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Abstract  

Research into the integration of signalling molecules at the subfornical organ (SFO) is typically 

conducted through in vitro electrophysiology methods on dissociated SFO neurons. We performed Fura-2 

calcium imaging on dissociated SFO neurons and compared our observations to past electrophysiology 

data to determine if our imaging protocol can be used as an alternative, high-throughput method to 

investigate the integrative properties of the SFO. Sequential bath-application of 10-8 M cholecystokinin 

(CCK), a signalling molecule involved in energy balance, and 10-8 M Angiotensin-II (ANG), an excitatory 

signalling molecule involved in fluid balance, was performed on dissociated SFO neurons in 

hypoglycemic (1 mM glucose), normoglycemic (5 mM glucose), and hyperglycemic (10 mM glucose) 

conditions. ANG caused an increase in intracellular calcium ([Ca2+]i) in 32.8% (n = 20/61), 53.7% (n = 

29/54) and 69.8% (n = 30/43) of SFO neurons at 1, 5 and 10 mM glucose, respectively, which is similar 

to the proportion of SFO neurons which depolarized to ANG in electrophysiology experiments [33.3% (n 

= 4/12) at 1 mM, 50.0% (n = 16/32) at 5mM, and 72.7% (n = 8/11) at 10 mM glucose]. These results 

suggest that ANG-related depolarizations and detectable [Ca2+]i increases are associated with each other. 

CCK caused an increase in [Ca2+]i in 31.1% (n = 19/61), 35.2% (n = 19/54), and 44.2% (n = 19/43) of 

SFO neurons at 1, 5 and 10 mM glucose, respectively, which is similar to the overall proportion of CCK-

responsive neurons in electrophysiology experiments [41.2% (n = 7/17) at 1mM, 48.9% (n = 22/45) at 5 

mM, and 47.6% (n = 10/21) at 10 mM glucose]. CCK elicits both excitatory and inhibitory responses, so 

our results suggest that increases in [Ca2+]i may be associated with both types of events. Lastly, we 

observed four subpopulations of SFO neurons: those who respond exclusively to ANG (n = 48/158), 

those who respond exclusively to CCK (n = 26/158), those who respond to both peptides (n = 31/158), 

and those who respond to neither peptide (n = 53/158). The observation of four subpopulations aligns 

with past electrophysiological data. Overall, our results suggest that SFO neurons respond to ANG and 

CCK similarly in imaging and electrophysiology trials and that Fura-2 calcium imaging is a reliable high-

throughput method for researching signal transduction and the integrative properties of the SFO.     
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Chapter 1  

Introduction 

The SFO is a region of the central nervous system (CNS), which is not protected by the 

blood-brain barrier (BBB). Due to this unique quality, it plays an important role in sensing 

circulating signals in the blood and integrating these signals. The SFO is best known for its role in 

maintaining cardiovascular homeostasis. It is also implicated in other homeostatic processes such 

as energy balance, and new research suggests its function may be even broader.  

Currently, there is interest in discovering what other homeostatic processes the SFO is 

involved in and what signalling molecules are integrated by the SFO. As a result, new 

investigative approaches for researching the SFO is an area of importance. This thesis was written 

to evaluate if Fura-2 calcium imaging can be used as a high-throughput, valid method of 

researching the SFO. In order to develop novel investigate approaches to research the SFO, we 

must first discuss what the SFO is. This introductory section will discuss how the SFO is able to 

influence homeostasis, its role in cardiovascular and energy homeostasis, new areas of research, 

the current investigative approach, and the aim of this study.  

1.1 The Subfornical Organ and Homeostasis   

The following section describes what homeostasis is and how it occurs before describing 

the challenge the BBB creates for the CNS to monitor its physiological state. It then discusses 

how specialized regions, the Sensory Circumventricular Organs (CVOs), which includes the SFO, 

do not have a BBB, thereby allowing them to monitor the contents of the circulation.  Finally, it 

discusses the specific neuroanatomical features of the SFO, which allow it to perform its 

homeostatic functions. 
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1.1.1 Homeostasis 

Homeostasis is the term used to describe the processes through which cells or organisms 

maintain both the internal and external environment within the clearly defined limits necessary 

for normal physiological function. The CNS of mammals plays a critical role in maintaining 

homeostasis by acting as a central integrator. The CNS senses information regarding both the 

internal and external environment, compares such information to what we see as physiological 

“set points,” determines error signals, and thus initiates physiological responses to maintain a 

“milieu interieur” consistent with continued life. Some examples of regulated systems include 

regulating body temperature, heart rate, blood pressure, and contents of the extracellular fluid 

(Ganong, 1987). Both short-term and long-term changes in this equilibrium have consequences 

associated with maintaining an internal environment optimally tuned for life. A short-term 

example is when a human stands up, and gravity creates the challenge of maintaining an 

appropriate oxygen supply to the brain. Baroreceptors in the carotid sinus sense this changes in 

orthostatic hypertension and work in conjunction with the sympathetic nervous system to 

redistribute oxygen appropriately (Reyes del Paso, 1999). Another example is when the CNS 

recognizes an energy imbalance in the body and then influences appetite to meet one’s metabolic 

requirement. Long-term excess food intake can lead to obesity, cardiovascular disease, and other 

health consequences, while the opposite leads to starvation (Wynne et al., 2005). 

Cardiovascular and metabolic homeostatic systems, such as the ones described above, for 

the most part, function “autonomically” and outside ordinary consciousness (Sharkey & Pittman, 

1996).  These systems must first send information to the CNS before they can respond to 

changing conditions. Information is primarily conveyed in two ways. 

First, sensors (e.g. baroreceptors, chemoreceptors, thermoreceptors) are widely 

distributed across various regions of the body and detect physically or chemically controlled 

variables (Ganong, 1987). These sensors convey this information to the CNS primarily through 

neural pathways connecting to autonomic control centres either in the medulla or the 
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hypothalamus (Sherwood, 2015). For example, when a human goes from a sitting to standing 

position, loss of arterial pressure triggers baroreceptors in the aortic arch to release fewer 

neurotransmitters onto the nucleus tractus solitarius (NTS) which in turn synapses with multiple 

pathways to increase blood pressure (Reyes del Paso, 1999). Another example is how 

chemoreceptors partly regulate control in the energy balance process. 

Controlled variables or specific hormones can also deliver information to the CNS via the 

circulatory system. The BBB protects the CNS, and as such, these signals must access the CNS 

by diffusion across the normal BBB, transportation across the BBB, or by accessing CNS regions 

that are not protected by the BBB, the CVOs (Ganong, 1987). For example, a variety of hormones 

and other signals are released by the gastrointestinal (GI) tract into the circulatory system and 

influence the CNS by the mechanisms described above (Reyes del Paso, 1999; Dhillo, 2007). 

1.1.2 The Blood-Brain Barrier 

The challenge hormones face in accessing the CNS is amplified due to the BBB. The 

CNS requires a significant amount of energy and oxygen to function and produces many waste 

products in turn. The CNS’ dense network of capillaries allows for quick diffusion of reactants 

and products but also increases the possibility that other contents in the blood may diffuse across 

the capillary wall (Oldendorf, 1975). As a result, the BBB evolved to more selectively control 

what passes from the circulation into the CNS (Abbott et al., 2010). The BBB creates a physical 

barrier that restricts large, charged, and polar macromolecules from accessing the CNS. This 

physical barrier is comprised of endothelial cells linked together by tight junction proteins (e.g. 

zona-occludins-1) (Abbott et al., 2010).  The ‘endfeet’ of astrocytes play an integral role in the 

differentiation of endothelium into the BBB during embryonic angiogenesis and maintain the 

barrier’s integrity throughout life (Abbott et al., 2006). Other cells that are involved include 

pericytes and microglia, which control the permeability in the BBB (Armulik et al., 2010; da 

Fonseca et al., 2014). 
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The BBB may affect hormonal access to the CNS based on the hormone’s physical and 

chemical properties. Signalling molecules that are small, lipophilic, and/or non-charged, can 

simply passively diffuse across the BBB. However, molecules that are large, lipophobic and/or 

charged, must find other means to access the CNS. For instance, glucose and small peptides use 

passive or active carrier-mediated influx via solute carriers. Some larger hormones, like insulin, 

use receptor-mediated transcytosis and histones, and other charged molecules use adsorptive-

mediated transcytosis (Abbott et al., 2010). Finally, signals can communicate to the CNS through 

a select few regions that do not have a BBB at all. These are the Sensory CVOs (Meisenberg & 

Simmons, 1983). 

1.1.3 Sensory Circumventricular Organs 

There are two groups of CVOs. Sensory CVOs’ primary role is to sense what is in the 

circulation and secretory CVOs’ secrete signals into the circulation (Duvernoy & Risold, 2007). 

There are three sensory CVOs: the SFO, organum vasculosum of the lamina terminalis (OVLT), 

and area postrema (AP) (Duvernoy & Risold, 2007). Unlike BBB-shielded CNS structures, the 

endothelial lining associated with sensory CVOs does not have tight junction proteins (Duvernoy 

& Risold, 2007). The lack of tight junctions create fenestrated capillaries, and gaps between these 

vascular endothelial cells termed Virchow-Robin spaces (Gross, 1991). Circulating blood pools in 

these spaces allowing for free exchange between the contents in the circulation and these sensors 

(Duvernoy & Risold, 2007). The sensory CVOs have few afferent neural connections but 

extensive efferent outputs which project to a plethora of critical hypothalamic and medullary 

autonomic control centres, supporting the concept that these structures play essential roles in 

receiving afferent information from the circulation (Johnson & Gross, 1993). 

The SFO and OVLT are in the anteroventral third ventricle region (AV3V) of the CNS, 

while the AP resides in the hindbrain adjacent to the NTS (Duvernoy & Risold, 2007). Further 

differentiating factors are their projection sites, receptor catalogue, and physiological functions 
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(Mimee et al., 2013). Of the sensory CVOs, research into the AP has been the most extensive, 

much of it driven by the identification of its role as the chemoreceptor zone responsible for the 

induction of emesis (i.e. vomiting) (Borison & Brizzee, 1951). The AP is also associated with 

food intake and cardiovascular regulation. (Fry & Ferguson, 2009). The SFO and OVLT are 

classically known for their roles in fluid balance (Simpson, 1981; Duvernoy & Risold, 2007). 

However, new research suggests the SFO is involved in many more physiological processes such 

as energy balance, reproduction, and the immune response (Ganong, 2000; Mimee et al., 2013; 

Ferguson, 2014; Simpson & Ferguson, 2017).  

1.1.4 Neuroanatomical and Functional Features  

Understanding the neuroanatomy of the SFO is helpful in understanding how it maintains 

homeostasis (see Figure 1 for illustrative diagram). The SFO is in the AV3V as a midline 

structure protruding from the rostral wall of the third ventricle in the dorsal region of the lamina 

terminalis (McKinley et al., 1996). It is situated between the columns of the fornix, immediately 

ventral to the hippocampal commissure. Its ventral stalk connects to the median preoptic nucleus 

(MnPO), while its dorsal crest connects to the tela choroidea of the third ventricle (McKinley et 

al., 2003). It is translucent but surrounded by an abundant capillary network formed by an 

anastomosis between branches of the anterior cerebral artery and posterior choroidal artery 

(Polzovic et al., 1994).  Histologically, there are two discernable regions: the ventromedial core 

and outer shell (McKinley et al., 2003). The core is significantly larger and contains only 

neuronal cell bodies and glial cells (Dellmann & Simpson, 1976). The outer shell mostly contains 

the nerve fibres of neurons found in the core (Dellmann & Simpson, 1976). Like the AP and 

OVLT, the SFO has a significantly higher efferent to afferent connection ratio (Duvernoy & 

Risold, 2007), with primary efferent outputs to the AV3V and the neuroendocrine and autonomic 

control centres of the hypothalamus in the AV3V. 
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Projections to the AV3V specifically synapse at the MnPO, the anterior periventricular 

(Pe) area of the hypothalamus, and the OVLT (Miselis, 1981). The majority of efferent fibres 

emerge from the rostral SFO, pass anteriorly over the anterior commissure in the midline and 

either descend along the anterior border of the MnPO, or enter the Pe dorsally just beneath the 

anterior commissure (Lind et al., 1982). 

Both direct (i.e. monosynaptic) and indirect (i.e. polysynaptic) efferents travel to the 

neuroendocrine and autonomic control centres of the hypothalamus. Specifically, efferents travel 

to the paraventricular nucleus (PVN), its rostral accessory cluster, and the anterior and tuberal 

supraoptic nuclei (SON) (Miselis, 1981). Excitatory projections have been found to synapse with 

vasopressin (VP) and oxytocin (OXY) secreting magnocellular neurons in the PVN (Ferguson et 

al., 1984b; Tanaka et al., 1985) and SON (Sgro et al., 1984) as well as parvocellular neurons in 

the PVN, which then project to either the median eminence, the medulla, or the spinal cord (Bains 

& Ferguson, 1995; Ferguson & Bains, 1996). VP and OXY are essential circulatory, homeostatic 

peptides, whose functions will be detailed in Section 1.2.2. Many efferent fibres to the 

hypothalamus emerge from the rostral SFO and enter the columns of the fornix, then diverge with 

the ventral stria medullari to disperse medially and laterally over the columns of the fornix 

(Miselis, 1981). 

The afferent connectivity of the SFO is unusual among CNS loci in that the dendritic 

trees of SFO neurons are relatively compact, and afferent inputs are much less robust than their 

efferent counterparts (Dellmann & Simpson, 1979). Furthermore, many regions to which the SFO 

sends efferent projections send reciprocal afferent connections back, perhaps to serve as a 

feedback circuit (Hernesniemi et al., 1972; Lind et al., 1982). These characteristics of 

connectivity suggest that the SFO receives most of its afferent information from sources other 

than direct neural inputs. 
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Figure 1: Primary Neuronal Connections of the SFO 

A midsagittal illustration of rat brain representing major afferent and efferent projections of the 
SFO. Afferent pathways are represented by yellow arrows, efferent pathways are represented by 
blue arrows, and reciprocal projections are represented by purple arrows (modified from Black et 
al., 2017).  

Like the AP and OVLT, a vast amount of afferent information comes to the SFO from the 

peripheral circulation. With its fenestrated capillaries, high expression of various receptors, and 

extensive efferent projections to critical hypothalamic autonomic control centers, the SFO is 

positioned as a critical region in conveying information from the circulation to the CNS. This role 

at the blood-brain interface was first discovered in experiments using ANG, a powerful 

circulatory dipsogen and pressor peptide (Simpson & Routtenberg, 1975). Intravenous (I.V.) 

administration elicits drinking, but Simpson & Routtenberg discovered this effect was not present 

in SFO lesioned rats. The SFO’s role in fluid balance was later broadened to cardiovascular 

homeostasis when it was observed that the destruction of the SFO reduced ANG’s pressor effects 

(Mangiapane & Simpson, 1980a) as well as its ability to stimulate VP release (Mangiapane et al., 

1982). 
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1.2 Cardiovascular Homeostasis and the SFO 

Cardiovascular homeostasis is essential for proper energy supply and metabolite 

clearance required for normal physiological functioning.  This section details how the SFO’s 

unique sensory abilities and efferent connections with critical hypothalamic allow it to regulate 

fluid and sodium intake, integrate ANG and posit it as a key player in cardiovascular 

homeostasis.  

1.2.1 Fluid and Sodium Control 

Fluid balance plays an integral role in cardiovascular regulation since altering body fluid 

volume will change the concentration of electrolytes in the circulation as well as blood pressure. 

Simpson & Routtenberg (1975) were the first to demonstrate that SFO lesions prevent the 

dipsogenic effects of intravenous ANG. Lesioning the AV3V also produced severe adipsia and 

blocked ANG-induced drinking (Buggy & Johnson, 1977; Lind & Johnson, 1983), which 

highlights that SFO outputs mediate these effects. Aside from ANG, other signals act at the SFO 

to affect fluid balance including endothelin which increases blood pressure (Wall et al., 1992) and 

I.V. administered sodium chloride (NaCl) which increases Fos expression in the SFO, MnPO, and 

OVLT (Oldfield et al., 1991). A direct causational relationship was established when it was 

shown that electrical stimulation of the SFO induced drinking behaviour in rats (Smith et al., 

1995). Recent studies using either optogenetics (Oka et al., 2015), or designer receptors 

exclusively activated by designer drugs (DREADDs) (Nation et al., 2016) to activate SFO 

neurons have solidified acceptance of this causal relationship. 

The SFO is also able to control sodium balance, which in turn affects blood pressure (Sly

et al., 1999). Intracerebroventricular (ICV) injections of NaCl inhibited renal sympathetic neuron 

activity and decreased blood pressure, and these effects were abolished when lesioning the lamina 

terminalis, thereby suggesting an essential role that this circuit plays in sodium homeostasis (May

et al., 2000). Lesioning the AV3V abolished dehydration-induced natriuresis (i.e. renal sodium 
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excretion), which provided further clarity on how this circuit controls sodium homeostasis 

(McKinley et al., 1983). Perhaps the best evidence implicating the SFO in sodium homeostasis 

comes from experiments involving Nax channels. CNS Nax channels are voltage insensitive, Na+

channels expressed in the SFO, OVLT, and median eminence (Watanabe et al., 2000; Noda & 

Hiyami, 2015). Dehydrated Nax gene KO mice show no sodium aversion even during the 

transient development of hypernatremia (Noda, 2006). Transduction of the Nax gene into the SFO 

restored normal ingestion behaviour and sodium concentration in the circulation (Noda, 2006), 

therefore positing the SFO as an integral circulatory sodium sensor. 

1.2.2 Angiotensin-II & Hypertension 

The SFO is also involved with cardiovascular homeostasis through its interactions with 

ANG, which is produced by the renin-angiotensin system (Ganong, 1984). When plasma Na+

concentration or renal blood flow is low, juxtaglomerular cells in the kidneys release renin into 

the circulation (Ganong, 1984). Renin interacts with plasma protein, angiotensinogen, to create 

angiotensin I. Angiotensin-converting enzyme (ACE) then converts angiotensin I to ANG 

(Fitzsimons, 1998). In pentobarbital-anesthetized rats, levels of ANG varied in control, enalapril, 

sodium-deficient diet, and bilateral nephrectomized groups, with 103.9 ± 28.0, 35.7 ± 28.0, 300.0 

± 100.6, and 2.7 ± 2.9 pg/mL being their respective concentrations (± in standard deviations) 

(Huang et al., 1989). ANG acts as a vasoconstrictor and stimulates the secretion of aldosterone 

(Ramkumar & Kohan, 2016), actions essential for cardiovascular homeostasis. 

ANG is a hydrophilic octapeptide which does not diffuse across the BBB and has been 

shown to have specific dipsogenic and pressor effects as a consequence of specific actions within 

the SFO (Mangiapane & Simpson, 1980a, b). Peripheral administration of ANG increases the 

firing rate in ~50% of SFO neurons observed by in vivo electrophysiology (Gutman et al., 1988), 

cellular effects, which are also observed in slice preparations (Schmid, 1998) and dissociated 

neurons (Ferguson et al., 1997). These cellular effects of ANG on SFO neurons have been shown 
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to be mediated by the angiotensin type-1 receptor (AT1R) at the SFO (Li & Ferguson, 1993). 

When ANG binds to AT1R on an SFO neuron, it leads to depolarization through the opening of 

non-selective cation channels (Ono et al., 2001), and inhibition of transient potassium currents 

(Ia) (Ferguson & Li, 1996), and an increase in N-type calcium currents (Washburn & Ferguson, 

2001).  The binding of ANG to AT1R also activates the  Gq second messenger pathway, which 

activates phospholipase C (PLC) and culminates with an increase in [Ca2+]i from intracellular 

stores (Higuchi et al., 2007). 

 These effects of ANG on SFO neurons are translated into physiological outcomes 

through the efferent projections of these neurons downstream targets such as the PVN and SON, 

resulting in VP and OXY secretion (Ferguson et al., 1984a; Ferguson & Kasting, 1986), 

sympathetic activation (Bains & Ferguson, 1995) and adrenocorticotrophic hormone (ACTH) 

release (Plotsky et al., 1988). It is also interesting to note that SFO neurons produce an 

endogenous source of ANG (Sakai et al., 2007) and utilize it as a neurotransmitter for efferents 

projecting to the PVN (Bains et al., 1992). 

Hypertension and obesity are comorbidities that exacerbate illnesses such as stroke, heart 

failure, coronary artery disease and diabetes (Takahashi, 2010). In spontaneously hypertensive 

rats (SH), ANG receptor expression is higher in the SFO, MnPO, PVN, and NTS than in their 

normotensive counterparts (Gutkind et al., 1988). Enalapril, an ACE inhibitor, can attenuate this 

increased expression level (Nazarali et al., 1989) In transgenic mice without functional AT1Rs, 

deoxycorticosterone acetate-salt administration was unable to induce hypertension, thereby 

hinting at AT1R’s importance (Hilzendeger et al., 2013). Lastly, the basal firing rate of SFO  

neurons in SHRs is higher, and the response to ANG is greater than in normotensive controls 

suggesting a pathophysiology that could underlie the development of hypertension in these 

animals (Miyakubo et al., 2002).  Recent studies from our laboratory may provide a hint as to 

how SFO neurons exert a greater response to ANG in hypertensive animals. Patch-clamp 
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recordings on single SFO  neurons revealed that neurons in a hyperglycemic recording medium 

were more likely to respond to bath-applications of ANG than SFO neurons in normo- or 

hypoglycemic mediums (Cancelliere & Ferguson, 2017). Given that hypertensive individuals 

have higher plasma concentrations of glucose (Fuh et al., 1987; Reaven & Ho, 1991), this may 

explain why ANG has a greater effect on hypertensive animals. While it may seem peculiar that 

glucose, a substrate most commonly associated with energy balance, may influence the SFO, a 

CNS region classically linked to cardiovascular regulation, a growing body of literature suggests 

even broader physiological roles for the SFO. 

1.3 Energy Homeostasis and the SFO 

This section will describe the general concept of energy balance and evidence for the 

SFO’s involvement in this process through interactions with signalling molecules like CCK.  

1.3.1 Energy Balance and Metabolic Control 

Energy, in the form of food, is required to keep the body functioning. Energy balance is 

the relationship between food taken in (energy in), and calories used (energy out). It requires an 

accurate assessment from the body of how much energy is present and how much energy is 

needed. If this process is not tuned, weight loss occurs if too little energy is taken in, and weight 

gain occurs when too much energy is taken in. Once again, the SFO plays a significant role in this 

homeostatic process. 

The first research implicating the CNS in energy balance and control were from 

hypothalamic lesion studies in the 1940s. Researchers lesioned the lateral hypothalamus of rats 

(LH) and noticed immediate decreases in food intake and anorexia after an extended period 

(Hetherington & Ranson, 1940).  In contrast, lesioning the ventromedial hypothalamic 

immediately increased food intake and led to obesity long-term (Hetherington & Ranson, 1940). 

The research focus later shifted to the arcuate nucleus (ARC).  This was a consequence of studies 

showing that ICV administration of neuropeptide Y (NPY) and agouti-gene-related peptide 
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(AGRP) caused an immediate increase in food intake. These effects were suggested to be a result 

of the actions of these peptides on NPY and AGRP mRNA expressing neurons in the ARC (Clark

et al., 1984; Levine & Morley, 1984; Rossi et al., 1998). The opposite effects occurred in 

response to ICV administration of α-melanocyte-stimulating hormone, likely mediated through 

actions on proopiomelanocortin and amphetamine-regulated transcript mRNA ARC neurons 

(Tsujii & Bray, 1989; Edwards et al., 2000). Although these studies highlighted roles for the 

ARC in the regulation of food intake and energy balance, they did not address the issue of how 

the CNS assesses metabolic need. 

 Signals released into the circulation postprandially can serve as immediate indicators of 

metabolic status. However, energy assessment and regulation occurs continuously and thus 

longer-term signals such as leptin and adiponectin, which are produced by adipocytes and 

released between meals as satiety-inducing adipokines that also play important roles, both in in 

glucose regulation and fatty acid oxidation, as well as signalling metabolic status to the CNS 

(Ahima, 2006). Furthermore, circulating ghrelin is released by GI cells when the stomach is 

empty to increase hunger and prepare the body for food intake (Schwartz et al., 2000). Glucose, 

the body’s main primary source of energy, is also monitored continuously, and peptides like 

insulin, amylin, and glucagon all contribute to the regulation of circulating glucose concentrations 

(Smith & Ferguson, 2008). None of these circulating signals diffuse freely across the BBB, and 

thus to influence autonomic processes through actions in the CNS, they must act at targets 

unprotected by this barrier. CCK is a circulating satiety signal that has been suggested to act on 

vagus afferents, which project to the NTS (Smith et al., 1986). However, studies have shown that 

CCK effects on food intake are only partially attenuated by vagotomy (Reidelberger, 1992; 

Joyner et al., 1993), which suggests additional mechanisms of action.  Furthermore, the effects of 

many of these signals, such as ghrelin and amylin on food intake, are not vagally mediated (Lutz

et al., 1995). Sensory CVOs, which lack a BBB, are, therefore a prime target for interaction. 
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Initial research focused on the AP’s role in energy balance, where lesions caused rats to 

consume more highly palatable foods (Edwards & Ritter, 1981). However, interest in the SFO ’s 

role has increased since the detection of receptors for several metabolic signalling molecules 

including amylin (Sexton et al., 1994), glucagon-like peptide-1 (GLP-1) (Goke et al., 1995), as 

well glucose transporters (Zeller et al., 1996; Fields et al., 1999) in this CVO. Since then, 

electrophysiological recordings show that metabolic signals such as amylin (Riediger et al., 

1999), ghrelin (Pulman et al., 2006), leptin (Smith et al., 2009), adiponectin (Alim et al., 2010), 

peptide YY (Baraboi et al., 2010a), glucose (Medeiros et al., 2012), and CCK (Ahmed et al., 

2014) influence the excitability of SFO neurons. Furthermore, electrical stimulation of the SFO 

leads to increased food intake (Smith et al., 2010), and although lesions of the SFO alone appear 

to have no long-term effects on food intake or bodyweight, combined ablations of SFO and AP 

do result in significant reductions in both variables (Baraboi et al., 2010b). 

Recent studies using optogenetics have shown that E26 transformation-specific 

translocation variant 1 expressing excitatory neurons, and vesicular GABA transporter expressing 

inhibitory neurons in the SFO could be triggered optically to elicit increased and decreased 

drinking, respectively, without having an impact on food intake (Oka et al., 2015). Conversely, 

Nation et al. utilized designer receptors exclusively activated by DREADDs to activate 

Ca2+/calmodulin-dependent protein kinase II-positive neurons which caused an increase in water 

intake and body weight (Nation et al., 2016). Furthermore, when comparing how the SFO’s 

transcriptome is modified in fasting and dehydration conditions, the number of gene transcripts 

that changed was 687 and 46, respectively (Hindmarch et al., 2008). 

1.3.2 Cholecystokinin & Food Intake 

CCK’s importance as a satiety hormone is well-known (Dockray, 2012; Zwanzger et al., 

2012). CCK also acts as a neurotransmitter where it is found ubiquitously in the CNS and most 

concentrated in the limbic areas (Bowers et al., 2012). As a hormone, it was first discovered to 
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cause gall-bladder contractions leading to bile release to aid in the digestive process (Ivy & 

Oldberg, 1928). It is now known to be produced by the I- and L-cells of the duodenum when they 

sense fat and protein (Murphy & Bloom, 2004). As well as acting as a bile-releasing agent, it also 

triggers the pancreas to release digestive-aiding enzymes (Dockray, 2012). I.V. administration of 

CCK in rats has been shown to decrease food intake and increase plasma levels of ACTH, an 

indicator of stress (Kamilaris et al., 1992). In male Wistar rats, plasma CCK levels change from a 

fasting level of 0.5 ± 0.1 to 3.8 ± 0.4 pM (mean ± SEM) and 3.7 ± 0.6 pM when protein and fatty 

acids, respectively, were perfused into the duodenum (Lewis & Williams, 1990). In humans, 

fasting levels of CCK were 1.0 ± 0.2 pM and rose to 6.0 ± 1.6 pM 15 minutes after being fed a 

mixed liquid meal (Liddle et al., 1985). It’s been observed that when physiologically relevant 

concentrations of CCK cause a decrease in food intake and an increase in self-reported anxiety 

when they are I.V. administered in humans (Greenough et al., 1998). Greenough et al.

hypothesized that physical discomfort might be how CCK elicits its hypophagic effects. 

However, this hypothesis remains unproven. 

CCK elicits its effects through actions at two distinct receptors, CCK type-1 receptor 

(CCK1R) and CCK type-2 receptor (CCK2R). Both CCK1R and CCK2R are coupled to the 

Gαq/11 pathway, which activates PLC triggering the formation of inositol triphosphate (IP3), 

leading to increased [Ca2+]i (Dufresne et al., 2006). In addition to this, the CCK1R also activates 

Gβγ-subunits (Zeng et al., 1996; Yu et al., 1998) while the CCK2R is also coupled with the Gαs 

pathway (Noble et al., 1999). Both CCK1R KO and CCK2R KO mice exhibit hyperphagia and 

develop obesity (Moran & Bi, 2006; Clerc et al., 2007). However, only CCK2R KO mice also 

show hyperglycemia, hyperinsulinemia, impaired glucose tolerance, and hepatic insulin tolerance 

(Clerc et al., 2007). The CCK1R is responsible for CCK’s vagally-mediated effect on food 

reduction as pre-treatment with CCK1R antagonists block these effects (Reidelberger et al., 

2003). Interestingly, vagotomy does not entirely prevent CCK’s anorectic effects, pointing clearly 
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to additional mechanisms underlying these remaining actions (Reidelberger, 1992; Joyner et al., 

1993). Although CCK has also been shown to excite neurons in the AP (Sun & Ferguson, 1997) 

as well as increase their c-Fos activity (Sun & Ferguson, 1997; Cano et al., 2003), it is thought 

CCK’s satiety-eliciting effects are controlled by other CNS regions since lesioning the AP did not 

affect food intake (Edwards et al., 1986). Recently, the SFO has been shown to express mRNA 

for both the CCK1R and CCK2R (Ahmed et al., 2014). Furthermore, CCK influences the 

excitability of dissociated SFO neurons (Ahmed et al., 2014; Cancelliere & Ferguson, 2017). 

1.4 Current Investigative Areas and Challenges  

The previous sections examined what is known in regards to the role the SFO plays in 

cardiovascular homeostasis and energy balance. This section will discuss the need for further 

research on how the SFO integrates a wide range of signalling molecules and how it could be 

involved in other homeostatic processes. It will also discuss some limitations of current 

investigative tools.  

A microarray analysis of the SFO’s transcriptome during fluid and food deprivation 

conditions revealed 37 transcripts that are commonly regulated by fasting and dehydration, nine 

that were uniquely regulated by dehydration, and 650 that are uniquely regulated by fasting 

(Hindmarch et al., 2008). Recent work from our laboratory has also examined the role of 

extracellular glucose concentrations, which may be thought of as a signaler of energy level, in 

modulating the responsiveness of SFO neurons to other signalling molecules. While 73.0% of 

SFO neurons dissociated and cultured in 10 mM glucose are responsive to ANG, this proportion 

drops to 50.0% at 5 mM glucose and 33.3% at 1 mM glucose. Extracellular glucose 

concentrations also modified the proportion of CCK-responsive neurons. Depolarization 

responses changed from 35.3% to 37.8%  to 19.1% (n = 4/21) at 1, 5 and 10 mM glucose 

respectively (Cancelliere & Ferguson, 2017). Modifying extracellular glucose concentration also 

changed the proportion of hyperpolarizing responses to CCK with 28.6% at 10 mM, 11.1% at 5 
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mM and 5.9% at 1 mM.  Most previous in vitro studies of the SFO have been conducted in 10 

mM glucose conditions without regard to the fact that the SFO is not physiologically exposed to 

such high concentrations (Wang et al., 2010; Guemes et al., 2016) and that this may affect the 

experimental outcome. Thus, investigating how SFO responsivity is modulated by changes in its 

extracellular environment is a worthy future area of research.  

A further complexity in analyzing how SFO neurons respond to changing environmental 

conditions is the fact various subpopulations of SFO neurons may exist, each possessing unique 

functions related to their end projection sites. For example, Cancelliere & Ferguson showed that 

four subpopulations of SFO neurons existed: those that respond to both ANG and CCK, those 

that respond exclusively to ANG (ANG-XR), those which responded exclusively to CCK (CCK-

XR), and those which responded to neither peptide. In an experiment examining SFO neuron 

responsiveness to ANG and vasopressin, these four subpopulations of SFO neurons were also 

observed with some neurons responding to both peptides, some responding exclusively to either 

ANG or VP, and some responding to neither (Anthes et al., 1997).  Interestingly, applications of 

ANG and OXY onto SFO neurons revealed only two subpopulations of neurons: those which 

responded to both peptides and those which responded to neither (Hosono et al., 1999). The 

identification of these SFO subpopulations and the unique role they play in homeostasis remains a 

valuable future avenue of research.  

Another area of interest is examining if and how the SFO integrates previously 

unexplored signalling molecules. Recent microarray technology showing relative expression 

levels of mRNA demonstrates the presence of many novel peptide transcripts that have not been 

conventionally associated with the SFO or its conceived functions. Some examples include the 

calcitonin receptor, nesfastin, cocaine and amphetamine, serotonin 5HT-2C receptor, thyroid 

hormone receptor-α, endocannabinoid CB1 receptor, and growth hormone secretagogue receptor 

(Smith & Ferguson, 2010). Since then, electrophysiology has examined if the SFO responds to 
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some of the peptides that interact with these receptors. To this date, it has been found that 

prolactin (Black et al., 2014) and tumour necrosis factor-α (TNF- α) (Wei et al., 2013; Simpson 

& Ferguson, 2017) increase the excitability of SFO neurons. However, there are still many other 

potentials signalling molecules that need to be tested.  

Further to this point, recent studies have revealed that the SFO may influence 

homeostatic systems aside from the cardiovascular and energy ones. Destruction of the SFO has 

also been shown to reduce the febrile response to pyrogens, which associate it with the immune 

response (Takahashi et al., 1997). SFO neurons are influenced by cytokines such as interleukin 1 

β (Desson & Ferguson, 2003) and TNF- α, which provide more evidence that the SFO has an 

immunological role (Wei et al., 2013; Simpson & Ferguson, 2017). The SFO may also influence 

reproductive homeostasis. It has been shown that electrical stimulation of the SFO leads to 

increased circulating levels of luteinizing hormone (Donevan et al., 1989) and lesioning the SFO 

affects estrous cyclicity (Limonta et al., 1981).  More recently, bath applications of prolactin on 

SFO neurons have shown individual neurons to be responsive (Black et al., 2014; Kamesh et al., 

2018). Given that the endocannabinoid receptor, CB1R, has been found in the SFO (Hindmarch 

& Ferguson, 2016; Hillard, 2018), the SFO’s involvement with mammalian stress responses is 

another valuable area of future research. All this is to say that are a number of different 

physiological areas and signalling molecules whose full impact and relationship with the SFO 

require further exploring. 

Electrophysiology has served as the preferred investigative tool when researching if a 

peptide interacts with the SFO and in what capacity. The most common type of electrophysiology 

has been the perforated patch-clamp method, where an antifungal agent is used to create a seal 

between the internal pipette and contents of the cell.  Using this method, researchers dissociate 

the SFO through an enzymatic brain microdissection into single neurons. These neurons are kept 

in an external solution meant to imitate the type of environmental conditions they would be 
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exposed to in vivo, as to not alter how they would function physiologically. Researchers can test 

potential signalling molecules that have been identified through transcriptomics to see if they 

affect the membrane potential of the cell. Furthermore, they can use blocking agents to limit 

conductance through certain channels and deduce specific mechanisms behind changes in 

membrane potential.  

The current investigative approach using electrophysiology has limitations. 

Electrophysiology is often a laborious exercise. Obtaining a seal on a cell is a difficult process, 

and even once this is done, recordings take a substantial amount of time. For example, if an SFO 

neuron begins to depolarize in response to a bath-applied peptide, it can take hours until the end 

of that response and sometimes this response does not return to baseline at all.  

In vivo techniques such as optogenetics (Oka et al., 2015) and DREADDs (Nation et al., 

2016) have been used to further link the importance of the SFO in fluid balance and 

cardiovascular homeostasis. While they are the most physiologically-associated tools, they can be 

prohibitively costly as well as require a high-threshold of technical knowledge to be used. 

Ultimately, they serve better as the final step to solidify a signalling molecule’s relationship with 

the SFO rather than investigative tools to first discover if a signalling molecule affects the SFO.  

In conclusion, there is a need for a more efficient means to investigate if peptides interact 

with the SFO, if the SFO is involved in certain homeostatic processes, and which variables 

interact with one another to modulate signal processing at the SFO. 

1.5 The Potential of Fura-2 Calcium Imaging  

Calcium imaging, as its name implies, measures a fundamentally different cellular 

property than electrophysiology - this is the amount of calcium ions (Ca2+) present in the 

cytoplasm of a neuron (i.e. intracellular Ca2+ or [Ca2+]i). Calcium is an essential intracellular 

messenger in neurons. For example, rapid increases of Ca2+ concentration in the presynaptic 

terminals of neurons trigger neurotransmitter release and communication with downstream 
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neurons (Purves, 2012). Slower and more widespread rises in Ca2+ concentration are associated 

with a variety of other responses such as gene expression (Purves, 2012). Thus, calcium imaging 

focuses directly on collecting data on one of the critical signal transduction pathways inside of the 

cell instead of providing direct information on integrative capacity at the membrane level.  

Although changes in membrane potential and changes in [Ca2+]i are distinct processes, 

their occurrences are often associated with one another and can comprise the same cellular event. 

Neurotransmitter release is one example of when this occurs. More relevant to our interests is that 

depolarizing events in SFO neurons are mediated through voltage-gated calcium channels 

(VGCCs) (Washburn & Ferguson, 2001) and non-selective cation channels (NSCCs) (Ono et al., 

2001) which would lead to extracellular Ca2+ entering the SFO and a rapid, detectable increase in 

[Ca2+]i. For this reason, it is thought that excitatory SFO neuron responses can be indirectly 

measured via calcium imaging.  

The main advantage that calcium imaging presents over electrophysiological approaches 

is its high-throughput nature. In in vitro calcium imaging, one performs an enzymatic 

dissociation, just like perforated patch electrophysiology. However, instead of recording a small 

section of the cell membrane, a fluorescent dye is added to the cells in the plate and indirectly 

measures the amount of Ca2+ present. Unlike electrophysiology, which can only record from a 

single cell, at a given time, the fluorescent signal of multiple neurons can be measured 

simultaneously in imaging.  

There are two main groups of Ca2+-sensitive dyes, which one can use for imaging 

purposes: single wavelength ion indicators (SWIIs) and dual excitation ion indicators (DEIIs). 

SWIIs, for example, Fluo-8, are excited at a single florescent wavelength and will emit a 

detectable fluorescence at an intensity proportional to the amount of Ca2+ bound to the dye. In 

other words, as [Ca2+]i increases in a cell, a greater proportion of Fluo-8 will bind to Ca2+, and this 

will emit a higher amount of detectable fluorescence during imaging. If [Ca2+]i decreases in a cell, 
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less Fluo-8 will be bound to Ca2+ within the cell, and less detectable fluorescence will be emitted 

during imaging. Unfortunately, SWIIs are not suitable for imaging experiments examining the 

SFO’s integrative properties of multiple signals or those which seek to quantify SFO neuron’s 

[Ca2+]i responses. This is because SWIIs are prone to factors such as variable dye loading, dye 

extrusion over time, and photobleaching affecting their emitted intensity (Takahashi et al., 1999).  

 DEIIs, such as Fura-2, are more suited to quantitively measure [Ca2+]i in SFO neurons 

for extended periods because of their unique spectral properties, which are triggered by binding to 

Ca2+. Fura-2 exhibits two peak excitation wavelengths: 340nm when it is bound to Ca2+ and 380 

nm when it free from Ca2+ (Figure 2). This means as [Ca2+]i increases in a neuron, the florescent 

emission intensity of 340 nm excitation wavelength (F340) will also increase, whereas the 

fluorescent emission intensity of the 380 nm excitation wavelength (F380) will decrease. By taking 

the ratio of F340 and F380 (F340/F380 or F/Fo), one is more accurately able to measure the amount of 

[Ca2+]i within a neuron since the effects of uneven dye loading, extrusion, and photobleaching are 

accounted for. Due to its ability to measure the [Ca2+]i in multiple neurons for extended periods of 

time, we sought to investigate how useful Fura-2 calcium imaging was in investigating how 

multiple signalling molecules are integrated in individual SFO neurons.  
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Figure 2: Fura-2's Excitability Changes in Relation to Ca2+ Concentration 

Fluorescence excitation spectra of Fura-2 at calcium concentrations ranging from 0 μM to 39.8 
μM. When low amounts of Ca2+ are present, Fura-2 is most excitable by 380 nm. As the 
concentration of Ca2+ rises, Fura-2 binds to these ions and shifts its optimum absorption to 340 
nm, thus becoming most excitable by 340 nm and less excitable by 380 nm. Fluorescence 
excitation of F340 and F380 is measured at 510 nm. The representative figure shown is modified 
from Molecular Probe’s User Handbook of Fura-2 dye.  
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As previously mentioned, calcium imaging and electrophysiology measure fundamentally 

different cellular properties. Electrophysiological responses are either depolarizations or 

hyperpolarizations and signify molecular integration occurring at the membrane level, whereas 

imaging measures changes in [Ca2+]i and are indicative of cellular changes and signal 

transduction within the cell. However, changes in membrane potential are often associated with 

changes in [Ca2+]i. This is especially true of depolarizing events since they induce the opening of 

VGCCs which cause extracellular Ca2+ to enter the cytoplasm of a neuron. If we were to observe 

a similar proportion of responsive neurons in Fura-2 calcium imaging experiments in comparison 

to electrophysiology experiments, we could reasonably infer that Fura-2 calcium imaging is 

measuring excitatory neural responses as effectively as electrophysiology techniques. If imaging 

is indeed measuring excitatory neural responses as effectively as electrophysiology, we can 

conclude it is a valid investigative tool for researching SFO-peptide interactions. Furthermore, 

when considering the high-throughput ability of Fura-2 calcium imaging, it may be a more 

suitable research tool when first investigating if a peptide-of-interest interacts with the SFO or 

how response-modulating variables affect the integration of signalling molecules.  

1.6 Aim of Study  

The primary goal of this study was to determine if Fura-2 calcium imaging could be 

employed as a valid and efficient method to investigate the signalling and integrative properties 

of the SFO. To determine this, we bath-applied the SFO with CCK and ANG in hypoglycemic (1 

mM glucose), normoglycemic (5 mM glucose), and hyperglycemic (10 mM glucose) conditions 

and compared our results to data collected from a previous electrophysiology study (Cancelliere 

& Ferguson, 2017).  

We had three main expectations regarding how our observations would compare to past 

electrophysiology data.  
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 First, the reference study showed that bath-applications of ANG led to excitatory responses 

from SFO neurons and that a hyperglycemic environment was associated with a larger 

proportion of excitatory responses. We hypothesized that these ANG-induced excitatory 

events would be associated with detectable increases in [Ca2+]i in SFO neurons, and we 

would, therefore, observe a similar proportion of responsive SFO neurons via calcium 

imaging to what was observed via electrophysiology.  

 Second, the reference study revealed that CCK elicited both excitatory and inhibitory 

responses from individual SFO neurons and that a hyperglycemic environment was not 

associated with a significant change in the overall proportion of responsive neurons. 

However, hyperglycemic conditions significantly increased the proportion of inhibitory 

responses to CCK and decreased the proportion of excitatory responses. We hypothesized 

that calcium imaging would detect excitatory but not inhibitory SFO responses elicited by 

CCK and therefore expected to observe a decrease in the proportion of [Ca2+]i responses to 

CCK in hyperglycemic conditions.  

 Third, the reference study revealed four subpopulations of SFO neurons: those which respond 

to both CCK and ANG, those which respond exclusively to ANG (ANG-XR), those which 

respond exclusively to CCK (CCK-XR), and those which respond to neither peptide. We also 

expected to observe the existence of these four subpopulations of SFO neurons in calcium 

imaging experiments. 
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Chapter 2 

Materials and Methods  

2.1 Animals and Approval  

The Animal Care Committee of Queen’s University (Kingston, ON) approved our 

experiments, protocol #2013-032, per guidelines set out by the Canadian Council on Animal 

Care.  We obtained 21-day-old male Sprague-Dawley rats from Charles River (Montreal, QB). 

The animal care facility housed three rats per cage and maintained a 12/12-hour light/dark cycle. 

Caretakers provided unrestricted food and water access. We sacrificed these rats 7-28 days after 

arrival. 

2.2 Cell Culture and Imaging Preparation 

Rats were anesthetized by placing them in a bell-chamber containing isoflurane. 

Decapitation with a standard guillotine ensued. The rat’s brain was extracted and immediately 

placed in ice-cold, oxygenated (95% O2 & 5% CO2) artificial cerebral spinal fluid (aCSF) 

containing (in mM): NaCl (124), KCl (2.5), KH2PO4 (1.24), CaCl2 (2.27), MgSO4 (1.3), NaHCO3

(19) and glucose (10). We transferred the brain to a dissecting plate and performed a micro-

dissection to obtain the SFO, which lies in the hippocampal commissure. Simultaneous rinsing 

with ice-cold aCSF occurred during this. The SFO was removed from its surrounding tissue and 

placed in a drop of B-27 supplemented, Hibernate-A media (Thermo Fisher Scientific, 

Springfield, IL). This procedure was repeated on two more rats to obtain a total of three SFOs.  

We then removed the three SFOs from the drop and placed them in a 15 mL conical tube 

containing 12-14 mg of lyophilized papain (Worthington Biochemical, Lakewood, NJ) dissolved 

in 5 mL of Hibernate-A. We placed the tube in a water-bath set at 31C for 30 minutes to loosen 

the cell cluster. We then removed the tube from the water bath, and the SFOs were rinsed twice 

with supplemented Hibernate-A to remove papain and prepare the cells for trituration (i.e. the 
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process of using a pipette to mechanically dissociate the cell cluster into individual cells using 

turbulent flow). We then used a centrifuge (100 g, 4°C, 8 mins) to concentrate the dissociated 

cells to the cone of the tube. We then removed the supernatant and gently resuspended the 

concentrated cells using 80 uL Neurobasal-A (Thermo Fisher Scientific) supplemented with B27, 

100 U/mL penicillin-streptomycin (Thermo Fisher Scientific) and 0.5 mM L-glutamine (Thermo 

Fisher Scientific). The cells were then pipetted in 10 uL droplets onto 35-mm dishes with 10-mm 

poly-d-lysine coated glass bottoms (MatTek, Ashland, MA, USA) and incubated at 37°C in 5% 

CO2 for two hours to allow for adhesion. We then added 1.5 mL of the supplemented Neurobasal-

A containing either 1, 5, or 10 mM glucose to the dishes to simulate hypo-, normo-, and 

hyperglycemic conditions, respectively. We performed imaging experiments on these cell 

cultures after 48-72 hours. 

When imaging was ready to be performed, cell cultures had their Neurobasal-A medium 

replaced with 2 mL of Hanks Balanced Salt Solution (HBSS) consisting of (in mM): CaCl2

(1.26), MgCl2-6H2O (0.493), MgSO4-7H2O (0.407), KCl (5.33), KH2PO4 (0.441), NaHCO3

(4.17), NaCl (137.93), NaH2PO4 (0.338), glucose (1,5, or, 10). Cells were then loaded with 4.5 

mM of cell-permeant Fura-2-acetoxymethyl ester (Fura-2 AM) (Molecular Probes, Burlington, 

ON) dissolved in DMSO (Sigma-Aldrich, St. Louis, MO), and incubated at 37°C in 5% CO2 for 

30 minutes. After this period, the dye was washed out with HBSS, and we re-incubated the cells 

for 30 minutes to permit the hydrolysis of any remaining acetoxymethyl esters into free Fura-2. 

The cell culture containing dish was then imaged according to our experimental protocol.   

2.3 Imaging Equipment and Setup 

Following the preparatory period, the cell culture containing dish was mounted and fixed 

on the stage of an inverted fluorescence microscope equipped with a CFI fluorescent-sensitive 

20X objective lens (Nikon Corporation, Mississauga, Canada). Solutions were set up to flow from 

conical tubes through a gravity perfusion system that entered on one side of the dish and whereby 
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a motor-powered suction line would remove excess fluid on the opposite side of the dish at a rate 

of 4 mL/minute. We used a Lambda DG-4 dual-wavelength imaging system (Sutter Instruments, 

Novato, CA, USA) to illuminate the cell culture containing dish at 340 nm and 380 nm and a 

Retiga EXi CCD Camera (QImaging, Surrey, BC, Canada) to digitally capture the resulting 

emissions at 1360 x 1024 pixel resolution. Both the Lambda DG-4 and the Retiga EXi CCD 

Camera were controlled through the software program Northern Eclipse Version 8.0 (Empix 

Imaging, Mississauga, ON, Canada). Using this setup, we performed real-time imaging, 

measuring and collecting the F340/F380 of individual SFO cells at an interval of 0.5 Hz (every 2 s). 

F340/F380 was not calibrated to actual [Ca2+]i levels and is only indicative of relative [Ca2+]i levels. 

F340/F380 is therefore reported in arbitrary units. 

2.4 Experimental Protocol  

We conducted trials measuring the F340/F380 of SFO neurons in response to selected 

peptides (see Figure 3 for visual representation). HBSS in our protocol contained 1, 5, or 10 mM 

glucose depending on if we were attempting to conduct a trial reflecting hypo-, normo-, or 

hyperglycemic conditions, respectively. Before applying any peptides, we perfused HBSS, 

without additional solutions, for at least 150 s to ensure the cells had stable [Ca2+]i baselines and 

were viable. Following this, we perfused HBSS containing 10-8 M of CCK (Phoenix 

Pharmaceuticals, Burlingame, CA; catalogue #069-03) for 150 s and recorded the F340/F380 of 

SFO neurons. We then waited for 600-900 s for neural [Ca2+]i levels to return to baseline and 

subsequently applied HBSS containing 10-8 M of ANG (Phoenix Pharmaceuticals; catalogue # 

002-12) for 150 s. 45 mM KCl in HBSS was perfused for 15 s at the end of each trial to ensure 

cell viability and to identify SFO neurons from surrounding SFO cells.  
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Figure 3: Experimental Protocol 

Representation of Fura-2 calcium imaging protocol used in our study. Before measuring any 
peptide responses, HBSS was perfused for at least 150 s to ensure cell viability. HBSS containing 
10-8 M of CCK was then perfused for 150 s followed by a period of 600-900 s to allow for [Ca2+]i 

levels to return to baseline. HBSS containing 10-8 M of ANG was then perfused for 150 s. 
Following [Ca2+]i levels returning to baseline, HBSS containing 45 mM KCl was perfused for 15 
s to distinguish SFO neurons from surrounding cells. Experiments were performed in HBSS 
containing either 1, 5, or 10 mM glucose.  
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 SFO neurons were classified as a “responder” or “responsive” if their [Ca2+]i response 

reached a maximum of 15% or higher above its baseline, after peptide application. If an SFO 

neuron did not meet this threshold, it was classified as a “non-responder” or “non-responsive”. A 

neuron’s baseline was calculated by averaging the [Ca2+]i values, 100s (50 data points) before 

peptide application. To quantify the magnitude of response (MoR) elicited by CCK and ANG, we 

calculated the area under the curve (AUC) from the point at which the peptide reached the bath to 

until 300 s afterwards. The units of measurement for AUC are F340/F380 · s. All data are reported as 

mean ± standard error of the mean (SEM). 

2.5 Statistical Analysis  

We used a student’s t-test (a.k.a. an independent t-test) to evaluate if there was a 

significant difference in MoR between SFO neurons classified as responsive and SFO neurons 

classified as non-responsive. We used a chi-square analysis of contingency tables to determine 

whether the proportion of ANG- and CCK-responsive SFO neurons differed significantly 

between calcium imaging and electrophysiology trials. A one-way ANOVA and Tukey’s Test 

was used to determine if the MoR elicited by CCK and ANG on SFO neurons was significantly 

different in 1, 5, and 10 mM glucose conditions. We also used a chi-square analysis of 

contingency tables to determine whether the proportion of ANG- and CCK-responsive SFO 

neurons differed significantly depending on the glucose environment they were incubated and 

imaged in. 
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Chapter 3 

Results 

3.1 SFO Neurons Exhibit Influenceable [Ca2+]i Responses to ANG 

3.1.1 ANG increases [Ca2+]i in SFO neurons 

We performed Fura-2 calcium imaging of dissociated SFO neurons to determine if ANG 

affected [Ca2+]i levels in SFO neurons. SFO neurons were perfused with 5 mM glucose HBSS and 

subsequently perfused with 10 nM ANG for 150 s. Individual neurons were either responsive or 

non-responsive (Figure 4A). We examined the effect of ANG on a total of 54 neurons, of which 

53.7% (n = 29/54) showed increases in [Ca2+]i and were categorized as responsive (Figure 4B). 

These responsive cells had a mean baseline of 0.52 ± 0.03. 46.3% (n = 25) of cells did not exhibit 

a sufficient increase [Ca2+]i and were categorized as non-responsive. The non-responsive cells had 

a mean baseline of 0.48 ± 0.03. The mean AUC was calculated for neurons that were categorized 

as responsive and non-responsive to show that our categorization method selected for 

physiologically distinct neurons. The average AUC ± SEM for a responsive neuron was 66.2 ± 

14.9, and for a non-responsive neuron was –1.5 ± 2.4 (Figure 4C). An independent t-test was 

performed to compare these groups and revealed them to be significantly different (p < 0.01). 
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Figure 4: ANG Causes an [Ca2+]i Increase in a Proportion of SFO Neurons 

(A) [Ca2+]i traces of a responsive neuron (black) and a non-responsive neuron (grey) to the bath 
application of 10 nM ANG at 5 mM glucose. The blue bar denotes the duration of ANG 
application. (B) Mean [Ca2+]i  of responsive neurons (black circles, n = 29, baseline = 0.52 ± 0.03) 
and non-responsive neurons (grey squares, n = 25, baseline = 0.48 ± 0.04) perfused with ANG at 
5 mM glucose. Vertical grey bars indicate the SEM. (C) Bar graph summarizing the AUC ± SEM 
for ANG-responsive neurons (black, n = 29, 66.2 ± 14.9) and non-responsive neurons (white, n = 
25, -1.5 ± 2.4) (independent t-test, p < 0.01). 
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3.1.2 ANG elicits responses in a similar proportion of SFO neurons in imaging and 

electrophysiology experiments 

We analyzed if the proportion of responsive neurons in imaging experiments was similar 

to the proportion of responsive neurons observed in electrophysiological studies. In imaging 

experiments, 53.7% (n = 29) of neurons were categorized as responders and 46.3% (n = 25) were 

categorized as non-responders while in electrophysiology experiments, 50.0% of neurons were 

classified as responsive (n = 16) and 50.0% were classified as non-responsive (n = 16) (Figure 5). 

A χ2 analysis of contingency tables showed that calcium imaging did not significantly affect the 

proportion of ANG-responsive SFO neurons observed (p = 0.74). 

Figure 5: A Similar Proportion of SFO Neurons Respond to ANG in Imaging and 

Electrophysiological Experiments 

Bar graph summarizing the proportion of ANG-responsive and non-responsive neurons in 
calcium imaging (responsive: n = 29, 53.7%; non-responsive: n = 25, 46.3%) and 
electrophysiology (responsive: n = 16, 50.0%; non-responsive: n = 16, 50.0%) experiments. A χ2

analysis of contingency tables showed that calcium imaging did not significantly affect the 
proportion of ANG-responsive SFO neurons observed (p = 0.74). Electrophysiological data 
are from Cancelliere & Ferguson, 2017. 
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3.1.3 Glucose concentration affects the proportion of [Ca2+]i responses to ANG  

We sought to determine if variations in extracellular glucose concentration would 

modulate the magnitude of response and the proportion of responsive neurons to bath-

applications of 10 nM ANG. Responses to ANG were observed at all three glucose 

concentrations in calcium imaging experiments (Figure 6). At 1 mM glucose, 32.8% of neurons 

(n = 20) were responsive with a mean AUC of 97.2 ± 15.0 and a baseline of 0.75 ± 0.05 while 41 

neurons were non-responsive and had a mean AUC of 11.6 ± 4.4 and a baseline of 0.48 ± 0.04 

(Figure 6A). At 5 mM glucose, 53.7% (n = 29) of neurons were responsive with a mean AUC of 

66.2 ± 14.9 and a baseline of 0.52 ± 0.03 while 25 neurons were non-responsive with a mean 

AUC of -1.5 ± 2.4 and a baseline of 0.48 ± 0.04 (Figure 6B). At 10 mM glucose, 69.8% (n = 30) 

of neurons were responsive with a mean AUC of 63.7 ± 8.3 and a baseline of 0.75 ± 0.09 while 

13 neurons were non-responsive with a mean AUC of 14.1 ± 7.8 and a baseline of 0.70 ± 0.16 

(Figure 6C). We performed a one-way ANOVA to determine if any differences exist between the 

magnitude of [Ca2+]i responses at each glucose concentration. There is no significant difference 

between responses at 1 and 5 mM glucose (p = 0.24), 1 and 10 mM glucose (p = 0.19), and 5 and 

10 mM glucose (p = 0.99) (Figure 6D).  This observation matches what has been observed in 

previous electrophysiology experiments where the mean depolarization-responses of SFO 

neurons to ANG did not significantly change from 1, 5 and 10 mM glucose (Cancelliere & 

Ferguson, 2017). On the other hand, A χ2 analysis of contingency tables revealed that glucose 

concentration significantly affects the proportion of [Ca2+]i responses observed in SFO neurons 

(Figure 7, χ2, p < 0.01). These observations are similar to electrophysiology experiments where it 

was found that 33.3% of cells tested at 1mM glucose (n = 4/12), 50.0% at 5 mM glucose (n = 

16/32), and 73.0% at 10 mM glucose (n = 8/11) responded to 10 nM of ANG, and that this 

constituted a positive correlation between glucose concentration and responsiveness (Figure 6). 
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Figure 6: SFO Neurons Exhibit Similar ANG Responses in Hypo- and Hyperglycemic 

Conditions 

(A) Mean [Ca2+]i  of responsive neurons (black circles, n = 20, baseline = 0.75 ± 0.05) and non-
responsive neurons (grey squares, n = 41, baseline = 0.80 ± 0.05) perfused with 10 nM ANG at 1 
mM glucose. (B) Mean [Ca2+]i  of responsive neurons (black circles, n = 29,  baseline = 0.52 ± 
0.03) and non-responsive neurons (grey squares, n = 25, baseline = 0.48 ± 0.04) perfused with 10 
nM ANG at 5 mM glucose. (C) Mean [Ca2+]i  of responsive neurons (black circles, n = 30, 
baseline = 0.75 ± 0.09) and non-responsive neurons (grey squares, n = 13, baseline = 0.70 ± 0.16) 
perfused with 10nM ANG at 10 mM glucose. The horizontal blue bar in (A), (B), and (C) denotes 
the duration of ANG application.  (D) Bar graph summarizing the AUC ± SEM for ANG-
responsive neurons at 1mM (navy, 97.2 ± 15.0), 5 mM (dark red, 66.2 ± 14.9), and 10 mM 
(green, 63.7 ± 8.3) glucose (one-way ANOVA, 1 vs 5 mM – p = 0.24, 1 vs 10 mM – p = 0.19, 5 
vs 10 mM – p = 0.99). 
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Figure 7: Glycemic State Affects the Proportion of SFO Neurons Responding to ANG in 

Imaging and Electrophysiological Experiments 

Bar graph summarizing that 32.8% of SFO neurons respond to ANG at 1 mM glucose (n = 
20/61), 53.7% respond at 5 mM glucose (n = 29/54), and 69.8% at 10 mM glucose (n = 30/43) in 
calcium imaging experiments. Increasing glucose concentration significantly affected the 
proportion of responsive SFO neurons observed (χ2, p < 0.01). Electrophysiological responses to 
ANG was also correlated with increasing glucose and at 1, 5, and 10 mM glucose was 33.3% (n = 
4/12), 50.0% (n = 16/32), and 72.7% (n = 8/11), respectively (Cancelliere & Ferguson, 2017). 
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3.2 SFO Neurons Exhibit [Ca2+]i Responses to CCK 

3.2.1 CCK increases [Ca2+]i in SFO neurons 

Fura-2 calcium imaging of dissociated SFO cells was performed to determine if CCK 

affected [Ca2+]i levels in SFO neurons. SFO cells were perfused with 5 mM glucose HBSS and 

subsequently perfused with 10 nM CCK for 150s. We examined the effect of CCK on a total of 

54 neurons (Figure 8B), of which 35.2% (n = 19) showed increases in [Ca2+]i and were 

categorized as responsive. These responders had a mean baseline of 0.51 ± 0.03. Conversely, 

46.3% (n = 35) of neurons did not exhibit a sufficient increase of [Ca2+]i and were categorized as 

non-responsive. The non-responsive cells also had a mean baseline of 0.51 ± 0.03. The mean 

AUC was calculated for neurons that were categorized as responsive and non-responsive to show 

that our categorization method selected for physiologically distinct neurons. The average AUC ± 

SEM for a responsive neuron was 35.9 ± 6.4, and for a non-responsive neuron was 0.0 ± 0.8 

(Figure 8C). An independent t-test was performed to compare the AUC of these groups and 

revealed them to be significantly different (p < 0.0001). 
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Figure 8: CCK Causes an [Ca2+]i Increase in SFO Neurons 

(A) [Ca2+]i traces of a responsive neuron (black) and a non-responsive (grey) neuron to the bath 
application of CCK at 5 mM glucose. (B) Mean [Ca2+]i  of responsive neurons (black circles, n = 
19, baseline = 0.51 ± 0.03 ) and non-responsive neurons (grey squares, n = 35, baseline = 0.51 ± 
0.03) perfused with CCK at 5 mM glucose. Vertical grey bars indicate the SEM and the 
horizontal red bar denotes the duration of CCK application in (A) and (B). (C) Bar graph 
summarizing the AUC ± SEM for CCK-responsive neurons (black, n = 19, 35.9 ± 6.4) and non-
responsive neurons (white, n = 35, 0.0 ± 0.8) (independent t-test, p = <0.0001).  
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3.2.2 CCK elicits responses in a similar proportion of SFO neurons in imaging and 

electrophysiology experiments  

We analyzed if the proportion of responsive neurons in our imaging experiments was 

similar to the proportion of excitatory responses and total responses observed in 

electrophysiology studies. In imaging experiments, 35.2% (n = 19) of neurons were responsive 

and 64.8% (n = 35) were non-responsive. In electrophysiology experiments, 37.8% (n = 17) of 

neurons exhibited depolarizations and 11.1% (n = 5) exhibited hyperpolarizations which 

amounted to a total of 48.9% (n = 22) of neurons being classified as responsive and 51.1% (n = 

23) being classified as non-responsive (Figure 9). A χ2 analysis of contingency tables showed no 

significant effect between the research method used (i.e. calcium imaging or electrophysiology) 

and the proportion of CCK-responsive SFO neurons observed (p = 0.17). 

Responsive Non-Responsive

Figure 9: A Similar Proportion of SFO Neurons Respond to CCK in Imaging and 

Electrophysiology Experiments 

Bar graph summarizing the proportion of CCK-responsive and non-responsive neurons in 
calcium imaging (responsive: n = 19, 35.2%; non-responsive: n = 35, 64.8%) and 
electrophysiology [hyperpolarizers (negative symbol): n = 5, 11.1%; depolarizers (positive 
symbol): n = 17, 37.8%; total responsive: n = 22, 48.9%; non-responsive: n = 23, 51.1%] 
experiments. A χ2 analysis of contingency tables showed no significant effect between the 
research method used and the proportion of CCK-responsive SFO neurons observed (p = 0.17).  
Electrophysiological data are from Cancelliere & Ferguson, 2017. 
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3.2.3 Glucose concentration does not affect [Ca2+]i  responsivity of SFO neurons to CCK 

We sought to determine if variations in extracellular glucose had a modulatory effect on 

[Ca2+]i responses in SFO neurons to bath-applications of 10 nM CCK. Responses to CCK were 

observed at all three glucose concentrations tested (1, 5, and 10 mM glucose) (Figure 10). At 1 

mM glucose, 31.1% (n = 19) of neurons were responsive and had a mean AUC of 49.3 ± 10.6 and 

a baseline of 0.83 ± 0.06 while 68.9% (n = 42) of neurons were non-responsive, had a mean AUC 

of 0.5 ± 3.6 and a baseline of 0.77 ± 0.04 (Figure 10A).  At 5 mM glucose, 35.2% (n = 19) of 

neurons were responsive and had a mean AUC of 35.9 ± 14.9 and a baseline of 0.51 ± 0.03 while 

64.8% (n = 35) of neurons were non-responsive and had a mean AUC of 0.0 ± 0.8 and a baseline 

of 0.51 ± 0.03 (Figure 10B). At 10 mM glucose, 44.2% (n = 19) of neurons were responsive and 

had a mean AUC of 58.1 ± 9.6 and a baseline of 0.71 ± 0.03 while 55.8% (n = 24) of neurons 

were non-responsive and had a mean AUC of 3.7 ± 7.3 and a baseline of 0.72 ± 0.03 (Figure 

10C). A one-way ANOVA was performed on the AUCs and no significant difference between 

responses at 1 and 5 mM glucose (p = 0.55), 1 and 10 mM glucose (p = 0.77), and 5 and 10 mM 

glucose (p = 0.21) was found (Figure 10D). A χ2 analysis of contingency tables showed no 

significant correlation between glucose concentration and the proportion of [Ca2+]i responses 

observed in SFO neurons (χ2, p = 0.58) (Figure ). A lack of effect between glycemic state and the 

overall proportion of responsive neurons was also reported in electrophysical experiments where 

it was found that 41.0% of cells tested at 1mM glucose (n = 7/17), 49.0% at 5 mM glucose (n = 

22/45), and 48.0% at 10 mM glucose (n = 10/21) responded to 10 nM of CCK (Cancelliere & 

Ferguson, 2017). However, in electrophysiological experiments, glucose concentration did affect 

the type of response SFO neurons exhibited.  Hyperpolarizing neurons increased from 5.9% (n = 

1/17) to 11.1% (n = 5/45) to 28.6% (n = 6/21) and depolarizing neurons changed from 35.3% (n = 

6/17), 37.8% (n = 17/45), and 19.1% (n = 4/21),  in 1 mM, 5 mM, and 10 mM glucose conditions, 

respectively (Cancelliere & Ferguson, 2017).  
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Figure 10: SFO Neurons Exhibit Similar CCK Responses in Hypo- and Hyperglycemic 

Conditions 

(A) Mean [Ca2+]i  of responsive neurons (black circles, n = 19, baseline = 0.83 ± 0.06) and non-
responsive neurons (grey squares, n = 42, baseline = 0.77 ± 0.04) perfused with CCK at 1 mM 
glucose. (B) Mean [Ca2+]i  of responsive neurons (black circles, n = 19, baseline = 0.51 ± 0.03) 
and non-responsive neurons (grey squares, n = 35, baseline = 0.51 ± 0.03) perfused with CCK at 
5 mM glucose. (C) Mean [Ca2+]i  of responsive neurons (black circles, n = 19, baseline = 0.71 ± 
0.03) and non-responsive neurons (grey squares, n = 24, baseline = 0.72 ± 0.03) perfused with 
CCK at 10 mM glucose. (D) Bar graph summarizing the AUC ± SEM for CCK-responsive 
neurons at 1mM (navy, 49.3 ± 10.6), 5 mM (dark red, 35.9 ± 14.9), and 10 mM (green, 58.1 ± 
9.6) glucose (one-way ANOVA, 1 vs 5 mM – p = 0.55, 1 vs 10 mM – p = 0.77, 5 vs 10 mM – p = 
0.21). 
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Figure 11: Glycemic State Does Not Affect the Total Proportion of CCK-Responsive SFO 

Neurons in Imaging and Electrophysiological Experiments 

Bar graph summarizing that 31.1% of SFO neurons respond to CCK at 1 mM (n = 19/61), 35.2% 
at 5 mM (n = 19/54), and 44.2% at 10 mM (n = 19/43) glucose during calcium imaging. Changes 
in glucose concentration does not significantly affect and the proportion of responsive SFO 
neurons in calcium imaging experiments (χ2, p = 0.58). The proportion of CCK-responsive 
neurons in electrophysiological experiments was 41.2% (n = 7/17), 48.9% (n = 22/45), and 47.6% 
(n = 10/21), at 1,5, and 10 mM glucose, respectively. Hyperpolarizing neurons (negative symbol) 
increased from 5.9% (n = 1/17) to 11.1% (n = 5/45) to 28.6% (n = 6/21) and depolarizing neurons 
(positive symbol) changed from 35.3% (n = 6/17), 37.8% (n = 17/45), and 19.1% (n = 4/21),  in 1 
mM, 5 mM, and 10 mM glucose conditions, respectively.  Electrophysiological data are from 
Cancelliere & Ferguson, 2017.
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3.3 Single SFO Neurons Show [Ca2+]i Responses to Multiple Peptides 

The SFO contains a diverse neuronal population with subpopulations responsible for 

sensing distinct signals. We sought to determine the response patterns for our dissociated SFO 

neurons. Amongst 158 neurons imaged, there existed four subpopulations: those that only 

responded to ANG (ANG-XR, Figure 12A, B), those that only respond to CCK (CCK-XR, Figure 

12C, D), those that responded the both (Double-R, Figure 12E, F), and those that respond to 

neither signal. Of the total amount of SFO neurons imaged, 30.4% were ANG-XR (n = 48), 

16.5% were CCK-XR (n = 26), 19.6% were Double-R (n = 31), and 33.5% of neurons were 

unresponsive to either peptide (n = 53) (Figure 12G). 



42 

F
/F

o

F
/F

o

P
ro

p
o

rt
io

n
(%

)

Figure 12: SFO Neurons Respond Exclusively to ANG, Exclusively to CCK, Both ANG and 

CCK, or Neither 

[A, C, E] [Ca2+]i  traces of an (A) ANG-XR neuron, a (C) CCK-XR neuron, and a (E) Double-R. 
The red bar denotes CCK application and the blue bar denotes ANG application. [B,D,F] Mean 
[Ca2+]i  of (B) ANG-XR neurons, blue circles, (n = 48, baseline before CCK application = 0.66 ± 
0.03, baseline before ANG application = 0.64 ± 0.03), (D) CCK-XR neurons  (red circles, n = 26, 
baseline before CCK application = 0.69 ± 0.05, baseline before ANG application = 0.71 ± 0.07), 
and (F) Double-R neurons (purple circles, n = 31, baseline before CCK application = 0.68 ± 0.03, 
baseline before ANG application = 0.70 ± 0.03).  Vertical grey bars indicate the SEM. The red 
bar denotes CCK application and the blue bar denotes ANG application. (G) Bar graph 
summarizing the proportion of ANG-XR (n = 48, 30.4%), CCK-XR (n = 26, 16.5%), Double-R 
(n = 31, 19.6%), and unresponsive SFO neurons (n = 53, 33.5%).  
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Chapter 4    

Discussion  

Our results show that Fura-2 calcium imaging detects [Ca2+]i responses to ANG and CCK 

in dissociated SFO neurons. We also observed that the proportion of ANG-responsive SFO 

neurons was different depending on extracellular glucose concentration. Conversely, glucose 

concentration did not affect the proportion of CCK-responsive SFO neurons. Our imaging 

experiments also revealed that specific SFO neurons responded to ANG exclusively, CCK 

exclusively, both peptides or neither. Our observations are consistent with what has been 

observed in electrophysiology experiments, which leads us to conclude our Fura-2 calcium 

imaging protocol was likely measuring the same peptide-induced events in SFO neurons, which 

have been previously demonstrated using electrophysiology techniques. This suggests that Fura-2 

calcium imaging represents a reliable, high-throughput method to investigate the integrative 

capabilities of individual SFO neurons and may be the preferred method of choice in some 

circumstances.   

4.1 Interpretation of Findings  

We hypothesized that Fura-2 calcium imaging would be able to detect a similar 

proportion of ANG-responsive SFO neurons compared to what has previously been observed in 

electrophysiology experiments because ANG-induced depolarizations would be associated with 

detectable increases in [Ca2+]i. This is because as the cell becomes depolarized, it would activate 

VGCCs (Washburn & Ferguson, 2001; Wang et al., 2013) and NSCCs (Ono et al., 2001) present 

on SFO neurons which would lead to an influx of extracellular calcium into the cell.  Our results 

show that 53.7% (n = 29/54) of SFO neurons exhibited [Ca2+]i responses to 10 nM ANG (Figure 

4). Previous electrophysiological data has shown that approximately 50.0% (n = 16/32) of SFO 

neurons depolarize when bath applied with the same concentration of ANG (Cancelliere & 
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Ferguson, 2017).  A χ2 analysis of contingency tables revealed that using calcium imaging, as 

opposed to electrophysiology, did not significantly change the observed proportion of ANG-

responsive neurons (Figure 5). These results suggest that ANG-induced [Ca2+]i changes and 

membrane depolarizations in SFO neurons are apart of the same event and which supports our 

first hypothesis.  

We again tested this hypothesis by examining if increases in extracellular glucose 

concentration, which has been shown to affect the proportion of responsive SFO-neurons to ANG 

in electrophysiology studies, while not affecting their magnitude of response, produce similar 

results in calcium imaging trials. We likewise found no significant difference in the magnitude of  

[Ca2+]i response at 1, 5, and 10 mM glucose concentrations (Figure 6). However, changes in the 

glycemic environment led to statistically significant differences in the proportion of responsive 

neurons, with 32.8% being responsive at 1 mM glucose (n = 20/61), 53.7% at 5mM glucose (n = 

29/54), and 69.8% at 10 mM glucose (n = 30/43). This correlation is aligned with the previously 

reported electrophysiology data (Figure 7). These results also strengthen the hypothesis that 

[Ca2+]i changes, and membrane depolarizations are apart of the same cellular SFO event.  

It is reasonable to believe that excitatory peptides other than ANG would also be 

associated with or lead to increases in [Ca2+]i. This assumption is possible because if action 

potentials are occurring, this would also potentiate the SFO’s VGCCs sufficiently to allow for the 

influx of a detectable amount of calcium. Due to this fact, we believe our protocol can be used to 

determine if other excitable peptides are eliciting an effect on the SFO. 

Our second hypothesis predicted that bath-applications of CCK would elicit [Ca2+]i

responses. Our results show that 35.2% (n = 19/54) of SFO neurons exhibit [Ca2+]i responses to 

10 nM CCK at 5 mM glucose (Figure 8). These results are unsurprising since it is logical that 

CCK-induced depolarizations observed in electrophysiology experiments would also be 

associated with detectable changes in [Ca2+]i similarly to how signal transduction operates for 
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ANG. However, we also hypothesized that the proportion of [Ca2+]i responses observed in SFO 

neurons would be different than the proportion observed in electrophysiology since we did not 

expect CCK’s inhibitory responses to elicit a detectable change in [Ca2+]i. Instead, our analysis 

does not reveal a statistically significant difference in method used (i.e. calcium imaging and 

electrophysiology) and the overall proportion of responsive neurons observed (Figure 9).  

Electrophysiology data also reveals that as extracellular glucose concentration is 

increased from 1, to 5, to 10 mM, the proportion of hyperpolarizing neurons increases from 5.9% 

(n = 1/17) to 11.1% (n = 5/45) to 28.6% (n = 6/21), respectively, whereas the proportion of 

depolarizing neurons changes from 35.3% (n = 6/17), 37.8% (n = 17/45), and 19.1% (n = 4/21), 

respectively. Since we initially hypothesized that Fura-2 calcium imaging would detect only 

excitatory CCK-SFO interactions, we expected that when imaging at 10 mM glucose, the 

proportion of SFO neurons showing an increase in [Ca2+]i would be less than the proportion of 

responsive neurons at 1 and 5 mM glucose. Instead we observed that 31.1% (n = 19/61) of SFO 

neurons responded to 10-8 M CCK at 1 mM glucose, 35.2% (n = 19/54) responded at 5 mM 

glucose, and 44.2% (n = 19/43) responded at 10 mM glucose (Figure 11). Ultimately, a statistical 

analysis of our results revealed that changing extracellular glucose concentration did not affect 

the proportion of responsive neurons (χ2, p = 0.58) or magnitude of response to CCK. These 

results align with what has been observed in electrophysiology experiments. As a result, we 

believe Fura-2 calcium imaging may be detecting both the excitatory and inhibitory responses 

elicited by CCK at the SFO, suggesting that both responses may be associated with increases in 

[Ca2+]i.  

A possible explanation for our observation is that hyperpolarizing events may be 

associated with the activation of calcium-activated potassium channels, which would be 

potentiated by the binding of CCK. However, further calcium imaging studies that make use of 

selective blocking agents would need to be conducted in order to determine this. Future 
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researchers who use our protocol should take note that Fura-2 calcium imaging may detect [Ca2+]i

responses associated with both depolarizations and hyperpolarizations. 

The last hypothesis we tested was to confirm previous electrophysiological observations 

that various subpopulations of SFO neurons exist, some of which respond to ANG exclusively, 

CCK exclusively, both peptides, or neither signal. We also observe these subpopulation in our 

calcium imaging trials where: 30.4% (n = 48) respond exclusively to ANG, 16.5% (n = 26) 

respond exclusively to CCK, 19.6% (n = 31) respond to both, and 33.5% (n = 53) respond to 

neither signal tested (Figure 12). 

4.2 Use of Fura-2 Calcium Imaging for Future Studies & Limitations  

There are several scenarios where Fura-2 calcium imaging and this protocol may be of 

use or the preferred research tool to investigate the SFO. These are:  

 Determining if a peptide of interest may have physiological interactions with the SFO, 

 investigating how the SFO integrates multiple signalling molecules, and 

 elucidating the signal transduction pathways of specific peptides acting on SFO neurons. 

These points are expanded upon below. 

Fura-2 calcium imaging may be a preferred method when first investigating if a peptide 

of interest interacts with the SFO. In 2008, microarray transcriptomics of the SFO identified 

several mRNA transcripts encoding for receptors for a variety of circulatory signalling molecules 

(Hindmarch et al., 2008). Naturally, this led researchers to wonder to what effect, if any, these 

circulating signals had at the SFO. Since then, some of these signalling molecules have been 

confirmed to interact with the SFO through the use of electrophysiological techniques. These 

include adiponectin (Alim et al., 2010),  apelin (Dai et al., 2013), brain-derived neurotrophic 

factor (Black et al., 2018), leptin (Smith et al., 2009) and, prolactin (Kamesh et al., 2018). 

However, many potential signalling molecules, whose receptor transcripts are present on the 

SFO, have yet to be tested to determine if they interact with the SFO. Potential future research 
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could include looking into the SFO’s interaction with endocannabinoids, which interact with 

CB1, and ligands interacting with thyroid hormone receptor α.  Given the high-throughput nature 

of calcium imaging, it may be a more appropriate tool when determining the answer to this 

question rather than using electrophysiological techniques.  

Fura-2 calcium imaging also has utility in investigating how the SFO integrates multiple 

signalling molecules simultaneously. At any given time in the physiological stasis, the SFO is 

exposed to a plethora of different signals, of which it must integrate concurrently. The SFO can 

incorporate so many signalling molecules in part because it contains distinct neural 

subpopulations with specific phenotypes and that project to different regions to elicit unique 

physiological effects (Smith & Ferguson, 2010). Using Fura-2 calcium imaging, one can identify 

which subpopulations exist. For example, our experiment confirmed the existence of a 

subpopulation of SFO neurons that respond to both ANG and CCK, ANG exclusively, and CCK 

exclusively (Figure 12). Future studies could potentially use dyes for molecular markers or real-

time PCR to better understand these subpopulation’s unique molecular phenotypes.  

Another possible method to investigate the SFO’s integrative capabilities is to incubate 

the dissociated neurons in a medium containing the potential modulatory signalling molecule, and 

then see how the SFO neurons respond to applications of another peptide. Using this setup, we 

observed that a significantly higher number of SFO neurons responded to ANG when they were 

present in a hyperglycemic environment (Figure 7), whereas glucose did not affect the proportion 

of responsive neurons to CCK (Figure 11). Fura-2 can also investigate the SFO’s integrative 

capacity through sequential applications of potentially modulatory signalling molecules. 

While it may seem self-evident, Fura-2 calcium imaging would be a preferred method 

when investigating the signal transduction and second messenger systems of SFO neurons. 

Whereas electrophysiology provides an abundance of information on what occurs at the cell 

membrane, especially in regards to properties such as capacitance, action potential frequency, and 
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ion channel dynamics, calcium imaging can help researchers elucidate what is occurring inside 

the neuron. Our results have indicated that detectable changes in [Ca2+]i may be involved in both 

excitatory and inhibitory SFO-peptide responses, which might broaden the utility for our protocol 

too.  

There are also important limitations that one must be aware of when using Fura-2 

calcium imaging. First, it needs to be acknowledged that these in vitro dissociated cell models do 

not perform entirely as they would in in vivo settings. Dissociated SFO neurons lack their 

synaptic connectivity and are transplaced in an environment which does not identically match 

their physiological state. SFO neurons also lack the general morphology of neurons in vivo, such 

as dendrites. Receptors for many signals are expressed on the dendrites, and thus these receptors 

may not be wholly present in our cell preparation. As a result, the follow up to an in vitro calcium 

imaging study should be to conduct its in vivo counterpart. Another limitation is that the sole use 

of Fura-2 calcium imaging alongside bath applications of a peptide of interest will not be able to 

distinguish the proportion of [Ca2+]i responses associated with depolarizations and 

hyperpolarizations. This information is best obtained through electrophysiological methods. 

Further, some signalling molecules which interact with the SFO may act through a cAMP-

dependent second messenger pathway, as opposed to a Ca2+ second messenger pathway. The lack 

of [Ca2+]i changes in SFO neurons does not rule out a peptide eliciting an effect.  Researchers 

looking to take advantage of Fura-2 calcium imaging’s efficiencies when investigating a peptide 

of interest should first conduct a review of that peptide’s signalling pathway to evaluate the utility 

of this technique for these circumstances.  

4.3 Physiological Implications  

Our study’s intention was to be more methodological in nature than physiological. Due to 

the sheer ubiquity of calcium use in cellular processes, it is hard to come to solid-physiological 
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conclusions without the additional use of ion channel blockers. Still, there are some interesting 

physiological observations which may be taken from our results.  

The first observation is related to ANG, glucose, and hypertension. Hyperglycemic 

glucose level was shown to significantly change the proportion of ANG-responsive SFO neurons, 

which increased from 32.8% (n = 20/61), 53.7% (n = 29/54), 69.8%  (n = 30/43), at 1, 5, and 10 

mM glucose, respectively. This increasing proportion matches electrophysiological observations 

in which the proportion of responsive neurons increased from  33.3% (n = 4/12), to 50.0% (n = 

16/32), to 73.0% (n = 8/11), at 1, 5, and 10 mM glucose, respectively (Cancelliere & Ferguson, 

2017). The reason for the increased proportion of responsive SFO neurons may be due to 

increased receptor expression. In vitro, it has been observed that AT1R mRNA expression in rat 

glomerular cells increased by 1.5X within 24 hours of incubation in high glucose (25 mM) 

conditions in comparison to normo-glucose conditions (5.8 mM; Wang et al., 2013). In cultured 

pancreatic β cells, expression of AT1R mRNA doubled when cells were incubated for 48 hours in 

Type-2 diabetic glucose (11.1 mM) conditions as opposed to normo-glucose (5.8 mM) conditions 

(Leung & Leung, 2008). Hyperglycemia and hypertension are well-known comorbidities of 

Type-2 diabetes despite the relationship between each condition being unclear. We wonder if one 

explanation to this phenomenon may be that hyperglycemic conditions upregulate AT1R 

expression at the SFO, which leads to an increased pressor effect by circulatory ANG, and 

ultimately hypertension. This theory is supported by the fact that in vivo extracellular recordings 

of SH rat SFOs showed increased neuronal firing to ANG in comparison to their NT counterparts 

(Miyakubo et al., 2002). Furthermore, ANG receptor binding to the SFO is significantly higher in 

SH rats than their NT counterparts (Gutkind et al., 1988). Future studies should examine the role 

increased AT1R expression.at the SFO may have in linking hyperglycemia and hypertension. 

The second physiological observation to note has to do with the fact that single SFO 

neurons can exhibit a variety of responses to ANG and CCK (Figure 12). This suggests that 
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perhaps we should reconsider the practice of describing them as ‘single-purpose’ signalers or 

belonging to separate homeostatic pathways. Previous studies suggest that CCK’s homeostatic 

purpose is expansive. For example, CCK2R-KO mice have increased water consumption 

compared to their normal phenotype (Weiland et al., 2004). Furthermore, I.V. administration of 

CCK in rats has been shown to increase plasma OXY levels, which in turn increases BP (Petty et 

al., 1985; Verbalis et al., 1986; Wisniewska, 1997). Assuming these cardiovascular-related 

effects stem from CCK’s interaction with the SFO and remembering that ANG’s interaction with 

the SFO leads to increased release of VP and OXY (Lang et al., 1981; Mangiapane et al., 1984), 

we can hypothesize the role of Double-R SFO neurons. These Double-Rs may be the 

subpopulation of neurons that project specifically to VP and OXY, producing magnocellular 

neurons in the PVN (Lind et al., 1982; Miselis, 1982). CCK and ANG may work cohesively in 

triggering the release of circulatory VP and OXY, which elicit its pressor effects via 

vasoconstriction, natriuresis, and antidiuresis (Ferguson & Kasting, 1986). As for CCK-XR cells, 

considering CCK’s well-established role in decreasing food intake, this subpopulation may 

belong to the group that projects to hypothalamic energy balance regions such as the LH and 

orexigenic AGRP/NPY neurons in the ARC to exert its effects (Gruber et al., 1987; Tanaka & 

Seto, 1988). Finally, ANG-XR neurons may belong to the subpopulation that projects onto 

parvocellular neurons in the PVN which in turn project to the sympathetic preganglionic neurons 

in the IML of the spinal cord (Bains & Ferguson, 1995; Sly et al., 1999). Activation of this circuit 

can cause vasoconstriction, increased heart rate via the SA node, natriuresis, and antidiuresis, all 

leading to an overall pressor effect (Porter & Brody, 1985; Stauss et al., 1997).  
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