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Abstract 

 In order to maintain homeostasis, the central nervous system (CNS) must monitor and integrate  

signaling molecules such as peptides and hormones that convey information regarding reproductive, 

metabolic, and cardiovascular status (to name a few) of the organism. Many of these signals are located in 

circulation and are incapable of crossing the blood brain barrier (BBB), the protective structure 

surrounding the CNS. Circumventricular organs (CVOs) are specialized structures that lack a BBB and 

therefore provide a route through which these peripheral signals may access the CNS. This study focuses 

on the subfornical organ (SFO), a forebrain sensory CVO, and its ability to respond to three different 

signals, prolactin (PRL), alpha-melanocyte stimulating hormone (α-MSH) and brain derived neurotrophic 

factor (BDNF), which are involved in the regulation of reproductive, metabolic, and cardiovascular status, 

respectively. Using whole-cell and perforated patch-clamp recordings, all three peptides were found to 

influence the excitability of dissociated SFO neurons. Of the 9 neurons that responded to 1 µM PRL, 55% 

depolarized (mean: 13.6 ± 5.0 mV, n=5) and 45% hyperpolarized (mean:-8.4 ± 2.1 mV, n=4). Similar to 

this, 10 of the neurons perfused with 250 nM α-MSH responded by either depolarizing (50%, mean: 14.9 

± 5.6 mV, n=5) or hyperpolarizing (50%, mean: -11.0 ± 0.7 mV, n=5). Both response types were also 

observed in response to 1 nM BDNF as 69% of the 16 responders depolarized (mean: 15.4 ± 2.4 mV, 

n=11) and 31% hyperpolarized (mean: -12.1 ± 2.0 mV, n=5). A non-selective cation channel potentially 

mediates the depolarizing response of all three peptides, as suggested by comparing extrapolated reversal 

potentials for each (PRL: -61.7 mV, α-MSH –55.4 mV, BDNF: -53.3 mV). Additionally, some SFO 

neurons (12%) were capable of responding to both BDNF and α-MSH. This study is the first to 

demonstrate electrophysiological consequences of PRL, α-MSH, and BDNF on the excitability of SFO 

neurons, effects which provide a point at which these peptides could potentially access the CNS from the 

circulation. Given its numerous efferent projections to autonomic control centers of the CNS involved in 

reproductive, metabolic, and cardiovascular function, our data suggest the SFO is an important site of 

integration and information relay for these peptides.  
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Chapter 1 

Introduction 

A healthy, optimally functional body is one that is capable of preserving an ideal internal 

environment despite the challenge of a constantly changing external world. Homeostasis, in other words, 

is when physiological parameters are maintained within an appropriate range, but permitted to fluctuate 

within that range in order to sustain the integrity and optimal function of physiological systems in the face 

of environmental changes (Cannon W.B, 1932). These changes are monitored by the central nervous 

system (CNS), which is well accepted as the “command center” of the body, being the system that not 

only collects and integrates critical autonomic information coming from either the internal or external 

environment of the organism, but also initiates appropriate physiological responses (Purves et al., 2008). 

Physiological events  , such as reproduction, cardiovascular and fluid regulation, as well as metabolism, 

are subject to regulatory feedback control systems, which require the ability of autonomic control centers 

within the CNS to detect a variety of signals indicating the state of the system (as reviewed by Ramsay & 

Woods, 2014).  Information regarding these autonomic systems comes from a variety of sensors including 

thermoreceptors, baroreceptors, chemoreceptors, as well as those monitoring fluid volume, metabolic 

state, and immune status. Additionally, changes to these variables will induce the release of molecules 

secreted from one cell such as amino acids, peptides, gases and larger macromolecules to influence the 

function of another. These signaling molecules are delivered to their site of action by the blood 

(hormones), synaptic terminals (neurotransmitters), or local mechanisms (paracrine) (Sherwood, 2008). 

These molecules thus add to the wide range of signals providing information to the CNS regarding the 

homeostatic state. Neuronal systems (autonomic control centers) within the CNS detect these molecules 

and adjust physiological systems of the body accordingly in order to maintain the critical “milieu 

interieur” of a well-regulated homeostatic system. 
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Accessing the CNS 

Importantly, many of these signaling molecules which originate in the periphery and play 

important roles in providing feedback to central autonomic control centers are large and/or lipophobic and 

thus do not readily cross the blood brain barrier (BBB), an endothelial/glial cell barrier separating the 

CNS from the periphery. The BBB is comprised of four components: the endothelial cells of the 

capillaries (this layer “faces” the interstitial fluid), the epithelial cells of the choroid plexus, the arachnoid 

epithelium (an avascular layer of cells surrounding the CNS), as well as the processes of the astroglial 

cells (Dempsey and Wislocki, 1955) (Smith & Ferguson, 2010). These cells are connected via tight 

junctions, and express transporters for specific molecules, both of which allow the BBB to fulfill its 

function of selectively excluding macromolecules and polar solutes (Brightman and Reese, 1969) (Abbott 

et al., 2006).  

In view of this lack of permeability, CNS structures protected by the BBB are unable to detect 

critical signaling molecules in the general circulation which do not readily diffuse across the barrier or 

possess specific transporter molecules, as mentioned above. How then does the CNS manage to interpret 

the information provided by the peripheral systems of the body? A number of different mechanisms for 

communication between the periphery and CNS have been suggested. Some signaling molecules (e.g. 

angiotensin II (ANG)), impact CNS function through receptors on the luminal side of the vasculature, 

which induce the release of a secondary messenger (nitric oxide) inside the BBB, permitting the 

information to be transmitted across the BBB (Paton et al., 2007).  Other peripheral circulating signals 

have been shown to access the CNS through the activation of vagal afferents as is the case for the satiety 

signals cholecystokinin (CCK) and ghrelin (Smith & Gibbs, 1985;Date, 2012). Other groups of 

circulating signaling molecules (e.g. delta sleep-inducing peptide, CINC1) (Kasting & Martin, 1982;Pan 

& Kastin, 2001) are capable of crossing directly from the peripheral circulation into the CNS through 

mechanisms such as diffusion, although such diffusion only allows small, non-polar or lipophilic 

molecules to cross this CNS barrier (Banks, 2009). Finally, in some cases, saturable transporters for larger 
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lipophobic substances (e.g., insulin, leptin) have been identified (Banks et al., 1996;Baura et al., 1993), 

although their physiological functions are poorly understood. While the mechanisms discussed above do 

highlight some potential routes by which information may access the CNS, it should be emphasized that 

the BBB remains impermeable to the majority of signaling molecules found in circulation. Thus, the 

question as to how the CNS is able to detect these circulating signals remains. 

Circumventricular organs 

One solution to this apparent dilemma presents itself in the form of the circumventricular organs 

(CVOs) of the brain. These specialized structures are highly vascularized areas of the brain whose 

capillaries do not contain the tight junctions of the BBB, but are instead fenestrated, meaning that gaps 

exist between the endothelial cells leading to the formation of Virchow-Robin Spaces (Broadwell and 

Sofroniew, 1993) (Price et al., 2008). This characteristic allows circulating blood containing large 

lipophobic signals to enter and pool in the CVOs, facilitating free exchange between the blood and 

nervous tissue of the body. The CVOs can be primarily classified as either secretory (neurohypophysis, 

median eminence, intermediate lobe, and pineal gland), or sensory (area postrema (AP), organum 

vasculosum of the lamina terminalis (OVLT) and subfornical organ (SFO)(Cottrell & Ferguson, 

2004;Siso et al., 2010).  

The sensory CVOs are, in many ways, contrasting structures to the secretory CVOs in that their 

apparent primary function is to detect, rather than release, signals at the blood-brain interface (Cottrell & 

Ferguson, 2004). The three sensory CVOs are: the area postrema, located in the hindbrain, and the 

organum vasculosum of the lamina terminalis OVLT and subfornical organ, both located in the forebrain. 

They are characterized by high expression levels of a variety of receptors and their resulting ability to 

integrate a multitude of signals (Mimee et al., 2013;Fry & Ferguson, 2007). Another defining 

characteristic of these areas is the minimal afferent input they seem to receive relative to their extensive 

neural outputs (Johnson & Gross, 1993). Additionally, most of the afferent input received by these 

sensory CVOs seems to come from the very structures onto which they project, indicating the possibility 
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of reciprocal communication between the sensory CVOs and the other structures. The sensory CVOs are 

primarily known for their involvement in cardiovascular regulation and fluid balance; however, these 

structures have also been shown to be involved in the regulation of other processes such as energy 

balance, reproduction, and the immune response (Donevan et al., 1989;Baraboi et al., 2010b;Smith et al., 

2010;Lee et al., 1998;Baraboi et al., 2010a;). 

Subfornical organ 

The subfornical organ (SFO), is a highly vascularized, translucent midline structure protruding 

from the rostral wall of the third ventricle in the dorsal region of the lamina terminalis (Akert et al. 1961) 

(McKinley et al., 1996). It lies between the columns of the fornix, is found immediately ventral to the 

hippocampal commissure, and consists of a ventral stalk and dorsal crest, which connects to the median 

preoptic nucleus and the tela choroidea of the third ventricle, respectively (McKinley et al., 2003). The 

rich capillary network that surrounds the SFO is formed by an anastomosis between branches of the 

anterior cerebral artery and the posterior choroidal artery (Polzovic et al., 1994). Histologically, the SFO 

can be divided into three distinct areas based on morphology; the largest core region is exclusively 

composed of neuronal cell bodies and glial cells; while the rostral and caudal regions surround the core, 

and contain very few neurons and glial cells, consisting mainly of nerve fibers (Dellmann & Simpson, 

1979).  

The major contributions to the current understanding of the SFO’s neurocircuitry can be 

attributed to the comprehensive studies by the labs of Hernesniemi, Miselis, and Lind. The earlier studies 

used lesion techniques and Golgi staining methods (Hernesniemi et al., 1972), and the latter used 

horseradish peroxidase injections to follow anterograde and retrograde transport of labeled proteins 

through axons (Miselis, 1981;Miselis, 1982;Lind et al., 1982) while electrophysiological studies have 

more recently described the functional nature of many of these connections (Ferguson & Bains, 

1996;Bains & Ferguson, 1995).  
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The major efferent connections of the SFO can be grouped into two general areas: 

 The neuroendocrine and autonomic control centers of the hypothalamus  

Direct (monosynaptic) and indirect (polysynaptic) efferent projections terminate in the anterior 

and tuberal supraoptic nuclei (SONa and SONt), and the paraventricular nucleus (PVN) including its 

rostral accessory cluster, respectively (Tanaka et al., 1985;Miselis, 1981;Gutman et al., 1986). 

Electrophysiology studies have demonstrated excitatory SFO projections to vasopressin- and oxytocin-

secreting magnocellular neurons in the SON and PVN, as well as in parvocellular areas of the PVN, 

which, in turn, project either to the median eminence, the medulla, or the spinal cord (Kawano & Masuko, 

2010;Sgro et al., 1984;Ono et al., 1978;Saper et al., 1976). Many efferent fibers to the hypothalamus 

emerge from the rostral SFO and enter the columns of the fornix, diverge with the ventral stria medullari 

to disperse medially and laterally over the columns of the fornix and along their dorsal border at the 

anterior dorsal level of the columns trajectory through the hypothalamus (Lind et al., 1982). 

 The anteroventral third ventricular (AV3V) area  

The AV3V area includes the median preoptic nucleus (MnPO), the anterior periventricular (Pe) 

area of the hypothalamus, and the organum vasculosum of the lamina terminalis (OVLT). The majority of 

efferent fibers to the AV3V area 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). 

It is important to note that dendritic trees of SFO neurons are relatively compact and the extent of 

afferent connectivity is not nearly as elaborate as the efferents (Dellmann & Simpson, 1979) although 

available neuroanatomical studies do suggest that there is reciprocal afferent input to the SFO from many 

of the brain regions listed above which receive efferent projections (Lind et al., 1982;Hernesniemi et al., 

1972). Collectively, these connectivity studies support the notion that the primary afferent information to 

the SFO is received from signals in the peripheral circulation as opposed to signals from other brain 

regions.  
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The fenestrated capillaries, high expression of various receptors, and extensive efferent 

projections to all of the critical hypothalamic autonomic control centers are each characteristics that 

ideally position the SFO as a specialized site for the integration of peripheral information. Although 

traditionally the SFO was thought to primarily be a center for the regulation of fluid balance (Buggy et 

al., 1975), it has, over the past 20 years, been suggested to be involved in the feedback control 

mechanisms regulating additional physiological systems including temperature and immune response 

(Trott & Harrison, 2014)(Desson & Ferguson, 2003)(Takahashi et al., 1997), energy balance (Mimee et 

al., 2013; Smith et al., 2009) and reproduction (Summy-Long & Kadekaro, 2001). The following sections 

will explore the various physiological roles of the SFO in the regulation of: cardiovascular and fluid 

balance control, reproduction, and metabolism.  

 SFO roles in cardiovascular and fluid balance regulation 

 Cardiovascular function and fluid balance are systems, the homeostatic regulation of which are so 

clearly integrated, that it perhaps serves no function to attempt to separate them. They are also the 

functions in which the SFO is traditionally known to be involved, and thus it is in this area that many of 

the initial discoveries regarding SFO functions were made. It is now well established that activation of 

SFO neurons causes rapid increases in blood pressure (Ferguson & Renaud, 1984), actions which are a 

consequence of sympathetic activation (Wei et al., 2015) and vasopressin release (Ferguson & Kasting, 

1986), the latter regulating vasoconstriction and water retention by the kidneys (as reviewed by den 

Ouden & Meinders, 2005). SFO stimulation also induces drinking (Smith et al., 1995). The 

cardiovascular and fluid balance systems are dependent on appropriate balance of osmolarity, fluid 

volume and electrolytes in combination with cardiac output and vascular tone, all of which are regulated 

by a combination of AP, OVLT and SFO efferents (Cottrell & Ferguson, 2004). Many circulating signals 

provide information regarding the integrated cardiovascular and fluid balance status of an individual 

(Ufnal & Skrzypecki, 2014), and a number of these are known to be monitored by specific neurons in the 

SFO, some of which will be discussed below.  
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ANG, a peptide hormone whose circulating concentrations are regulated by blood pressure (BP) 

and blood Na+ concentration, does not cross the BBB (Biancardi et al., 2014). Despite this fact, 

circulating ANG very clearly exerts effects on autonomic output through actions of the CNS, causing 

vasoconstriction, water intake, vasopressin and adrenocotropic hormone (ACTH) secretion, all of which 

contribute to an increase in BP (Biancardi & Stern, 2015). The SFO expresses high levels of the ANG 

receptor, AT1 (Gehlert et al., 1990), and single neuron recordings have clearly demonstrated that ANG 

excites the majority of SFO neurons (Felix & Akert, 1974). In vivo experiments have shown that direct 

microinjection of ANG into the SFO results in increases in BP (Ku et al., 1999), while the effects of 

circulating ANG on drinking, BP, and hormone release are all abolished by lesion of the SFO (Buggy & 

Fisher, 1976). In vivo extracellular recordings, have shown that peripheral administration of ANG 

increases the firing rate in about half of the SFO neurons that were recorded, and also identified PVN and 

SON as efferent projection sites of 38% and 36% of these responsive neurons (Gutman et al., 1986).  

Many other circulating peptides known to play critical roles in the regulation of BP and body 

fluids have also been shown to act in the SFO. Endothelin, when microinjected into the SFO, causes 

increased BP in rats (Wall et al., 1992), and increases the activity of SFO neurons that project to 

vasopressin- and oxytocin-secreting neurons in the PVN (Rossi & Maliszewska-Scislo, 2008). Atrial 

natriuretic peptide excites SFO neurons (Saavedra et al., 1987;Brown & Czarnecki, 1990) and, 

interestingly, antagonizes ANG-induced vasopressin release when pre-injected into the SFO (Steardo et 

al., 1994), reducing the magnitude of the ANG induced pressor effect. Vasopressin is yet another peptide 

with a demonstrated influence on SFO neuron excitability (Washburn et al., 1999;Bishop & Hay, 1993). 

Additionally, Smith and Ferguson (1997) have shown that microinjection of this peptide into the SFO 

decreases BP, and so this CVO may be involved in mediating vasopressin feedback.   

SFO neurons are intrinsically osmosensitive (Sibbald et al., 1988;Anderson et al., 2000) and thus 

represent a central site at which changes in circulating osmolarity can act to regulate the complex circuitry 

controlling integrated cardiovascular and fluid regulation. SFO neurons can sense calcium through the 
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calcium sensing receptor (Washburn et al., 1999), while increased calcium concentration induces elevated 

BP (Aoki & Miyagawa, 1990). SFO neurons are also sodium sensors, a property associated with the high 

levels of expression of the NaX channel in this CVO, dysfunction of which has been shown to result in 

hypernatremia in humans (Hiyama et al., 2004;Hiyama et al., 2010). 

As previously mentioned, the SFO plays important roles in the regulation of drinking behavior, 

and is believed to play critical roles in physiological response to dehydration. A comprehensive study of 

the entire rat SFO transcriptome carried out by Hindmarch et al. (2008) used microarray technology to 

examine changes in gene expression in the SFOs in normal, food deprived or dehydrated conditions. Of 

the 17,293 genes found to be present in the SFO under control conditions only 46 showed greater than 2 

fold changes in gene expression following 72 hours of fluid deprivation (Figure 1). The more than five-

fold increase in expression of the brain derived neurotrophic factor (BDNF) gene was the greatest change 

in expression induced by the fluid deprivation treatment, and suggests an important role for the 

neurotrophin in the response to this physiological challenge in the SFO.  
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Figure 1: Microarray data on mRNA expression in dehydrated, starved and control 

rat SFO                                                                                                 Level of mRNA 

expression of genes detected through microarray analysis in the subfornical organ of rats exposed 

to either control, dehydrated, or starved treatments. The dehydrated treatment induced a 5-fold 

increase in BDNF mRNA expression in the SFO relative to control (modified from Hindmarch et 

al. 2008). 
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Brain Derived Neurotrophic Factor  

 BDNF is a member of the neurotrophin family, which includes nerve growth factor, along with 

neurotrophins 3, 4, 5, and 6. (Noble et al., 2011). BDNF in particular is traditionally known for its actions 

in neural plasticity and growth, and is cleaved from a 32-kDa pro-isoform (proBDNF) which is secreted 

and binds to the p75 neurotrophin receptor (Lu et al., 2005). Interestingly, proBDNF can have opposing 

effects to those of the mature BDNF by promoting cell death (Lee et al., 2001b). proBDNF is processed 

by furin and other proconvertases to yield mature BDNF, (Seidah et al., 1996) which  preferentially binds 

to the tyrosine receptor kinase B (TrkB) receptor with high affinity (Barbacid, 1994), but is also capable 

of binding the p75 receptor (Chao & Hempstead, 1995).  

 TrkB is a type I transmembrane protein, meaning it is a single-pass molecule whose N-terminal is 

exposed to the extracellular side of the membrane. Upon binding with its ligand, the intracellular domain 

of TrkB undergoes auto-phosphorylation (McCarty & Feinstein, 1998). This process then leads to the 

activation of different signaling pathways including: Ras, Rac, PI3-kinase, and PLC-γ1, which ultimately 

result in the mobilization of downstream protein kinsases (Reichardt, 2006).  

 BDNF is abundantly expressed in both the CNS, in areas such as the hypothalamus, thalamus, 

and hippocampus, as well as in peripheral tissue such as the liver, adipose tissue, and musculature (Noble 

et al., 2011). Addtionally, BDNF concentrations in the blood are correlated with levels found in the brain 

(Klein et al. 2011) it is found in circulation  It was first identified in 1982 in pig brain, and was noted for 

its promotion of both survival and growth of cultured embryonic neurons of chicks (Barde et al., 1982). 

This neurotrophic factor has since been found to be involved in many processes related to memory and 

learning (Tyler et al., 2002). However, BDNF has more recently also been suggested to play important 

roles in the regulation of other physiological processes including energy balance (Noble et al., 2011), 

cardiovascular regulation (Choe et al., 2015), and fluid balance (Arancibia et al., 2007). 

 The first evidence suggesting BDNF involvement in the regulation of energy balance came from 

studies showing that central injections of this neurotrophin in mice suppressed appetite and induced 
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weight loss (Pelleymounter et al. 1995). BDNF microinjections into the PVN were later shown to also 

increase energy expenditure apparently as a consequence of increasing basal metabolic rate (Wang et al., 

2007). Additionally, Kernie et al. found that mice heterozygous for the BDNF gene are at a much higher 

risk of developing the obese phenotype compared to their wild type counterparts (Kernie et al., 2000). 

These effects on total energy balance are mediated, at least in part, by the TrkB receptor which, when 

under-expressed (about ¼ the amount found in wild types), causes hyperphagia and induces obesity 

(Kernie et al., 2000). Interestingly, this phenotype is comparable to that of the melanocortin 4 receptor 

(MC4R) knockdown, which can be rescued with BDNF infusion (Xu et al., 2003).  Finally, peripheral 

injections of BDNF not only reduce body weight gain in leptin receptor deficient mice, but also result in 

decreased plasma glucose concentrations (Yamanaka et al., 2007a).  

 BDNF has been linked to cardiovascular function, particularly vascular tone. For instance: 

Injection of BDNF into the rostral ventrolateral medulla, a barosenstive area of the hindbrain, increases 

BP (Wang & Zhou, 2002). Additionally, microinjection of this neurotrophic factor into the PVN increases 

BP seemingly through the modulation of ANG II signaling (Erdos et al., 2015). BDNF has also been 

shown to be a component in the KCC2 down-regulation that ultimately results in high salt-induced 

hypertension (Choe et al., 2015).  

 BDNF also appears to also play a role in fluid balance, as Arancibia et al. (2007) have 

demonstrated that BDNF secretion from the SON is increased following osmotic stress presented in the 

form of hyperosmotic solution. Furthermore, Saito et al. (2003) demonstrated that the expression of 

BDNF mRNA in SFO is significantly increased when rats were either water deprived or chronically salt 

loaded. Collectively, these data support the hypothesis that BDNF plays important roles in regulation of 

the integrated functional roles of the SFO, although the cellular mechanisms underlying such action 

remain to be established.  
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  SFO roles in reproduction  

The SFO has also been shown to play roles in the regulation of reproductive function, presumably 

again as a consequence of its ability to detect reproductive hormones in the circulation, thus closing the 

loops in critical feedback control circuitry. Destruction of the SFO causes both a disruption in the 

secretion of reproductive hormones, specifically the proestrous follicle stimulating hormone (FSH) surge, 

and perhaps more importantly blocks normal estrous cyclicity in 50% of animals (Limonta et al., 1981). 

SFO neurons have been shown to be responsive to several molecules involved in reproductive function: 

oxytocin, for instance, has been shown to influence SFO neuron activity (Hosono et al., 1999). Relaxin, a 

reproductive hormone present in high concentrations in the circulation during pregnancy (Winn et al., 

1994), influences the activity of SFO neurons (Sunn et al., 2002) and modulates the duration of gestation 

in rats via actions at the SFO (Summerlee & Wilson, 1994). Estrogen receptors have also been localized 

in the SFO (Rosas-Arellano et al., 1999), and this steroid alters the excitability of SFO neurons (Shughrue 

et al., 1997).  

Recent work describing expression of the receptor for the reproductive hormone prolactin (PRL) 

in the CNS (Brown et al., 2010), although not focused on the SFO, suggests the presence of these 

receptors in the SFO (p-STAT5 expression in response to PRL) (Grattan et al Personal Communication), 

a suggestion supported by our own microarray analysis (Hindmarch et al., 2008)(Figure 2). Collectively, 

these data support important roles for this sensory CVO in the regulation and integration of reproductive 

function with other homeostatic variables, and raise the possibility that the reproductive hormone PRL 

may play significant roles in controlling SFO neurons.  
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Figure 2: Microarray data on mRNA expression in the SFO 

Relative mRNA expression of reported (grey) and novel (black) genes in the SFO. The Prolactin Receptor 

is expressed at a level comparable to that of the angiotensin II receptor, AT1, which has known actions at 

the SFO (modified from Hindmarch et al. 2008) 
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 Prolactin 

Prolactin (PRL) is an anterior pituitary hormone primarily known for its role in reproduction 

(Freeman et al., 2000). It is a hormone found to be highly conserved in vertebrates, and despite having 

varying functions across animal classes, it seems to play an important role in the post-mating phase of 

reproduction (Bole-Feysot et al., 1998). The PRL gene shares a similar sequence to that of another 

pituitary hormone, growth hormone (GH), and some structural similarities could account for their 

comparable biological properties (Niall et al., 1971).  

PRL acts at the prolactin receptor (PRLR), a member of the cytokine receptor superfamily, which 

means it is also closely related to the GH receptor (Boutin et al., 1988). It is a single-pass transmembrane 

protein that dimerizes following PRL binding, adopting its active form (Bole-Feysot et al., 1998). This 

induces JAK2 association with the membrane-proximal region of PRLR, which provides the catalytic 

kinase activity that type 1 cytokine receptors lack, phosphorylating tyrosine (Lebrun et al., 1995;Freeman 

et al., 2000). This step then permits STAT5 to attach itself to the receptor complex and in turn become 

phosphorylated, at which point pSTAT5 relocates to the nucleus in order to induce the expression of 

certain genes (Jabbour et al., 1998). As a result, pSTAT5 staining is often used as an indicator of PRLR 

activation (Jabbour et al., 1998;Nevalainen et al., 2002). Recent studies have demonstrated that PRL may 

also exert some influence through acute electrical actions in neurons of certain phenotypes (Brown et al., 

2012). 

 Although primarily identified for its role inducing milk ejection during lactation (McNeilly & 

McNeilly, 1978), PRL has since been assigned over 300 other functions in vertebrates, including many 

related to metabolic regulation (Bole-Feysot et al., 1998;Ben-Jonathan et al., 2006). This is not 

surprising, as proper energy stores are required for efficient reproductive function.  Studies have 

demonstrated that PRL increases food consumption (Byatt et al., 1993;Moore et al., 1986;Sauve & 

Woodside, 2000), and that excess serum PRL levels are often seen in overweight humans (Greenman et 

al., 1998). Furthermore, prolactin receptor deficient mice are shown to be resistant to a high fat diet 
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(Auffret et al., 2012).  These data support the hypothesis that PRL may act at the SFO to influence 

integrated physiological functions.  

 SFO roles in metabolism and energy homeostasis 

Before, after, and between meals exists a complex system of hormonal signaling which aids in the 

digestion and regulation of food intake and metabolism. Production and secretion of various blood-borne 

peptides are stimulated by specific physiological events or conditions, each of which has the potential to 

be influenced by the physiological state. Interestingly, in addition to their unique roles in digestion and 

energy metabolism, these blood borne peptides all possess the ability to act as hunger or satiety signals in 

the central nervous system. They can be simplistically categorized as either orexigenic- causing a 

sensation of hunger and promoting food intake (only known gastrointestinal peptide to date is ghrelin), or 

anorexigenic- causing a sensation of satiety and inhibiting food intake (eg. CCK, glucagon-like peptide-1, 

peptide YY (PYY) adiponectin, and leptin). However, due to the lipophobic nature of these peripheral 

signals, they are unable to diffuse across the BBB and therefore alternative methods through which they 

communicate with the brain have been proposed, one being by actions in the sensory CVOs.  

Over the past few decades there has been growing evidence to support the idea that sensory 

CVOs, initially the AP and more recently the SFO, are involved in the neural circuitry underlying hunger 

and satiation, specifically by acting as integrative ‘gate keepers’ which sense various metabolic hormones 

and transmit the information to areas of the hypothalamus and brainstem (Hoyda et al., 2009;Fry & 

Ferguson, 2007;Mimee et al., 2013;Smith et al., 2009). 

The presence of receptors in the SFO for many gastrointestinal hormones involved in energy 

homeostasis has been confirmed using various scientific approaches including immunostaining, in situ 

hybridization, as well as pharmacological approaches. The SFO can sense and respond to many different 

metabolic signals, including anorectic signals such as CCK (Ahmed et al., 2014), amylin (Riediger et al., 

1999) and leptin (Smith et al., 2009). Similarly, the only known gut-derived orexigenic hormone, ghrelin, 

also influences SFO neurons, intriguingly a separate population to those affected by amylin, a satiety 
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agent (Pulman et al., 2006). The adipose tissue-derived cytokine adiponectin also influences SFO 

neurons, but in this case actions are dependent on the metabolic status of the animal from which the 

neurons were derived, with depolarizing effects observed in food-deprived animals while hyperpolarizing 

and depolarizing actions are seen in ad lib fed animals (Alim et al., 2010). Not unexpectedly, glucose is 

also a signal of energy status, as certain SFO neurons are either excited or inhibited by increased glucose 

concentrations (Medeiros et al., 2012). 

Behavioral studies have also demonstrated critical roles for the SFO and AP in regulation of 

energy balance. Baraboi et al. (2010a) have demonstrated, using in vivo approaches, that the anorectic 

effects of peripherally administered PYY are delayed when both SFO and AP are destroyed. In addition, 

while lesion of the SFO or AP alone does not have major effects on body weight, combined lesions of 

SFO and AP cause long lasting reductions in body weight (Baraboi et al., 2010b). Finally, electrical 

activation of SFO neurons in satiated rats induces feeding as well as drinking (Smith et al., 2010). 

Collectively, these data support the conclusion that the SFO, through its connections to the brainstem and 

hypothalamus, plays an important role in central nervous system control of energy homeostasis as 

components of an integrated network.  

Circulating satiety and adipostatic signals act on both peripheral tissue and at the level of the 

CNS. Intriguingly, Trivedi et al. have reported that systemic administration of a melanocortin receptor 

agonist, melanotan-II (MT-II), inhibits feeding in rats, while autoradiography shows extensive binding of 

labelled MT-II in the SFO (Trivedi et al., 2003)(Figure 3). These effects are likely mediated by binding of 

MT-II to the MC4R as mRNA for this receptor has also been detected in the SFO (Kishi et al., 2003). 

Collectively, these data suggest that the SFO is an important CNS site at which circulating melanocortins 

may act to influence central pathway regulating energy balance. 
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Figure 3: Autoradiographic image of the third ventricle following MT-II exposure                                                                                                                     
The labelled form of the α-MSH synthetic analogue, 125I-MT-II, binds in the SFO when applied in 

vitro (top panel) and when injected peripherally in vivo (bottom panel) (modified from Trivedi et al. 

2003). 
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 Alpha-melanocyte stimulating hormone 

The melanocortins are well established as critical chemical messengers in the central regulation 

of energy balance.  Alpha-melanocyte stimulating hormone (α-MSH) is a polypeptide composed of the 

first 13 residues of adrenocortropic hormone (ACTH) (Harris and Lerner 1957), and it is synthesized from 

the pluripotent precursor hormone proopiomelanocortin (POMC)(Chretien and Seda 1981). It was first 

isolated in hog and ox pituitary glands (Lee and Lerner 1956, Lee 1958) and later in the pituitaries of 

several other mammalian species including humans (Li et al. 1975, Lee et al. 1961, Lee et al. 1963, Lo et 

al. 1961), displaying the same structure in each species. α-MSH is produced by proopiomelanocortin-

synthesizing neurons (POMC neurons), and in the CNS these are located in the arcuate nucleus (ARC) 

(Dube et. al. 1978, Desy and Pelletier 1978) as well as the nucleus of the solitary tract (NTS) (Joseph et 

al. 1983, Palkovitz et al. 1987, Willesen et al. 1999). It has many identified physiological functions, 

ranging from pigmentation, memory, endocrine release, and of most relevance to this study, energy 

regulation (Thody, 1999;Datta & King, 1982;Joly-Amado et al., 2014).  

The actions α-MSH in melanocortin pathways in the CNS occur as a consequence of activity at 

two of the melanocortin receptors, MC3R and MC4R. These are both G-protein coupled receptors, the 

activation of which increases cellular cyclic adenosine monophosphate (cAMP) concentrations, 

subsequently enhancing PKA activity (Breit, et al. 2011). These receptors are highly expressed in the 

mammalian brain (Mountjoy et al. 1994), particularly MC4R, which has been identified as the primary α-

MSH receptor involved in the central regulation of energy homeostasis.   

The interaction between α-MSH and MC4R has proven to be a critical component in the CNS 

pathway involved in the regulation of energy balance (for review see Cone, 2005;Garfield et al., 2009). 

Experiments in which POMC or MC4R knockout mice were created provided compelling evidence for 

the involvement of α-MSH in modulation of energy and satiety signals, as both knockouts developed an 

obese phenotype within weeks of birth (Butler and Cone, 2002). Intracerebroventricular (icv) injection of 

MT-II decreased feeding behavior, increased metabolic rate, and decreased serum insulin levels in wild-
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type mice, while a potent antagonist of MC4R and MC3R, SHU9119, had the opposite effects (Fan et al. 

1997, Chen et al. 2000, Huszar et al. 1997). However, M-TII induced no change in weight or feeding 

behavior of MC4R knockout animals (Chen et al. 2000), further supporting the notion that MC4R is the 

primary receptor through which α-MSH exerts its influence over metabolic homeostasis.  

Despite the clear influence of α-MSH on energy homeostasis, most of the studies to date have 

focused on the role of centrally derived α-MSH, as a result, the role of circulating melanocortins remains 

poorly understood. However, detectable levels of α-MSH in circulation have been confirmed (Penny and 

Thody, 1987) and weight loss has been reported in POMC-deficient mice following daily intraperitoneal 

injections of α-MSH (Yaswen et al. 1999). Hoggard et al. (2004a,b) have shown that increasing peripheral 

α-MSH in mice increases metabolic rate  and reduces leptin secretion from adipocytes. Finally, in obese 

mice of the diet induced obesity (DIO) model, peripheral administration of MT-II causes reductions in 

feeding and weight, and these anorectic effect appears to be long-term (Pierroz et al. 2002). 

Studies on peripheral α-MSH have also been performed on human subjects. While Hoggard et al. 

(2004b) found that obese male adults had higher serum levels of α-MSH than their lean counterparts, 

these levels did not change with short-term changes in energy status while other studies in adults found no 

changes in serum α-MSH in correlation with body mass (Gavrilla et al. 2005). Conversely, obese children 

who successfully reduced their body mass over a year by following a weight loss program had increased 

blood plasma α-MSH levels compared to obese children who had not responded to the weight loss 

training (Roth et al. 2010). Finally, Katsuki et al. (2000) identified a correlation between visceral fat area 

and circulating α-MSH concentrations in lean and obese men (Katsuki et al., 2000). These studies 

highlight the lack of current knowledge on the role of peripheral α-MSH on metabolism, but the data 

certainly suggest that peripheral α-MSH plays a role in long-term energy homeostasis and that α-MSH 

concentrations in the peripheral circulation vary with longer-term changes in energy status.  
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 Aim of this Study 

This thesis investigates the ability of three circulating signals (PRL, α-MSH, and BDNF) that are 

involved in three different physiological systems to interact with SFO neurons. Because of the evidence 

presented above for activity of these peptides at their respective receptors in the SFO, we hypothesized 

the SFO could be a common site at which these three signals might carry out their actions. Additionally, 

the SFO is ideally poised at the interface between the CNS and the circulatory system. Its ability to not 

only detect circulating signals that influence the autonomic control centers of the CNS, but to also convey 

information derived from these signals to critical autonomic control centers protected by the BBB  

uniquely position this CNS structure as an integrative center at the blood brain interface.  

The studies described in this thesis were designed to test the following hypotheses: 

1. Prolactin influences the excitability of SFO neurons 

2. α-melanocyte stimulating hormone influences the excitability of SFO neurons  

3. Brain derived neurotrophic factor influences the excitability of SFO neurons  

4. Single SFO neurons are influenced by multiple signaling molecules.  
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Chapter 2 

Materials and Methods 

 Animals 

 Male Sprague-Dawley rats, aged 21-35 days, were obtained from Charles River (PQ), kept 3 per 

cage, were provided free access to food and water and maintained on a 12/12 light/dark cycle. All animal 

procedures were approved by the Queen’s University Animal Care Committee and are in accordance with 

the guidelines of the Canadian Council on Animal Care. 

 Cell culture preparation 

 Rats were first anaesthetized by inhalation of isoflurane in a bell chamber and then decapitated 

using a guillotine. The brain was removed from the skull and immediately placed on frozen artificial 

cerebral spinal fluid (aCSF) which measured 280–300 mOsm, had a pH of 7.2 (adjusted using NaOH) and 

contained (in mM): NaCl (124), KCl (2.5), KH2PO4 (1.24), CaCl2 (2.27), MgSO4 (1.3), NaHCO3 (19) and 

glucose (10). A tissue chunk containing SFO and the surrounding hippocampal commissure was quickly 

dissected and bathed in aCSF and the SFO was microdissected away from all surrounding tissue and 

placed in a Hibernate-A solution (Gibco) that has been supplemented with B27 (Invitrogen, Burlington, 

ON, Canada). The isolated SFO tissue from 3 rats was then combined and placed in 5 ml of hibernate 

media (Brain Bits, Springfield, IL, USA) containing 2 mg/ml papain (Worthington Biochemical, 

Lakewood, NJ, USA) and left in a water bath for 30 mins at 31°C. The papain solution was then removed 

and the tissue was subsequently washed with hibernate 3 times. The tissue was then triturated 3 times 

with hibernate in order to gently dissociate neurons from surrounding connective tissue. After each 

trituration, the cells were removed from the tube and placed in a new tube. Once the cells had been 

collected, they were spun down in a centrifuge at 200 g maintained at 4°C for 8 mins. Afterwards, the 

supernatant was removed and the pellet of cells gently resuspended using Neurobasal-A (Gibco) 

supplemented with B27 containing 100 U/ml penicillin-streptomycin (Invitrogen) and 0.5 mM L- 
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glutamine (Invitrogen). The cells were then plated (12 μl) on to 35-mm plastic bottom dishes (MatTek, 

Ashland, MA, USA) and placed in the incubator for 2.5 hrs at 37 °C in 5% CO2 and 95% O at which time 

1.5 ml of Neurobasal-A was added to each dish and maintained in the incubator overnight.  

 Electrophysiological techniques 

  Whole-Cell Recording 

 Whole-cell patch-clamp recordings of SFO neurons were acquired using a Multiclamp 700B 

patch clamp amplifier (Molecular Devices, Sunnyvale, CA, USA). The stimulation and recording 

parameters were controlled using SPIKE2, version 7.05b, and SIGNAL, version 4.08 (Cambridge 

Electronics Design, Cambridge, UK). Whole-cell recordings in current clamp configuration were  filtered 

at 2.4 kHz using a Cambridge Electronics Design Micro 1401 interface 9 (Cambridge Electronics Design, 

Cambridge, UK) and sampled at 10 kHz. Electrodes were made of borosilicate glass with an inner 

diameter of 0.68 mm and outer diameter of 1.2 mm (World Precision Instruments, Sarasota, FL, USA) 

pulled using a Flaming Brown micropipette puller (P47; Sutter Instrument Company, Novato, CA, USA). 

Electrodes were then filled with internal recording solution, which measured 280– 300 mOsm, had a pH 

of 7.2 (adjusted using KOH) and contained (in mM): potassium gluconate (125), MgCl∙6H2O (2), 

ethylene glycol tetraacetic acid (1.0), KCl (10), NaATP (2), HEPES (10) and CaCl2 (0.3), with a free Ca2+ 

concentration of 65 nM.  Only electrodes having resistance of 2–5 MΩ when filled with internal pipette 

solution were used for recording. 

  Dissociated SFO neurons in the 35mm culture dishes in which they were maintained were placed 

on a stable recording platform. The cells were perfused with recording aCSF (37 °C) at a rate of 1.5 

ml/min. The aCSF measured 280–300 mOsm, had a pH of 7.2 (adjusted using NaOH) and contained (in 

mM): NaCl (140), KCl (5), MgCl2 (1), CaCl2 (2), HEPES (10), mannitol (5) and glucose (5). A 

micromanipulator (MP-225 - Sutter Instrument Co.) was then used to place the electrode in the bath and 

slowly lowered to touch the cell membrane of the selected neuron. Gentle negative pressure was applied 

in order to form a GΩ seal, and whole cell patch configuration was obtained by applying a brief and 
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consistent pulse of negative pressure. Voltage-clamp step protocols were run to confirm the presence of 

voltage-gated Na+ currents in the cell (confirming neuronal phenotype). The recording configuration was 

subsequently switched to current clamp for membrane potential measurements, and the baseline 

membrane potential was recorded. All neurons included in our analysis displayed action potentials with 

an amplitude greater than 65 mV, had a seal of at least 1 GΩ, and maintained a stable membrane potential 

for at least 300s prior to any experimental manipulation. The calculated liquid junction potential was 

determined to be 15 mV and was subtracted from all recordings. 

Perforated-Patch Recording  

In some cases perforated-patch recordings were obtained to ensure that the constituents of our 

pipette solutions were not influencing the response observed. Amphotericin-B (Sigma-Aldrich) was used 

as the perforating agent and was dissolved in dimethyl sulfoxide (DMSO; Sigma-Aldrich) using 15 µl of 

DMSO per mg of powder for the stock solution. Next, 6-10 µl of the stock was added to the internal 

recording solution, which was then sonicated for 10 seconds or until amphotericin is dissolved. Care was 

taken throughout the entire process so as to limit the exposure of the perforating solution to light, since 

amphotericin and DMSO are both light-sensitive.  

A borosilicate glass tip was first dipped in normal internal recording solution for approximately 1 

second, and then backfilled with the amphotericin-containing (~536 µg/ml) internal recording solution.  

As with the whole cell technique, the electrode was slowly lowered to make contact with the cell 

membrane and negative pressure was applied to form a GΩ seal. At this point, the amphotericin was 

given 10-30 mins to perforate the cell membrane and allow access, which was determined. Once the total 

resistance was sufficient (1 GΩ), the recording protocol was the same as with the whole-cell technique, 

previously described. In order to be included in our analysis, recordings had to be maintained for a 

minimum of 20 mins, display a stable baseline for a minimum of 300s, and an action potential greater 

than 60 mV. Once a stable baseline membrane potential was established the peptide (PRL, α-MSH, 

BDNF) was bath applied for 60s before return to aCSF. We measured the mean membrane potential in 
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100s bins both before and after peptide application. The effects of individual peptides on the membrane 

potential were determined by subtracting the control baseline membrane potential from the mean 

membrane potential over the 100s period after peptide administration displaying the greatest change from 

the measured control membrane potential. In order for a response to be considered significant, the change 

in membrane potential must be greater than twice the standard deviation of the baseline measured 100s 

prior to peptide application. Error values represent ± the standard error of the mean (SEM). Neurons that 

responded based on these criteria also had to show at least a partial return (greater than 10%) towards 

baseline in order to be included in our analysis. In cases where the effect of more than one peptide was 

tested on the same neuron application order was randomized, and the cell had to show a full return to 

baseline before the application of the second peptide. Recordings were taken using either the whole cell 

or perforated patch configurations. However, no difference in the type or distribution of responses was 

seen between the two configurations, and all cells were therefore analyzed as one group. 

All statistical analyses were performed using Prism, version 6.0 (GraphPad Software Inc., San 

Diego, CA, USA).  One-way analysis of variance (ANOVA), unpaired t-test, and linear regressions were 

applied where appropriate.  
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Chapter 3 

Results 

SFO neurons respond to PRL 

 Current-clamp recordings in the whole-cell configuration were taken to determine if SFO 

neuronal excitability is influenced by PRL. Recordings were obtained from a total of 67 dissociated SFO 

neurons of which 30 (resting membrane potential ranged from -52.2 mV to -92 mV, mean = -71 ± 2.0 

mV) were tested for the effects of bath application of PRL.  

 PRL affects excitability of SFO neurons 

 The effect of either 1 µM or 100 nM of PRL on the membrane potential of SFO neurons was 

examined, these concentrations were selected because they represent about 1000 and 100 fold increase 

from physiological serum levels of prolactin (Amenomori et al. 1970), concentrations at which clear 

effects were detected. Neurons were perfused with aCSF for a minimum of 300s to establish a baseline. 

PRL (1 µM or 100 nM) was then applied for 60s by bath perfusion before returning the bath perfusate to 

aCSF. At 1 µM PRL, 56% of neurons tested (9/16) showed a change in membrane potential, 

depolarization (13.6 ± 5.0 mV, n=5) being observed in 31% of neurons (Figure 1A), and 

hyperpolarization (-8.4 ± 2.1 mV, n=4) in 25% of neurons (Figure 1B). A return toward baseline was 

observed following PRL in all cases, with complete recovery occurring within the duration of the 

recording in 2 of the depolarizing cells (around 25 mins), and 2 of the hyperpolarizing cells (around 20 

mins). At 100 nM PRL, 57% of neurons tested (8/14) showed a change in membrane potential, with 

depolarization (12.3 ± 5.0 mV, n=3) observed in 21% of neurons (Figure 2B), and hyperpolarization (-6.2 

± 2.0 mV, n=5) in 36% of neurons (Figure 2E), all affected cells showing return toward baseline 

following return to aCSF. A full recovery was observed within the duration of the recording in 1 

depolarizing neuron (20 mins) and 1 hyperpolarizing neuron (15 mins). Depolarizing or hyperpolarizing 

effects were typically accompanied by an increase or decrease in firing frequency, respectively (Figure 
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1D). The control baseline membrane potentials established at the beginning of each recording ranged 

from -52.2 mV to -92 mV (mean: -71.0 ± 2.0) and there was no difference between the mean control 

baseline of neurons that depolarized (-75.6 ± 3.2 mV) and those that hyperpolarized (-68 ±3.8 mV) 

(p=0.38).  
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Figure 4: PRL affects SFO neuronal activity  
Current-clamp recordings illustrating a depolarization (A) and a hyperpolarization (B) in response to 1 

µM PRL. The yellow dashed line represents the baseline membrane potential.  

(C) Bar graph summarizing the proportion of neuronal responses to PRL. 

(D) Bar graph demonstrating the change in firing frequency induced by PRL application on spontaneously 

firing neurons. The mean changes in firing frequency in hyperpolarizing and depolarizing neurons were   

-0.12 ± 0.1 Hz; and 2 ± 0.15 Hz, respectively.  
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 The magnitudes of the depolarizations and hyperpolarizations did not significantly differ between 

the 1 µM and 100 nM groups (p=0.87 and p=0.99, respectively) (Figure 2), indicating there was no dose-

dependent effect at these concentrations, although lower concentrations would need to be tested to 

establish the optimum sensitivity of SFO neurons to this hormone. Interestingly, the magnitude of the 

depolarizations seemed to be correlated with the baseline membrane potential (r2 = 0.76) and when the 

line of best fit is extrapolated, the membrane potential at which it crosses the x-axis is -61.7 mV, 

providing an estimation for the reversal potential of the response (see Figure 3). A correlation was not 

detected between the magnitude of the hyperpolarizing responses and the baseline membrane potentials 

(r2=0.03).  

 



 

29 

 

 

Figure 5: PRL affects SFO neuronal activity at 1 µM or 100 nM 

 Current-clamp recordings illustrating depolarizations in response to 1 µM (A) and 100 nM (B) of PRL 

as well as hyperpolarizations in response to 1µM (D) and 100 nM (E) PRL.   

(C) Bar graph comparing the mean response of cells at 1 µM and 100 nM PRL in depolarizing cells 

(unpaired t-test, p>0.05). 

(F) Bar graph comparing the mean response of cells at 1 µM and 100 nM PRL in hyperpolarizing cells 

(unpaired t-test p>0.05). 
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Figure 6: Membrane potential affects the magnitude of the depolarizing response to PRL 
Plot of the net change in membrane potential of the responding neurons relative to their baseline 

membrane potential. Note that the reversal potential for the depolarizing neurons =  -61.7 mV (dashed 

line).  
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SFO neurons respond to α-melanocyte stimulating hormone 

 Current-clamp recordings in the whole-cell or perforated patch configurations were taken to 

determine if the excitability of SFO neurons was affected by α-MSH. Recordings were obtained from 156 

SFO neurons, of which 60 cells (resting membrane potential ranged from -52.7 mV to -96.7 mV, mean= -

72.1 ± 1.4 mV) were tested for the effects of bath application of α-MSH.  

  α- MSH affects excitability of SFO neurons  

Neurons were perfused with aCSF while a baseline was established for a minimum of 300s. α-

MSH (250 nM, 100 nM, or 10 nM) was then applied for 60s through bath perfusion before returning to 

aCSF. The initial concentration of 250 nM was chosen based off of studies from our lab on α-MSH 

electrophysiological effects in the NTS (Mimee et al. 2014) and the subsequent concentrations were 

selected to test for a concentration-dependent effect. After application of 250 nM α-MSH, 44% of neurons 

tested (10/23) showed a change in membrane potential. Depolarization (14.9 ± 5.6 mV, n=5), was 

observed in 22% of neurons and hyperpolarization (-11.0 ± 0.7 mV, n=5) in 22% Figure 4 A and B) while 

the remaining cells were unaffected. Although all cells included in our analysis showed a clear return 

toward baseline membrane potential following a return to aCSF, complete recovery when observed (1 

depolarization, 4 hyperpolarizations) took from 30 to 90 mins. At 100 nM α- MSH, 50% of neurons tested 

(n=11/22) showed a change in membrane potential, with depolarization (13.1 ± 2.3 mV, n=4) observed in 

18% of neurons and hyperpolarization (-11.7 ± 3.3 mV, n=7) in 32% Figure 5, A and D), while complete 

recoveries were more rapid (15-40 mins) when observed (1 depolarization, 2 hyperpolarizations). At 10 

nM α-MSH, a response was observed in 40% of neurons tested (6/15), depolarization (11.2 ± 3.6 mV, 

n=4), in 27% of neurons, while 13% of neurons hyperpolarized (-7.4 ± 2.3 mV, n=2) (Figure 5, B and E), 

and complete return to baseline membrane potential, when observed occurred in 30-90 mins. 

Spontaneously firing neurons that responded with a depolarization showed an increase in firing 

frequency, while the opposite was true of neurons that hyperpolarized in response to α-MSH (Figure 4D). 
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There was no difference between the control baseline membrane potential of neurons that depolarized (-

71 ± 2.8 mV) and those that hyperpolarized (-71.1 ± 3.1 mV) (p=0.97) 
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Figure 7: α-MSH affects SFO neuronal activity  
Current-clamp recordings illustrating a depolarization (A) and a hyperpolarization (B) in response to 250 

nM α-MSH. The blue dashed line represents the baseline membrane potential.  

(C) Bar graph summarizing the proportion of neuronal responses to α-MSH. 

(D) Bar graph demonstrating the change in firing frequency induced by α-MSH application on 

spontaneously firing neurons. The mean changes in firing frequency in hyperpolarizing and depolarizing 

neurons were   -0.15 ± 0.1 Hz; and 1.6 ± 3.3 Hz, respectively.  
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The magnitudes of the depolarizations and hyperpolarizations at concentrations of 250, 100, and 

10 (nM) were not significantly different (depolarizations p= 0.86 and hyperpolarizations p=0.69) as 

summarized in Figure 5, indicating that the concentrations we have tested are all at the higher end of the 

concentration response curve. The magnitude of the depolarizing responses were correlated to the 

baseline membrane potential of the neuron (r2 =0.81), the extrapolated line of best fit estimates a reversal 

potential around -55.4 mV, however this is not the case for hyperpolarizations (r2 = 0.02) (Figure 6). 
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Figure 8: α-MSH also affects SFO neuronal activity at 100 and 10 nM 
Current-clamp recordings illustrating depolarizations in response to 100 nM (A) and 10 nM (B) of α-

MSH as well as hyperpolarizations in response to 100 nM (D) and 10 nM (E) α-MSH.   

(C) Bar graph comparing the mean response of cells at 100 nM and 10 nM α-MSH in depolarizing cells 

(unpaired t-test, p>0.05). 

(F) Bar graph comparing the mean response of cells at 100 nM and 10 nM α-MSH in hyperpolarizing 

cells (unpaired t-test, p>0.05). 
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Figure 9: Membrane potential affects the magnitude of the depolarizing response to  

α-MSH 
Plot of the net change in membrane potential of the responding neurons relative to their baseline 

membrane potential. Note that the reversal potential for the depolarizing neurons = –55.4 mV (dashed 

line).  
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SFO neurons respond to brain derived neurotrophic factor 

 Current-clamp recordings in the whole-cell configuration were obtained from a total of 138 SFO 

neurons of which 40 (resting membrane potential ranged from -53.6 mV to -87, mean= -68.1 ± 1.4 mV) 

were tested for the effects of bath application of BDNF. 

 BDNF Affects Excitability of SFO Neurons 

 BDNF was bath applied to SFO neurons following a minimum of 300s of stable baseline 

membrane potential recording. BDNF (1 nM or 50 pM) was then applied for 60s before switching back to 

aCSF, and the effects on membrane potential and spike frequency analyzed. Concentrations were tested 

based on previous studies (Hewitt and Bains, 2006). At 1 nM BDNF, 57% of neurons tested (n=16/28) 

showed a change in membrane potential with depolarization (15.4 ± 2.4 mV, n=11) observed in 39% of 

neurons, and hyperpolarization (-12.1 ± 2.0 mV, n=5) in 18% (Figure 7, A and B). A complete recovery 

of membrane potential to control levels, when observed (5 depolarizing and 3 hyperpolarizing cells), 

occurred between 10 mins and 4 hrs after BDNF was removed from the bath. At 50 pM BDNF, 40% of 

neurons tested (n=9/15) showed a change in membrane potential, 33% depolarizing (7.0 ± 3.4 mV, n=5), 

and 7% hyperpolarizing (-8.1 mV n=1)(Figure 8 B and 8 E). Complete return to baseline membrane 

potential when observed (4/6) occurred 60-180 mins after return to aCSF. Depolarizing neurons showed 

an increase in firing frequency and hyperpolarizing neurons typically a decrease (Figure 7 D). The mean 

control baseline membrane potential of the neurons depolarized by BDNF (-72.7 ± 2.0 mV) was 

significantly different (p=0.004) from the mean baselines of neurons which hyperpolarized (-60.5 ± 2.7 

mV). This could mean that the type of response depends on the membrane potential at which the neuron 

is being held, and that the neurons in the non-responders group may not be true non-responders, but 

simply sitting close the reversal potential. In addition to this correlation between the baseline membrane 

potential and the type of response to BDNF, a correlation was also observed between the magnitude of the 

depolarizations and the baseline membrane potential of the neuron (r2 =0.74) (Figure 9).and the 
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extrapolated line gives an estimated reversal potential of -53.3 mV. This same correlation was not seen 

with the hyperpolarizing group (r2 =0.09). 
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Figure 10: BDNF affects SFO neuronal activity   
Current-clamp recordings illustrating a depolarization (A) and a hyperpolarization (B) in response to 1 

nM BDNF. The green dashed line represents the baseline membrane potential.  

(C) Bar graph summarizing the proportion of neuronal responses to BDNF. 

(D) Bar graph demonstrating the change in firing frequency induced by BDNF application on 

spontaneously firing neurons. The mean changes in firing frequency in hyperpolarizing and depolarizing 

neurons were   -1.0 ± 0.6 Hz; and 0.8 ± 0.4 Hz, respectively.  
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 The magnitudes of the depolarizations between 1 nM and 50 pM were significantly different 

(p=0.046; Figure 8 C), but the mean magnitude of hyperpolarizations at 1 nM BDNF was not 

significantly different from the single hyperpolarization induced at 50 pM (p=0.121; Figure 8 F). These 

results indicate a dose-dependent response in the depolarizing group, but not the hyperpolarizing group.  

However, given that only one neuron of the 50 pm hyperpolarized, the sample size is too small to draw 

any conclusions regarding the effects of the concentrations tested.  
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Figure 11: BDNF induces smaller depolarizations at 50 pM 
 Current clamp recordings illustrating depolarizations in response to 1 nM (A) and 50 pM (B) of BDNF as 

well as hyperpolarizations in response to 1nM (D) and 50 pM (E) BDNF.   

(C) Bar graph comparing the mean response of cells at 1 nM and 50 nM BDNF in depolarizing cells 

(unpaired t-test, *p=0.046).  

(F) Bar graph comparing the mean response of cells at 1 nM and 50 pM BDNF in hyperpolarizing cells 

(unpaired t-test, p>0.05).  
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Figure 12: Membrane potential affects the magnitude of the depolarizing response to 1 nM 

BDNF 
Plot of the net change in membrane potential of the responding neurons relative to their baseline 

membrane potential. Note that the reversal potential for the depolarizing neurons = ~ –53.3 mV (dashed 

line).  
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α-MSH and BDNF can influence the same SFO neuron 

 In order to test whether α-MSH and BDNF act on the same SFO neuron, both peptides were bath 

applied sequentially to the same SFO neuron in random order, and the effect on membrane potential was 

observed. In total, we were able to maintain long term (> 60 minutes) recordings from 17 out of 35 SFO 

neurons recorded such that we were able to test for the effects of both peptides. This group of SFO 

neurons had a mean membrane potential of -67.6 ± 1.9 mV and all displayed action potential with an 

amplitude of greater than 60 mV. Of these SFO neurons tested, 2 depolarized in response to both BDNF 

and α-MSH (Figure 10), one depolarized solely to BDNF, and one only to α-MSH (Figure 11). None of 

the neurons that hyperpolarized to BDNF responded to α-MSH (n=3)(Figure 12)(Table 1). 
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Figure 13: BDNF and α-MSH influence the same SFO neuron 

Current clamp recording of a single SFO neuron to which BDNF (green bar) and α-MSH (blue bar) were 

both applied, each inducing a depolarization. 
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Figure 14: Some SFO neurons respond to the application of one peptide but not the other 
(A) Current-clamp recording of a single SFO neuron that depolarized to BDNF (green bar) but did not 

respond to α-MSH application (blue bar) 

(B) Current-clamp recording of a neuron that did not respond to BDNF (green bar) application, but 

depolarized to α-MSH administration. 
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Figure 15: Cells that hyperpolarized to BDNF did not respond to α-MSH. 
Current clamp recording of an SFO neuron that did not respond to α-MSH (blue bar) application and 

hyperpolarized in response to BDNF (green bar). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

47 

 

 

 

 

 

Table 1: Summary data of the distribution of responses to BDNF and α-MSH double 

application 
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Chapter 4 

Discussion 

  

 PRL, α-MSH and BDNF are peptides that have been primarily associated with regulation of 

physiological pathways involved in reproduction, energy balance and regeneration, respectively. In the 

present study, we have demonstrated that all three of these peptides exert a combination of depolarizing 

and hyperpolarizing effects on SFO neurons and, at least in the case of α-MSH and BDNF, can have 

similar effects on the same SFO neuron. These observations identify the SFO as an intriguing potential 

site of interaction for these peptides, presumably in the integration of these complex autonomic functions.  

Dissociated SFO neurons as an experimental model 

The studies described in this thesis have used dissociated SFO neurons that were cultured in 

neurobasal media and maintained in an incubator for up to 6 days. During the dissociation process SFO 

neurons are separated from all connective tissue and, when placed in culture at the end of this procedure, 

provide a reductionist preparation in which the function of these specialized CVO neurons can be studied 

in complete synaptic isolation, without the complicating issues of communication with other neurons, 

glial or endothelial cells (Nishi & Berg, 1977). These dissociated SFO neurons have been used in a long 

series of electrophysiological studies from our laboratory, and data from a number of approaches supports 

the conclusion that this preparation represents a good model of the SFO in vivo. The original development 

of this preparation examined the effects of ANG on SFO neurons and in demonstrating similar excitatory 

effects of ANG to those observed in vivo (Ferguson et al., 1997) also identified the need for a 24 hour 

wait period after dissociation prior to recording, likely to allow for receptors to be reinserted in the 

membrane.  Previous studies have also shown that dissociated CVO neurons show similar responses to 

peptides to those observed in brain slices (Fry et al., 2006 , Smith et al., 2009), an observation confirmed 

by collaborative studies (McIsaac, Black and Ferguson) in which we observed similar depolarizations and 
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hyperpolarizations in response to BDNF recorded in acute SFO slice preparations. It can therefore be 

concluded that the responses observed in single SFO neurons are not a result of transformation during the 

dissociation process.  

Patch clamp configurations 

While the majority of the recordings in these studies were undertaken using the whole-cell patch 

clamp technique, a portion were recorded using perforated patch clamp in order to address any concerns 

regarding the dialysis of the cell with internal recording solution, which can potentially affect the ability 

of the neurons to respond to peptides. The perforated patch technique controls for this possibility (Lindau 

& Fernandez, 1986). No difference in the type or distribution of responses was observed between the 

whole-cell and perforated patch groups, the results were therefore combined and analyzed as one group.  

Implications of PRL actions at the SFO  

 The studies outlined in this thesis have successfully established an electrophysiological 

consequence to PRL receptor activation in the SFO. Our studies have demonstrated two distinct response 

types observed in SFO neurons exposed to PRL: membrane depolarization with increased firing 

frequency, or membrane hyperpolarization with decreased firing frequency. Additionally, we observed a 

correlation between the magnitude of the depolarization and the membrane potential of the neuron during 

the control recording period, while no such correlation was observed in neurons which hyperpolarized in 

response to PRL, supporting the conclusion that these two response types are mediated by separate 

mechanisms. The reversal potential for depolarizing effects (-61.7mV) estimated by extrapolation of the 

line of best fit suggests a potential effect of PRL to modulate a non-selective cation channel located in the 

membrane of the SFO neuron, inducing a depolarizing current (Washburn et al., 1999). 

There are two common isoforms of the PRL receptor, the long (PRLR-L), and short (PRLR-S) 

form (Shirota et al., 1990;Bole-Feysot et al., 1998). While areas of the CNS, such as the hypothalamus, 

express high levels of both forms (Bakowska & Morrell, 1997;2003), Belugin showed that most 
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trigeminal neurons in rats expressed one isoform or the other, with little overlap (Belugin et al., 2013). 

Activation of different signal transduction pathways occurs when PRL binds to these receptors. Long-

term transcriptional effects occur only after the activation of the JAK2 pathways, which induces pSTAT5 

activity. The rapid action, short-term effects appear to result from the activity of kinases such as PI3K and 

PKC (Belugin et al., 2013), which ultimately phosphorylate and sensitize TRP-channels. Belugin and his 

group demonstrated that in trigeminal neurons of female rats, the rapid responses of sensory neurons 

induced by PRL receptor activation appear to mainly be mediated by the short form of the receptor, and 

actually inhibited when the long form of the receptor formed a heterodimer with the short form (Belugin 

et al., 2013). With this in mind, it is possible that the two responses that we observed are caused by 

actions of PRL at the two different isoforms of the PRLR. Additionally, the non-responders may express 

both isoforms with actions of PRL being inhibited by their heterodimerization, or of course express 

neither receptor subtype. Post-hoc single-cell RT-PCR to determine receptor expression profiles of 

recorded neurons (Fry et al., 2006) and correlation of this with their responsiveness would provide 

important additional information to specifically address this issue.  

It should also be emphasized that many other peptides (e.g. nesfatin, insulin, adiponectin, leptin) 

have been demonstrated to induce dichotomous responses in SFO neurons (Kuksis & Ferguson, 

2014;Lakhi et al., 2013;Alim et al., 2010; Smith et al., 2009), as observed with PRL treatment, and an 

alternative explanation rests with the existence of separate neuronal subpopulations within the SFO 

project to different output sites (Oka et al., 2015) that respond differently to the same peptide.  

 Interestingly, while the SFO has been associated with reproductive function (Donevan et al. 

1989), efferents of this CVO project to areas of the CNS that have been shown to express the PRLR and 

are PRL responsive, such as the PVN and SON (Brown et al., 2010;Cave et al., 2001;Sirzen-Zelenskaya 

et al., 2011). In addition, PRL appears to be capable of crossing the BBB through a saturable mechanism 

(Walsh et al., 1987), and a positive correlation has been shown between levels of PRL in the serum and in 

the CSF (Login & MacLeod, 1977), although PRL levels in the CSF eventually reach a plateau (Login & 
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MacLeod, 1977), presumably as a consequence of the saturation of PRL transport mechanisms.  The 

ability of the SFO to respond to circulating signals found in the plasma could mean that this CVO 

provides an alternate or additional route through which circulating PRL can influence CNS regions 

behind the BBB.  Magnocellular PVN and SON neurons, for instance, that produce vasopressin and 

oxytocin, have been shown to be PRL responsive (Sirzen-Zelenskaya et al., 2011). However they also 

receive afferent inputs from the SFO which, when activated, have been shown to induce oxytocin 

secretion (Ferguson & Kasting, 1987), highlighting a pathway through which PRL activation of SFO 

neurons could result in oxytocin secretion from the magnocellular neurons.  

 Implications of α-MSH actions at the SFO 

  A functional role for SFO activity in the melanocortin pathway has previously been elucidated, 

first by studies reporting MC4R mRNA expression in this CVO (Kishi et al., 2003) and secondly by 

reports that the melanocortin receptor agonist, MT-II, induces receptor activation in SFO neurons (Trivedi 

et al., 2003). Our studies are the first to demonstrate electrophysiological responses of SFO neurons to α-

MSH and, as such, identify cellular mechanisms through which α-MSH may influence the excitability of 

neurons in this CVO.  

As was seen with PRL experiments, distinct populations of SFO neurons responded to α-MSH 

with either depolarizations or hyperpolarizations, observations which again support the conclusions that 

these opposing actions are the result of effects on separate functional subpopulations of SFO neurons.  It 

is possible that such subpopulations of SFO neurons may respond differently as a consequence of 

expression of MC3R vs MC4R (Lee et al., 2001a), with one receptor modulating channels that induce a 

depolarization, while the other modulates hyperpolarizing channels. Again, a clear linear relationship 

between the magnitude of depolarizations and the control baseline membrane potential was observed with 

a predicted reversal potential of -55.4 mV, suggesting the involvement of a non-selective cation channel 

(NSCC), a mechanism that has previously been shown to mediate depolarization responses in SFO 

neurons (Desson & Ferguson, 2003;Washburn et al., 1999). No correlation between control membrane 
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potential and magnitude of hyperpolarization was observed, again suggesting that different mechanisms 

are responsible for the two types of responses observed. 

Similar to many other peptides and hormones, α-MSH is present both centrally and peripherally 

(Dube et al., 1978;Desy & Pelletier, 1978;Penny & Thody, 1978). Effects of central and peripheral 

injections showed  icv injection of α-MSH  in rats decreased  food intake (Poggioli et al., 1986), while 

peripheral α-MSH increased metabolic rate (Hoggard et al., 2004c). Additionally, it was found that mice 

suffering from DIO experienced significant reductions in feeding and weight upon peripheral 

administration of MT-II and the anorectic effect appears to be sustained long-term (Pierroz et al. 2002). 

The sensitivity of SFO neurons to α-MSH demonstrated in our experiments, along with SFO’s 

involvement in feeding pathways (Smith et al., 2010) and SFO neuronal projections to nuclei involved in 

the regulation of energy homeostasis (Miselis, 1981;Lind et al., 1982), all support roles for the SFO as a 

central site at which peripheral α-MSH might act to influence metabolism.  

 Peripheral α-MSH has been shown to be involved in other functions besides metabolism, such as 

its antipyretic effects during the febrile response (Murphy & Lipton, 1982;Roth et al., 2004) where it 

seems to inhibit IL-1β effects (Robertson et al., 1986), for instance. SFO neurons are responsive to this 

cytokine (Desson & Ferguson, 2003) and so modulation of the immune response presents a second 

potential function for α-MSH at the SFO, further supporting the concept of the SFO as a site at which 

signals of different physiological systems converge.  

Implications of BDNF actions at the SFO 

A functional role for BDNF in the SFO has been suggested in previous studies that demonstrate 

mRNA expression of this neurotrophin is increased under conditions of osmotic stress such as salt loading 

and dehydration (Saito et al., 2003;Hindmarch et al., 2008). Our finding that select SFO neurons respond 

to BDNF by undergoing either a depolarization or a hyperpolarization of the membrane potential are the 

first to demonstrate cellular mechanisms through which BDNF receptor activation in the SFO may 

influence fluid balance. Depolarizing effects of BDNF showed a correlation between the magnitude of the 
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depolarization and the resting membrane potential of the neuron, suggesting effects are mediated by 

modulation of a channel with a reversal potential of -53.3 mV, most likely a NSCC (Desson & Ferguson, 

2003)(Washburn et al. 1999). No such correlation was observed for neurons hyperpolarized by BDNF, 

once again suggesting two separate mechanisms of action 

A long-lasting elevation of intracellular Ca2+ has been shown to occur when BDNF binds to Trkb 

in neurons of the hippocampus (Berninger et al. 1993), visual cortex (Mizoguchi et al. 2002) and in 

pontine neurons (Li et al. 1999), likely resulting from a signal transduction pathway that activates 

phospholipase C and, at least in the case of pontine neurons, TRP-C channels (Li et al. 1999). These 

effects potentially account for the long duration of the responses induced by BDNF (up to 4 hrs) we 

observed in SFO neurons. This corresponds with the notion that BDNF has enduring effects, as icv 

administration has been shown to have anorexic actions lasting up to 48h (Bariohay et al., 2009). 

A functional role for BDNF in energy balance has been clearly demonstrated in studies showing 

that central administration of this neurotrophin increases metabolic rate while simultaneously inducing 

hyperphagia (Wang et al., 2007;Pelleymounter et al., 1995). Interestingly, peripheral administration of 

BDNF improves glucose metabolism in diabetic mice (Yamanaka et al., 2007a;Yamanaka et al., 2007b), 

with the SFO as a likely candidate to detect and transmit the information carried by circulating BDNF to 

autonomic control centers of the CNS. In fact, when one considers the established functional roles of the 

SFO in both fluid and energy balance (Mimee et al., 2013), along with the emerging evidence of BDNF 

effects on BP (Erdos et al., 2015;Choe et al., 2015) and metabolism, the SFO appears an ideal site for 

integration of such information.  

Physiological implications of SFO neuron sensitivity to different peptides 

 In this study we were able to demonstrate that both BDNF and α-MSH have direct effects on the 

same SFO neuron. Single SFO neurons have previously been shown to be capable of responding to two 

different peptides (leptin and amylin) (Smith et al., 2009), or angiotensin and osmolarity (Anderson et al., 

2001), and our studies provide further evidence that single SFO neurons can monitor and integrate various 
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signals. However, of the 17 neurons to which both BDNF and α-MSH were applied, only two showed a 

clear response (depolarization) to both of the tested peptides. This is not unexpected considering the 

estimated reversal potentials for ion channels mediating these two effects are the same (BDNF = -53.3 

mV, α-MSH = -55.4 mV), suggesting that the depolarizing responses of BDNF and α -MSH are mediated 

by the same NSCC (Chafke & Bourque, 2000) (Desson & Ferguson, 2003)(Washburn et al. 1999). This 

could mean that the actual number of neurons capable of responding to each peptide the double 

application experiments may be under-represented.  

 Interestingly, both neurons that displayed a double response had BDNF applied before α-MSH. 

This finding supports studies identifying BDNF as a downstream effector of α-MSH anorexic actions, as 

BDNF application can rescue the obese phenotype of MC4R knockouts (Xu et al., 2003). If α-MSH 

actions at SFO neurons induce the signaling pathway that activates BDNF and its pathway, one would 

expect a neuron that responds to α-MSH to be unresponsive to subsequent BDNF application, just as we 

observed in our experiments.  

The logical next step to our experiments would be to apply all three of the peptides we 

investigated to a single SFO neuron, and will require further studies. However, it can still be inferred from 

our current results that PRL may also act through the same mechanism, or a similar one, that results in 

modulation of a NSCC to induce depolarization, since the estimated reversal potential, -61.7 mV, did not 

significantly differ (p=0.13) from that of α-MSH and BDNF (-55.4 mV and -53.3 mV, respectively). 

Chakfe and Bourque (2000) have demonstrated that ANG II, CCK, and neurotensin all mediated their 

stimulatory effects on SON neurons through the same non-selective cation channels, and the similar 

characteristics of the excitatory responses induced by PRL, α-MSH, and BDNF that we observed in SFO 

neurons suggests a comparable situation.  

The fact that PRL, α-MSH, and BDNF can all act at the SFO, along with the numerous other 

circulating signals that have previously been demonstrated to have actions at this CVO (Smith & 

Ferguson, 2010) suggests that these signals and the information they carry do not function in isolation of 
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each other, but instead act in a coordinated fashion to maintain homeostasis. Given its position at the 

interface between the periphery and the CNS, along with its demonstrated ability to respond to various 

signals and its diverse projection sites to various nuclei involved in autonomic regulation (Miselis, 

1981;Oka et al., 2015), the SFO likely represents a critically important site at which circulating signals 

can be sensed and integrated by single neurons, prior to such processed information being transmitted to 

autonomic control centers protected by the BBB.  
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