude would drive 

the membrane potential to a more hyperpolarized state, the apparent shift in activation would 

allow Na+ to enter the cell at a subthreshold membrane potential, and drive the membrane 

potential towards threshold for an action potential. Therefore, the relative change in amplitude 

versus change in voltage activation of INaP would dictate the overall change in membrane 

potential caused by NPY.  

Voltage-gated K+ currents also play critical roles in regulating neuronal activity and 

modulation of these currents in SFO neurons has been confirmed. A previous study demonstrated 

that ANG II acts on SFO neurons, reducing the rapidly inactivating K+ current, thus able to 
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increase cell excitability (Ferguson and Li, 1996). In an additional study on SFO neurons, it was 

demonstrated that apelin elicits hyperpolarizing membrane potential effects via enhancing 

voltage-gated K+ conductance (Dai et al., 2013). Similarly, nesfatin-1, an anorexigenic peptide 

both depolarizing and hyperpolarizing membrane potential effects were observed, in which the 

hyperpolarizing effects were attributed to an increase in K+ conductance (Kuksis and Ferguson, 

2014). Because it has been demonstrated that voltage-gated K+ currents are modulated by various 

peptides in SFO neurons, changes in voltage-gated K+ currents due to NPY application were 

investigated. The present study revealed that NPY stimulated a significant increase in current 

density of the early peak component of the rapidly inactivating K+ current at -40 and -30 mV and 

a significant decrease at +30 mV. There was also a significant increase in the delayed rectifier K+ 

current density at -30, -20, and -10 mV, demonstrating a leftward shift of voltage-gated K+ 

current activation. Increases in these K+ currents, especially at subthreshold membrane 

potentials, would therefore increase outward K+ conductance, driving the membrane potential to 

a hyperpolarized state, or opposing action of depolarizing input such as INaP.  

The voltage-clamp experiments in the present study therefore confirm that more than one 

type of ion channel is modulated when NPY is applied. The modulation of INaP and voltage-gated 

K+ currents were manipulated due to NPY therefore driving the membrane to depolarizing and 

hyperpolarizing potentials. The observed changes in current amplitude and voltage activation 

appear small, however, because the input resistance of these cells was so high, a small change in 

current would be able to elicit significant physiological changes.  

4.4. Physiological relevance 

 It is well established that the SFO plays a role in feeding regulation, as direct electrical 

stimulation of the SFO elicits a feeding response (Smith et al., 2010). Furthermore, simultaneous 
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lesions to the SFO and area postrema led to a chronic reduction in food intake and body weight 

(Baraboi et al., 2010b), as well as a diminished response to PYY3-36 (Baraboi et al., 2010a). SFO 

neurons are also known to respond to a number of signaling molecules implicated in regulating 

energy balance, including insulin (Lakhi et al., 2013), ghrelin (Pulman et al., 2006), leptin (Smith 

et al., 2009), amylin (Dai et al., 2013), CCK (Ahmed et al., 2014) and glucose (Medeiros et al., 

2012). In addition, SFO neurons send projections to important energy regulating regions of the 

hypothalamus (Smith et al., 2010). While circulating NPY has been reported to have no effect on 

appetite or energy balance, modulation of energy balance by action of NPY at the SFO has not 

been specifically investigated. Additionally, based on the unpublished observations of NPY in 

the SFO, it is possible that synaptic NPY released at the SFO may regulate energy balance. The 

source of these NPY-ergic fibers remains to be elucidated.  

In addition to the energy regulating roles of the SFO, it is an established site of 

hydromineral, cardiovascular, and blood pressure regulation. It has been demonstrated that the 

SFO is a key site of action for ANG II in stimulating thirst, and responds to relaxin (Hiyama et 

al., 2004) and ANP (Hattori et al., 1988). In addition to sending projections to energy regulating 

neuronal populations, the SFO also projects to neurons critical for hydromineral balance, such as 

magnocellular PVN and SON neurons (Miseles, 1982). It is therefore probable that NPY, a 

known regulator of cardiovascular output exerts its cardiovascular effects via SFO. While is has 

been classically thought that cardiovascular effects of NPY are peripheral, it has been 

demonstrated that NPY is able to elicit cardiovascular effects via central targets as well. A 

previous study applied the Y1 antagonist BIBO 3304 centrally and peripherally, both of which 

attenuated cardiovascular effects (Gruber et al., 2009). Because both central and peripheral 

application of the Y1 antagonist blocked cardiovascular effects, it was suggested that there is 
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likely a CNS site that mediates such mechanisms that has access to both CSF and circulation, 

such as CVOs (Gruber et al., 2009). The SFO, a known site of cardiovascular regulation, is a 

likely candidate for such action. The fact that the current study demonstrates that the Y1 receptor 

antagonist BIBO 3304 partially blocks the membrane potential effects of NPY at the SFO, helps 

support the data obtained by Gruber et al., suggesting central cardiovascular action of NPY 

(2009).   

It is evident through immunohistochemical staining that the SFO stains for NPY, 

however whether the nature of the NPY is via synaptic release or circulation is not clear. The 

SFO receives neural input from NPY-expressing neurons such as the LH, likely implicating the 

SFO with energy regulating effects (Lind et al., 1984). However, due to the close proximity to 

the third ventricle and the small dendritic trees of SFO neurons, it is possible that a significant 

proportion of NPY signaling is from circulation. Circulating NPY would therefore likely 

implicate the SFO with cardiovascular regulating roles. Furthermore, the present study suggests 

that NPY elicits its effects via Y1, Y2 and Y5 receptors in SFO neurons, yet only Y1 and Y2 

receptors have been linked to the regulation of cardiovascular output. Therefore, the action of the 

receptors would suggest that NPY at the SFO modulates both energy regulating and 

cardiovascular circuits.  

Further support for an integrative role of NPY at the SFO in both energy regulation and 

cardiovascular output is a recent study on the regulation of thirst in the SFO. It was demonstrated 

that thirst-promoting SFO neurons integrate inputs regarding eating, drinking, and blood 

composition in order to anticipate thirst (Zimmerman et al., 2016). This mechanism predicts 

homeostatic fluid imbalance before it can be detected by the blood composition alone, in order to 

proactively adjust behaviour (Zimmerman et al., 2016). Furthermore, it has been established that 
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obesity and hypertension frequently coexist, however, it is unknown if cardiovascular disease 

and obesity are linked or if cardiovascular disease is a pathological consequence of weight gain 

(Wildman et al., 2005). While the present study has focused on the effects of NPY on SFO 

neurons in the context of obesity research, it is possible that NPY elicits effects on the SFO to 

regulate cardiovascular output and energy regulation, given the overlapping roles of NPY and the 

SFO. The knowledge that NPY acts on SFO neurons is important for the goal of reducing the 

prevalence of obesity and its comorbidities. 

The present study has investigated the effects of NPY on SFO neurons, as recent research 

has been directed toward the CVOs due to their abilities in detecting circulating signals. 

However, in addition to the SFO, NPY may also act at other CVOs. Very limited research on the 

membrane properties of OVLT neurons has been conducted due to difficulties in defining the 

borders of this CVO (Ferguson and Bains, 1996). Previous studies have implicated OVLT 

neurons with responding to temperature change (Matsuda et al., 1992), responding to osmotic 

change (Oldfield et al., 1991), regulating luteinizing hormone secretion (Felix and Phillips, 

1979), and regulating ANG II secretion (Knowles and Phillips, 1980; Nelson, 1988). There 

remains little electrophysiology data on OVLT neurons and current data is not definitive as the 

identity of neurons as OVLT is hard to confirm. The area postrema is a sensory CVO that is well 

known for its role in the emetic reflex (Miller and Leslie, 1994) and has established roles in 

immune function (Goehler et al., 2006), cardiovascular output (Ylitalo et al., 1974) and feeding 

regulation (Johnstone et al., 2006). While moderate binding of Y1 and Y5 selective ligands and a 

high density of binding for Y2 and Y4 selective ligands has been demonstrated in the area 

postrema (Dumont et al., 2000a), radiolabelling for NPY has demonstrated that the SFO receives 

significantly more NPY signaling (Quirion and Martel, 1992; Reviewed in McKinley et al., 
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2010). Therefore while other CVOs may be associated with NPY effects, the SFO is an 

established site of both cardiovascular output and energy regulation and the present study has 

now confirmed that NPY elicits electrophysiological effects on SFO neurons. The downstream 

circuits these NPY-activated SFO neurons affect and the large-scale changes that are elicited 

have not yet been investigated, however, it is expected that NPY regulates energy balance and/or 

cardiovascular output via SFO neurons. 

4.5. Future directions 

One future direction of research could be aimed to determine whether NPY is released 

synaptically as well as peripherally. Upon closer examination of NPY immunostaining of the 

SFO, rings of NPY staining are apparent. Rings of NPY staining would typically indicate an 

abundance of NPY around neurons, signifying direct release of NPY as a neurotransmitter. 

However, because these were preliminary studies conducted previously in the laboratory, only to 

identify NPY in the SFO, there was no dual staining to identify neurons and we cannot be 

confident that the rings surround neurons. Dual immunohistochemical staining in coronal slices 

for synaptic proteins and NPY could be conducted. If rings of NPY staining surrounding neurons 

are colocalized with synaptic machinery, this would be indicative of synaptic NPY release. If 

these experiments reveal that there is indeed synaptic NPY release to the SFO, further 

experimentation could be conducted to determine the source. Retrograde tracers could be 

injected into the SFO in order to trace the neural connections back to location of the cell bodies. 

Next, immunohistochemical methods can be used to stain for NPY could be conducted on the 

neuronal areas that send input to the SFO. The overlapping areas that send input to the SFO and 

stain for NPY are thus likely the source of synaptic NPY to the SFO. Additionally, the 

preliminary immunohistochemistry images suggest increased NPY staining along blood vessels. 
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Intriguingly, it is not clear if this is due to NPY from circulation entering the SFO or NPY 

entering the circulation from the SFO. While it is known that the SFO can detect circulating 

NPY, whether the SFO can release NPY into circulation is not known. To identify the SFO as a 

possible source of synaptic NPY release, the SFO could be stimulated and levels of circulating 

NPY measured. Rats would be anaesthetized, a small hole drilled through the skull, and a small 

electrode inserted into the SFO. The SFO would then be stimulated and levels of circulating 

NPY measured from a blood sample. The levels of circulating NPY could be compared with 

levels in a sham experiment, where an electrode is inserted into the SFO, with no electrical 

stimulation. If NPY levels increase when the SFO is stimulated, this would indicate that the SFO 

is a site of NPY release. Furthermore, circulating NPY levels could be compared to levels after 

lesions to the SFO, followed by stimulation, as a negative control. 

Another future direction of research would be to further investigate the neuronal 

subpopulations of the SFO. The present study demonstrated that NPY likely stimulates all three 

Y receptors that are expressed in the SFO: Y1, Y2 and Y5, where Y5 receptors predominantly 

elicit hyperpolarizing membrane potential effects, while Y1 and Y2 elicits mixed membrane 

potential effects. Previous literature has demonstrated two anatomically distinct subpopulations 

within the SFO, the core and the periphery. It would be of interest to investigate using 

immunohistochemistry whether there is differential expression of Y receptors within the two 

neuronal subpopulations that stain for calbindin and calretinin, and if the subpopulations are 

linked to a specific type of membrane potential change. This would be important knowledge, as 

the core and periphery have been demonstrated to send projections to different regions of the 

CNS. Relative expression levels of Y receptors could be determined using 

immunohistochemistry staining against each subtype of Y receptor, done in coronal slices. These 
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slices could be dual stained using an mRNA-specific fluorescent probe (SmartFlare) for 

calbindin and calretinin, to determine expression patterns of each Y receptor. These studies could 

further elucidate an anatomical perspective, thus further enhancing the understanding of the 

mechanism of action of NPY on SFO neurons. 

4.6. Conclusion 

The present study was the first to demonstrate that NPY causes electrophysiological 

alterations in dissociated SFO neurons. These experiments confirmed that SFO neurons respond 

to NPY with either a depolarizing or hyperpolarizing membrane potential change that is dose-

dependent. Furthermore, it was shown that NPY likely stimulates all three Y receptors that are 

expressed in the SFO: Y1, Y2, and Y5. Specific Y receptor antagonists were utilized, indicating 

that NPY likely stimulated Y5 receptors to predominantly elicit a hyperpolarizing response, 

while the Y1 receptor elicited a mixed response that was predominantly hyperpolarizing and Y2 

receptors elicited a mixed response that was predominantly depolarizing. The present study also 

investigated specific ion currents, revealing a hyperpolarizing shift in the activation of INaP and 

the voltage-gated K+ current, which likely mediate the depolarizing and hyperpolarizing 

membrane potential effects, respectively. It is therefore evident that SFO neurons bind NPY, 

respond to NPY via electrical changes and send projections to second order neurons. It has been 

established that NPY plays a role in energy balance and cardiovascular output, and that the SFO 

is an integration site of energy balance and cardiovascular output signaling. Therefore, it is likely 

that NPY acts on the SFO to elicit both energy regulating and cardiovascular output effects and 

that these regulating mechanisms are interconnected. The current findings contribute to our 

understanding of the electrophysiological actions of NPY on homeostatic control centers. 

Identifying such pathways is critical for the development of effective pharmaceutical targets to 
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reduce the prevalence of obesity and obesity related diseases.     
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