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Abstract 

Cardiovascular disease is a leading cause of mortality worldwide. Progress has been made in 

diagnosing and treating this condition, however the mechanisms by which it develops have yet to be fully 

elucidated. Accumulating evidence suggests that inflammation plays an important role in cardiovascular 

disease. Cytokines are elevated in patients with hypertension and heart failure, as well as in animal 

models of these conditions. Tumor necrosis factor alpha (TNFα), a cytokine, has been shown to increase 

blood pressure and sympathetic output, and it is critical in the development of hypertension. It has been 

determined that the subfornical organ (SFO) of the central nervous system mediates the effects of TNFα. 

Knockdown of the TNFα receptor in the SFO ameliorates sympathoexcitation following heart failure, 

further suggesting a mechanism by which TNFα acts in the SFO to regulate cardiovascular function. 

However, it is unknown how TNFα modulates SFO neurons to cause these effects. Therefore, we 

performed whole-cell patch-clamp electrophysiology and [Ca2+]i imaging on dissociated SFO neurons 

isolated from male Sprague-Dawley rats to determine their activity in response to TNFα. We found that 

acute application of TNFα depolarized 50% of SFO neurons and increased their firing rate. We also found 

that chronic treatment of SFO neurons with TNFα increased their excitability, an effect that was 

mediated, at least in part, by a hyperpolarizing shift in the activation threshold of the voltage-gated Na+ 

current. Furthermore, we observed that TNFα potentiated angiotensin II-induced increases in [Ca2+]i in 

SFO neurons. This effect was also mediated by the voltage-gated Na+ current, as tetrodotoxin prevented 

this potentiation. These data suggest cellular mechanisms by which TNFα increases blood pressure and 

sympathetic activity through actions in the SFO, and thus provide new insight into how circulating 

inflammatory cytokines may contribute to cardiovascular regulation in health and disease.  
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Chapter 1: General Introduction 

1.1 Circumventricular organs 

Circumventricular organs (CVOs) are specialized regions of the central nervous system (CNS) 

that lack a true blood-brain barrier (BBB; Ganong, 2000; Mimee et al., 2013), allowing neurons in these 

regions to directly interface with the contents of the peripheral circulation. CVOs are further classified 

into secretory and sensory CVOs. Secretory CVOs, such as the pineal gland, pituitary, and median 

eminence secrete hormones into the peripheral circulation. In contrast, the sensory CVOs play a role in 

sensing homeostatic signals in the peripheral circulation. There are three sensory CVOs present in human 

and murine brains: the area postrema, the organum vasculosum of the laminae terminalis (OVLT), and the 

subfornical organ (SFO). Under normal conditions, the BBB protects the rest of the CNS from many 

constituents of the circulation, only allowing small (<1 kDa) and lipophilic molecules access (Ballabh et 

al., 2004). However, many peripheral signals that encode critical information regarding the cardiovascular 

and immune status of the animal are peptide hormones and large proteins which do not readily diffuse 

across the BBB (Mimee et al., 2013; Smith and Ferguson, 2010). This limits the ability of the critical 

homeostatic control centers of the CNS, which are protected by the BBB, to directly monitor the feedback 

information provided by these signals. The sensory CVOs are in a unique position whereby neurons in 

these regions are able to constantly monitor these circulating signals, and through efferent projections to 

homeostatic control centers, transmit this information to these BBB-protected regions (Kawano and 

Masuko, 2010). 

Sensory CVOs such as the SFO sense circulating signals involved in a plethora of homeostatic 

mechanisms, including energy balance, cardiovascular regulation, and inflammation (Ferguson, 2009; 

Smith and Ferguson, 2010). What are the physiological functions of these sensing mechanisms? It is 

thought that the CVOs continuously sense and integrate these signals to allow for activation of neural 

circuits that modulate the physiology and behavior of the animal in order to maintain homeostasis 
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(Ganong, 2000). For example, thirst is a highly conserved and critical motivational drive and can be 

directly provoked by the activation of neurons within the SFO (Matsuda et al., 2017; Nation et al., 2016; 

Oka et al., 2015). Many circulating signals that carry information regarding the state of fluid balance, 

such as such as sodium (Na+), osmolality, and angiotensin II (Ang II) are directly sensed by the SFO 

(Cancelliere and Ferguson, 2017; Matsuda et al., 2017; Miller et al., 2013; Tiruneh et al., 2013). These 

signals are integrated and drinking responses, blood pressure, and release of vasopressin are initiated as 

needed to restore fluid balance (Ferguson and Kasting, 1986; Matsuda et al., 2017; Leib et al., 2017; 

Simpson and Routtenberg, 1973). The ability of the SFO to integrate these signals and initiate coordinated 

responses may rely on the overlap of sensing mechanisms, such as receptors and ion channels, in specific 

neuronal and glial cell subtypes. 

 

1.2 The subfornical organ 

The SFO is a midline structure directly attached to the ventral surface of the fornix, and it is 

composed of an outer shell and a highly vascularized internal core (Dellmann, 1998). While the discrete 

functions of each of these subregions have not been adequately explored, it is suggested that the outer 

shell is responsible for osmosensation and the internal core is specialized in sensing circulating signals, 

such as Ang II and other peptide hormones (McKinley et al., 1998; Miller et al., 2013; Pocsai and 

Kalman, 2015). The SFO has been shown to play a role in many different homeostatic systems and thus 

expresses receptors that are associated with those systems (Smith and Ferugson, 2010). For example, SFO 

neurons express receptors for cholecystokinin and leptin (energy balance; Ahmed et al., 2014; Cancelliere 

and Ferguson, 2017; Smith et al., 2009), prolactin and estrogen (reproduction; Kamesh et al., 2018; Xue 

et al., 2015), Ang II (fluid balance and cardiovascular regulation; Cancelliere and Ferguson 2017; Nation 

et al., 2015), and cytokines such as interleukin 1β (IL-1β) and tumor necrosis factor alpha (TNFα; 

inflammation; Desson and Ferguson 2001; Wei et al., 2013). While there are unique cell populations in 

the SFO that respond to these signals, the observation that in all cases relatively large proportions of SFO 
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neurons are responsive to each signal clearly indicates considerable overlap in expression and function of 

these receptors in individual neurons (Cancelliere and Ferguson, 2017). This suggests that unique 

subpopulations of SFO neurons can integrate information across different homeostatic systems, allowing 

for cross-modulation (e.g. inflammatory modulation of blood pressure). While an intriguing hypothesis, 

this aspect of the SFO function remains relatively unexplored. In any event, subpopulations of SFO 

neurons integrate these signals and project to many other regions of the CNS in order to regulate 

homeostasis. Extensive projections exist to sites such as another CVO, the OVLT, as well as many 

hypothalamic sites including the supraoptic nucleus (SON), and the paraventricular nucleus (PVN; 

Kawano and Masuko, 2010). The plethora of projection targets from the SFO supports the idea that it 

plays a role in a diverse array of homeostatic mechanisms. 

 The SFO contains multiple subpopulations of neurons that act in a network to sense peripheral 

signals and relay the information to regulatory centers of the CNS. The coordination of these neuronal 

subpopulations is critical for processing this information, as well as for the efficacy of their outputs. 

These dynamic processes inherently involve the electrochemical behavior of individual neurons. SFO 

neurons express a wide variety of ion channels that control their excitability. Voltage-gated Na+ (vgNa+) 

and voltage-gated K+ (vgK+) channels mediate the upsurge and recovery of the membrane potential 

during an action potential, respectively (Kuksis and Ferguson, 2015). Therefore, these channels play a 

critical role in the excitability and overall outputs of SFO neurons. Furthermore, other ion currents and 

channels that contribute to SFO neuron excitability include a non-selective cation conductance (NSCC; 

Desson and Ferguson, 2003), as well as voltage-gated Ca2+ (vgCa2+) channels (Kuksis and Ferguson, 

2015). The NSCC is a voltage-independent current that conducts Na+, Ca2+, and K+ down their 

concentration gradients. This current is excitatory during most physiological contexts and is a target for 

multiple peptidergic signaling pathways (Desson and Ferguson, 2003; Pulman et al., 2006). Multiple 

vgCa2+ currents are present in SFO neurons and play a role in action potential mediated Ca2+ influx 

(Wang et al., 2013; Washburn and Ferguson, 2001). In summary, these ion currents, among many others, 
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harmoniously contribute and regulate SFO neuron activity and thus play a role in defining how networks 

of SFO neurons and their outputs regulate homeostatic functions. 

 

1.3 Cardiovascular regulation by the subfornical organ 

The SFO has been extensively studied for its role in cardiovascular regulation. Early studies show 

that electrical stimulation of the SFO increases blood pressure (Mangiapane and Brody, 1983) and 

induces vasopressin release by the pituitary (Ferguson and Kasting, 1986). The secretion of vasopressin is 

largely mediated by projections to the magnocellular divisions of the PVN and SON (Voisin and 

Bourque, 2002), which are the two principal populations of neurons in the CNS that mediate systemic 

vasopressin release (Voisin and Bourque, 2002). A distinct projection to the preautonomic division of 

PVN neurons is responsible for the increase in blood pressure. These preautonomic neurons send 

downstream projections to the rostral ventrolateral medulla (RVLM) and the spinal cord where they form 

synapses with sympathetic preganglionic neurons (Swanson and Sawchenko, 1983). Activation of 

preautonomic PVN neurons potently increases sympathetic nerve activity (SNA) and induces 

vasoconstriction of peripheral arterial vessels, thus increasing blood pressure (Swanson and Sawchenko, 

1983). SFO projections to the PVN appear to be angiotensinergic (i.e. release Ang II as a peptidergic 

neurotransmitter; Bains and Ferguson, 1994). The preautonomic neurons in particular express Ang II 

receptor type 1 (AT1R) and Ang II increases the firing rate of these neurons (Li et al., 2003). The 

hypothesis that SFO-PVN communication may be at least partially mediated by angiotensinergic 

neurotransmission is further supported by the presence of local renin angiotensin system (RAS) 

expression within the SFO, which is hallmarked by the expression of angiotensinogen and angiotensin 

converting enzyme (ACE; Wei et al., 2013, Wei et al., 2015, Yu et al., 2017). In conclusion, the SFO is 

able to modulate cardiovascular activity and fluid balance, specifically by modulating the neural circuits 

for sympathetic activation and vasopressin release. As mentioned previously, there are many circulating 

factors that can modulate the activity of SFO neurons depending on the physiological context (e.g. 
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dehydration, hypotension, etc.). Despite the many studies highlighting the roles of individual circulating 

signals in regulating activity of SFO neurons, the functional significance of the integrative roles of these 

neurons in the regulation of the cardiovascular system in physiological and pathophysiological conditions 

has yet to be fully elucidated.  

 

1.4 Angiotensin II in the subfornical organ 

Ang II is the principal effector of the RAS, and is well-characterized as a potent vasoconstricting 

agent, and as an aldosterone secretagogue (Herichova and Szantoova, 2013). However, the effects of Ang 

II are not limited to the periphery, as many studies have shown that Ang II and local RAS play critical 

roles within the CNS. Direct administration of Ang II into the SFO dramatically increases blood pressure 

(Mangiapane and Simpson, 1980). These effects are mediated by AT1R, a G-protein coupled receptor 

(GPCR) that canonically signals through a Gq-coupled pathway (Saad et al., 2008). This pathway leads to 

activation of two members of the phospholipase family: phospholipase C (PLC) and phospholipase A 

(PLA; Touyz and Schiffrin, 2000). PLC catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate 

into diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3; Touyz and Schiffrin, 2000), a ligand for 

the endoplasmic reticulum (ER) IP3 receptor (IP3R). IP3 engages this receptor, which leads to the release 

of ER Ca2+ into the cytoplasm ([Ca2+]i; Touyz and Schiffrin, 2000). [Ca2+]i, along with DAG, activates 

protein kinase C (PKC), a kinase required for many of the physiological and cellular effects induced by 

Ang II in the SFO (Coble et al., 2014). AT1R stimulation by Ang II can also activate PLA, leading to the 

production of arachidonic acid, the precursor for Prostaglandin E2 (PGE2) synthesis, a lipid signaling 

molecule that activates the PGE2 family of GPCRs (EP1-3R, is produced in the SFO following AT1R 

stimulation (Diaz and Arm, 2003). PGE2 has been implicated in pro-inflammatory processes within the 

CNS, and is a potent regulator of blood pressure (Zhang et al., 2003). In summary, Ang II activates PLC 

and PLA within SFO neurons, which engages signaling pathways that modulate neuronal activity.  
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 Ang II is exclusively excitatory in SFO neurons (Cancelliere and Ferguson 2017) and potently 

increases [Ca2+]i, a second messenger that increases with neuron activation (Gebke et al., 1998). The 

mechanisms underlying these stimulatory effects are due to potentiation of a non-selective cation current 

(NSCC), and N- and L-type Ca2+ currents, and an inhibition of an A-type K+ current (Ferguson and Li, 

1996; Ono et al., 2001; Wang et al., 2013; Washburn and Ferguson, 2001). Modulation of these currents 

harmoniously leads to membrane depolarization and action potential discharge (Cancelliere and Ferguson, 

2017; Li and Ferguson, 1993), which likely explains the activation of SFO projections to the PVN and the 

resulting effects on blood pressure and SNA. In a homeostatic context, Ang II acts in the SFO to maintain 

proper fluid balance and appropriate arterial tone (Ferguson, 2009). However, inappropriately high levels 

of circulating Ang II can cause hypertension by acting at the SFO (Hendel and Collister, 2005). Indeed, 

the Ang II/AT1R axis in the SFO is critical in many animal models of hypertension, such as Ang II-

induced hypertension (Hendel and Collister, 2005), and Ang II-salt hypertension (Sriramula et al., 2008). 

In summary, during physiological and pathophysiological contexts Ang II engages the AT1R on SFO 

neurons, which leads to downstream signaling pathways that modulate ion channel activity. This activates 

neurons that project to hypothalamic autonomic control centers, which in turn induces vasopressin 

release, sympathetic activation, and vasoconstriction of peripheral blood vessels.  

 

1.5 Hypertension  

 Hypertension is a condition of chronically elevated blood pressure and is the largest risk factor 

for cardiovascular disease, which affects millions worldwide. Neurogenic hypertension originates with 

CNS dysfunction (Braga et al., 2011). However, the mechanisms underlying this condition are not well 

established. It is thought that neurogenic hypertension is caused by dysregulation of the neural circuits 

involving the PVN for SNA and blood pressure regulation (Braga et al., 2011). The PVN is a major 

integrator of fluid balance and cardiovascular signals and exerts powerful control over SNA and blood 

pressure via its projections to the RVLM and spinal cord (Swanson and Sawchenko, 1983). Indeed, 
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activation of preautonomic PVN neurons appears to be involved in elevating SNA (Llewellyn et al., 2012; 

Swanson and Sawchenko, 1983). As mentioned previously, the SFO sends angiotensinergic inputs to the 

PVN, and Ang II has been shown to activate preautonomic PVN neurons (Bains and Ferguson, 1994; 

Ferguson et al., 1984). Since Ang II/AT1R signaling is important for maintaining hypertension, it is 

conceivable that angiotensinergic SFO projections to preautonomic PVN neurons could be involved in 

this pathway. However, this hypothesis has yet to be directly tested. Regardless, the evidence suggests 

that dysfunction in the SFO-PVN-RVLM circuit may be critical in hypertension (Braga et al., 2011). 

Despite this knowledge, it remains unclear how this neural circuit becomes dysregulated during 

hypertension and heart failure.  

 

1.6 Inflammation and hypertension 

It is well acknowledged that the immune system plays a role in cardiovascular disease (Glezeva 

and Baugh, 2014). During hypertension and heart failure, damaged peripheral tissues and immune cells 

produce cytokines (Glezeva and Baugh, 2014), which likely explains the elevated levels of cytokines, 

such as TNFα and interleukin 1β, in patients with these conditions (Aukrust et al., 1998; Tedgui and 

Mallat, 2006). However, the connection between cytokines and cardiovascular regulation remains 

unclear. One key study found that prevention of T- and B-cell production in mice reduced the 

development of Ang II-induced hypertension (Hong et al., 2014). This may involve a process by which 

Ang II can stimulate the immune system (Hong et al., 2014), which would potentially lead to cytokine 

production and subsequent hypertension. However, the mechanisms through which cytokine dysregulate 

blood pressure and SNA have yet to be clearly established. It has been found that TNFα knockout mice do 

not develop hypertension induced by Ang II and a high salt diet (Sriramula et al., 2008). Comparably, rats 

given an intracerebroventricular (icv) TNFα injection exhibited a more pronounced Ang II-induced 

hypertension (Xue et al., 2016). These data support a model where high levels of Ang II activates the 

immune system, which increases levels of circulating cytokines, thus modulating blood pressure and 
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SNA. However, the mechanisms by which these cytokines modulate cardiovascular regulation is only 

beginning to be elucidated.  

 

1.7 Tumor necrosis factor alpha  

 TNFα is a cytokine that is classically produced by activated immune cells, such as macrophages 

and lymphocytes (Maury and Teppo, 1989). Initially a membrane-bound protein, TNFα is cleaved by 

ADAM metalloprotease 17/TNFα converting enzyme, allowing TNFα to be “shed” from the membrane 

(Niu et al., 2014). This cytokine plays a critical role in the immune response by causing the proliferation 

and migration of immune cells to fight off infection (Maury and Teppo, 1989). It is also produced by 

other cells in the body depending on the physiological context, and its expression is not limited to the 

periphery, as TNFα expression can be induced in the CNS during a central immune response or other 

contexts (Yu et al., 2017). Aside from its roles in the immune system, TNFα contributes to cardiovascular 

disease through many different mechanisms. Circulating TNFα is increased in patients with 

cardiovascular disease (Drimal et al., 2008; Glezeva and Baugh, 2014), and TNFα is critical for 

cardiovascular remodeling during hypertension and heart failure (Sriramula et al., 2008). Furthermore, 

administration of TNFα increases blood pressure and SNA (Wei et al., 2015). Many studies suggest that 

the CNS may be a site where TNFα acts to regulate hemodynamics. For example, central administration 

of TNFα potentiates Ang II-induced hypertension (Xue et al., 2016). However, it is unclear where TNFα 

acts to regulate blood pressure and sympathetic output is not clear. Furthermore, the cellular mechanisms 

by which TNFα regulates neuronal activity has not been adequately studied. TNFα has been shown to 

potentiate vgNa+ currents in cortical neurons and increases expression of vgNa+ channels (Chen et al., 

2015). These channels contribute to the excitability of SFO neurons by mediating the initiation and 

upsurge of action potentials. TNFα has also been shown to modulate a NSCC in other cell types (El 

Karim et al., 2015), a current that contributes to SFO neuron activity induced by IL-1β, a closely-related 
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cytokine (Desson and Ferguson, 2003). Future studies should explore how TNFα, a classical cytokine of 

the immune system, can regulate blood pressure and modulate neuronal activity within the SFO. 

 

1.8 Aims of this study 

 Since TNFα increases blood pressure and SNA through the SFO (Wei et al., 2013; Wei et al., 

2015), we hypothesized that TNFα would excite SFO neurons directly. We have tested this theory using 

patch-clamp electrophysiology in dissociated SFO neurons, a preparation where the neurons are in 

isolation. This is a prime method to study direct effects on neurons. We then sought to determine the 

potential ionic mechanisms by which TNFα modulates neuron activity. Following this, we explored the 

effects of TNFα on Ang II signaling in SFO neurons. Since TNFα increases expression of AT1R in the 

SFO and potentiates Ang II-induced hypertension (Wei et al., 2013; Wei et al., 2015; Xue et al., 2016), 

we hypothesized that TNFα would potentiate Ang II activity in the SFO. To test this, we performed [Ca2+] 

imaging on dissociated SFO neurons and observed changes in [Ca2+]i in response to Ang II following 

TNFα treatment. 
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Chapter 2: The pro-inflammatory cytokine tumor necrosis factor alpha 

excites subfornical organ neurons 
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Introduction 

Hypertension is the leading risk factor for the development of cardiovascular disease (Lim et al., 

2012). While the consequences of hypertension are well understood, its etiology remains elusive. One line 

of thought suggests that autonomic nervous system dysfunction may contribute to the development of 

hypertension by increasing sympathetic output and inducing the release of vasoconstricting agents such as 

catecholamines and angiotensin II (Ang II; Seravalle et al., 2014). Interestingly, elevated sympathetic 

nerve activity has been observed in patients with borderline hypertension, suggesting that autonomic 

dysfunction may play an important role in the development of hypertension (Anderson et al., 1989; Julius 

et al., 1991). 

 Tumor necrosis factor alpha (TNFα), a cytokine, is elevated in the plasma of patients with 

hypertension and cardiovascular disease (Aukrust et al., 1998; Glezeva and Baugh, 2014, Tedgui and 

Mallat, 2006). Recent evidence indicates that TNFα acts within the central nervous system (CNS) to 

increase blood pressure and activate key autonomic centers, such as the paraventricular nucleus (PVN) of 

the hypothalamus (Zhang et al., 2003). Strikingly, TNFα-/- mice do not develop hypertension or cardiac 

hypertrophy (Sriramula et al., 2008) in an Ang II-salt model of hypertension. These data implicate the 

involvement of TNFα in blood pressure regulation and sympathetic output. However, CNS sites at which 

TNFα may exert its sympathetic and pressor effects have only been recently explored.  

The subfornical organ (SFO) is a circumventricular forebrain structure that lacks a complete 

blood-brain barrier (BBB), making it an ideal site for sensing circulating signals in the periphery which 

do not diffuse across the normal BBB (Ganong, 2000; Smith and Ferguson, 2010). It has been well 

established that the SFO serves as a fundamental site for fluid homeostasis and cardiovascular regulation 

due to its ability to mediate Ang II’s dipsogenic (Simpson and Routtenberg, 1973; Tanaka et al., 2003; 

Moreau et al., 2012) and pressor effects (Mangiapane and Simpson, 1980). Strikingly, the SFO is largely 

responsible for the induction of hypertension by Ang II-salt loading (Osborn et al., 2012), which signifies 

that it may be a site at which pathological mechanisms of hypertension may converge. Electrical 
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stimulation of the SFO increases blood pressure (Mangiapane and Brody, 1983) and induces vasopressin 

release by the PVN (Ferguson and Kasting, 1986). Moreover, efferent SFO projections innervate PVN 

neurons that project to the dorsal medulla, a critical site for sympathetic output (Ferguson et al., 1984). 

Neurons within the SFO express TNFα receptor 1 (TNFR1; Hindmarch and Ferguson, 2015), and 

intriguingly, it is co-localized with the type 1 Ang II receptor (AT1R; Wei et al., 2015). It has been 

determined that injection of TNFα into the carotid artery of rats increases PVN action potential firing rate, 

sympathetic nerve activity, and arterial pressure (Zhang et al., 2003), and the effects on sympathetic nerve 

activity and arterial pressure are attenuated by lesioning the SFO (Wei et al., 2013). This suggests that 

TNFα may have direct actions on the SFO. In agreement with this hypothesis, it was found that direct 

microinjection of TNFα into the SFO dramatically elevates blood pressure and expression of AT1R in 

both the SFO and PVN (Wei et al., 2015). Together, these findings suggest that the SFO plays an 

important role in the pressor and sympathetic effects of TNFα. However, the underlying mechanisms by 

which TNFα influences the SFO to mediate these effects are currently unknown. The goal of the present 

study was to investigate the effects of TNFα on the activity of SFO neurons. To test this, we performed 

whole-cell and perforated patch-clamp experiments on dissociated SFO neurons in the presence of TNFα 

and observed changes in activity and membrane excitability. Collectively, our data suggest that acute and 

long-term application of TNFα excites SFO neurons, and the long-term effects are mediated by the 

voltage-gated transient sodium current (INa). 

 

Materials and Methods 

Animals 

Male Sprague-Dawley rats (Charles River, Quebec, Canada) that were 28-35 days old and 

weighed between 100-150 g were used for all experiments. Rats were housed at 22oC under a 12 hour 

light/dark cycle and were provided food and water ad libitum. All animal procedures were approved and 
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in compliance with the Queen’s University Animal Care Committee, as well as with the Canadian 

Council on Animal Care guidelines.  

 

Chemicals and Drugs 

 All chemicals and drugs were obtained from Sigma-Aldrich (Oakville, ON) unless otherwise 

stated. Tetrodotoxin (TTX) was obtained from Alomone Labs (Jerusalem, Israel) and stored at -20oC at a 

concentration of 1 mM. TNFα was obtained from Phoenix Pharmaceuticals (Burlingame, CA) and stored 

at -20oC at a concentration of 200 nM. All drugs were prepared in artificial cerebrospinal fluid (aCSF) or 

intracellular solution the day of experimentation. 

 

SFO Neuron Preparation  

 Dissociated SFO neurons were prepared as previously described (Ferguson et al., 1997; Kuksis 

and Ferguson, 2015). Rats were euthanized by decapitation and their brains were dissected out and placed 

in ice-cold, carbogenated (95% O2 / 5% CO2) aCSF containing (in mM): 124 NaCl, 20 NaHCO3, 10 

glucose, 2.27 CaCl2, 2.5 KCl, 1.3 MgSO4, and 1.24 KH2PO4. The SFOs from 3 euthanized rats were 

dissociated and cultured together each week for experimentation. The SFOs were then microdissected and 

placed in a drop of Hibernate media (ThermoFisher Scientific, Burlington, ON) containing B27 

supplement (ThermoFisher Scientific). After dissection, the SFOs were incubated in 5 mL of Hibernate 

media containing 10 mg papain (Worthington Biochemical, Lakewood, NJ) for 30 minutes at 30oC in a 

warm water bath to allow for digestion of the extracellular matrix proteins. The SFOs were then rinsed 

and triturated three times each with Hibernate containing B27 to dissociate the SFOs into individual cells. 

The resulting cell suspension was centrifuged at 200g for 8 minutes. The supernatant was removed and 

the pellet was re-suspended in 30 μL Neurobasal-A media (ThermoFisher Scientific) containing B27, 100 

U/mL penicillin-streptomycin (ThermoFisher Scientific), 0.4 mM L-glutamine (ThermoFisher Scientific) 

and 5 mM glucose. 10 μL drops were plated individually on 35 mm x 10 mm polystyrene dishes (Corning 
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Life Sciences, Corning, NY) and were incubated at 37oC in 5% CO2 for 1.5 hours to allow the cells to 

adhere to the dish. Following the incubation period, 2 mL of Neurobasal-A media was added to the dishes 

and the cells were incubated for at least 24 hours before experiments were performed. 24 hours prior to 

experiments on neurons incubated in TNFα, the Neurobasal-A media was replaced with a Neurobasal-A 

media containing 10 ng/mL (575 pM) TNFα, a concentration that was chosen based on a previous study 

showing the effects of TNFα on mouse cortical neurons (Chen et al., 2015). 

 

Electrophysiology 

 Whole-cell and perforated patch-clamp recordings were performed on SFO neurons using the 

Multiclamp 700B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA) and were filtered at 2 kHz 

and digitized at 5 kHz. Spike2 (v7) and Signal (v6) software programs (Cambridge Electronics Design, 

Cambridge, UK) were used to record the data and analyze it post-hoc. 3-5 MΩ micropipettes were 

prepared using borosilicate glass (World Precision Instruments, Sarasota, FL) using a P47 Flaming-

Brown Micropipette Puller (Sutter Instrument Company, Novato, CA). The dishes containing SFO 

neurons were perfused at a rate of 2 mL/min with 37oC aCSF that contained (in mM): 140 NaCl, 10 

HEPES, 5 KCl, 5 glucose, 5 mannitol, 2 CaCl2, 1 MgCl2 (280-300 mOsm), and had a pH adjusted to 7.3 

using NaOH. Perfusion was performed using a gravity perfusion system and the flow of aCSF was 

established with a vacuum pump. A MP-225 micromanipulator (Sutter Instrument Company) was used to 

guide the micropipette containing the electrode and intracellular solution towards a SFO cell membrane. 

Once a membrane was reached, negative pressure was applied to allow the formation of a >1 GΩ seal. 

For whole-cell patch clamp experiments, further negative pressure was applied until whole-cell access 

was achieved. For perforated patch clamp experiments, time was given for the Amphotericin B (400 

μg/mL, 1% DMSO) within the micropipette intracellular solution to form pores in the membrane until 

adequate whole-cell access was achieved (Linley, 2013). These pores are permeable to Na+, K+, and Cl- 

but not Ca2+. It was determined that the cell was a neuron based on the presence of a fast-activating 
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voltage-gated inward conductance during a depolarizing voltage-step protocol. For voltage-clamp 

experiments, a series resistance (Rs; not compensated) of 5-20 MΩ were kept for analysis. 

  

Whole-cell and perforated current-clamp experiments. For whole-cell and perforated current-

clamp experiments the aCSF described above was used unless otherwise specified. An intracellular 

solution containing (in mM): 125 K-gluconate, 10 KCl, 10 HEPES, 2 MgCl2, 2 Na2ATP, 1.1 EGTA, and 

0.3 CaCl2 (270-290 mOsm) was used for current-clamp experiments. This intracellular solution’s pH was 

adjusted to 7.3 using KOH and had a calculated liquid junction potential of +15.0 mV. To measure acute 

changes in membrane potential, 4 mL TNFα (5 fM–5 nM) was bath-perfused into the dish. Prior to bath 

application of TNFα, a >100 s baseline was established and neurons were only analyzed if action 

potentials were >60 mV. Each dish was tested with only a single bath application of TNFα. To measure 

firing rate, the neurons were held at -65 mV with a holding current and the firing rate was obtained from a 

100 s bin. The rheobase for each neuron was obtained by resting them at a membrane potential of -80 mV 

with holding current to prevent spontaneous activity and current pulses (500 ms) of increasing magnitude 

were applied until one action potential was observed.  

 

Isolation and measurement of the transient sodium current. To isolate the INa during whole-cell voltage 

clamp experiments, modified aCSF and intracellular solution were used to remove the contribution of K+ 

and Ca2+ currents. The modified aCSF contained (in mM): 110 NaCl, 20 TEA-Cl, 10 HEPES, 5 glucose, 

5 CsCl, 1 MgCl2, and 0.3 CdCl2 (280-300 mOsm), and its pH was adjusted to 7.3 using NaOH. In 

addition, the modified intracellular solution contained (in mM): 125 CsMeSO4, 10 CsCl, 10 HEPES, 2 

MgCl2, 2 Na2ATP, 1.1 EGTA, and 0.3 CaCl2 (270-290 mOsm), and its pH was adjusted to 7.3 using 

CsOH. This intracellular solution had a liquid junction potential of +18.1 mV. To measure the activation 

kinetics and the peak magnitude of the INa, a voltage-step protocol was used. The neurons were held at -75 

mV, and then a pre-step was performed to -90 mV for 100 ms, followed by 250 ms voltage steps from -95 
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mV to -35 mV in 5 mV increments. Peak inward currents for each voltage step were measured relative to 

the baseline prior to the step, and conductance values (GNa) were calculated using the equation below: 

GNa = 
INa

(Vm- ENa)
 

where INa is the peak inward current, ENa is the equilibrium potential for INa (+107.1 mV), and Vm is the 

voltage step that induced INa. Conductance values were normalized to the maximum conductance of that 

neuron and the normalized conductance values were then plotted against the pertaining voltage step. To 

measure the INa inactivation kinetics, the neurons were clamped to -75 mV, followed by a series of pre-

steps from -125 mV to -35 mV for 500 ms in 10 mV increments, and succeeded by a voltage step to -25 

mV for 100 ms. Just as was done for the activation kinetics of the INa, the peak inward currents 

corresponding to the -25 mV voltage step and its preceding pre-step were measured and conductance 

values were calculated using the formula above. These conductance values were normalized to the 

maximum conductance of that neuron and were plotted against its corresponding voltage step. 

 

Isolation and measurement of the delayed rectifier potassium current. SFO neurons have two primary 

potassium currents that contribute to the majority of the outward current: the IK and IA (Anderson et al. 

2001). These currents can be separated from one another using modified intracellular and extracellular 

solutions in combination with manipulation of cell membrane potential. For whole-cell voltage-clamp 

experiments to isolate the IK, modified aCSF and intracellular solution were used to remove the 

contribution of Na+ and Ca2+ currents. The modified aCSF contained (in mM): 140 NaCl, 5 KCl, 1 MgCl2, 

2 CaCl2, 10 HEPES, 5 glucose, 5 mannitol, 0.3 CdCl2, 0.001 TTX (280-300 mOsm), and was adjusted to 

a pH of 7.3 using NaOH. The intracellular solution contained (in mM): 125 K-gluconate, 10 KCl, 10 

HEPES, 5.5 EGTA, 2 MgCl2, 2 Na2ATP, 0.3 CaCl2 (270-290 mOsm), and was adjusted to a pH of 7.3 

using KOH. To measure the peak magnitude of the IK, a voltage-step protocol was used that clamped the 

neurons at -75 mV, followed by a pre-step to -40 mV for 100 ms, and then voltage steps from -80 mV to 

20 mV for 250 ms in 10 mV increments. The pre-step to -40 mV inactivates the IA component of the total 
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outward current. The peak outward magnitudes in the last 50 ms of the voltage step were measured 

relative to the baseline current prior to the voltage step and plotted against its corresponding voltage step.  

 

Isolation and measurement of the transient potassium current. For whole-cell voltage-clamp experiments 

to isolate the IA, the modified aCSF and intracellular solution that were used for the isolation of the IK 

above were used here. A similar voltage-step protocol was used, but instead a pre-step to -90 mV was 

performed to prevent the inactivation of the IA. This voltage-step protocol was performed on the same 

neuron and in direct succession to the voltage-step protocol that was performed to isolate the IK. The peak 

outward current magnitudes within the first 50 ms of the voltage steps were subtracted from the peak 

outward current magnitudes observed during the IK voltage-step protocol, which generated a set of values 

pertaining to the IA component of the total outward current. The IA at each voltage step was normalized to 

the maximum IA of that neuron and then plotted against its corresponding voltage step. 

 

Statistical Analysis 

 All data are reported as mean ± standard error of the mean (SEM). Changes in membrane 

potential following acute bath application of TNFα were deemed significant if the magnitude of the 

change was at least two times the standard deviation (SD) of the resting membrane potential before 

application. All comparisons of the mean values between two groups were analyzed using unpaired 

Student’s t-tests. A Boltzmann function was used to calculate the V50 and slope of the INa activation and 

inactivation profiles, as well as the IA activation profile. The liquid junction potential was corrected for in 

all the data analysis and figures. All data analysis was performed using GraphPad Prism 6.07 (La Jolla, 

CA). The level of significance for all statistical tests was set at p < 0.05. 

 

Results 

Acute bath application of TNFα depolarizes SFO neurons 
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Based on previous reports that microinjection of TNFα into the SFO elevates blood pressure and 

PVN firing rate (Wei et al., 2015), we hypothesized that TNFα increases the excitability of SFO neurons 

to cause these effects.  In order to determine the effects of TNFα on the excitability SFO neurons, we 

conducted perforated current-clamp experiments on 62 dissociated SFO neurons obtained from 39 

animals and observed changes in membrane potential and firing rate following bath application of TNFα. 

We found that bath application of 5 nM TNFα depolarized 50% (n = 5/10) of SFO neurons with a mean 

magnitude of depolarization of 6.4 ± 0.6 mV (n = 5; Fig. 2.1A and B). As illustrated in Figures 2.1A and 

B, additional groups of SFO neurons were tested with TNFα at concentrations between 5 fM and 5 nM, 

and collectively a total of 35% depolarized (n = 22/62). The depolarizations were typically accompanied 

by an increase in firing rate (Fig. 2.1C) and lasted around 10-30 minutes. It should be noted that some 

neurons, such as in Fig. 2.1A (bottom), exhibited a minimal or non-spontaneous firing rate before and 

during bath application of TNFα. There was no significant difference in the resting membrane potential 

between non-responsive and depolarized SFO neurons (non-responsive = -56.5 ± 1.1 mV, n = 40; 

depolarized = -56.9 ± 1.5 mV, n = 22; p = 0.842), suggesting that the effects of TNFα, or lack thereof, 

were not due to differences in the resting membrane potential. Interestingly, both the proportion of 

depolarized SFO neurons and the magnitude of depolarization induced by TNFα were concentration-

dependent and had nearly identical EC50 values (EC50 = 1.0 ± 0.1 pM, and EC50 = 0.9 ± 0.4 pM, 

respectively; Fig. 2.1B). These data suggest that TNFα is able to acutely influence the activity of SFO 

neurons in a concentration-dependent manner. 

 

TNFα incubation increases SFO neuron excitability 

To determine the long-term effects of TNFα on SFO neuron excitability, we incubated SFO 

neurons in 10 ng/mL (575 pM) TNFα for 24 hours and then performed perforated current-clamp 

experiments to examine their properties. We determined the magnitude of the minimum current required  
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Figure 2.1. Acute bath application of TNFα depolarizes SFO neurons. (A) Representative current-clamp 
recordings from two dissociated SFO neurons highlighting that bath application of 5 nM (top) and 500 pM (bottom) 
TNFα depolarizes SFO neurons. The blue bar denotes the time and duration of bath application of TNFα, and the 
dashed red line denotes the baseline membrane potential prior to TNFα bath application. (B) The proportion of 
depolarizing SFO neurons (black) and the magnitude of depolarization (blue) at each concentration are shown (5 fM: 
n = 7; 0.5 pM: n = 11; 50 pM: n = 16; 500 pM: n = 19; 5 nM: n = 10). The data sets were superimposed with a 
sigmoid concentration-response function and the EC50 values are highlighted by the dashed vertical lines and as 
numerical values. (C) The action potential firing rate before and during bath application of 5 nM (blue), 500 pM (light 
blue), and 50 pM (black) TNFα. The firing rates during bath application of TNFα relative to the firing rates before for 
each concentration were significantly different (5 nM: Δ firing rate = 0.9 ± 0.3 Hz, *p = 0.04; 500 pM: Δ firing rate = 
1.6 ± 0.7 Hz, *p = 0.05; 50 pM: Δ firing rate = 0.8 ± 0.2 Hz, *p = 0.02). 
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Figure 2.2. TNFα incubation 
increases SFO neuron 
excitability. (A) Representative 
current-clamp traces of a control 
neuron (-80 mV baseline; top) 
and a neuron incubated in 10 
ng/mL (575 pM) TNFα (-80 mV 
baseline; middle) during current 
pulses (bottom) of 6 pA (left) 
and 12 pA (right). (B) The 
rheobase of control neurons 
(white) compared to neurons 
incubated in TNFα (blue), 
highlighting that neurons 
incubated in TNFα have a 
significantly smaller rheobase 
(**p = 0.007). (C) 
Representative current-clamp 
traces of the firing rate of 
control neurons (-65 mV; top) 
compared to neurons incubated 
in TNFα (-65 mV; bottom) 
following no stimulus. (D) The 
basal firing rate of control 
neurons (white) and of neurons 
incubated in TNFα (blue), 
highlighting that neurons 
incubated in TNFα have a 
significantly higher firing rate 
(**p = 0.019).   
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to induce a single action potential (rheobase) in neurons incubated in either TNFα or control media 

(control; Fig. 2.2A). To do this, SFO neuron membrane potential was held at -80 mV to allow for the 

measurement of membrane excitability without the presence of spontaneous activity. It was observed that 

neurons incubated in TNFα exhibited a rheobase of smaller magnitude relative to control (control = 11.9 

± 1.7 pA, n = 8; TNFα = 5.6 ± 0.5 pA, n = 10; p = 0.007; Fig. 2.2A and B). Both the resting membrane 

potential and the input resistance were not significantly different between the control group and the 

TNFα-treated group (resting membrane potential: control = -79.7 ± 0.4 mV, n = 8; TNFα = -79.3 ± 0.4 

mV, n = 10; p = 0.541; input resistance: control = 1.6 ± 0.2 GΩ, n = 8; TNFα = 1.8 ± 0.3 GΩ, n = 10; p = 

0.684). These data suggest that TNFα increases SFO neuron membrane excitability, and this effect was 

due to changes in the intrinsic properties of these neurons. 

Based on the observation that TNFα incubation lowers the rheobase magnitude, we then 

hypothesized that incubation in TNFα would increase the firing rate of SFO neurons. To test this we 

measured the firing rate of neurons incubated in TNFα and compared to control. It was found that 70% (n 

= 7/10) of neurons in each group exhibited spontaneous action potentials (Fig. 2.2C). Of the neurons that 

were spontaneously active, the neurons incubated in TNFα had a significantly elevated firing rate relative 

to that of control (control = 0.5 ± 0.2 Hz, n = 7; TNFα = 3.0 ± 0.8 Hz, n = 7; p = 0.019; Fig. 2.2C and D). 

The mean resting membrane potentials between the groups were not significantly different (control = -

64.8 ± 0.5 mV, n = 7; TNFα = -65.5 ± 0.8 mV, n = 7; p = 0.428), indicating that the difference in firing 

rate was not due to a difference in the membrane potential. Overall, these data suggest that TNFα 

incubation increases SFO neuron membrane excitability and basal activity.  

 

TNFα incubation enhances the transient sodium current 

 Based on the effects of TNFα incubation on rheobase and firing rate, we hypothesized that TNFα 

was potentiating the INa. To investigate this, we incubated neurons in 575 pM TNFα and then performed  
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Figure 2.3. TNFα enhances the transient sodium current. (A) Representative overlaid voltage-clamp traces of the 
INa during each voltage step in control neurons (left) compared to neurons incubated in TNFα (right), both of which 
were performed in the presence of extracellular and intracellular solutions that blocked K+ and Ca2+ currents. (B) The 
peak INa magnitude of control neurons (white) compared to neurons incubated in TNFα (blue). (C) The normalized 
conductance at each voltage step of the activation protocol was plotted for both control neurons (black) and neurons 
incubated in TNFα (blue). The data sets were fitted with a Boltzmann sigmoidal function and the representative curves 
were overlaid. The V50 for the data sets are highlighted by the dashed vertical lines and the numerical values (****p < 
0.001). (D) The normalized conductance at each voltage step of the inactivation protocol was plotted for both control 
neurons (black) and neurons incubated in TNFα (blue). The data sets were fitted with a Boltzmann sigmoidal function 
and the representative curves were overlaid. The V50 for the data sets are highlighted by the dashed vertical lines and 
the numerical values. 
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whole-cell voltage-clamp experiments on these neurons using a voltage-step protocol (see Materials and 

Methods). We explored the effects of TNFα on the peak INa magnitude and found that neurons incubated 

in TNFα had a significantly larger peak INa magnitude relative to control (control = 1.7 ± 0.1 nA, n = 15; 

TNFα = 2.7 ± 0.2 nA, n = 12; p < 0.001; Fig. 2.3A and B). Intriguingly, we also observed that neurons 

incubated in TNFα exhibited a hyperpolarized V50 compared to control (control = -45.2 ± 0.4 mV, n = 15; 

TNFα = -49.4 ± 0.3 mV, n = 12; p < 0.001; Fig. 2.3C), but TNFα had no effect on the slope of the 

activation curve (control = 4.0 ± 0.4, n = 15, TNFα = 3.3 ± 0.2, n = 12; p = 0.147). Thus, TNFα lowered 

the membrane potential at which 50% of the INa activates, which may explain why TNFα incubation 

elevated the firing rate and decreased the rheobase. Next, we investigated the effects of TNFα on the 

inactivation kinetics of INa, and found that TNFα incubation did not influence INa inactivation (V50: control 

= -73.2 ± 1.0 mV, n = 11; TNFα = -73.4 ± 0.8 mV, n = 16; p = 0.889; Slope: control = -10 ± 1.0, n = 11; 

TNFα = -8.8 ± 0.7, n = 16; p = 0.323; Fig. 2.3D). Taken together, these data suggest that TNFα 

incubation increases the excitability of SFO neurons by enhancing the INa.  

 

TNFα has no effect on the delayed rectifier potassium current or the transient potassium current  

 We next investigated if voltage-gated potassium currents in SFO neurons were also modulated by 

incubation in TNFα. We observed no significant difference between peak magnitude of the IK in neurons 

incubated in 575 pM TNFα compared to control (control = 1.1 ± 0.1 nA, n = 11; TNFα = 1.2 ± 0.1 nA, n 

= 11; p = 0.713; Fig. 2.4A, B and C). Although the V50 or the slope could not be reported (as the IK 

magnitude did not reach a plateau at the larger voltage steps), we compared the current magnitudes at 

each voltage step between the two groups and found no significant differences (Fig. 2.4C).  

Similarly, we tested whether TNFα incubation had an effect on the IA (Fig. 2.5A). It was 

determined that TNFα incubation had no significant effect on the peak magnitude of the IA (control = 0.6 

± 0.1 nA, n = 11; TNFα = 0.6 ± 0.1 nA, n = 8; p = 0.893; Fig 2.5B). Furthermore, TNFα incubation had  
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Figure 2.4. TNFα has no effect on the delayed rectifier potassium current. (A) Representative voltage-clamp 
traces of the IK in control neurons (left) and neurons incubated in TNFα (right) following a voltage step to 20 mV. 
These recordings were performed in the presence of extracellular and intracellular solutions that blocked Na+ and Ca2+ 
currents. The black arrows highlight the very small tail currents observed when voltage is stepped back to -75mV 
(close to reversal potential of -82 mV). (B) The peak IK magnitude at 20 mV for control neurons (white) and neurons 
incubated in TNFα (blue). (C) The magnitude of the IK at each voltage step for control neurons (black) and neurons 
incubated in TNFα (blue). Individual data points within each data set were connected with a straight line between each 
data point. 
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Figure 2.5. TNFα has no effect on the transient potassium current. (A) Representative voltage-clamp traces of the 
IA in control neurons (left) and neurons incubated in TNFα (right) following a voltage step to 20 mV. These 
recordings were performed in the presence of extracellular and intracellular solutions that blocked Na+ and Ca2+ 
currents. (B) The peak IA magnitude at 20 mV for control neurons (white) and neurons incubated in TNFα (blue). (C) 
The normalized current values at each voltage step of the activation protocol for the IA was plotted for both control 
neurons (black) and neurons incubated in TNFα (blue). The data sets were fitted with a Boltzmann sigmoidal function 
and the representative curves were overlaid. The V50 for the data sets are highlighted by the dashed vertical lines and 
the numerical values.  



 

26 

 

no significant effect on the activation kinetics of the IA (V50: control = -8.4 ± 3.6 mV, n = 11; TNFα = -

11.4 ± 2.0 mV, n = 7; p = 0.546; Slope: control = 14.6 ± 2.8, n = 11; TNFα = 14.7 ± 1.7, n = 7; p = 0.977; 

Fig. 2.5C). These data suggest that TNFα incubation has no effect on the IK or the IA, and therefore these 

currents don’t contribute to the effects of TNFα on SFO neuron excitability.  

 

Discussion 

In the present study we investigated the effects of acute and long-term TNFα exposure on the 

excitability of SFO neurons and the potential mechanisms underlying these long-term effects. We found 

that TNFα depolarizes SFO neurons in a concentration-dependent manner and these depolarizations were 

accompanied by an increase in firing rate. Following an incubation period with TNFα, we identified an 

elevated basal firing rate and a decrease in rheobase in SFO neurons, suggesting an increase in overall 

membrane excitability. Furthermore, TNFα incubation increased the magnitude of the INa and shifted the 

activation curve of the INa to a more hyperpolarized state. However, TNFα incubation had no effect on 

magnitude and activation kinetics of the IK or the IA. The concentrations of TNFα used in the present in 

vitro study are higher than normal physiological ranges and at best reflect high pathophysiological 

concentrations previously reported in humans and animals (Maury and Teppo, 1989; Drimal et al., 2008). 

Therefore, caution should be taken in the interpretation and application of these findings. Future studies 

will be necessary to determine if these observations translate when physiological concentrations of TNFα 

are induced in intact animal models of inflammation. Despite this limitation, our data show that acute and 

long-term application of TNFα excites SFO neurons, and the long-term effects are mediated by 

modulation of the INa but not the IK or the IA.  

 

The role of TNFα in central cardiovascular and sympathetic regulation 

The current study provides evidence for excitatory actions of TNFα in the SFO, providing a basis 

for its central pressor and sympathetic effects. The SFO acts in a circuit with critical autonomic centers of 
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the brain, such as the PVN, to control blood pressure and sympathetic output (Smith and Ferguson, 2010). 

The consequences of activating the SFO include elevating blood pressure (Mangiapane and Brody, 1983), 

inducing vasopressin release (Ferguson and Kasting, 1986) and increasing renal sympathetic nerve 

activity (Llewellyn et al., 2012). The SFO is known to project to the PVN, and efferent SFO fibers 

innervate distinct PVN neuron subtypes that regulate neuroendocrine and autonomic output (Kawano and 

Masuko, 2010). Furthermore, Ang II, which has excitatory effects on SFO (Anderson et al., 2001; 

Cancelliere and Ferguson, 2017) and PVN neurons (Li and Ferguson, 1993), has been shown to be 

released as a neurotransmitter from SFO efferents onto PVN neurons (Bains and Ferguson, 1994; Li and 

Ferguson, 1993). Therefore, activation of the SFO may lead to synaptic release of Ang II (and potentially 

other neurotransmitters) within the PVN, and this may lead to an increase in blood pressure and 

sympathetic output. Direct administration of TNFα into the SFO elevates PVN firing rate, sympathetic 

nerve activity, and blood pressure (Wei et al., 2013). In combination with our data, these results implicate 

TNFα as a modulator of this circuit, and thus a modulator of neuroendocrine and autonomic activity.  

Despite this, the time courses at which these effects take place remain to be elucidated. In the 

present study, the acute effects of TNFα on SFO neurons typically lasted 10-30 minutes, whereas the 

increase in blood pressure caused by direct administration of TNFα into the SFO persisted beyond 4 hours 

(Wei et al., 2015). A possible explanation for these seemingly inconsistent observations may be that acute 

activation of the SFO by TNFα may potentiate the activity of the downstream pathways that regulate 

blood pressure and sympathetic activity in the long term to allow for a constant and prolonged pressor 

response. Electrical stimulation of the SFO causes immediate increases in blood pressure that terminate 

immediately after cessation of stimulation (Mangiapane and Brody, 1983), while administration of TNFα 

into the SFO increases expression of TNFR1 as well as AT1R in the SFO and PVN (Wei et al., 2015). 

Overall, these data suggest that TNFα is not just able to increase SFO neuron activity acutely, but also 

potentiates the circuit to allow for a prolonged pressor response. It should also be considered that the 

routes of administration (i.e. bath application in the present study, and microinjection in Wei et al., 2015) 
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and the concentration of TNFα (5 fM-5 nM for bath application and 7 µM for microinjection) were 

different between the studies, which may potentially explain the discrepancy in the latency of sympathetic 

activation seen following microinjection of TNFα. Lastly, it is known that TNFα signaling induces 

reactive oxygen species (ROS) generation (Barth et al., 2009), a process that is important for the pressor 

effects of Ang II (Zimmerman et al., 2004), and also has effects on other cell types, such as microglia and 

astroglia (Olmos and Lladó, 2014). Perhaps these mechanisms allow for further neuronal activation in 

vivo on a longer timescale, which may contribute to the increased sympathetic activity seen following 

TNFα administration into the SFO. Therefore, future studies should explore the contributions of these 

other potential actions of TNFα within the SFO to sympathetic activation and blood pressure regulation.  

It remains unknown is how the pressor and sympathetic effects of TNFα translate into a pathological state 

such as hypertension. Future studies should investigate the potential pathological manifestations of 

TNFα’s effects within the SFO. 

A further consideration to our studies relates to the fact that all of our recordings were obtained 

from SFO neurons derived from male rats. Similarly, all of the work to date examining TNFα action in 

SFO of intact animals has been carried out in males. There is now an extensive literature describing sex 

differences in many animal models of hypertension (Hay et al., 2014), including Ang II-induced 

hypertension (Xue et al. 2005, 2013), where estrogen receptors (Xue et al., 2015) and endoplasmic 

reticulum stress (Dai et al., 2016; Young et al., 2012) in the SFO have been implicated. While it is beyond 

the scope of the present study, in the future it will be intriguing to determine if there are sex-related 

differences in the responsiveness of SFO neurons to TNFα.  

 

TNFα and Ang II cross-talk 

Ang II is a peptide that plays a critical role in cardiovascular and autonomic regulation and is 

implicated in cardiovascular disease (Kishi, 2012; Lastra and Sowers, 2013). Centrally, Ang II is known 

to act at the SFO to increase blood pressure (Mangiapane and Simpson, 1980). There appears to be 
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extensive cross-talk between TNFα and Ang II in regards to cardiovascular regulation, primarily through 

an interaction within the PVN (Sriramula et al., 2013; Kang et al., 2008) and the SFO (Wei et al., 2015). 

It’s been shown that TNFα-/- mice do not develop Ang II-induced hypertension or cardiac hypertrophy 

(Sriramula et al., 2008). Intriguingly, Ang II-induced hypertension is mediated in large part by the SFO, 

as lesioning of this structure attenuates the pressor effect of Ang II (Osborn et al., 2012). Following 

administration of TNFα into the SFO, AT1R and other components of the renin-angiotensin system, such 

as angiotensin converting enzyme, are upregulated in the SFO and PVN (Wei et al., 2015). Furthermore, 

TNFR1 and AT1R are co-localized in the same SFO neurons (Wei et al., 2015). In the present study, 

TNFα incubation of SFO neurons for 24 hours (which attempts to mimic elevated circulating TNFα 

during an immune challenge and in pathophysiological states like hypertension and heart failure in which 

the immune system is chronically activated) increases their membrane excitability and basal activity. In 

conjunction, these data suggest that (1) TNFα is a vital component to central pressor effects of Ang II, 

and (2) increased TNFα activity within the SFO modulates Ang II activity. One could therefore speculate 

that a pathological consequence of long-term increases in the circulating cytokine TNFα may be priming 

the SFO to be more responsive to Ang II, thus allowing Ang II to induce a potentiated pressor response 

and subsequent hypertension. It has been previously shown that cytokines potentiate the pressor response 

to central Ang II (Sriramula et al., 2008; Ufnal et al., 2006; Zera et al., 2008), but the mechanisms 

underlying these effects remain unknown. Future studies should examine whether previous TNFα 

exposure potentiates the responsiveness of SFO neurons to Ang II and the signaling pathways by which 

this may occur. 

 

TNFα’s effects on ion currents 

Only recently have the central effects of TNFα been explored. TNFα is known to play a role in 

many neuronal processes including synaptic plasticity (Liu et al., 2017), neurodegeneration (Montgomery 

and Bowers, 2012), and modulation of ion currents (Vezzani and Viviani, 2015). In the present study, we 
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identified the INa as a potential current underlying the long-term excitatory effects of TNFα. A previous 

study in mouse cortical neurons showed that following TNFα incubation nearly identical effects were 

seen on rheobase, firing rate, and INa kinetics when compared to the present study (Chen et al., 2015). On 

the other hand, TNFα appeared to have no effect on vgK+ currents in other neuron types (Czeschik et al., 

2008). These data are consistent with the data presented in the current study. What remains unknown is 

how TNFα acutely depolarizes SFO neurons. Interleukin-1β (IL-1β), another cytokine, has similar 

depolarizing effects on SFO neurons that were shown to be mediated by a non-selective cationic 

conductance (NSCC; Desson and Ferguson, 2003). TNFR1 and the IL-1β receptor share similar 

downstream signaling pathways in neurons (see Vezzani and Viviani, 2015 for review) and, thus, it is 

possible that TNFα may also influence a NSCC. Future studies examining the mechanism(s) behind the 

depolarization induced by TNFα may bring insight into how TNFα elevates blood pressure and 

sympathetic activity. 

 In conclusion, we demonstrated that TNFα increases the excitability of SFO neurons acutely and 

in the long term, and that the long-term effects are mediated by the INa, thus implicating the SFO as a 

putative site for TNFα to exert its central effects. In conjunction with previous findings, the actions of 

TNFα at the SFO may promote activation of downstream autonomic and cardiovascular centers of the 

brain, such as the PVN, to elevate blood pressure and sympathetic tone. Our data, in combination with 

other studies, set a basis for future research to identify if and how the effects of TNFα in this circuit can 

pathologically manifest into hypertension. 

  



 

31 

 

Chapter 3: Tumor necrosis factor alpha potentiates the effects of angiotensin 

II on subfornical organ neurons 
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Introduction 

Accumulating evidence suggests that cytokines, such as tumor necrosis factor alpha (TNFα) can 

dysregulate autonomic centers of the central nervous system (CNS) to induce a sympathoexcitatory state 

(Xu and Li, 2015; Yu et al., 2017). However, the mechanisms by which this occurs are only now being 

elucidated. It has been shown that TNFα is able to elevate sympathetic nerve activity and blood pressure 

through actions in the subfornical organ (SFO; Wei et al., 2013; 2015), a CNS circumventricular structure 

with canonical roles in fluid balance and cardiovascular control (Coble et al., 2015; Smith and Ferguson, 

2010). Angiotensin II (Ang II) receptor type 1 (AT1R) blockade inhibits this TNFα-induced elevation in 

blood pressure, and TNFα upregulates the renin-angiotensin system (RAS) in the SFO, as well as in the 

paraventricular nucleus (PVN) of the hypothalamus (Wei et al., 2013), an autonomic hub of the CNS that 

receives first-order afferents from the SFO (Kawano and Masuko, 2010). These data suggest that TNFα 

may exert its cardiovascular effects in the SFO through the modulation of Ang II/AT1R signaling. 

Interestingly, during experimental heart failure there is also an upregulation of the RAS and cytokines in 

the SFO, as well as an increase in sympathetic activity (Wei et al., 2016) - all of which are inhibited by 

knockdown of the TNFα receptor type 1 (TNFR1) within the SFO (Yu et al., 2017). These data suggest 

that during heart failure, circulating TNFα acts within the SFO to induce a pro-inflammatory, 

sympathoexcitatory state.  

While these studies have clearly identified a role for TNFα in central cardiovascular regulation, 

the underlying cellular mechanisms by which TNFα can modulate these systems remains unexplored. 

Recently, it was discovered that the TNFR1 and AT1R co-localized in SFO neurons (Wei et al., 2015). 

Furthermore, we discovered that TNFα shifts the activation threshold of the voltage-gated Na+ (vgNa+) 

current in SFO neurons to a hyperpolarized potential, rendering them hyperactive (Simpson and 

Ferguson, 2017). In hypothetical terms this hyperactivity could prime these AT1R-expressing SFO 

neurons to exhibit more robust neuronal responses to Ang II and a greater pressor effect. In support of 

this, it was found that central TNFα potentiated Ang II-induced hypertension (Xue et al., 2016). Within 
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the SFO, Ang II stimulates Ca2+ influx in neurons by engaging the AT1R (Gebke et al., 1998; Johnson et 

al., 2001; Wang et al., 2013; Washburn et al., 2001), and activates protein kinase C (PKC; Coble et al., 

2014), a Ca2+-dependent kinase. Based on this, we hypothesized that TNFα would potentiate Ang II-

induced Ca2+ activity in SFO neurons. Overall, our data suggest that TNFα treatment potentiates the Ang 

II-induced rise in intracellular Ca2+, and that this potentiation is mediated by the vgNa+ current. 

 

 

Materials and Methods 

Animals 

 Male Sprague-Dawley rats (Charles River, QC; 28-35 days old; 100-150 g) were used for all 

experiments, and were housed under a 12-hour light/dark cycle at a temperature of 22oC, and were 

provided food and water ad libitum. All animal procedures were approved by and in compliance with the 

Queen’s University Animal Care Committee, as well as with the Canadian Council on Animal Care 

guidelines.  

 

Chemicals and Drugs 

All chemicals and drugs were obtained from Sigma-Aldrich (Oakville, ON) unless otherwise 

stated. TNFα and Ang II (Phoenix Pharmaceuticals, Burlingame, CA) were reconstituted in water upon 

arrival, and then were stored at -20oC and -80oC, respectively. Tetrodotoxin (TTX) was obtained from 

Alomone Laboratories, Jerusalem, Israel) and stored at -20oC. Losartan was dissolved in DMSO and 

stored at -20oC. The final working concentration once added to solution was 10 μM losartan (0.1% 

DMSO). Fura-2 AM (Invitrogen, Eugene, OR) was kept in the dark at -20oC. It was then dissolved in 50 

μL DMSO to a concentration of 1 mg/mL Fura-2 AM. 25 μL Pluronic F-127 (Invitrogen; kept at room 

temperature) was added and the resulting solution was briefly vortexed.  
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SFO cell preparation 

 Dissociated SFO cells were prepared as previously described (Ferguson et al., 1998; Simpson and 

Ferguson, 2017). Rats were decapitated and their brains placed in ice-cold, carbogenated artificial 

cerebrospinal fluid (aCSF; 95% O2/5% CO2; in mM: 124 NaCl, 20 NaHCO3, 2.5 KCl, 1.24 KH2PO4, 2.27 

CaCl2, 1.3 MgSO4, and 10 glucose). The SFOs were then isolated and placed in 100 μL Hibernate 

containing B27 (ThermoFisher, Burlington, ON) at room temperature. After a desired number of SFOs 

had been isolated, they were transferred to Hibernate media containing papain (2 mg/mL; Worthington 

Biochemical, Lakewood, NJ) for 30 minutes in a 30oC water bath. Following the papain digestion, the 

SFOs were rinsed 4 times with Hibernate containing B27 and then triturated 4 times. The supernatant 

containing the dissociated cells from each subsequent trituration was transferred to another conical tube. 

The cell suspension was centrifuged for 45 seconds at 1400 g, then at 200 g for 8 minutes. Following the 

centrifugation, the supernatant was removed and the pellet was suspended in 20 μL Neurobasal-A media 

(containing B27, 100 U/mL penicillin-streptomycin, and 0.4 mM L-glutamine, each from ThermoFisher; 

and 5 mM glucose) per SFO initially dissociated. 10 μL of the suspended SFO cells were seeded onto 

poly-d-lysine coated coverslips in 35 mm glass bottom dishes (MatTek, Slovakia). The cells were 

incubated at 37oC in 5% CO2 for 1 hour. Following this, 2 mL of the Neurobasal-A media was added to 

each of the dishes and the cells were further incubated until time of experimentation (at least 24 hours). 

For experiments involving TNFα treatment, the media was exchanged with Neurobasal-A media 

containing 10 ng/mL TNFα and the SFO cells were allowed to incubate in this media for 1-48 hours prior 

to experimentation. For control conditions, the media was exchanged with the standard media lacking 

TNFα. The concentration of TNFα was chosen based on previous studies that show that 10 ng/mL TNFα 

has effects on neuron activity (Lewitus et al., 2016; Simpson and Ferguson, 2017) without decreasing cell 

survival (Chen et al., 2015).  

 

Ca2+ Imaging 
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 Measurement of intracellular Ca2+ was performed by imaging SFO cells loaded with the 

ratiometric Ca2+ indicator Fura-2 AM as described previously (Pulman et al., 2006). Cells were loaded 

with 3 μM Fura-2 AM (dissolved in HBSS - in mM: 138 NaCl, 4 NaHCO3, 0.3 Na2HPO4, 5.33 KCl, 0.44 

KH2PO4, 1.26 CaCl2, 0.5 MgCl2 * 6H2O, 0.41 MgSO4 * 7H2O, 5 glucose; osmolality = 270-290 

mOsm/kg) for 30 minutes at 37oC. The cells were then washed with HBSS and returned to the incubator 

for an additional 30 minutes. Fluorescence was measured with an InCyt dual-wavelength imaging system 

(Intracellular Imaging, Cincinnati, OH) with a PixelFly CCD camera at 1360x1024 resolution (Cooke 

Corporation, Auburn Hills, MI). Fura-2 was excited at 340 nm and 380 nm and the 340/380 ratio of the 

500 nm emission was obtained. SFO cells were perfused with HBSS at a flowrate of 4 mL/min and were 

allowed to equilibrate for 5 minutes before beginning the imaging. The rate at which the data was 

collected was 0.5 Hz. A minimum of a 100 second baseline was imaged prior to drug/peptide application. 

Cells were deemed responsive to Ang II if the fluorescence ratio changed by ≥25% within 5 minutes of 

Ang II perfusing the cells. Cell viability was determined by application of a short perfusion (15 seconds) 

of 45 mM KCl at the end of the imaging session. For each Ang II-induced Ca2+ response, the AUC (area 

under the curve) was measured for 5 minutes after the onset of the response.  

 

Statistical Analysis 

 All data are reported as mean ± SEM. For statistical comparisons between two unpaired or paired 

groups an unpaired t-test and paired t-test were used, respectively. For comparisons between 3 or more 

groups, a one-way ANOVA followed by Tukey’s multiple comparisons tests was performed. Chi-square 

tests were used for comparisons of the proportion of responsive neurons between each group. All analyses 

and statistical comparisons were performed in GraphPad Prism 7.02.  

 

 

Results 
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Ang II increases intracellular Ca2+ in a proportion of SFO neurons 

Using ratiometric imaging of intracellular Ca2+ levels using Fura-2, we first examined the effects 

of Ang II on intracellular Ca2+ in SFO neurons. We discovered that a proportion of cells responded with 

an increase in intracellular Ca2+ following 10 nM Ang II application (50%, n = 17/34; Fig. 3.1A and B), 

effects that are consistent with previous reports that Ang II excites a similar proportion of SFO neurons at 

a concentration of 10 nM (Cancelliere and Ferguson, 2017). The average rise in intracellular Ca2+ 

following Ang II application is shown (Fig. 3.1C), and the AUCs (area under the curve) for the responsive 

and non-responsive cells (Responsive = 71.8 ± 9.3, n = 17; Non-Responsive = 1.1 ± 1.7, n = 17) show 

that our criteria clearly delineates and categorizes responsive as compared to non-responsive cells (Fig. 

3.1D). These data confirm that Ang II increases intracellular Ca2+ in a proportion of SFO neurons. 

 

Ang II increases intracellular Ca2+ by engaging the AT1R and inducing extracellular Ca2+ influx 

 We next examined if the effects of Ang II on intracellular Ca2+ in SFO neurons are mediated by 

the AT1R, we treated the cells with the selective AT1R antagonist losartan (10 μM) for 5 minutes prior to 

Ang II application. This lead to a small decrease in basal intracellular Ca2+ (Δ 340/380 = 0.1 ± 0.01; n = 9; 

paired t-test; p < 0.001). This suggests that there may be a low level of basal AT1R tone in SFO neurons. 

Ang II was then applied in the presence of losartan, and followed by washout for 10 minutes and re-

application of Ang II alone (Fig. 3.2A). We determined that losartan led to a dramatic inhibition of the 

Ang II Ca2+ response, an effect that was recovered following washout (Fig. 3.2B; Δ 340/380 = 71.4 ± 

18.8; n = 9; paired t-test; p < 0.01). 

We next examined whether the effects of Ang II on intracellular Ca2+ in SFO neurons requires 

extracellular Ca2+. In these experiments, we initially perfused SFO neurons with normal HBSS, followed 

by a Ca2+-free HBSS for 5 minutes, and the absence of extracellular Ca2+ significantly decreased the basal 

Ca2+ of these neurons (Δ 340/380 = 0.3 ± 0.04; n = 13; paired t-test; p < 0.0001). Following this perfusion 

in Ca2+-free HBSS, we applied Ang II and found there was no change in intracellular Ca2+ (Fig.  
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Figure 3.1. Ang II increases intracellular Ca2+ in a proportion of SFO neurons. (a) Representative raw Ca2+ traces 
of a neuron responsive to (black) and not responsive (grey) to Ang II bath application. The black bar denotes the 
duration of Ang II bath application. Inset: two digital images representing the Fura-2 fluorescence in a neuron before 
and after it is stimulated with Ang II, respectively. A color scale bar denotes the fluorescence of the Fura-2 ratio 
emission. (b) A bar graph representing the proportion of responsive (black) and non-responsive (clear) SFO neurons 
following Ang II bath application (Responsive = 50%, n = 17/34; Non-Responsive = 50%, n = 17/34). (c) Mean Ca2+ 
data for the Ang II responsive (black dots) and non-responsive (grey dots) neurons. The black bar denotes the duration 
of Ang II bath application. (d) A bar graph representing the AUC (area under the curve) of the Ang II responsive 
(black) and non-responsive (clear) neurons (Responsive = 71.8 ± 9.3, n = 17; Non-Responsive = 1.1 ± 1.7, n = 17). 
Experiments were done over 6 days and 6 plates per treatment. Neurons were tested for viability with 45 mM KCl. 
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Figure 3.2. Ang II increases intracellular Ca2+ by engaging the AT1R and inducing extracellular Ca2+ influx. (a) 
Representative raw Ca2+ trace of an SFO neuron that has a greatly diminished an Ang II response in the presence of 
losartan, an effect that recovered following washout (10 min) of losartan. The black and red bars denote the duration 
of Ang II and losartan bath application, respectively. (b) The AUC (area under the curve) of the mean Ang II response 
with (red) or without the presence of losartan (black). The bar graph represents the mean AUC of each group (Ang II 
+ Losartan = 7.3 ± 4.2; Ang II = 78.7 ± 17.5; Δ = 71.4 ± 18.8; n = 9; paired t-test, **p < 0.01) and the paired dots 
represent the individual Ang II responses with or without the presence of losartan. (c) Representative raw Ca2+ trace of 
an SFO neuron that has a greatly diminished Ang II response in the presence of Ca2+-free HBSS. The black bars 
denote Ang II application and the green/black bar denotes bath application of Ca2+-free HBSS and HBSS. (d) The 
AUC of the mean Ang II response with (green) or without (black) the presence of Ca2+-free HBSS. The bar graph 
represents the mean AUC of each group (Ang II + Ca2+-free HBSS = 0.3 ± 0.1; Ang II = 127.7 ± 25.1; Δ = 127.4 ± 
25.1; n = 13; paired t-test; ***p < 0.001) and the paired dots represent the individual Ang II response with or without 
the presence of Ca2+-free HBSS. 
 



 

39 

 

3.2C and D). The ability of Ang II to increase intracellular Ca2+ was restored following the reintroduction 

of extracellular Ca2+ (Fig. 3.2C and D; Δ 340/380 = 127.4 ± 25.1; n = 13, paired t-test; p < 0.001). 

Overall, these data demonstrate that the intracellular Ca2+ increase induced in SFO neurons by Ang II is 

dependent on AT1R and extracellular Ca2+ influx. 

 

TNFα potentiates the Ang II-induced rise in intracellular Ca2+  

Recent evidence suggests that central TNFα administration potentiates Ang II-induced 

hypertension (Xue et al., 2015), a model of hypertension in which the SFO plays a significant role 

(Hendel and Collister, 2005). Therefore, we hypothesized that TNFα may potentiate the Ang II-induced 

rise in intracellular Ca2+. To test this hypothesis, neurons were treated with 10 ng/mL TNFα for 24 hours 

and then changes in the Ang II-induced rise in intracellular Ca2+ were determined (Fig. 3.3A). We 

observed that neurons treated with TNFα exhibited elevated baseline Ca2+ levels (Fig. 3.3B; Control = 

0.40 ± 0.04, n = 34; TNFα = 0.53 ± 0.03, n = 44; unpaired t-test; p < 0.05). In addition, we determined 

that neurons that underwent TNFα treatment had a greatly potentiated Ang II-induced rise in intracellular 

Ca2+ (Fig. 3.3B and C; Control = 71.8 ± 9.3, n = 17; TNFα = 159.0 ± 11.3, n = 28; unpaired t-test; p < 

0.0001). In addition, the proportion of responsive neurons in control conditions was 50% (n = 17/34) and 

was 64% in neurons treated with TNFα (n = 28/44; Fig. 3.3D). Although chronic application of 10 ng/mL 

TNFα increased Ca2+ activity, acute treatment with TNFα had no immediate direct effects on Ca2+ activity 

in SFO neurons. Overall, these data suggest that TNFα potentiates Ang II-induced Ca2+ activity in SFO 

neurons. 

 

The effect of TNFα on Ang II-induced increases in intracellular Ca2+ is time-dependent  

Previous studies have indicated that TNFα can have short and longer-term effects depending on 

cell type and the system studied (Lewitus et al., 2016; Simpson and Ferguson, 2017). Therefore, we 

sought to determine the time course of this potentiation of Ang II by TNFα (Fig. 3.4A). No significant  
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Figure 3.3. TNFα potentiates the Ang II-induced rise in intracellular Ca2+. (a) Experimental timeline highlighting 
the time points for treating the SFO neurons with media containing TNFα or control media. (b) Mean Ca2+ data + 
SEM for the Ang II responsive neurons treated with TNFα for 24 hours (blue dots) or control (black dots). The black 
bar denotes the duration of Ang II bath application. (c) A bar graph of the mean AUC (area under the curve) for SFO 
neurons treated with TNFα for 24 hours (blue) and control media (black; TNFα = 159.0 ± 11.3, n = 28; Control = 71.8 
± 9.3, n = 17; unpaired t-test; ****p < 0.0001). (d) A bar graph of the proportion of Ang II responsive SFO neurons 
treated with TNFα for 24 hours (blue) or control media (black; TNFα = 63.6%, n = 28/44; control = 50%, n =17/34).  
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Figure 3.4. The effect of TNFα on Ang II-induced Ca2+ activity is time-dependent. (a) Representative raw Ca2+ 
traces of SFO neurons following Ang II bath application in control (black) conditions and following 1-48 hour TNFα 
treatment (light blue to dark blue). The black bars denote the duration of Ang II bath application. (b) A bar graph of 
the mean AUC (area under the curve) of control neurons (black) and neurons treated with TNFα for 1-48 hours (light 
blue to dark blue; Control = 71.8 ± 9.3, n = 17; 1 hr TNFα = 93.5 ± 7.5, n = 13; 6 hr TNFα = 114.9 ± 11.0, n = 19; 24 
hr TNFα = 159.0 ± 11.3, n = 28; 48 hr TNFα = 148.2 ± 12.5, n = 29; one-way ANOVA; ****p < 0.0001; Tukey’s 
multiple comparisons test; control vs. 24 hr TNFα – ****p < 0.0001; control vs. 48 hr TNFα, ***p < 0.001; 1 hr 
TNFα vs. 24 hr TNFα, θθp < 0.01; 1 hr TNFα vs. 48 hr TNFα, θp < 0.05). (c) A bar graph of the proportion of SFO 
neurons responsive to Ang II bath application in control (black) conditions and following 1-48 hour TNFα treatment. 
(light blue to dark blue; Control = 50%, n = 17/34; 1 hr TNFα = 54.2%, n = 13/24; 6 hr TNFα = 58.1%, n = 18/31; 24 
hr TNFα = 63.6%, n = 28/44; 48 hr TNFα = 60.4%, n = 29/48). 
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increase in the Ang II-induced Ca2+ response occurred following 1 hour or 6 hour TNFα treatment (Fig. 

3.4A and B; Control = 71.8 ± 9.3, n =17; 1 hr TNFα = 93.5 ± 7.5, n = 13; 6 hr TNFα = 114.9 ± 11.0, n = 

19; Tukey’s multiple comparisons test; p > 0.05 for both comparisons). However, there was a significant 

increase in the Ang II-induced rise in intracellular Ca2+ at 24 hours, and this was maintained at 48 hours 

(Fig. 3.4A and B; Control = 71.8 ± 9.3, n =17; 24 hr TNFα = 159 ± 11.3, n = 28; 48 hr TNFα = 148.2 ± 

12.5, n = 29; Tukey’s multiple comparisons test; p < 0.0001 and p < 0.001, respectively). The proportion 

of neurons responsive to Ang II in each group are shown (Control = 50%, n = 17/34; 1 hour TNFα = 

54.2%, n = 13/24; 6 hour TNFα = 59.4%, n = 19/32; 24 hour TNFα = 63.6%, n = 28/44; 48 hour TNFα = 

60.4%, n = 29/48; Fig. 3.4C). These data show that the effects of TNFα treatment on the Ang II-induced 

Ca2+ response is time-dependent and plateaus at a time point between 6 and 24 hours. 

 

Voltage-gated Na+ channels mediate the potentiation of Ang II-induced Ca2+ influx by TNFα 

Our previous electrophysiological findings demonstrated that 24 hour TNFα treatment increased 

baseline activity and excitability of SFO neurons in vitro, and that this effect was likely mediated by a 

potentiation of the vgNa+ current (31). This increased membrane excitability may sensitize the SFO 

neurons to potential incoming excitatory stimuli, such as Ang II. Thus, we hypothesized that the increased 

activity of the vgNa+ current may mediate the potentiation of the Ang II-induced rise in intracellular Ca2+ 

by TNFα. To test this hypothesis, we treated SFO neurons with TNFα for 24 hours and then examined 

whether blockade of these vgNa+ currents with TTX influenced intracellular Ca2+ responses to Ang II 

(Fig. 3.5A). TTX application led to a significantly reduced basal Ca2+ in control SFO neurons (Δ 340/380 

= -0.02 ± 0.01; n = 48; paired t-test; p < 0.001), as well as SFO neurons treated with TNFα for 24 hours 

(Δ 340/380 = -0.06 ± 0.02; n = 70; paired t-test; p < 0.05). This suggests that vgNa+ channels contribute to 

baseline Ca2+ activity in SFO neurons. Additionally, it was found that TTX application significantly 

reduced the Ang II-induced rise in intracellular Ca2+ following 24 hour TNFα treatment when compared  
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Figure 3.5. Voltage-gated Na+ channels mediate the potentiation of Ang II-induced Ca2+ activity by TNFα. (a) 
Experimental timeline highlighting the time points for treating SFO neurons with media containing TNFα or control 
media. (b) Mean Ca2+ data + SEM for the Ang II responsive neurons treated with TNFα for 24 hours (blue) and 
neurons treated with TNFα for 24 hours with TTX co-applied with Ang II (purple). TTX was applied 5 minutes before 
Ang II was applied. The black bars denote the duration of Ang II application. (c) A bar graph representing the mean 
AUC (area under the curve) of control neurons (black), control neurons with TTX co-applied (clear), neurons treated 
with TNFα for 24 hours (blue), and neurons treated with TNFα for 24 hours with TTX co-applied (purple; Control = 
71.8 ± 9.3, n = 17; Control + TTX = 75.6 ± 4.2, n = 10; 24 hr TNFα = 159.0 ± 11.3, n =28; 24 hr TNFα = 94.1 ± 6.2, n 
= 28; one-way ANOVA; ****p < 0.0001; Tukey’s multiple comparisons test; Control vs. 24 hr TNFα, ****p < 
0.0001; Control + TTX vs. 24 hr TNFα, ****p < 0.0001; 24 hr TNFα vs. 24 hr TNFα + TTX, ****p < 0.0001). (d) A 
bar graph representing the proportion of responsive SFO neurons in each of the treatment groups (Control = 50%, n = 
17/34; Control + TTX = 21.7%, n = 10/46; 24 hr TNFα = 63.6%, n = 28/44; 24 hr TNFα + TTX = 40%, n = 28/70). 
There was a significant difference in the proportion between Control and Control + TTX (chi-square, Χ2 (1, n = 90) = 
10.41, **p < 0.01) and between TNFα and TNFα + TTX (chi-square, Χ2 (1, n = 114) = 6.039, *p < 0.05). 
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to 24 hour TNFα treatment alone (Fig. 3.5B and C; TNFα = 159 ± 11.3, n = 28; TNFα + TTX = 94.1 ± 

6.2, n = 28; Tukey’s multiple comparisons test; p < 0.0001). Furthermore, there was no significant 

difference in the Ca2+ activity between the control and TNFα treatments when Ang II was co-applied with 

TTX (Fig. 3.5C; Control = 71.8 ± 9.3, n = 17; TNFα + TTX = 94.1 ± 6.2, n = 28; Tukey’s multiple 

comparisons test; p > 0.05). TTX also had effects on the proportion of Ang II responsive SFO neurons 

(Fig. 3.5D). Specifically, TTX reduced the proportion of responsive neurons in control conditions by 

~28% (Control = 50%, n =17/34; Control + TTX = 21.7%, n = 10/46; chi-square, Χ2 (1, n = 90) = 10.41, p 

< 0.01), and in TNFα treated neurons by ~24% (TNFα = 63.6%, n = 28/44; TNFα + TTX = 40%, n = 

28/70; chi-square, Χ2 (1, n = 114) = 6.039, p < 0.05). This suggests that a proportion of the Ang II-

responsive neurons in both treatments require vgNa+ channel activity.  Overall, these data suggest that 

vgNa+ channels mediate the potentiation of the Ang II-induced Ca2+ following 24 hour TNFα treatment 

and are required for a proportion of the SFO neurons to respond to Ang II.  

 

 

Discussion 

Specific neuron subpopulations in the SFO sense a wide variety of unique signals associated with 

fluid balance and blood pressure regulation, including Ang II (Oka et al., 2015; Smith and Ferguson, 

2010). These signals are integrated and relayed to the PVN and other CNS nuclei involved in 

coordinating autonomic and humoral responses to modulate blood pressure and fluid homeostasis (Coble 

et al., 2015; Ferguson, 2009). However, the precise cellular mechanisms through which SFO neurons not 

only respond to Ang II, but also integrate this signal with other crucial physiological variables to induce 

changes in neuron activity are not fully elucidated.  

In the present study, we demonstrated that Ang II is able to induce a rise in intracellular Ca2+ in a 

proportion of SFO neurons. This is in agreement with previous electrophysiological and Ca2+ imaging 

studies showing that Ang II stimulates a very similar proportion of SFO neurons (Cancelliere and 
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Ferguson, 2017; Gebke et al., 1998). We also determined that the AT1R mediated the Ang II-induced rise 

in intracellular Ca2+ seen in SFO neurons. It has been known for decades that Ang II increases blood 

pressure and water intake via actions at the SFO (Mangiapane and Simpson, 1980; Saad et al., 2008). 

Recently, it has been demonstrated that AT1R-expressing SFO neurons are predominantly excitatory and 

project to the PVN and other regions (Matsuda et al., 2017; Oka et a., 2015), and optogenetic stimulation 

of excitatory SFO neurons increases blood pressure, as well as water and salt intake (Leib et al., 2017; 

Matusda et al., 2017; Nation et al., 2016). Furthermore, selective blockade or knockdown of the AT1R 

within the SFO abolishes the increase in blood pressure following chronic intermittent hypoxia (Saxena et 

al., 2015), and central hypernatremia (Tiruneh et al., 2013). It is intriguing to speculate that modulation of 

Ang II-induced Ca2+ signaling via AT1R in the SFO as reported here may also contribute to these 

physiological events.    

We determined that the Ang II-induced rise in intracellular Ca2+ requires extracellular Ca2+, 

suggesting influx through Ca2+ channels. Since Ang II robustly stimulates voltage-gated Ca2+ (vgCa2+) 

currents in SFO neurons (Wang et al., 2013; Washburn et al., 2001), we hypothesize that opening of 

vgCa2+ channels may be the mechanism underlying the rise in intracellular Ca2+. However, given that Ang 

II is also known to activate a putative non-selective cation current (NSCC) that allows Ca2+ influx into 

SFO neurons (Ono et al., 2001), we cannot rule out its potential contribution. In the current study, there 

appeared to be a lack of Ca2+ release from internal Ca2+ stores due to the fact that the Ang II-induced rise 

in Ca2+ relied entirely on the presence of extracellular Ca2+. These findings are in contrast to many studies 

showing that Ang II activates intracellular Ca2+ stores in other CNS regions and cell types (Sumners et al., 

1990; Toyz and Schiffrin et al., 2000).  However, identical observations to our findings have been made 

in the area postrema, a hindbrain sensory circumventricular organ (Consolim-Colombo et al., 1996). 

Indeed, these findings may reflect differential signaling pathways based on cell type and region.  

These data implicate Ca2+ signaling in the physiological effects of Ang II within the SFO. The 

specific signaling cascades remain unclear, but recent evidence suggests a role for prostaglandin E2 
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(PGE2), endoplasmic reticulum stress, and reactive oxygen species (ROS) in Ang II/AT1R signaling in the 

SFO during physiological and pathophysiological states (Braga et al., 2011; Cao et al., 2012; Dai et al., 

2016; Lob et al., 2013; Wang et al., 2013). Understanding specific intracellular signaling mechanisms in 

these SFO neurons, and how multiple external signals modulate them, may ultimately provide important 

clues to the underlying cellular causes in diseases such as hypertension and heart failure. 

There is a growing body of evidence implicating cytokines, such as TNFα and interleukin 1β (IL-

1β), in blood pressure and sympathetic output, particularly during pathological conditions. Previous 

studies identified that these cytokines had a potent pressor effect when administered centrally (Ufnal et 

al., 2005; Zera et al., 2008), and recently the SFO was identified as one of the primary nuclei for this 

effect (Desson and Ferguson, 2003; Simpson and Ferguson, 2017; Wei et al., 2017; Wei et al., 2013). 

Direct administration of TNFα into the SFO dramatically elevates blood pressure (Wei et al., 2015). 

While the physiological evidence is well established, the cellular mechanisms remain relatively 

unexplored. Our laboratory recently determined that TNFα rendered SFO neurons more excitable by 

shifting the activation threshold of a vgNa+ current to a hyperpolarized state (Simpson and Ferguson, 

2017). Similar modulation of vgNa+ currents in other neuron types have been identified before, along with 

changes in expression of certain vgNa+ channel subunits (Chen et al., 2015; Huang et al., 2014). In the 

present study, we demonstrated that TNFα treatment potentiated the Ang II-induced rise in intracellular 

Ca2+ through a vgNa+ channel-dependent mechanism, since TTX prevented both the potentiated rise in 

Ca2+ and the proportion of neurons that responded to Ang II. Therefore, it is likely that the 

hyperexcitability of SFO neurons following TNFα treatment potentiated the effects on Ang II-induced 

activation of putative vgCa2+ channels resulting in a greater rise in intracellular Ca2+. In this study the 

sensitization was not significant until 6 hours after TNFα treatment, and similarly it has been shown that 

long-term TNFα treatment leads to a potentiation of Ang II-induced hypertension (Xue et al., 2016). In 

contrast, the pressor effects of TNFα and other cytokines have been shown to occur within minutes of 

administration (Ufnal et al., 2005; Wei et al., 2015). In accordance with this we have observed an acute 
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excitatory effect of TNFα on SFO neuron activity (Simpson and Ferguson, 2017). Therefore, the 

mechanisms that govern the acute and long-term effects of TNFα on SFO neuron activity and blood 

pressure may be unique. It is tempting to speculate if TNFα would be able to sensitize SFO neurons to 

other circulating factors or neurotransmitters due to the pervasive nature of vgNa+ current function on 

neuron excitability. It is also conceivable that diverging signaling pathways and mechanisms for 

modulation for these factors may produce unique effects. While this is out of the scope of this experiment, 

future research should explore the potential role of TNFα in modulating SFO responsiveness to other 

factors and the resulting physiological consequences. Additional to the significant increase in the 

magnitude of the Ca2+ response, there was an apparent dramatic increase in the rate of rise of the Ca2+ 

influx following Ang II stimulation in cells treated with TNFα. This was prevalent at earlier time points 

than the changes in magnitude of Ca2+ influx, suggesting a different mechanism underlying the rate of rise 

other than vgNa+ potentiation. As mentioned previously, Ang II stimulation engages vgCa2+ channels and 

NSCCs to induce Ca2+ influx. Perhaps TNFα modulates the sensitivity of these factors to Ang II 

stimulation, thus altering the rate of Ca2+ influx. 

Modulation of Ang II-induced activity in SFO neurons by TNFα may have profound 

consequences on cardiovascular physiology. It has been found that prior administration of TNFα 

potentiates Ang II-induced hypertension (Xue et al., 2016), while TNFα-/- mice do not develop normal 

Ang II-induced hypertension (Sriramula et al., 2008). Intriguingly, these knockout mice also do not have 

as large of an increased salt- and water intake following Ang II administration, two other variables 

regulated by the SFO (Coble et al., 2015). In a model of heart failure, knockdown of the TNFR1 within 

the SFO reduces the upregulation of RAS, cFos, and the pro-inflammatory transcription factor NF-κB 

(Yu et al., 2017). Since Ang II/AT1R signaling also contributes to the upregulation of cFos in the SFO 

during heart failure (Llewellyn et al., 2014), it is reasonable to suggest that there is convergence for 

neuronal activation between TNFα and Ang II during this disease state. Indeed, there appears to be 

extensive cross-talk between Ang II and TNFα in the SFO. In the CNS, cytokines positively regulate the 
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expression and activity of the RAS and vice versa (Kang et al., 2008; Sriramula et al., 2013; Ufnal et al., 

2005; Wei et al., 2015), suggesting a feedforward mechanism. Future studies should seek to determine 

their contributions of each during pathological states in vivo. Collectively, these data suggest an 

interaction between TNFα and Ang II in the SFO. Interestingly, cytokines and their interaction with the 

RAS in the PVN also play a significant role in the pathogenesis of heart failure (Kang et al., 2008a; Kang 

et al., 2008b; Sriramula et al., 2013). Thus, SFO is likely not the lone site of action for TNFα, and a 

cohesive understanding of its integrated central actions will most likely involve many brain regions 

including the PVN. Additionally, neurons may not be the only target for the effects of TNFα. Glial cells 

in the SFO express the TNFR1 (Wei et al., 2016), and pharmacological inactivation of microglia in the 

PVN inhibits an inflammation-mediated potentiation of Ang II-induced hypertension (Xue et al., 2016), 

supporting a role for these cells in the actions of TNFα. In our study we could not definitively identify if 

the SFO cells responding to Ang II and/or the positive control (45 mM KCl) were neurons, although the 

majority of these dissociated cells have previously been shown to be neurons as patch clamp recordings 

display spontaneous action potentials and voltage gated sodium currents.  Finally, the fact that TNFα 

mediated effects on Ang II responsiveness were abolished by the vgNa+ blocker TTX supports the 

conclusion that these effects were primarily neuronal, although we cannot completely rule out potential 

roles for non-neuronal cell types for the pressor effects of TNFα at the SFO. As previously mentioned, the 

SFO contains subpopulations of neurons with unique molecular phenotypes which project to different 

sites within the CNS that are involved in not just cardiovascular control, but also thirst, feeding behavior, 

and thermoregulation (Smith and Ferguson, 2010). In our study we did not determine the phenotypes of 

the SFO neurons or their projections. Future studies should seek to determine if TNFα differentially 

sensitizes certain circuits to Ang II and the consequences of this modulation on these homeostatic 

systems. 

In conclusion, we demonstrated that TNFα potentiates the Ang II induced rise in intracellular 

Ca2+ in SFO neurons. These data describe a potential cellular mechanism through which TNFα acts on 
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SFO neurons to both potentiate Ang II-induced hypertension, and directly influence blood pressure and 

sympathetic activity. Accumulating evidence implicates cytokines, particularly TNFα, in sympathetic 

dysfunction. Ultimately, it will be critical to determine if the actions we describe here on individual SFO 

neurons in vitro do in fact underlie the demonstrated roles of TNFα in heart failure and hypertension.  
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Chapter 4: General Discussion 

4.1 Summary of findings 

 In summary, we have found that acute TNFα treatment activated SFO neurons and 24 hour 

treatment elevated their basal excitability, a phenomenon that was putatively mediated by the vgNa+ 

current. Furthermore, we determined that Ang II increases [Ca2+]i in SFO neurons, an effect that was 

mediated by AT1R and extracellular Ca2+ influx. This increase in [Ca2+]i was potentiated by TNFα in a 

time-dependent manner, an effect that was mediated by a TTX-sensitive vgNa+ current. Overall, these 

data demonstrate that TNFα directly excites SFO neurons and modulates how they respond to Ang II, a 

critical cardiovascular signal. 

 

4.2 Cytokines and Central Blood Pressure Regulation  

It has been established that circulating cytokines are elevated during hypertension due to low-

grade systemic inflammation (Tedgui and Mallat, 2006; Aukrust et al., 1998). Accumulating research 

suggests that these cytokines play an important role in the development of this condition and other 

cardiovascular diseases (Tedgui and Mallat, 2006). Many studies suggest the autonomic control centers of 

the CNS are where cytokines act to cause sympathoexcitation of neural circuits that regulate blood 

pressure (Braga et al., 2011). However, these autonomic control centers are protected by the BBB and 

thus cannot be directly modulated by circulating cytokines (Ballahb et al., 2004). Recent data have 

suggested the SFO is critical for the effects of peripheral and central TNFα on blood pressure and SNA 

(Wei et al., 2013; Wei et al., 2015). The vasculature of the SFO lacks a BBB and contains fenestrated 

capillaries, which gives peptide hormones and other circulating factors access to this region of the CNS 

(Dellmann, 1998). Moreover, the SFO projects to the PVN and other autonomic control centers to 

regulate blood pressure, SNA, and vasopressin release (Kawano and Masuko, 2010; Ferguson and 

Kasting, 1986; Mangiapane and Simpson, 1983). Overall, this suggests that circulating cytokines can act 
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within the SFO and this may be an important gateway for their effects on blood pressure regulation. This 

has been summarized as a schematic diagram (Figure 4.1). 

 

4.3 Tumor Necrosis Factor alpha in the Subfornical Organ 

Studies have shown that the SFO is critical for the acute actions of TNFα on blood pressure and 

SNA (Wei et al., 2013, Wei et al., 2015). Furthermore, chronically administered TNFα potentiates Ang II-

induced hypertension (Xue et al., 2014). These findings suggest the SFO to be important in relaying 

information from peripheral cytokines to autonomic control centers. However, the mechanisms by which 

TNFα modulates the SFO acutely and long-term to cause these effects remains unclear.  

 

4.3.1 Acute Effects of Tumor Necrosis Factor alpha on Blood Pressure via the Subfornical Organ 

We have shown that acute administration of TNFα activates a proportion of SFO neurons, and we 

therefore speculate that these neurons activated by TNFα may contribute to the effects of this cytokine on 

blood pressure and SNA. Our proposed model is that during hypertension and heart failure, increases in 

circulating TNFα will access the SFO through fenestrated capillaries and acutely activate excitatory SFO 

neurons that project to the PVN. Upon activation, these neurons would synaptically excite preautonomic 

and magnocellular neurons, resulting in increased blood pressure and vasopressin release, respectively. 

The effects of peripherally administered TNFα on blood pressure and SNA appear within minutes (Zhang 

et al., 2003, Wei et al., 2013), therefore, it is possible that direct activation of these SFO projections 

would summate and induce rapid increases in blood pressure. Ang II and PGE2 signaling are required for 

the full magnitude of this effect by TNFα (Wei et al., 2015). Thus, other than TNFα directly activating 

SFO neurons, it may acutely promote AT1R and PGE2 activity in the SFO to elicit this effect. This 

increased AT1R and PGE2 signaling could potentially be caused by local production of Ang II and PGE2, 

as the SFO has the machinery to produce both molecules (Wei et al., 2013). Overall, these data suggest  
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Figure 4.1. Schematic of how TNFα regulates blood pressure through central mechanisms. Acute bath 
application of TNFα depolarizes SFO neurons. Modified figure from Coble et al. (2015). TNFα (tumor necrosis 
factor alpha); Ang II (Angiotensin II); SFO (subfornical organ); MnPO (median preoptic nucleus); pPVN 
(preautonomic paraventricular nucleus); mPVN (magnocellular paraventricular nucleus); SON (supraoptic nucleus); 
PP (posterior pituitary); AVP (arginine vasopressin); RVLM (rostral ventrolateral medulla); SNA (sympathetic nerve 
activity).  
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that circulating TNFα acts at the SFO to activate neurons projecting to the PVN, effects which result in 

increases in blood pressure, SNA, and vasopressin release.  

 

4.3.2 Long-term Tumor Necrosis Factor alpha Treatment Modulates the Subfornical Organ 

 Hypertension and heart failure are chronic conditions and are associated with long-lasting 

changes in cardiovascular function (Tedgui and Mallat, 2006; Aukrust et al., 1998). These long-term 

changes may be partly due to the pro-inflammatory, sympathoexcitatory state within autonomic control 

centers persisting long-term (Braga et al., 2013). Thus, the effects of TNFα have to be considered for not 

just acute time periods but also on longer timescales. We determined that neurons treated with TNFα for 

24 hours exhibited an elevated basal excitability and activity. Furthermore, these neurons displayed a 

larger [Ca2+]i response to Ang II compared to control conditions. Overall, it appears that long-term TNFα 

treatment may sensitize these neurons to incoming stimuli and increase basal activity, a process that may 

contribute to a sympathoexcitatory state which in turn can contribute to both hypertension and heart 

failure.   

 It has been shown that chronic central administration of cytokine potentiates Ang II-induced 

hypertension (Ufnal et al., 2006). Since Ang II-induced hypertension is largely mediated by the SFO 

(Hendel and Collister, 2005), it may be speculated that the potentiation of Ang II-induced hypertension 

was due to actions of TNFα at the SFO. Since TNFα modulates neuron activity and blood pressure on the 

scale of both minutes and hours (Simpson and Ferguson, 2017; Wei et al., 2013), it is hypothesized that 

this may be governed through separate mechanisms. TNFα is known to upregulate the expression of 

cytokines, cytokine receptors, and RAS within this region (Wei et al., 2013; Wei et al., 2015). Regulation 

of gene expression is a process which is occurs over hours (rather than seconds or minutes; Pandey and 

Williams, 2014), which may be the putative mechanism by which TNFα exerts these long-term effects. In 

contrast, the acute effects of TNFα could be due to second messenger modulation of ion channels, leading 

to neuron activation and downstream increases in SNA and blood pressure.  
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 An intriguing observation is that TNFα and Ang II signaling within the SFO further promote the 

expression of pro-inflammatory genes and components of the RAS (Wei et al., 2013, Wei et al., 2015, Yu 

et al., 2018). Specifically, TNFα has been shown to increase expression of itself, TNFR1, IL-1β and its 

receptor, as well as ACE and AT1R (Wei et al., 2013; Wei et al., 2015). Since hypertension and heart 

failure are chronic conditions, it is possible that this feedforward mechanism is occurring in these 

conditions to maintain elevated expression of cytokines and AT1R, thus promoting a sympathoexcitatory 

state. Our data shows that TNFα increases basal excitability and activity of SFO neurons putatively 

through modulating the vgNa+ current, an effect that may potentially be involved in promoting 

sympathoexcitation. Overall, our proposed model is that TNFα acts in a feedforward mechanism to 

induce expression of cytokines and RAS within the SFO, as well as modulate the expression of vgNa+ 

channels (and potentially other channels). TNFα-induced upregulation of RAS within the SFO would 

enhance Ang II signaling, while modulation of the vgNa+ current would potentiate Ang II-induced SFO 

neuron activity by reducing the threshold for firing. Coupled together, these mechanisms may lead to 

hyperactivation of the neural circuits that regulate SNA, blood pressure, and vasopressin release. Future 

studies should seek to uncover the exact mechanisms by which TNFα influences the excitability of SFO 

neurons which in turn leads to cardiovascular dysregulation. 

 

4.4 Limitations  

 Our studies have shown that TNFα has effects on the activity of dissociated SFO neurons, and 

that this may have ramifications for the effects of TNFα on cardiovascular regulation in health and 

disease. However, there are a few limitations to our studies that will be addressed. The experimental 

preparation involved isolating the SFO from a euthanized animal and dissociating it into individual cells, 

upon which they would be plated on coated coverslips bathed in neuronal culture media. Since this is a 

dissociated cell preparation, the neurons are not in their native environment. They lack any synaptic 

connections with other neurons and they are not surrounded by the matrix of CNS support cells such as 
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astrocytes. In addition, these dissociated SFO neurons also lack the general morphology of neurons in 

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

may not be wholly present in our cell preparation. Therefore, we cannot conclude that the direct effects of 

TNFα and Ang II on SFO neurons which we report here are identical to that observed in vivo, an effect 

that might be assessed in the future either by in vivo Ca2+ imaging or electrophysiology of SFO neurons. 

Despite this limitation, this dissociated cell preparation has benefits. Since these neurons lack any 

synaptic contact, our preparation inherently prevents synaptic activity as a confounding variable. 

Furthermore, published studies from our lab have demonstrated that dissociated SFO neurons maintain 

their membrane properties up to 5 days in culture, including maintaining their responsiveness to Ang II 

(Ferguson et al., 1997).  

 Another limitation is that our studies lack information regarding cellular phenotypes. The SFO is 

a heterogeneous region of the CNS and contains unique subpopulations of neurons (Oka et al., 2015). 

Moreover, these subpopulations differentially project to a wide array of sites within the CNS and 

contribute to regulation of different homeostatic systems (Kawano and Masuko, 2010). Therefore, to 

further extend our hypotheses as to the mechanisms of TNFα actions in the SFO, it will be critical to 

understand both the phenotype and the anatomical connectivity of SFO neurons influenced by this 

cytokines. Since TNFα increases blood pressure in a manner similar to Ang II, we hypothesize that the 

output neurons overlap, however the cellular mechanisms and the circuitry behind this remains unknown.  

The Ca2+ imaging studies were done on unidentified SFO cells. Therefore, we could not 

determine with complete accuracy that the cells that we imaged were neurons. However, it has been 

shown previously through patch-clamp recordings that the majority of dissociated SFO cells are indeed 

neurons, as they exhibit spontaneous action potentials. Furthermore, the potentiation of the Ang II [Ca2+]i 

response by TNFα was mediated by TTX-sensitive vgNa+ currents. Since neurons are the excitable 

population of cells within the CNS, the effect of TTX is most likely due to actions on cells expressing 

vgNa+ channels, that being the SFO neurons.  
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Lastly, accumulating evidence suggests that sex differences exist for cardiovascular disease 

(Pollow et al., 2014). Indeed, it has been shown that estrogen has a protective effect against hypertension 

specifically by acting in the SFO (Xue et al., 2005; Xue et al., 2013; Xue et al., 2015). Furthermore, 

estrogen blocks the increase in SFO neuron firing rate induced by Ang II (Tanaka et al., 2001). Therefore, 

it is important to consider sex differences in hypertension, and the role of the SFO in mediating these 

effects. However, all of the animals used in this study were male, as all of the previous studies reporting 

the effects of TNFα in the SFO have been done on male animals. Future studies to determine whether 

there are sex differences in the roles of cytokines in the SFO may provide important insights to 

mechanisms underlying well established sex differences in both the development and expression of 

cardiovascular disease. 

  

4.5 Future Studies  

 

4.5.1 Ionic Mechanisms Underlying the Acute Effects of Tumor Necrosis Factor alpha 

This study has identified the potential cellular mechanisms by which TNFα regulates blood 

pressure via the SFO. Despite these advances, several unanswered questions remain. We determined that 

TNFα acutely excites SFO neurons. However, we did not identify the ionic mechanism by which this 

occurs. Previous studies have shown that IL-1β activates a proportion of SFO neurons through 

potentiating a NSCC (Desson and Ferguson, 2003). In the OVLT, which is another sensory CVO, TRPV 

channels are responsible for this NSCC (Sharif-Naeini et al., 2008). TNFα has been shown to modulate 

the activity of TRPV channels in other cell types (El Karim et al., 2015). Therefore, it is conceivable that 

TNFα modulates TRPV channels to depolarize SFO neurons. Future studies should seek to explore the 

effects of TNFα on TRPV channel activity in SFO neurons and determine if this mediates the excitatory 

effects of TNFα.  
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4.5.2 Subpopulation of Subfornical Organ Neurons Modulated by Tumor Necrosis Factor alpha 

The SFO is a heterogeneous region of the CNS and contains unique subpopulations that regulate 

different autonomic functions (Oka et al., 2015). We observed that 50% of neurons were acutely activated 

by TNFα, showing that a subpopulation of TNFα-responsive SFO neurons exist. We further hypothesize 

that TNFα would largely activate neurons that contribute to cardiovascular regulation. Antagonism of 

AT1R and inhibition of PGE2 synthesis reduces the increase in blood pressure induced by TNFα in the 

SFO (Wei et al., 2015). This effect suggests that Ang II and PGE2 signaling are important pathways for 

the regulation of blood pressure by TNFα. However, these mechanisms are unclear, thus, further 

investigation is warranted. Future studies should determine the molecular phenotype of SFO neurons 

activated by TNFα. This may be done by administering TNFα and then staining for c-Fos, a marker for 

neuron activation, followed by quantification of overlap with certain molecular markers, such as AT1R, 

EP3R, and markers for glutamatergic transmission.  

  

4.5.3 Signaling Mechanisms of Tumor Necrosis Factor alpha in Subfornical Organ Neurons 

 TNFα increases blood pressure at least partially via AT1R and PGE2 signaling pathways (Wei et 

al., 2013; Wei et al., 2015; Yu et al., 2017; Yu et al., 2018). However, it is unknown whether these 

signaling pathways are upstream or downstream of the effects of TNFα on SFO neuron activity. 

Furthermore, it is unclear how TNFα signaling interacts with these pathways to regulate blood pressure. 

The SFO contains the machinery to produce Ang II and PGE2 (Wei et al., 2013; Wei et al., 2015; Yu et 

al., 2017; Yu et al., 2018). It is possible that TNFα is able to induce the production of Ang II and PGE2, 

which then acts on their subsequent receptors to modulate neuron activity and blood pressure. To test 

whether Ang II and/or PGE2 signaling in the SFO contribute to the increase in neuron activity, an AT1R 

or EP3R antagonist may be co-applied with TNFα to determine if it inhibits the depolarization. 

Additionally, microdialysis or sniffer cell assays could be utilized to determine if the SFO is capable of 

producing Ang II and/or PGE2 in vivo and if this such production is potentiated by TNFα.  
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4.5.4 Does Tumor Necrosis Factor alpha contribute to Increased Subfornical Organ Neuron 

Activity in vivo during Hypertension or Heart Failure? 

 The effects of TNFα on blood pressure and SNA via actions at the SFO are well-established. In 

concordance, we have observed clear effects on SFO neuron activity and Ang II signaling in SFO by 

TNFα in vitro. However, it is unknown whether these effects on neuron activity are retained in vivo and if 

they directly contribute to cardiovascular regulation. It also remains unclear if manipulating TNFα 

signaling and expression in the SFO can ameliorate the pro-inflammatory, sympathoexcitatory state 

within central autonomic circuits of the CNS. To test whether TNFα directly excites SFO neurons in vivo, 

Ca2+ imaging of SFO neurons in live animals should be performed during peripheral and central 

administration of TNFα. Furthermore, the cellular phenotypes in which TNFα modulates can be probed 

by using genetically targeted [Ca2+]i indicators expressed in neurons expressing AT1R and other markers. 

Studies should also be done to determine the downstream projection sites of the SFO neurons activated by 

TNFα.  

 The ultimate goal of this research is to uncover the contributions of cytokines, such as TNFα, in 

the SFO to the development of hypertension and heart failure. To this end, future studies should first 

establish whether SFO neurons implicated in blood pressure regulation and SNA are hyperactive during 

these states as hypothesized. This could be done by performing in vivo Ca2+ imaging on identified SFO 

neurons, such as AT1R-expressing neurons, in an animal model of hypertension or heart failure. 

Furthermore, experiments to test whether inhibition of cytokines in the SFO can ameliorate the 

sympathoexcitation exhibited in these models. Overall, these experiments would help further elucidate the 

contributions of TNFα and other cytokines in the SFO to cardiovascular disease. 

 

4.6 Conclusion 
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 Our study has determined that TNFα, a cytokine implicated in hypertension and heart failure, 

acutely activates SFO neurons, elevates their baseline excitability, and potentiates Ang II signaling. These 

data have identified putative mechanisms by which TNFα regulates blood pressure and SNA through the 

SFO during physiological and pathophysiological conditions. Hypertension and heart failure are 

hallmarked by excitation in the autonomic circuits that regulate blood pressure and SNA. Furthermore, 

there is overwhelming evidence that inflammation play a critical role in the development of these 

conditions. Specifically, TNFα signaling in the SFO has been shown to be a critical mediator of the pro-

inflammatory and sympathoexcitatory processes during heart failure. Future studies should seek to 

understand the cellular mechanisms by which TNFα activates SFO neurons, where these neurons project 

to, their molecular phenotype, and if inhibition of TNFα signaling in the SFO can reduce blood pressure 

and SNA. These studies will inform us on potential novel therapeutics that target inflammation in these 

autonomic circuits.   
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