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Abstract 

Adiponectin (ADP) is an adipokine, which acts as an insulin sensitizing hormone.  

Recent studies have shown that adiponectin receptors (AdipoR1, AdipoR2) are present in the 

CNS; however, there is some debate as to whether or not ADP crosses the blood brain barrier 

(BBB).  Circumventricular organs (CVO) are CNS sites outside the BBB, and thus represent sites 

at which circulating adiponectin may act to influence the CNS without having to cross the BBB.  

The subfornical organ (SFO) is a CVO that is responsive to a number of different circulating 

satiety signals including amylin, CCK, and ghrelin.  We report here that the SFO also shows a 

high density of mRNA for both adiponectin receptors.  These observations support the concept 

that the SFO may be a key player in sensing circulating ADP.  To test the hypothesis that ADP 

influences the excitability of SFO neurons, we used current-clamp electrophysiology on 

dissociated SFO neurons to observe changes in membrane potential.  ADP (10 nM) application 

effected the excitability of SFO neurons, where the cells either depolarized (8.9±0.9 mV, 21 of 97 

cells) or hyperpolarized (-8.0±0.5 mV, 34 of 97 cells).  Using single-cell RT-PCR we found that 

the majority of the responsive neurons expressed AdipoR1 or R2 and the non-responsive neurons 

expressed neither.   

In view of the recognized role of ADP in the regulation of energy balance, we next 

examined the effects of food deprivation for 48 hours on ADP signaling in the SFO.  Our 

previous microarray analysis of SFO showed increases in AdipoR2 mRNA, with no significant 

change in AdipoR1 mRNA.  We have also assessed the effects of such changes in receptor 

expression on ADP signaling in SFO neurons using calcium imaging and patch clamp techniques.  

In SFO neurons obtained from control animals, ADP induced increases in intracellular Ca2+ were 

observed in 25% of cells, while following food deprivation 0% of cells showed this response.  
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Furthermore, 77% of neurons from starved animals showed clear depolarization, while no 

hyperpolarizing responses were observed.  The results presented in this study suggest that 

adiponectin modulates the excitability of SFO neurons and that the response to ADP changes 

during starvation. 
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Chapter 1 

Introduction 

 

1.1 Energy homeostasis and obesity 

 Keeping a balance of energy metabolism has become a major issue in our current world; 

with the rising consumption of fatty foods and the decrease in physical activity, many in our 

society are becoming obese.  This rise in obesity has become an epidemic in various parts of the 

world, which has led many to look for the “magic drug” that will cure obesity.  Unfortunately, 

obesity is often associated with secondary health risks such as insulin resistance, type 2 diabetes, 

hypertension, and cardiovascular disease; which suggest that any treatment for obesity would 

need to target multiple symptoms.  According to a 2003 census, 33.3% of over 18 adults in 

Canada are overweight, with 14.9% considered obese (Belanger-Ducharme and Tremblay, 2005), 

thus creating a huge strain on the public healthcare system.  With the growing rates of obesity and 

a public healthcare system under pressure, there is a need to better understand energy homeostasis 

and, ultimately, find and target mechanisms that cause obesity. 

 

1.2 Circulating energy signals 

 Originally, energy homeostasis was thought to be controlled primarily by changes in 

glucose levels in the blood, and more specifically, by glucose intake (Mobbs et al., 2005).  This 

theory has seen drastic changes within the past 30 years with the discovery of metabolites, 

monoamines, and signaling peptides that circulate in the blood stream and help to control energy 

homeostasis (Bray, 2000; Woods et al., 1998).  Some of the more recently discovered peptides 
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include: neuropeptide Y, galanin, leptin, insulin, orexin, bombesin, glucagon, somatostatin, 

adiponectin, and ghrelin (Blevins et al., 2002).  These peptides are produced in a number of 

different tissues including the stomach, pancreas, intestinal tract, and adipose tissue (Fig. 1)(Fry 

et al., 2007); where their concentrations both in the circulation, and in different tissues fluctuate 

due to a variety of factors such as: food consumption, energy expenditure, age, and gender (Bray 

and Campfield, 1975; Lebowitz et al., 1992).  Although initially many scientists thought that any 

one of these signals might be used as a drug to treat obesity, there is a growing acceptance that 

these molecules serve to maintain a complex balance between multiple systems, the integrated 

total of which is to maintain an appropriate balanced energy state and body weight (Hirsch, 

1998).  

One recent focus in the field of energy homeostasis has been an intensive study on 

mechanisms in the central nervous system (CNS) that regulate food intake and metabolism, with 

the idea that a clearer understanding of these mechanisms may provide important insights into 

solutions for the problem of obesity in an ever increasing world of fatty foods and non-manual 

labor.  How signals from the periphery reach the brain and where they act have been two big 

questions that many scientists have been asking in order to better understand the role the CNS 

plays in controlling energy homeostasis.  
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Figure 1: Central control of energy signals 

The stomach, pancreas and intestines release energy signaling peptides into circulation which 

reach the brain.  The brain responds to these energy signals by modulating activities such as food 
intake and energy expenditure to restore balance (a).  Adipose tissue (fat stores) is a recently 

discovered source of signaling peptides (such as leptin and adiponectin) that act on the brain via 

circulation, where the brain responds by restoring energy balance (b).  
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1.3 Central Control of Energy Homeostasis 

Located in the brain, the hypothalamus is the centre for autonomic function and more 

specifically energy homeostasis.  Within the hypothalamus, the arcuate nucleus (ARC) and the 

ventromedial hypothalamus (VMH) are the two most studied areas in regards to feeding control, 

largely due to their projections to the paraventricular nucleus (PVN) (Bai et al., 1985; Canteras et 

al., 1994; Pelleymounter et al., 1995; Sawchenko and Swanson, 1982), which is the control centre 

for homeostatic, neuroendocrine, and autonomic function (Swanson and Sawchenko, 1980).  The 

main neurotransmitter produced in the ARC that stimulates feeding and weight gain is 

neuropeptide Y  (NPY).  NPY neurons in the ARC have been shown to project to the PVN 

(Odonohue et al., 1985) and central administration of NPY causes a state of increased fat storage 

(Stanley et al., 1985).  In contrast to NPY, proopiomelanocortin C (POMC) neurons in the ARC, 

which also have been shown to project to the PVN (Mezey et al., 1986), appear to have opposite 

effects of NPY cells by suppressing feeding (Benoit et al., 2000; Cowley et al., 2001).  Together, 

the NPY and POMC neurons may play a part in regulating feeding by acting on the PVN. 

The VMH is another hypothalamic region that regulates food intake, where electrical 

stimulation of the VMH decreases food intake (Stenger et al., 1991).  Furthermore, lesions in the 

VMH have been shown to induce obesity (Dube et al., 1999), with an increase in hyperphagia 

(Melchiorri et al., 2001; King, 2006).  Although, the ARC, PVN, and VMH play a major role in 

regulating food intake and energy homeostasis, other hypothalamic areas such as the LH have 

also been shown to regulate food intake through the actions of peptides such as amylin (Riediger 

et al., 2004), leptin, and ghrelin (Yamanaka et al., 2003) in this region of the brain. 
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1.4 Adipocyte derived hormones 

Fat cells in the body were originally thought to be simple energy repositories; however 

with the discovery of leptin in 1994 (Zhang et al., 1994), our perspectives of the function of 

adipocytes have changed in quite profound ways.  Leptin is a white adipose tissue derived 

hormone (adipokine) that is a product of the obese gene (ob) and circulates in plasma at levels 

which are directly proportional to fat content (Zhang et al., 1994; Maffei et al., 1995).  Long-term 

administration of leptin in obese mice has been shown to decrease body weight by reducing food 

intake and increasing energy expenditure (Halaas et al., 1995).  Leptin acts on multiple sites in 

the body, including the CNS, where both protein and mRNA expression of the leptin receptor 

have been found (Schwartz et al., 1996; Couce et al., 1997).  With the discovery of leptin and 

other adipokines, our perspective of adipose tissue as a simple energy repository has changed 

significantly, with clear understanding that adipose tissue also produces hormones which play key 

roles in energy homeostasis (Fig. 1b).       

 

1.5 Adiponectin 

 

1.5.1 Adiponectin and Obesity 

Adiponectin (ADP), an insulin sensitizing hormone, was discovered shortly after leptin in 

1995, and is a prime example of an adipokine (Scherer et al., 1995; Kadowaki and Yamauchi, 

2005).  Since ADP is an insulin sensitizing hormone, it is possible that obesity related diseases, 

such as type-2 diabetes and insulin resistance, are influenced by changes in circulating levels of 

ADP.  Transgenic mice overexpressing ADP demonstrate an increase in fatty acid clearance and 

insulin sensitivity (Combs et al., 2004), while ADP knockout mice show obesity, impaired insulin 



 

6 

 

sensitivity, impaired fatty acid clearance, and hypertension (Kubota et al., 2002; Maeda et al., 

2002).  Further studies in mice have shown that i.v. administration of ADP causes a decrease in 

body weight, without a decrease in food intake (Fruebis et al., 2001; Berg et al., 2001).  These  

studies have been supported by clinical reports that have also shown that alterations in ADP 

signaling may increase susceptibility to obesity, insulin resistance, diabetes and hypertension 

(Kondo et al., 2002; Ukkola and Santaniemi, 2002; Iwashima et al., 2004; Damcott et al., 2005; 

Hara et al., 2005; Kadowaki and Yamauchi, 2005).       

 

1.5.2 Structure and Function 

  Adiponectin is a 30kDa hormone that consists of a globular head and a hydrophobic tail.  

The tail of one ADP molecule can attach to others, forming trimer low molecular weight 

structures (LMW), hexamer medium molecular weight structures (MMW) or a combination of 

the hexamers to form a high molecular form of adiponectin (HMW) (Waki et al., 2003).  

Circulating concentrations of ADP are inversely proportional to adipocyte mass, indicating that 

circulating ADP levels are dependent on adipose tissue.  ADP concentrations in healthy humans 

vary from 1.9 to 17.0 µg/ml (Arita et al., 1999) and the form (LMW vs MMW vs HMW) of ADP 

found in circulation can also vary based on gender, where male adult humans have significantly 

lower levels of circulating HMW than females (Waki et al., 2003).  ADP has also been found in 

the cerebral spinal fluid (CSF) at a concentration 100 fold less than what is found in circulation 

(Kos et al., 2007).  Additionally, both LMW and MMW forms of ADP have been found in the 

CSF; however, the HMW structure may not be present (Kusminski et al., 2007; Ebinuma et al., 

2007). 
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Following the discovery of ADP, two 7-transmembrane domain receptors (AdipoR1/R2) 

were cloned from human skeletal muscle cDNA (Yamauchi et al., 2003).  These receptors are 

different to typical G-protein coupled receptors in that they have an inverted orientation with an 

intracellular N-terminus.  Both AdipoR1 and AdipoR2 are similar in structure and are found 

throughout the body, where AdipoR1 is predominantly expressed in skeletal muscle, AdipoR2 is 

found in the liver, and both receptors are expressed in brain tissue and adipose tissue (Kadowaki 

and Yamauchi, 2005).  Initial studies demonstrated that when AdipoR1 and AdipoR2 were 

expressed together there was an activation of three different signaling pathways: AMP kinase 

(AMPK), peroxisome proliferator activated receptor-  (PPAR-α) and p38 mitogen activated 

protein kinase (p38-MAPK) (Kadowaki and Yamauchi, 2005).  It was later found that an 

adenovirus-mediated expression of AdipoR1 in liver cells caused an increase in AMPK mRNA 

expression, while an adenovirus-mediated expression of AdipoR2 in liver cells caused an increase 

in PPAR-α mRNA expression (Yamauchi et al., 2007).  This suggests that AdipoR1 and AdipoR2 

are respectively involved in the AMPK and PPAR-α pathways.   

Although AdipoR1 and AdipoR2 have been defined as the classical adiponectin 

receptors, it has also been shown that ADP binds to another cell surface protein known as T-

cadherin (Wong et al., 2004).  One of the unique structural features of T-cadherin is that it is 

anchored to the cell surface membrane and does not have a cytoplasmic domain (Ranscht and 

Dourszimmermann, 1991).  Furthermore, T-cadherin is unlike other adhesion molecules, since it 

is believed to not act as a cell-cell adhesion molecule and that it is distributed in areas outside the 

cell-cell boundaries (Zhou et al., 2002; Takeuchi et al., 2002).  Although T-cadherin has no 

cytoplasmic region, it has been shown to affect cell cycle signaling cascades (Takeuchi et al., 

2000; Huang et al., 2003).  Similar intracellular signaling has yet to be observed in T-cadherin-
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ADP binding, which raises the question about the role of T-cadherin when bound to ADP.  It is 

possible that T-cadherin is a sequestering molecule which regulates available circulating ADP or 

it could also act as a co-receptor with a currently unidentified receptor with a cytoplasmic domain 

(Takeuchi et al., 2007). 

    

1.5.3 Adiponectin in the CNS 

Recent studies have postulated a role in the CNS for ADP since intracerebroventricular 

(ICV) injection of ADP into mice caused changes in serum glucose, lipid handling, and body 

weight (Qi et al., 2004).  The Qi et al. (2004) study showed that ICV injections of ADP caused a 

decrease in body weight, without a decrease in food intake, which suggests that ADP causes 

weight loss due to modulation of energy expenditure, rather than decreased eating.  On the 

contrary, another study has shown that ICV injection of ADP into rats causes a significant 

decrease in immediate food intake (Coope et al., 2008) and, to further the controversy, a third 

study showed that microinjection of ADP into ARC caused an increase in food intake and a 

decrease in energy expenditure (Kubota et al., 2007).  Although the results describing the effects 

of ADP on the CNS seem to conflict, a potential explanation is that ADP has different effects in 

different regions of the brain, and even different effects on different cell types in a single CNS 

region as has been shown by our own work in the area postrema (Fry et al., 2006).      

The relationship between CSF and circulating ADP concentrations seems to be 

proportional, where increasing the circulating concentration of ADP leads to an increase in the 

CSF concentration of ADP (Qi et al., 2004), thereby suggesting that ADP is somehow crossing 

the blood brain barrier (BBB) to influence the majority of CNS sites.  However, a recent study 

suggesting that ADP in circulation is not transported across the BBB (Pan et al., 2006), has 
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created considerable debate about whether or not ADP crosses the BBB.  Another possibility is 

that circulating ADP influences CNS sites as a direct consequence of action at regions in the CNS 

outside the BBB, specifically the sensory circumventricular organs (CVOs), specialized regions 

of the CNS which lack the normal blood brain barrier.  

Initial data in support of this possibility came from our own laboratory, which 

demonstrated actions of ADP at the area postrema (AP), a medullary CVO (Fry et al., 2006).  

That study demonstrated that ADP had an influence on membrane properties of AP neurons, both 

classical ADP receptors (AdipoR1/R2) were expressed in responsive neurons, and microinjection 

of ADP into the AP caused an increase in arterial blood pressure, but no change in heart rate (Fry 

et al., 2006).  With the evidence showing the changes in heart rate and arterial blood pressure due 

to microinjection in AP, Fry et al. (2006) concluded that there is a possible link between energy 

homeostasis and cardiovascular function.  If the AP can detect circulating ADP, the questions that 

arise are whether or not it is the only gateway for ADP action in the brain, and could there also be 

important ADP-induced actions in the CNS as a result of the effects in the remaining sensory 

CVOs. 

 

1.6 The Circumventricular Organs 

The vasculature in the brain is starkly different than that in the periphery; where 

capillaries in the periphery are permeable, those in the CNS are not, primarily as a consequence 

of the protective tight junctions between endothelial cells, which ultimately give rise to the BBB.  

Circulating molecules that cross the BBB from the circulation do so either by diffusion or as a 

consequence of the actions of specific protein transporters; the latter of which are well known for 

the transport of essential molecules such as glucose and amino acids.  The issue faced by many 



 

10 

 

newly discovered energy regulating hormones is that they are insoluble or too big to cross the 

BBB by diffusion, and at the same time specific transporters have not been identified (Fry and 

Ferguson, 2007b).  Thus, the question that arises is how these circulating hormones are detected 

by the CNS when there is no known way that they can cross the BBB.  One possible mechanism 

is via the circumventricular organs (CVO), which are supplied by a vasculature devoid of the 

normal BBB. 

The CVOs are specialized midline structures that are found in all vertebrates, and  as the 

name suggests, lie in close proximity to ventricular systems (Fry and Ferguson, 2007b).  Unlike 

most of the brain, the CVOs are highly vascularized and the capillaries are highly fenestrated.  

Some of these CVOs are used as sensors due to neuronal cell bodies with receptors to detect 

circulating signals, and therefore are called sensory CVOs.  These sensory CVOs include the AP, 

organum vasculosum of the lateral terminalis (OVLT) and the subfornical organ (SFO) (Fig. 2).  

The AP is located within the brainstem and was initially described as a chemoreceptor zone 

responsible for emetic reflex (Miller and Leslie, 1994; Hornby, 2001). More recent work has 

described important roles for the AP in cardiovascular regulation, the control of metabolism, and 

the regulation of immune function (Hasser et al., 1987; Ferguson and Marcus, 1988; Miselis et 

al., 1984; Lee et al., 1998).  The OVLT is located ventral to the median preoptic nucleas (MnPO) 

and is believed to be involved in thirst regulation (Ciura and Bourque, 2006).  It is known to have 

osmosensitive neurons that can secrete vasopressin.  The final sensory CVO, the SFO protrudes 

into the third ventricle and is attached by a ventral stalk to the MnPO.  The SFO was initially 

described as the CNS site at which circulating angiotensin II acted to cause drinking and 

increases in blood pressure (Simpson and Routtenberg, 1975; Mangiapane and Simpson, 1980; 
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Thrasher et al., 1982), although recent work has begun to suggest more diverse functions for this 

CVO. 

 

Figure 2: Location of Sensory CVOs 

This midsaggital section through the rat brain shows the location of the sensory circumventricular 

organs, the subfornical organ (SFO), the area postrema (AP) and organum vasculosum of the 
lateral terminalis (OVLT) as indicated in red.  The SFO is located dorsal to the anterior 

commissure, at the
 
dorsal area of the lamina terminalis; the AP is located in the fourth ventricle, 

situated on the dorsal
 
surface of the medulla immediately adjacent to the NTS; and the OVLT is 

located ventral to the median
 
preoptic nucleus and dorsal to the optic chiasm. 

 

 A number of different studies have recently suggested that the sensory CVOs play 

important roles in sensing the circulating concentrations of a number of different satiety signals.  

Amylin, a peptide produced by pancreatic β cells,  has  inhibitory effects on glucagon secretion 

(Gedulin et al., 1997), glucose uptake (Young et al., 1990), and insulin secretion (Silvestre et al., 

1997; Peiro et al., 1991; Degano et al., 1993).  Amylin receptors have been found in the AP, SFO 

and OVLT, while this peptide has been shown to act in AP to inhibit food consumption (Young, 

2005; Chance et al., 1991; Lutz et al., 1994).  Ghrelin is an important orexigenic peptide that is 
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secreted by the stomach in response to fasting and in between meals (Kojima et al., 1999; Tschop 

et al., 2000; Wren et al., 2000).  A G-protein coupled receptor known as growth hormone 

secretagogue receptor 1 (GHSR1), has been identified as a binding site for ghrelin (Petersenn, 

2002; Cummings et al., 2001).  GHSR1 has been found in both SFO and AP, and the ablation of 

AP abolishes ghrelin induced hyperphagia, while a distinct subpopulation of SFO cells have been 

shown to be responsive to ghrelin (ie: non-amylin responsive) (Pulman et al., 2006).  

Cholecystokinin (CCK) is rapidly produced in the duodenum and jejunum in response to body fat 

(Lilja et al., 1984).  Peripheral administration of CCK causes a decrease in meal size in both 

human and rat models (Gibbs et al., 1973; Kissileff et al., 1981).   Electrophysiological studies in 

the AP have shown that application of CCK causes an increase in action potential firing rates, 

suggesting that AP is a CNS site responsive to CCK (Sun and Ferguson, 1997; Carpenter et al., 

1988).   Circulating glucose is one of the most important indicators for understanding current 

energy status; a decrease in circulating glucose has been shown to increase feeding in rats 

(Beverly and Martin, 1990).  AP neurons have been shown to alter action potential firing rates 

with changes in glucose levels (Funahashi and Adachi, 1993; Riediger et al., 2002), which 

suggests that the AP is a CNS site that is glucose sensitive. 

 

1.7 Subfornical Organ 

 

1.7.1 SFO Morphology 

The SFO is a midline structure that protrudes into the third ventricle and is partially 

covered by the choroid plexus (Dellmann and Simpson, 1979).  The SFO is found at the same 

level as the interventricular foramina and, as with all of the CVOs, the SFO is supplied by a dense 
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and complicated network of fenestrated capillaries (Dellmann, 1998), which ultimately allows the 

SFO to directly sample all blood-borne substances.   

 The SFO contains three cell types: glial cells, ependymal cells, and neuronal perikarya 

cells.  The ependymal cells vary in shape, with one or more cilia per cell, and are the primary cell 

type in the lining of the third ventricle (Dellmann, 1998).  The neuronal perikarya cells are known 

to be clustered in the middle of the SFO, with the majority of dendrites connecting to the 

fenestrated capillaries.  The area of the SFO with perikarya neurons is known to be surrounded by 

neuronal fibres and ependymal cells (Dellmann, 1998).  The perikarya neurons also have been 

shown to have receptors present, such as angiotensin 2 receptor; this allows these neurons to act 

as sensors of circulating substances and thus gives SFO its sensory properties (Dellmann, 1998).    

 The capillary networks within the SFO have subependymal loops and wide perivascular 

spaces, which together allow for an increased surface contact area between the perikarya neurons 

and the capillaries.  Beyond contact with vasculature, the ventral surface of the SFO is in direct 

contact with the cerebrospinal fluid, which may also influence the SFO neurons.  As a result, the 

SFO possesses the ability to be a sensory CVO that has access to signals in both the CSF and 

circulation. 

 

1.7.2 Efferent Projections 

 SFO neurons send signals to a wide array of CNS sites via its efferent projections, which 

suggests that the SFO plays a role in integrating, coordinating and transmitting physiological 

signals.  The majority of SFO signals are distributed by two groups; one going to the 

anteroventral third ventrical region (AV3V; Fig. 3 Green) and the other going to neurosecretory 
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regions within the hypothalamus (Fig. 3 Purple).  Projections to the AV3V regions arise from a 

distinct bundle of axons that go through the ventral stalk of the median preoptic nucleus and 

targets primarily the MnPO, but also targets the medial septum and the medial preoptic area (Lind 

et al., 1982).  The projections that specifically target the MnPO also branch off to innervate the 

OVLT, suprachiasmatic nucleus (SCN) and the surpaoptic nucleus (SON) (Lind et al., 1982).  

 The SFO has projections to a variety of hypothalamic regions, but the two regions that 

are of greatest interest, due to their role in releasing regulating hormones, are the SON and the 

PVN.  SFO projections to magnocellular neurons in the PVN and SON control the production of 

vasopressin and oxytocin release (Ferguson and Kasting, 1986; Ferguson and Kasting, 1987), 

which are involved in the control of fluid balance and female reproduction.   The PVN also has 

parvocellular neurons that can produce thyrotropin-releasing hormone (TRH), vasopressin and 

corticotrophin releasing hormone (CRH), and project to the median eminence to regulate anterior 

pituitary secretions (Conrad and Pfaff, 1976).  The PVN neurons that project to the median 

eminence are involved in the hypothalamic-pituitary-adrenal axis (HPA).  The HPA begins when 

PVN neurons release CRH and vasopressin from neurosecretory terminals at the median 

eminence.  Both CRH and vasopressin stimulate the release of adrenocorticotropic hormone 

(ACTH) from the anterior pituitary gland.  ACTH acts on adrenal corticies that produces 

glucocorticoid hormones involved in the regulation of glucose uptake and fat breakdown in 

adipose tissue (Tasker, 2006; Malcher-Lopes et al., 2006).   

The SFO neurons that project to the PVN have been shown to have similar 

electrophysiological properties (Anderson et al., 2001).  Beyond the SON and PVN, there are also 

collateral inputs to other nuclei in the hypothalamus (Weiss and Hatton, 1990), indicating that the 

SFO can coordinate multiple locations in the hypothalamus.  Overall, the SFO modulates 
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excitability in multiple locations in the hypothalamus, thus giving it a wide range of roles in 

controlling autonomic functions. 

 

Figure 3: Efferent projections from the SFO 

The SFO projects to multiple CNS sites including AV3V (green) and the hypothalamus (purple). 

Within the AV3V, major target sites include: medial septum (MS), medial preoptic area (MPO), 
and median preoptic nucleus (MNPO). In the hypothalamus, the SFO projects to the 

periventricular nucleus (PVN), and the supraoptic nucleus (SON).  Other SFO efferent sites 

(shown in blue, except CVOs shown in red) include: bed nucleus of the stria terminalis (BS), 
suprachiasmatic nucleus (SCN), lateral preoptic area (LPO), lateral hypothalamus (LH), raphe 

nuclei and organum vasculosum of the lateral terminalis (OVLT).  

 

1.7.3 Afferent Projections  

The majority of inputs to the SFO come from the blood and the CSF, with a minority coming 

from other CNS sites due to the SFO’s relatively compact dendritic trees (Ferguson and Bains, 

1996).  The afferent structures in the CNS that project to the SFO include: median preoptic 

nucleus (MnPO) (Hernesneiemi, 1972; Lind et al., 1984a), medial septum (MS) (Lewis and 
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Shute, 1967; Hernesneiemi, 1972), nucleus reunions of the thalamus (RE) (Lind et al., 1984b), 

lateral divisions of the parabrachial nucleus (PB) (Gu and Ju, 1995), nucleus tractus solitarius 

(NTS) (Zardetto-Smith and Gray, 1987), lateral hypothalamus (Lind et al., 1984b), and the 

midbrain raphe nuclei (Lind, 1986) (Fig. 4).  Many of the afferent projections receive reciprocal 

inputs from the SFO, which suggests that there may be a feedback mechanism to modulate output 

from the SFO to certain regions. 

 

 

Figure 4: Afferent Projections to the SFO 

Majority of input signals to the SFO come from CSF or circulation, however there are a few CNS 

sites (shown in orange) that project to the SFO and they include: median preoptic nucleus 
(MnPO), medial septum (MS), nucleus reunions of the thalamus (RE), lateral divisions of the 

parabrachial nucleus (PB), nucleus tractus solitaries (NTS), lateral hypothalamus (LH), and the 

raphe nuclei. 
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1.7.4 Electrophysiological properties of SFO neurons  

Previous studies using patch-clamp electrophysiology in the SFO have elucidated some 

of the defining properties of the SFO which differentiate it from other CVO sites.  The average 

resting membrane potential for SFO neurons  has been shown to be between -57 to -65 mV and 

dissociated neurons in culture have been shown to maintain this resting potential for up to 5 days 

after dissociation (Ferguson and Bains, 1996).  The input resistance for SFO neurons has often 

exceeded 1 GΩ, which indicates that SFO neurons have compact dendritic trees (Li and 

Ferguson, 1993).  One property found in many of the SFO neurons is a bursting action potential 

discharge pattern (Washburn et al., 1999; Ferguson and Bains, 1996; Anderson et al., 2000; 

Washburn and Ferguson, 2001).  Fry & Ferguson (2007a) found that bursting SFO neurons had 

an oscillating membrane potential due to intrinsic properties of the cell as opposed to network 

activity, because the dissociated neurons had no connection to other neurons.  Furthermore, these 

oscillations were caused by Na+ channels and were dependent on the membrane potential of the 

neuron, where peak oscillation was reached at around -60 mV (Fry and Ferguson, 2007a).   

Many circulating signals have been shown to influence the excitability of SFO neurons 

including angiotensin II (Ferguson et al., 1997), interleukin-1β (Desson and Ferguson, 2003), 

ghrelin and amylin (Pulman et al., 2006).  Furthermore, changes in osmolarity (Anderson et al., 

2000), and extracellular calcium (Washburn et al., 1999)  also influence  membrane potential.  As 

stated earlier, the SFO has many projections within the CNS and thus may relay important 

information about these circulating signals to these sites.  Anderson et al. (2001) found that SFO 

neurons projecting to the PVN are characterized by a large transient outward potassium current 

(IA), while sub populations of the neurons that do not project to the PVN lack this IA, observations 

which demonstrate the existence of different subpopulations of SFO neurons.          
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1.8 Physiological Functions of the subfornical organ  

 

1.8.1 Fluid Balance 

 The SFO is thought to be a gateway for circulating fluid balance signals to reach the 

CNS. Two such signals that regulate body fluid are: vasopressin (VP) and angiotensin II (ANG).  

ANG receptors have been shown to be densely populated in the central region of the SFO (Song 

et al., 1992) and bath application of ANG on SFO neurons has been shown to have an effect on 

membrane properties (Ferguson and Li, 1996; Ferguson and Bains, 1996; Ono et al., 2001).  

Peripherally administered ANG on the SFO has been shown to cause an increase in thirst 

sensation (Simpson and Routtenberg, 1975; Simpson et al., 1978; Simpson and Routtenberg, 

1978) and further studies using changes in volume or sodium content of extracellular solutions 

have highlighted the role of the SFO in mediating central effects of ANG to regulate osmotic 

homeostasis (De Luca LA et al., 2002; Rohmeiss et al., 1995; McKinley et al., 1997).  VP is an 

antidiuretic hormone and mRNA for its receptor is expressed in the SFO(Lepetit et al., 1993; 

Ostrowski et al., 1994).  Furthermore, many SFO neurons that are affected by ANG are also 

affected by VP (Anthes et al., 1997), indicating that the actions of VP and ANG may overlap 

each other in the SFO and may work together to establish homeostasis.  Beyond VP and ANG, 

other circulating peptides have been shown to affect drinking behavior, such as amylin, which 

increased water intake when injected into rats (Riediger et al., 1999); however, the mechanism by 

which amylin induces drinking behavior is currently unknown.   

 Even without peripheral peptides, SFO neurons have demonstrated the ability to 

modulate excitability in response to changes in extracellular osmolarity (Anderson et al., 2000).  
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The response of SFO neurons to peripheral fluid balance peptides and to basic changes in 

osmolarity demonstrates that SFO neurons are osmosensitive and support the important role of 

the SFO in fluid balance. 

 

1.8.2 Cardiovascular Function 

 As stated earlier, ANG has been shown to have a role in thirst mechanisms of the SFO; 

however, in cardiovascular regulation, it has been shown that injection of ANG leads to an 

increase in arterial pressure (Mangiapane and Simpson, 1980).  These effects can be abolished by 

SFO lesions (Mangiapane and Simpson, 1980), PVN lesions (Ferguson and Renaud, 1984) or by 

selectively cutting the ventral stalk that leads to the hypothalamus (Lind et al., 1983), thereby 

indicating that projections from the SFO to the PVN have a role in modulating arterial pressure.  

Other cardiovascular signals, such as atrial natriuretic peptide (Saavedra, 1986), relaxin 

(Mumford et al., 1989) and VP (Jurzak and Schmid, 1998; Smith and Ferguson, 1997; Washburn 

et al., 1999) have also been shown to have effects on the SFO through microinjection 

experiments. 

 

1.8.3 Immune Response 

 The first indications that SFO may be involved in the immune response were interleukin-

1β -induced c-fos expression (Day and Akil, 1996) and a depolarization of neurons when treated 

with interleukin-1β (Desson and Ferguson, 2003).  These findings were further supported by SFO 

lesions (Takahashi et al., 1997) and microinjection of interleukin-1β receptor antagonist, both of 

which caused a decrease in lipopolysaccharide (LPS) induced fever.  Besides interleukin-1β, there 

are other cytokines that have been shown to induce c-fos expression in the SFO, which include 
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Prostaglandin E2 (Zhang and Rivest, 1999) and tumor necrosis factor α (Nadeau and Rivest, 

1999).  This indicates that the SFO may be a CNS site where multiple cytokines interact to cause 

an immune response.  

 

1.8.4 Energy Homeostasis 

 In the past the AP has been the CVO that has been most associated with the regulation of 

energy homeostasis.  Recently, receptors for hormones involved in energy homeostasis have been 

found in the SFO and they include: amylin (Sexton et al., 1994), calcitonin (Rouleau et al., 1984), 

calcitonin gene-related peptide (Christopoulos et al., 1995), adrenomedullin (Ueda et al., 2001), 

orexin (Kunii et al., 1999) and ghrelin (Pulman et al., 2006).  Studies have shown that SFO 

lesions lead to anorexia and loss of fat (McKinley et al., 1996; Takahashi et al., 1997); however, 

these results may be due to complications in fluid homeostasis.  Individual SFO neurons have 

been shown to be responsive to both amylin and ghrelin (Pulman et al., 2006), which supports the 

idea that SFO neurons are CNS sites that can detect circulating feeding signals in the blood 

stream and relay those signals to feeding centres in the hypothalamus. 

 Due to the recent findings of the possible role of SFO in regulating food intake and 

energy homeostasis, we hypothesized that the SFO may also be a site for detecting ADP.  This 

thesis will demonstrate the presence of AdipoR1/R2 receptors in SFO and use whole-cell patch-

clamp electrophysiology to demonstrate that ADP does have an effect on single SFO neurons and 

that this effect is modified by changes in energy status.    
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Chapter 2 

Aim of This Study 

 

Adiponectin in circulation has been shown to play a role in regulating energy 

homeostasis and body weight (Fruebis et al., 2001; Berg et al., 2001), where changes in 

circulating adiponectin levels can lead to impaired insulin sensitivity, hypertension and obesity  

(Kubota et al., 2002; Maeda et al., 2002).  Furthermore, since adiponectin can act centrally to 

regulate energy homeostasis (Qi et al., 2004), a great deal of interest has been placed on 

understanding how adiponectin reaches specific CNS sites. In view of data suggesting that 

adiponectin does not cross the BBB, the CVOs have become a potential target at which 

circulating adiponectin can directly influence CNS neurons.  Previous studies have shown the 

actions of adiponectin at one of the sensory CVOs, the medullary area postrema (Fry et al., 2006).  

The present studies were therefore undertaken to see if adiponectin also had effects on neurons of 

the primary forebrain sensory CVO, the subfornical organ.  We first examined whether the SFO 

expresses adiponectin receptors by using molecular techniques to identify mRNA for AdipoR1 

and/or AdipoR2.  Using patch clamp electrophysiology we have also investigated whether 

adiponectin modulates membrane properties of SFO neurons.  Furthermore, since ADP is 

involved in energy homeostasis, we investigated changes in adiponectin receptor expression and 

response to ADP in the SFO due to a change in energy state, particularly during starved 

conditions.  This study aims to test the following hypotheses: 

1 Adiponectin receptors are in the SFO. 

2 Adiponectin influences the excitability of SFO neurons. 
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3 Cells expressing mRNA for AdipoR1/R2 receptors respond to ADP. 

4 Starvation causes changes in AdipoR1/R2 expression in the SFO. 

5 Adiponectin effects on SFO are modified by energy status.   
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Chapter 3 

Materials and Methods 

 

3.1 Subfornical Organ neuron preparations 

All animal protocols were approved by Queen’s University Animal Care Committee.  

Male Sprague Dawley Rats (125-175g) maintained on a 12/12 light/dark cycle and allowed ad 

libitum access to food and water (except in food restricted state- see below) were used for all 

experiments.  A food deprived group of animals (“starved”) were not allowed access to food 48 

hours prior to experimental procedures.  SFO neurons were dissociated using protocols described 

previously (Ferguson et al., 1997).  Male Sprague Dawley Rats were decapitated, the brain was 

removed immediately and was placed in oxygenated, ice cold artificial CSF containing (in mM): 

87 NaCl, 2.5 KCl, 25 NaHCO3, 0.5 CaCl2, 7 MgCl2, 1.25 NaH2PO4, 25 glucose, and 75 sucrose.  

A block of tissue containing the hippocampal commissure was dissected from the whole brain 

and the SFO was microdissected out of the tissue.  SFO was then placed in hibernate media 

(Brain Bits, Springfield,
 
IL) with 2 mg/ml papain (Worthington, Lakewood, NJ) and incubated in 

a water bath at 30°C for 30 minutes.  SFO tissue was washed using hibernate media with 1x B27 

supplement (Invitrogen, Burlington, ON, Canada), triturated, centrifuged at 200 rpm for 4 

minutes, and resuspended in neurobasal-A/B27 (Invitrogen).  Dissociated neurons were plated on 

glass-bottom dishes (MatTek Ashland, MA) and incubated at 37°C in 5% CO2.  

Electrophysiological experiments were performed within 1-5 days of dissociation, with no 

changes in observed membrane potential properties.  Acutely dissociated cells were used within 6 

hours of dissociation.  None of the cells were observed to have synaptic contacts between 

neurons. 
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3.2 Reverse-transcription PCR 

SFO tissue was acutely dissected out of rat brain as described above and total RNA was 

extracted using RNAqueous
TM

 kit (Ambion) according to the manufacturer’s directions.  The total 

SFO RNA from two rats was then DNase treated by adding a mixture of 1 µl 10x buffer with 

MgCl2, 7 µl
 
diethylpyrocarbonate (DEPC) treated-H2O and 1 µl deoxyribonuclease to the total 

RNA and incubating the solution at 37°C for 30 min.  After incubation 1 µl of 25mM of EDTA 

was added to the solution and incubated at 65°C for 10 min.  Oligo-dt based cDNA was 

synthesized using Superscript
TM

 III reverse transcriptase kit (Invitrogen, Carlsbad, California, 

USA) to make a final reaction volume of 20 µl.  

The QIAGEN
®
 Multiplex kit (QIAGEN, Mississauga, Ontario, Canada) was used for 

PCR reactions to amplify cDNA.  Ten microlitres of the SFO cDNA was added to a PCR reaction 

containing: 50µl 2x QIAGEN
®
 Multiplex PCR Master Mix, 10x primer mix, 0.2 µM of

 
each 

primer, 10 µl 5X Q-Solution, and DEPEC treated-H2O to a final volume of 100 µl.  The reaction 

tube was first denatured at 95°C for 15 min, and then cycled 20 times through a protocol of 94°C 

for 30s, 60°C for 90s, 72°C for 90s and finally 72°C for 10 min.  Primer sets previously described 

in Hoyda et al.(2007) were used to detect GAPDH (+control), Genomic (-control) and 

adiponectin receptors (AdipoR1/R2) mRNA (Table 1, outside primers).  PCR products were run 

and visualized on electrophoresis gel containing 2% agarose and ethidium bromide.  The surplus 

products from the PCR reaction were sequenced by Robarts Intitute (London, ON, Canada) and 

the sequence was inputted into NCBI BLAST (Bathesda, MD, USA) to confirm identity of PCR 

products. 
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3.3 Electrophysiology 

Whole-cell current clamp recordings from SFO neurons were done using an Axopatch 

200B patch-clamp amplifier (Molecular Devices, Palo Alto, CA).  Recording and stimulation was 

controlled by Spike2 version 5 software (Cambridge Electronics Design, Cambridge UK).  

Recordings were filtered at 5kHz and acquired at 10kHz.  The external solution for all recordings 

was as follows: 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, and 10 glucose, pH 7.2 with 

NaOH (Sigma, ON, Canada).  Patch electrodes were made from borosilicate glass (World 

Precision Instruments, Sarasota FL) and had a resistance of 4 to 6 MΩ, and were filled with an 

internal solution of (in mM): 130 K-gluconate, 10KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 EGTA, 

4 Na2ATP and 0.1 GTP (Sigma, ON, Canada).  

Using a micromanipulator (Siskiyou Design Instruments, Grants Pass, OR and Sutter 

Instrument Company, Novato, Ca) the electrode was lowered and brought into position so that the 

tip was just touching the cell membrane.  With the application of a gentle suction a seal was 

formed with a resistance of at least 1 GΩ, followed by a slight suction pulse which allowed for 

whole-cell configuration.  Neurons were identified based on the presence of voltage-gated Na
+
 

channels using voltage-clamp configuration and the occurrence of spontaneous or current evoked 

action potentials with a spike amplitude greater than 60 mV in current-clamp configuration.  

During recordings, ADP was applied to the cell via bath perfusion. 
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3.4 Single-Cell RTPCR 

 In a small number of cells in which we obtained current-clamp recordings and were able 

to test the effects of ADP, we have also attempted to harvest cytoplasm form these cells in order 

to carry out single-cell RTPCR analysis of mRNA expression of the adiponectin receptors.  In 

this subgroup of SFO neurons, gentle suction was applied to the patch pipette, following current-

clamp recordings; and cell cytoplasm was gently drawn into the glass pipette, in a process that 

was visually monitored.  The pipette tip was then removed from the bath, and the tip was broken 

so that the contents could be emptied into a 0.5 ml DNAse/RNase Thermowell
®
 tube.  The 

contents were first treated with DNase (DNase I- Fermentas, Burlington ON, Canada), followed 

by cDNA synthesis using Superscript
TM

 II reverse transcriptase kit (Invitrogen, Burlington ON, 

Canada). 

 Due to the small amount of cDNA in the sample, the PCR process was carried out in two 

separate steps: a multiplex reaction followed by a nested reaction.  The multiplex reaction used 

primers closer to the edges of the cDNA for the genes of interest.  The nested reaction used 

primers that detect for sequences within the multiplex products for the genes of interest.  Both 

multiplex and nested reactions used QIAGEN
®
 Multiplex kit (QIAGEN, Mississauga, Ontario, 

Canada).  The multiplex reaction for single-cell RTPCR used the same method as RTPCR on 

SFO whole tissue, as previously described.  The nested reaction contained a 2 µl of the multiplex 

products with: 25 µl 2x QIAGEN
®
 Multiplex PCR Master Mix, 5 µl 5X Q-Solution,

 
16µl H2O, 

and 2 µl of each outside primer set of interest, for a final volume of
 
50 µl.  The nested products 

underwent 30 cycles of amplification using the same protocol as the multiplex reaction and the 

products were run and visualized on a 2% agarose gel containing ethidium bromide.  The primers 

sets used for single-cell RTPCR detected GAPDH (+control), Genomic (-control, targets intronic 
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region of chromosome 3) and adiponectin receptors (AdipoR1/R2) mRNA, as shown in Table 1.  

Primers for both AdipoR1/R2 targeted the transmembrane region of the receptor and the 

sequences were matched to established sequences in NCBI (BLAST- Bathesda, MD, USA). 

Table 1: Primer sets used for RT-PCR 

Primer Name Position Sequence 

AdipoR1 
(outside) 

F GTCCCCTGGCTCTATTACTCCT 

R AGCACTTGGCTGTGATGT 

AdipoR1  

(inside) 

F TCTTCCTCATGGCTGTGATGT 

R GGCTCAGAGAAGGGAGTCATC 

AdipoR2 
(outside) 

F GGAGCCATTCTCTGCCTTTC 

R CCAGATGTCACATTTGCCA 

AdipoR2 
(inside) 

F ACTGTAACCCACAACCTTGCTTC 

R TCAGGAACCCTTCTGAGATGAC 

GAPDH 
(outside) 

F GATGGTGAAGGTCGGTGTG 

R GGGCTAAGCAGTTGGTGGT 

GAPDH 
(inside) 

F TACCAGGCTGCCTTCTCT 

R CTCGTGGTTCACACCCATC 

Genomic 
(outside) 

F GCCTGCATTCATCTTCATCTGC 

R AAAGGTGGAACTCGCCCGTTT 

Genomic 
(inside) 

F GCCTGCATTCATCTTCATCTGC 

R TGTGTCGTGTGTCGTGTGTC 
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3.5 Calcium-imaging techniques 

Intracellular calcium ([Ca
2+

]I) measurements were obtained by imaging SFO neurons 

loaded with the ratio metric Ca
2+

 indicator fura-2 (Invitrogen, Eugene, OR).  Neurons were 

loaded with the acetomethoxy ester form of fura-2 in Hank’s buffer salt solution (HBSS; 

Invitrogen Grand Island, NY) for 30 min at 37°C, and this loading process was followed by a 

HBSS wash for 30 min at 37°C.  Imaging was performed using a PixelFly CCD camera (12-bit 

dynamic range; 1360x1024 pixel resolution; Cooke corporation, Auburn Hills, MI) with the InCyt 

dual-wavelength imaging program (Intracellular Imaging, Cincinnati, OH), which was also used 

to calculate [Ca
2+

]I concentrations.  Images of [Ca
2+

]I were collected at 1 Hz with a ratiometric 

comparison of excitation emissions at 340 and 280 nm wavelengths.  Calcium calibration curve 

was obtained using Ca
2+

 concentrations of 0 to 602 nM from a calcium calibration kit (Invitrogen, 

Burlington, ON, Canada) which simulates intracellular magnesium concentrations. 

The experimental protocol involved a 5 minute baseline recording of [Ca
2+

]I followed by 

bath perfusion
 
of HBSS supplemented with ADP. The ADP treatment period

 
lasted 100 seconds 

and was followed by bath exchange with HBSS and
 
a recovery period of 15 min. The 

experiments were concluded
 
by perfusion with HBSS containing 40 mM KCl to confirm cell

 

viability.  

 

3.6 Peptides 

 Adiponectin (Human Globular) was obtained from Pheonix Pharmaceuticals, Inc 

(Belmount CA, USA) in a lyophilized form.  The lyophilized ADP was resuspended in DPEC 

treated- H2O and separated into daily aliquots, which were stored at -80 C until use on the day of 

experimentation.    
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3.7 Analysis of Electrophysiological Data 

 Responsiveness of neurons were determined by comparing the mean resting membrane 

potential recorded in the 100s immediately prior to ADP administration to consecutive 100s  

periods following the application of the peptide.  ADP induced responses were differentiated 

from other changes in membrane potential if an initial change in membrane potential occurred 

between 30 and 300 seconds after ADP perfusion.  The peak membrane potential change during 

one of these periods was then used to determine both the duration and magnitude of ADP effects 

on SFO neurons.  Significant change in membrane potential were considered to have occurred if 

the peak change in membrane potential was greater than twice the standard deviation of the 

control base-line membrane potential.  Kruskal-Wallis one-way ANOVA was used to compare 

changes in membrane potential between different groups and student “t”-test was used to evaluate 

changes in action potential frequency and changes in dose dependent responses.  All of these 

analyses were carried out using Prism 5.0 (Graphpad Software, San Diego, CA) and all data 

shown is in mean ± S.E.M.   

 

3.8 Post-hoc analysis of microarray data of SFO tissue 

Hindmarch et al., (2008), performed microarray analysis on whole SFO tissue from 

starved and control male Sprague Dawley rats (n=5 for each group), and using the relative mean 

intensity of mRNA expression of AdipoR1 and R2 (stored on GeneSifter, Seattle, WA, USA) the 

receptor expressions of starved and control animals were compared.  Student “t”-test was used to 
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evaluate significant changes in receptor expression when comparing starved and control groups.  
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Chapter 4 

Results 

 

4.1 Adiponectin receptor 1 and 2 are expressed in SFO tissue 

 Previous studies have demonstrated the expression of AdipoR1 and R2 in the CNS 

(Yamauchi et al., 2003; Yamauchi et al., 2007), while our own studies have also reported the 

presence of both receptors in both the medullary AP (Fry et al., 2006) and hypothalamic 

paraventricular nucleus (Hoyda et al., 2007).  Recent microarray analysis of SFO neurons from 

our laboratory has also suggested the presence of AdipoR1 and R2 expression in the SFO 

(Hindmarch et al., 2008).  We therefore performed RT-PCR on mRNA from SFO tissue in our 

initial studies to confirm whether these receptors were in fact expressed in the SFO.  We obtained 

mRNA from microdissected SFOs, which were used to make cDNA.  The total cDNA then 

underwent PCR amplification using two primer sets designed specifically to amplify AdipoR1 

and R2 cDNA.  GAPDH was used as a positive control and RT(-) was used as a negative control, 

where reverse-transcriptase was not used in the RT-PCR reaction.  Genomic primers, were used 

to detect possible genomic contamination.  As illustrated in the gel shown in Figure 5, cDNA for 

AdipoR1 and R2 were both obtained from SFO tissue indicating that both receptors are expressed 

in the SFO. 

 

4.2 Adiponectin influences the activity of SFO neurons 

Since both receptors for adiponectin were found in SFO tissue, we hypothesized that SFO 

neurons are responsive to adiponectin.  Whole-cell current clamp recordings were obtained from 
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Figure 5: Adiponectin receptor expression in SFO tissue 

Agarose gel showing RT-PCR analysis from whole SFO tissue using primer sets designed to 

detect GAPDH, AdipoR1, AdipoR2 and genomic contamination. The clear expression of both 

AdipoR1 and AdipoR2 indicate mRNA expression in the SFO, while the lack of bands in either 

the genomic or RT-lanes represent important controls confirming the absence of genomic DNA 
or other contamination.  

 

97 dissociated SFO neurons which were then characterized based on changes in membrane 

potential in response to bath administration of adiponectin.  All cells included in our analysis 

showed action potentials >60 mV in amplitude, while the mean resting membrane potential of 

these SFO neurons were -58.98 ± 0.87 mV.  A minimum 100s stable baseline period of recording 

was obtained from all neurons tested prior to bath application of 10 nM of globular ADP, and 

membrane potential was then monitored for a minimum of 200 seconds after return to ACSF 

perfusion; although in some instances recordings were maintained for periods over 60 minutes, 

during which full or partial recovery of the membrane potential to baseline values was observed.  

We observed changes in mean membrane potential at intervals of 100s after ADP application in 

order to determine the effects of ADP on membrane potential and the peak 100 second mean 

change in membrane potential from baseline values.  Of the SFO neurons that were tested, we 
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observed two distinct responsive groups that either depolarized (22% of cells; 8.9±0.9 mV) or 

hyperpolarized (35% of cells; -8.0±0.5 mV) in response to ADP application, as illustrated in 

Figure 6.  Those neurons that were unaffected by ADP (membrane potential less than 2 times SD 

obtained in 100s baseline recording) had a mean change in membrane potential of 0.3±0.4 mV 

(Fig. 7a).   In a small proportion of neurons (n= 8), recordings were maintained for long enough 

periods of time that the effects of a second administration of ADP could be examined and in all 

cases, a weakened response to ADP was observed (depolarize=4.22±1.9 mV, n=3; and  

hyperpolarize= -2.12±2.19 mV, n=5).  These observations demonstrate clear and reversible 

effects of ADP on the excitability of SFO neurons, and in addition suggest the existence of 

separate differentially sensitive subpopulations of SFO neurons. 

Using 100s time intervals of mean membrane potential following the application of ADP 

we determined the time it took for SFO neurons to reach their peak response interval.  We found 

that SFO neurons that depolarized reached their peak at an earlier time interval (200s, n=13) than 

SFO neurons that hyperpolarized (900s, n=23) (Fig. 7b).  This suggests that cells that depolarize 

have a faster mechanism to reach their peak response than those that hyperpolarize.  Furthermore, 

the effect of ADP was frequently long lasting and although there were some cells that recovered 

back to baseline membrane potential, there were many in which responses persisted until the end 

of the recording (20 to 30 min after application); however, in all cases some return to baseline 

values was a prerequisite to inclusion in our analysis.   
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Figure 6: Adiponectin influences membrane potential of SFO neurons 

These traces show current clamp recordings from two separate SFO neurons, which illustrate the 

effects of bath administration of 10 nM ADP (time of application indicated by the horizontal bar 
above the traces).  The traces shown in a) illustrate depolarizing effects (mean change in 

membrane potential from baseline (indicated by red line) for this neuron was 10.39 mV) of ADP 

with an increase in spike frequency and a return to baseline membrane potential approximately 12 

minutes after return to ACSF.  The lower traces show expanded timescale representations of the 
recording period as illustrated.  In contrast the recording shown in b) is from an SFO neuron 

which hyperpolarized (mean change of -5.29mV) in response to similar bath administration of 

ADP, in this case with a decrease in action potential frequency, and again a return to baseline 
membrane potential approximately 5 minutes after ACSF was returned to the bath. 
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As illustrated above in Figure 6, adiponectin also influenced the spike frequency of SFO 

neurons in accordance with the effects of membrane potential.  These effects were analyzed by 

counting action potentials occurring in sequential 10 second intervals before and after ADP 

application and taking the mean action potential frequency at each interval.  SFO neurons that 

depolarized in response to ADP demonstrated a significant increase in action potential frequency 

(control: 0.15 ± 0.05 Hz, adiponectin:
 
3.26 ± 1.13 Hz; Student’s “t”-test p < 0.05).   On the other 

hand, SFO neurons that hyperpolarized in response to ADP showed a significant decrease in 

action potential frequency (control: 2.85 ± 0.86 Hz, adiponectin:
 
0.26 ± 0.18 Hz; Student’s “t”-

test p < 0.05).  The non responsive cells showed no change in action potential frequency (Fig. 7c). 

 

4.3 Adiponectin has concentration dependent effects on SFO neurons 

The effects of different concentrations of ADP on SFO neurons were examined using 

bath administration of concentrations of 10 fM, 1 pM, 10 pM, 100 pM, 1 nM and 10 nM, all of 

which are far lower than the circulating concentration of 100nM (Arita et al., 1999).  At 10 nM 

ADP, 56% cells (n=55/97) were found to be responsive (those that depolarize or hyperpolarize), 

and this value decreased to: 36% at 1 nM (n=5/14), 55% at 100 pM (n=20/36), 32% at 10 pM (n= 

7/22), 36% at 1 pM (n= 10/28) and 0% at 10 fM (n=0/6).  These data suggests that with the 

application of decreasing concentrations of ADP there is also a decrease in the number of 

responsive SFO neurons, where at 10 fM none of the neurons respond to ADP. 
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Figure 7: Summary data of adiponectin response 

Using the peak change in membrane potential from each SFO neuron tested, we derived a scatter 

plot graph showing depolarizing (red; mean change=8.9±0.9 mV), hyperpolarizing (blue; mean 

change= -8.0±0.5 mV) and non-responsive (green; mean change=0.3±0.4 mV) neurons after a 
bath application of 10 nM ADP (a).  Mean change in membrane potential was determined to be 

significant between all groups by using Kruskal–Wallis test (***P < 0.001).  Next, we 

determined changes in mean membrane potential during 100s intervals after ADP application and 

found that SFO neurons that depolarized (n=13) reached their peak change in mean membrane 
potential earlier than SFO neurons that hyperpolarized (n=23) (b).  Time interval zero was 100s 

before the application of ADP and mean change in membrane potential was normalized to 

baseline values before ADP application. Finally, using 10s intervals we determined the mean 
spike frequency before and after the application of ADP.  It was found that depolarizing neurons 

showed a significant increase in spiking frequency (control: 0.15 ± 0.05 Hz, ADP:
 
3.26 ± 1.13 

Hz; Student’s “t”-test *p < 0.05), while those that hyperpolarized showed a significant decrease 
in frequency (control: 2.85 ± 0.86 Hz, ADP:

 
0.26 ± 0.18 Hz; Student’s “t”-test p < 0.05) (c). 
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Furthermore, the decrease in ADP responsive neurons is correlated to a decrease in the 

level of response, as measured by the mean change in membrane potential.  Depolarizing cells 

showed a significant decrease in the mean change in membrane potential at 100 pM (3.6±0.7 mV) 

from the control of 10 nM (8.9±0.9 mV; t-test, **P<0.005) and hyperpolarizing neurons had a 

significant decrease in the mean change in membrane potential at 10 pM (-3.0±0.9 mV) compared 

to the control (-8.0±0.5 mV; t-test, **P<0.005); with no effects (hyperpolarizing or depolarizing) 

of ADP observed at a concentration of 10 fM ADP (Fig. 8).  Overall, these data suggests that both 

the number of neurons responsive and the level of response are concentration dependent, where at 

10 nM there is a no ADP induced response from any SFO neurons. 

 

Figure 8: Concentration-response relationship of ADP 

Using decreasing concentrations of applied ADP, we found that ADP has concentration 
dependent effects on SFO neurons.  This bar-graph shows changes in membrane potential at 

different concentrations of ADP, where depolarizing neurons had a significant drop in response at 

100pM (**P<0.005) and hyperpolarizing neurons had a significant drop in response at 10pM 

(**P<0.005) compared to the control response of 10nM. 
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4.4 Adiponectin has no effect on input resistance in SFO neurons 

During whole-cell current-clamp recordings, current pulses of -5, -10 and -15 pA were 

applied and the change in membrane potential was measured and used to determine the input 

resistance of responsive neurons before and after the application of ADP.  Based on comparisons 

of the slope on the VI curve of baseline control to ADP treated neurons, both hyperpolarizing (n= 

13 cells) and depolarizing (n=7) cells had no significant change in input resistance (P>0.05). 

Those cells that hyperpolarized had a mean input resistance of 1.87±0.21 GΩ during the control 

period and an input resistance of 1.96±0.21 GΩ after ADP application. While, those that 

depolarized had a mean input resistance of 2.08±0.46 GΩ as a control and an input resistance of 

2.16±0.54 GΩ after ADP application (Fig.9).   

 

 

Figure 9: Mean change in input resistance 

Based on the slope of VI curves we determined the input resistance of SFO neurons at control 
baseline and after ADP response.  We found no significant change in input resistance for SFO 

neurons that depolarized or hyperpolarized.  Black is the control input resistance taken during 

initial baseline, blue (hyperpolarization) and red (depolarization) show changes after ADP 

application 
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4.5 SFO neurons show AdipoR1/R2 receptor expression 

Our observations showing the existence of three different ADP responsive 

subpopulations of SFO neurons led us to hypothesize that the difference in response of individual 

SFO neurons may be the result of differential expression of adiponectin receptors.  We therefore 

carried out additional experiments where we have combined current-clamp recordings, in which 

we assess effects of ADP on SFO neurons, with harvesting of the cytoplasm of these neurons at 

the completion of recordings such that, using single cell RTPCR techniques, we can determine 

whether single cells express the mRNA for adiponectin receptors.  Using this technology, we 

classified the effects of 10 nM ADP on an additional 24 SFO neurons of which 7 depolarized, 6 

hyperpolarized and the remaining 11 were unaffected.  Following RTPCR processing, the 

cystoplasmic contents of all of these neurons were GAPDH positive, while none of them showed 

genomic contamination.  None of the non responsive cells showed expression of either AdipoR1 

or R2, while of the 7 cells that depolarized, 5 expressed AdipoR1 and 1 expressed AdipoR2.  

Similarly, 2 of the 6 cells that hyperpolarized in response to ADP showed mRNA for AdipoR1 

and 1 expressed mRNA for AdipoR2 (Fig. 10).  None of the responsive cells had both receptors 

present which is different from what previous studies have shown in neurons from other areas in 

the brain (Hoyda et al., 2007; Fry et al., 2006).  The single-cell RT-PCR data suggests that the 

majority of responsive cells require mRNA from either AdipoR1 or AdipoR2. 

 

4.6 Starvation increases mRNA expression of AdipoR2 in the SFO 

Microarray work from our laboratory has recently suggested changes in adiponectin 

receptor expression in the SFO following food deprivation (Hindmarch et al., 2008); specifically, 

AdipoR2, mRNA levels significantly increased (Student’s “t”-test, **** p < 0.0001), while 
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AdipoR1 expression levels were unchanged during food deprivation (Fig. 11).  These results have 

now been confirmed using quantitative RTPCR (Fry and Ferguson, 2008).   These data show that 

AdipoR2 mRNA expression changes under starved conditions and suggests that with a change in 

receptor expression there could be a change in the responsiveness of SFO neurons to ADP. 

 

 

Figure 10: AdipoR1 and R2 mRNA expression in single SFO neurons 

Following ADP application to neurons, cytoplasm was aspirated and mRNA samples from each 
individual neuron underwent RT-PCR.  Based on these experiments, the majority of the neurons 

that depolarized had either one or the other receptor, while half of those that hyperpolarized had 

one or the other receptor.  None of the non-responders had any ADP receptors.  White arrows in 
both R1/R2 gel indicate where R1 and R2 would be located if both were expressed in the same 

cell. 
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Figure 11: AdipoR1/R2 mRNA expression during fed and starved states 

Using Post-hoc analysis of microarray data, these bar graphs show mRNA expression of both 

adiponectin receptors in whole SFO obtained from either control (black) or starved (blue) 

animals.  Of the two receptors, only AdipoR2 showed a relative increase in mRNA expression 
during starvation (****p < 0.0001).  Original microarray data was collected by Hindmarch et al., 

2008. 

 

4.7 Adiponectin influences effects on intracellular calcium in SFO neurons 

of control and starved animals 

 

4.7.1 Adiponectin increased [Ca2+]I in SFO neurons 

Studies in area postrema neurons have shown that ADP induces an increase in [Ca
2+

]I; 

therefore, we hypothesized that ADP would also increase [Ca
2+

]I in SFO neurons.  The effects of 

adiponectin on [Ca
2+

]I were observed in acutely dissociated SFO neurons (used within 6 hours of 

dissociation) using microflourometry in fura-2-loaded neurons.  Baseline [Ca
2+

]I prior to ADP 

application was 104.6±6.8 nM.  Bath application of ADP (10 nM) caused an increase in [Ca
2+

]I  in 

25% (7 of 28) of the neurons tested (Fig. 12a).  This increase in [Ca
2+

]I  had a peak Ca
2+

 

concentration of 43±15.6 nM and the response lasted for an average of 600s; which was followed 

by a recovery period of at least 10 min using HBSS (Fig. 12b).  The viability of all tested SFO 

cells was confirmed by their responsiveness to bath administration of 50 mM KCl at the 



 

42 

 

completion of experimental recording period. The data demonstrates that some SFO neurons 

showed an increased [Ca
2+

]I in response to adiponectin, suggesting that an increase in intracellular 

calcium is either involved in a downstream pathway or is a secondary consequence of the 

depolarization-induced activation of voltage gated Ca
2+ 

channels. 

    

 

Figure 12: Changes in [Ca
2+

]I due to ADP in normal and starved animals 

Application of ADP (indicated by blue bar) induced an increase in [Ca
2+

]I (7/28 neurons) in SFO 
neurons from control animals (a), where neurons were identified based on KCl response after 

1000s.  Part (b) shows the normalized mean change in [Ca
2+

]I  from control  neurons that showed 

an increased [Ca
2+

]I  following ADP treatment, where the mean peak for all the responsive 
neurons was 43±15.6 nM.  Part (c) shows the normalized mean change in [Ca

2+
]I  from all SFO 

neurons recorded from starved animals following ADP treatment. 
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4.7.2 Starvation inhibits adiponectin induced increase in [Ca2+]I  

Since starvation increases AdipoR2 expression in the SFO (Fry and Ferguson, 

2008;Hindmarch et al., 2008), and ADP induces an increase in [Ca
2+

]I  in SFO neurons from fed 

animals, we hypothesized that during starvation, an increase in AdipoR2 mRNA expression 

would lead to an increase in the ADP-induced [Ca
2+

]I response in SFO neurons.  To test this 

hypothesis, we starved animals for 48 hours in regular light dark cycle prior to SFO cell 

dissociation.  The effects of ADP were observed in acutely dissociated SFO neurons from these 

animals using microflourometry in fura-2-loaded neurons.  Bath application of ADP (10nM) 

caused no change in [Ca
2+

]I (0/32;) in all the neurons that were tested and showed KCl responses 

(Fig.12 c, summarized in Fig. 14a). These data suggest that with starvation and an increase in 

AdipoR2 receptor, the Ca
2+

 response due to adiponectin is abolished. 

 

4.8 Adiponectin induces depolarization in starved animals 

In light of the data showing an abolishment of ADP induced increase in [Ca
2+

]I  from 

starved animals, we hypothesized that a loss of Ca
2
+ response may be related to a loss of the ADP 

induced depolarization observed in current-clamp recordings from control animals.  We assessed 

this hypothesis by first starving animals for 48 hours and then dissociating SFO neurons from 

these animals, which were used within 36 hours after dissociation.  Using whole-cell patch-clamp 

techniques, we found that the majority of SFO neurons obtained from starved animals depolarized 

in response to ADP (n=10/13; Fig. 13).  We also found that none of the neurons tested 

hyperpolarized, while only three showed no response. Following the 36 hour time period, we 

found that some neurons from starved animals hyperpolarized in response to ADP (n=2/3).  These 

data clearly contrast with those obtained from control ad libitum fed SFO neurons (summarized in 
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Fig. 14b), and suggest that the responsiveness of SFO neurons to adiponectin can change in 

association with recent feeding patterns.      

 

 

Figure 13: ADP depolarizes SFO neurons from starved animals 

The traces above are two examples of SFO neurons from starved animals that depolarized in 
response to ADP treatment, with a peak change in membrane potential of 6.2 mV (top) and 8.1 

mV (bottom).  SFO neurons from starved conditions did not exhibit a hyperpolarizing response.  
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Figure 14: Summary data of control vs. starved responses to ADP 

Pie charts show ADP-induced changes in both intercellular calcium (a) and membrane potential 

(b) in SFO neurons from control (i) and starved (ii) animals.  Part a) summarizes calcium 
response profiles(increase in [Ca

2+
]I  shown in red, and no change in [Ca

2+
]I  shown in green) of 

ADP-treated SFO neurons from starved (ii) and control (i) animals.  Furthermore, panel b) shows 

the percentage of ADP-induced hyperpolarizers (blue), depolarizers (red) or non-responders 
(green) in SFO neurons from starved (ii) and control (i) animals.  
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Chapter 5 

Discussion 

 

Our study demonstrates that mRNAs for both adiponectin receptors are expressed in SFO 

tissue and that activation of these receptors modulates the membrane properties of SFO neurons.  

Furthermore, our data show that the majority of SFO neurons are responsive to ADP and express 

mRNA for one of the two adiponectin receptors, but not both.  Our data also indicate that during 

starvation, there is a significant increase in the mRNA expression of AdipoR2 in SFO tissue, 

which is associated with a change in the adiponectin response of SFO neurons when compared to 

controls.  These data suggest that the SFO is a CNS site that is sensitive to ADP and that SFO’s 

response to ADP is modulated by different energy states. 

 

5.1 Adiponectin-induces responses in SFO neurons 

 We used patch-clamp electrophysiology to monitor changes in the membrane properties 

and action potential frequencies of SFO neurons in response to ADP.  We found that in response 

to ADP, SFO neurons either depolarize or hyperpolarize.  These responses were categorized as 

being significant if they induced a change in membrane potential greater than two standard 

deviations from the baseline.  Using this quantitative method to determine significance, we were 

able to differentiate ADP-induced responses in the neurons from intrinsic fluctuations in the 

membrane potential of the cell.  However, this method of determining significance would also 

ignore small ADP-induced changes in membrane properties that are below the two standard 

deviation threshold; this may be problematic in that it may underestimate the total proportion of 

SFO neurons that are responsive to ADP.  We have also avoided potential problems of 
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desensitization of SFO neurons to ADP in our studies by only using the first exposure of any SFO 

neurons to ADP for our primary analysis of the effects of this adipokine on membrane potential. 

 We also found that neurons that depolarized reach their peak response before those that 

hyperpolarized.  This result would suggest that each response uses a different mechanism to reach 

their peak point.  However, it should be noted that neurons that hyperpolarized reached a plateau 

before reaching the peak time interval and that not all the neurons tested reached that peak time 

interval; thus indicating that there are two distinct mechanisms causing the hyperpolarization 

response.  The time it takes the adiponectin to reach the neuron is also a factor that must be 

considered when looking into time it takes to reach peak response, however the influence of this 

factor was reduced in our study due to high n-values which averaged the application time.  

Our observations that the input resistance of SFO neurons does not change in response to 

adiponectin during the observed hyperpolarizing or depolarizing responses suggests a number of 

possible scenarios.  The first is that multiple channels are responsible for the change in membrane 

potential, where the activation and inactivation of these channels effectively summate to a 

cumulative lack of effect on input resistance.  It is also possible that effects may be on voltage 

activated channels that are not open during the hyperpolarizing pulses that we apply to measure 

input resistance.   A third possibility is that modulation of an ion transporter may be responsible 

for the effects of adiponectin.  Based on the input resistance data from this study, it is difficult to 

conclude which conductances are involved in modulating the membrane potential of SFO neurons 

during ADP application. 

Our lab has previously shown that ADP modulates both membrane properties and action 

potential frequency in neurons from the AP (Fry et al., 2006) and the PVN (Hoyda et al., 2007). 

The responsiveness of ADP in SFO neurons is similar to what was observed in the AP (Fry et al., 
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2006), where neurons in both CVOs show both depolarizing and hyperpolarizing responses that 

are long lasting.  In the PVN, the ADP induced response of an individual neuron was associated 

with physiological functions of that neuron through electrophysiological fingerprinting and 

single-cell RTPCR (Hoyda et al., 2007).  SFO neurons have yet to be classified into subgroups 

based on electrophysiological fingerprinting, which makes it difficult to categorize each response 

with such physiological function of the individual neuron.  Since, neurons in CVOs, like the SFO 

and AP, appear to have diverse responses to ADP, it is likely that these responses may be 

associated with functional subpopulations of neurons within these CNS sites that have yet to be 

identified.   

 

5.2 SFO’s responses to ADP is modulated by starvation 

 Research from our own lab has recently shown that during starvation, mRNA expression 

of adipoR2 is significantly increased in SFO tissue (Hindmarch et al., 2008; Fry and Ferguson, 

2008).  The results presented in this study show that the increase in adpoR2 is associated with a 

change in the ADP-induced response of SFO neurons.  Intracellular calcium appears to play a role 

in modulating SFO responses to ADP during different energy states, as under normal conditions 

ADP causes increases in intracellular calcium, whereas no such responses are observed on SFO 

neurons from food deprived animals.  The mechanism behind this loss of ADP-induced increase 

in [Ca
2+

]I in SFO neurons from starved animals is currently unknown.  One must also consider 

whether starvation modifies ADP induced second messenger systems to stop the increase in 

[Ca
2+

]I or if calcium channels in SFO neurons are potentially inactivated during starvation.  

Although calcium imaging is a high-throughput method that can give real-time results about 

intracellular calcium content, it cannot explain what mechanisms are causing this change in 
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intracellular calcium.  Furthermore, a lack of calcium response does not necessarily mean that 

SFO neurons from starved animals are not responding to ADP, but rather that an increase in 

[Ca
2+

]I is no longer involved when ADP is applied to SFO neurons. 

  To determine whether this loss of ADP-induced [Ca
2+

]I increase is associated with the 

responsiveness of SFO neurons we used patch-clamp electrophysiology on SFO neurons from 

starved animals and found that the majority of SFO neurons from starved animals respond to 

adiponectin, but not in the control state with mixed responses, rather over 80% of SFO neurons 

tested now show depolarization in response to ADP.  The association between a lack of [Ca
2+

]I 

increase and depolarization of SFO neurons from starved animals is intriguing, because the 

opposite is often seen where an influx of calcium into neurons is associated with a depolarization 

of the cell membrane (Fatt and Ginsborg, 1958).  Although we currently do not know why in this 

case a lack calcium response is related to membrane depolarization when ADP is applied on SFO 

neurons from starved animals, we do hypothesize that the increase in [Ca
2+

]I seen in control 

animals may be associated with the hyperpolarizing effect of ADP; where during starvation this 

loss of calcium response results in the depolarization of most SFO neurons.  Overall, these data 

suggests that during starvation SFO’s response to ADP changes because of: (1) an increase in 

AdipoR2 mRNA, (2) a loss of ADP-induced calcium response and (3) depolarization of the 

majority of SFO neurons and a loss of hyperpolarization response.  

 

5.3 Role of adiponectin receptors in the SFO 

Qi et al.(2004) have previously demonstrated that both AdipoR1 and R2 receptors are 

expressed in the brain, observations supported by our own work showing mRNA for the ADP 

receptors in the PVN (Hoyda et al., 2007) and AP (Fry et al., 2006).  This study shows a third 
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CNS site and a second CVO with mRNA expression of adiponectin receptor.  Furthermore, we 

have demonstrated that individual SFO neurons express mRNA for either AdipoR1 or R2, but not 

both.  An important consideration to take into account is to ensure that what we observed was in 

fact mRNA for the receptors instead of false positives or false negatives.  Negative controls, such 

as using bath solution instead of cytoplasm, removing reverse transcriptase in the solution (RT-), 

and removing PCR templates from the reaction, were used to assure that there were no false 

positives.  Genomic controls also underwent RTPCR to ensure that there was no genomic 

contamination and that the sample underwent proper DNAse treatment.  In addition to the 

negative controls, we also tested for the presence of a house-keeping gene, GAPDH, to ensure 

that a known sequence could be detected.  The mRNA expression of adipoR1/R2 suggests that 

the SFO has the ability to express these receptors, although it is also important to recognize that 

mRNA expression does not automatically mean that the protein is expressed.  Such confirmation 

of protein expression would require immunohistochemistry on SFO tissue; however, previous 

experiments from our lab showed that commercially available antibodies were unable to properly 

identify expression of AdipR1 and AdipoR2 (Fry et al., 2006).  

The majority of neurons in the SFO that respond to ADP express mRNA for either 

AdipoR1 or AdipoR2, but not both.  These results are different from what has been seen in AP 

(Fry et al., 2006) and PVN (Hoyda et al., 2007), where single neurons were shown to express 

both receptors.  There is, however, a small group of SFO neurons that had mRNA for neither 

receptor, but still responded to adiponectin.  The lack of receptors in some of the neurons could 

be due to low copy numbers of the adiponectin receptor in the sampled cytoplasm.  Using serial 

dilutions, we found that the sensitivity of our single-cell RT-PCR technique can detect up to 

1/1,000
th
 of a single cell, which indicates that the low/no mRNA copy number explanation may 
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only account for some of the responsive neurons that did not express either receptor.  Another 

possible explanation for the existence of responsive SFO neurons that did not express mRNA for 

either receptor could be due to a third unknown receptor that is responsive to adiponectin.  It has 

been suggested that a third ADP receptor may play a role in regulating inflammatory cytokines 

and adhesion molecules (Takeuchi et al., 2007; Ouchi et al., 2001).  The existence of a possible 

third receptor that is involved in the immune response would make sense to be produced in the 

SFO, since it is suggested that the SFO may play a role in immune responses (Day and Akil, 

1996; Takahashi et al., 1997).   

Yamauchi et al. (2007) have shown that AdipoR1 and AdipoR2 activate second 

messenger systems for the AMPK and PPAR-α pathways, respectively.  The activation of these 

second messenger systems may be the cause of the long lasting effects observed in ADP-induced 

responses in the SFO, AP (Fry et al., 2006) and the PVN (Hoyda et al., 2007).  However, without 

fully understanding the time period it takes for these pathways to activate and inactivate, the 

association of the long lasting effects with second messenger systems is still premature. 

During starvation, the expression level of AdipoR2 mRNA increases, as demonstrated by 

work in our lab using microarray (Hindmarch et al., 2008) and qRTPCR (Fry and Ferguson, 

2008).  As stated earlier, the increase in mRNA does not necessarily mean that there is an 

increase in receptor expression; however, in this case, the increase in mRNA is associated with a 

change in responsiveness of SFO neurons to ADP, suggesting that an increase in mRNA receptor 

expression may be involved.  The reason why AdipoR2 mRNA expression is elevated during 

starvation is unknown; however, this does suggest that AdipoR2 expression may be involved in 

changing the effects that ADP has on SFO neurons during different energy states, particularly 

during starvation.  Since the SFO has been shown to be responsive to energy regulating hormones 
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like amylin (Sexton et al., 1994), calcitonin (Rouleau et al., 1984), calcitonin gene-related peptide 

(Christopoulos et al., 1995), adrenomedullin (Ueda et al., 2001), orexin (Kunii et al., 1999) and 

ghrelin (Pulman et al., 2006), it is possible that during starvation some of these circulating signals 

are modified to induce an increase in AdipoR2 expression.  This study suggests that AdipoR2 has 

a role in the SFO during starvation; however, at this time we can only speculate about the purpose 

and cause of this increase in AdipoR2 during food deprivation. 

 

5.4 Physiological relevance of ADP effects on SFO 

 The concentration of adiponectin used to determine responsiveness of SFO neurons (10 

nM) is very close to circulating levels of this adipokine which have been reported to be 

approximately 100nM (Arita et al., 1999).  Also, based on this study we found that SFO neurons 

were functionally saturated at a concentration of 10 nM ADP, which shows that functional 

saturation also occurs at circulating concentrations.  Furthermore, since adiponectin is inversely 

proportional to adipocyte mass and ADP knock-out mice demonstrate obesity (Kubota et al., 

2002; Maeda et al., 2002), this data would suggest that obese individuals who have lower than 

normal concentrations of circulating adiponectin, would also have reduced ADP effects on SFO 

activity.  During starvation, there is an increase in circulating levels of ADP (Hotta et al., 2000) 

and the majority of SFO neurons depolarize in response to ADP.  Overall, these data would 

suggest that SFO neurons in obese patients are less active due to lower circulating concentrations 

of ADP and during starvation the majority depolarize due to the increase in circulating ADP and a 

change in the responsiveness of the neurons. 

As stated in the introduction, the hypothalamus is the central location for autonomic 

function including energy homeostasis.  Within the hypothalamus, the three major areas of 
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interest when it comes to energy homeostasis are the ARC, VMH and the PVN.  Furthermore, the 

SFO has been shown to project to the PVN (Miselis, 1981; Lind et al., 1982) and as such has been 

suggested to play a role in energy homeostasis (Pulman et al., 2006; Fry and Ferguson, 2007b).  

Since SFO neurons have diverse responses to ADP, it is possible that specific responses may be 

associated with projection sites of those neurons, and it would be particularly interesting for 

future studies to observe responses of neurons that project to the PVN to create a mechanism of 

how circulating ADP can act on the SFO to influence the PVN.    

In conclusion, we demonstrated that SFO neurons are sensitive to ADP and that the 

response to ADP changes during starved conditions, suggesting that SFO’s response to ADP is 

modulated by energy status.  The SFO is the second CVO that has been shown to be responsive to 

ADP and overall, this study suggests that the SFO is a CNS site that can detect circulating energy 

signals. 
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