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Abstract 

Hydrogen sulfide (H2S) is an endogenous gasotransmitter found in the central nervous 

system (CNS). While difficult to measure, the endogenous concentrations of H2S lie between 

10nM and 160μM, and recent work has discovered that H2S exerts beneficial actions in the 

control of cardiovascular function. In the following thesis, I report data examining the cellular 

and physiological actions of H2S in the subfornical organ (SFO), a CNS site important in the 

control of blood pressure.  

We used male Sprague-Dawley rats for both in vivo and in vitro experiments. In the first 

manuscript, our RT-PCR experiments confirmed previous microarray analyses showing that 

mRNAs for H2S-producing enzymes were expressed in the SFO. We then used microinjection 

techniques to investigate the physiological effects of NaHS in SFO, and found that NaHS 

microinjection (5nmol) into SFO significantly increased blood pressure (mean area under the 

curve = 853.5 ± 105.7 mmHg*s, n=5). Furthermore, we used patch clamp electrophysiology and 

found that 97.8% (88 of 90) of neurons depolarized in response to NaHS in a concentration 

dependent manner (EC50 of 35.6µM). We also observed an increase in neuronal excitability by 

analysing the rheobase and action potential firing patterns.  

In our second manuscript, we used in vitro voltage clamp electrophysiology to study the 

effects of NaHS on the gating properties of voltage-gated ion channels in the membrane of SFO 

neurons. We found that NaHS (1mM) depolarized the activation curves of N-type calcium 

currents, persistent sodium currents, and transient sodium currents by average 50% activation 

voltage (V50) changes of 5.9mV, 10.8mV, and 7.6mV, respectively. Peak induced currents were 

also enhanced by NaHS application. Interestingly, we observed no effect on voltage-gated 

potassium currents. 
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This study has correlated in vivo physiological actions of H2S with in vitro membrane 

depolarizations and increases in excitability in the SFO, a brain area important to the regulation 

of cardiovascular function. We have provided evidence of effects of H2S on voltage-gated ion 

channels contributing to neuronal excitability. This study is the first to identify specific actions 

of H2S in SFO, and has contributed to the growing literature of H2S actions in the CNS. 
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1.1 Homeostatic regulation through autonomic pathways 

  Control systems in the body must function efficiently for homeostasis to be maintained. 

A breakdown of the homeostatic mechanisms regulating the body‟s internal environment can be 

devastating to an organism and lead to a multitude of disease states. Decades of research have 

gone into investigating the disruption of homeostasis; however, to date, significantly less 

attention has been paid to understanding the disruption of autonomic pathways which underlie 

the breakdown of many homeostatic mechanisms. Pathways in the autonomic nervous system 

regulate important functions in the body, including the control of blood pressure, heart rate, 

appetite, thirst, and many other reflexes critical to maintenance of the “milieu interieur”. The 

disruption of homeostasis underlying many disease states is regulated by autonomic pathways, 

dysregulation of which is a key component of the development and manifestation of disease and 

can broadly be termed „autonomic dysfunction.‟  

 The autonomic nervous system is able to sense changes in the body‟s internal 

environment and react with a calculated, coordinated response intended to return the internal 

environment to a physiologically ideal state. Such pathways involve three parts: sensory 

afferents which bring information from the periphery to the central nervous system (CNS); 

integrative circuitry within the CNS which calculates how to respond to the information; and 

efferent nerves which carry out the appropriate response. The disruption of any of these parts 

could result in a loss of homeostatic regulation. 

 The way by which the CNS senses regulatory signals is an intricate and complex process 

that is not fully understood. It works by incorporating a series of receptors and signals, both 

peripherally and centrally, to transmit an accurate representation of current homeostatic state. A 

crucial part of this pathway uses circulating signals (often peptides) as messengers in feedback 
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loops which provide information about homeostatic status to the CNS. Hundreds of such 

peptides have been identified, and many more likely remain undiscovered. Many of these 

peptides are sensed by specific areas of the brain which are uniquely positioned to optimize their 

ability to sense circulating signals and transmit the information to downstream regions of the 

CNS. These regions have been termed circumventricular organs (CVOs).  

1.2 Circumventricular Organs 

 Typically, capillaries are lined with endothelial cells which have fenestrations permitting 

the diffusion of substances from the bloodstream into the extracellular space. The nervous 

system, however, has tight junctions between endothelial cells which are encased by the feet of 

astrocytes to prevent this diffusion (1). This „blood brain barrier‟ (BBB) is able to control the 

exchange of molecules between the bloodstream and the brain by limiting passage to either 

lipophilic molecules or molecules with specific transporters. The BBB functions to protect the 

brain from blood-borne toxins; to maintain a consistent environment for optimal synaptic 

signalling; to allow for common circulating signals to be used as neurotransmitters in the brain; 

to maintain low levels of protein in the CNS; and to facilitate immune sensitivity (2). There are, 

however, many circulating signals related to cardiovascular function and homeostatic state that 

cannot cross the BBB. As it is known that cardiovascular function is indeed regulated centrally 

by specific brain areas, it is clear that there must be a way for these brain areas to be able to 

sense the circulating signals which provide insight to cardiovascular homeostatic state. One such 

way that this occurs is through the existence of sensory CVOs.  

 CVOs are areas in the brain that have fenestrated capillaries, and therefore do not have a 

BBB. They are able to sense circulating signals from the periphery and relay information about 

them to the appropriate autonomic control centres. CVOs have a dense capillary system, 
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ensuring that the exposure area and time for blood-borne signals in the CVOs are maximal. One 

of these specialized structures is known as the subfornical organ (SFO). 

1.3 The Subfornical Organ 

1.3.1 Anatomical Features 

 The SFO is located in the forebrain on the midline wall of the third ventricle. As 

mentioned above, the SFO is a CVO which acts to sense circulating signals of homeostatic state 

from the periphery and project that information to the appropriate autonomic control centres in 

the hypothalamus. Direct or indirect efferent projections from the SFO send information to a 

variety of autonomic nuclei, including the paraventricular nucleus (PVN) (3), supraoptic nucleus 

(SON) (4), median preoptic nucleus (MnPO) (3), organum vasculosum of the lamina terminalis 

(OVLT) (5), and the arcuate nucleus (ARC) (6). One example of such a pathway is the regulation 

of cardiovascular function by angiotensin II (ANG). Circulating ANG is sensed by the SFO, and 

SFO efferents send signals to the PVN, which in turn acts to influence blood pressure (7). While 

limited, afferent inputs to the SFO do exist but are not nearly as extensive as the efferent 

projections (8). They originate from the caudal nucleus of the solitary tract (NTS) (9,10), MnPO 

(11), the parabrachial nucleus (PBN) (12), midbrain raphe (13), nucleus reunions of the thalamus 

(14) and the lateral hypothalamic area (15). Interestingly, most of the areas from which the SFO 

receives input are also areas to which SFO projects, and it has been suggested that these 

connections are for reciprocal communication (16).  

 This accumulation of evidence has implicated the SFO predominantly as a sensory CVO, 

acting to sense signals from the periphery by way of altering the excitability of its neuronal 

populations. The modulation of different types of ion channels in the membrane underlies 

neuronal excitability. Previous work has demonstrated the presence of voltage-gated sodium 
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(transient and persistent), potassium (transient and delayed rectifier), and calcium (N-type) 

conductances, as well as non-selective cation conductances (NSCC), hyperpolarization-activated 

conductances (Ih), swelling-activated chloride conductances, and ATP-sensitive potassium 

conductances (KATP) in the SFO (as reviewed by: (16)). While it is true that each conductance 

has some effect on the excitability of the neuron, it is rarely the case that signals influence only a 

single neuronal conductance, but rather a variety of conductances which, when altered 

simultaneously, influence the excitability of neurons and allow for the propagation of signals. 

For example, the well documented effects of ANG on SFO neurons have been shown to 

comprise of ANG-induced inhibition of potassium currents, potentiation of calcium currents, and 

activation of NSCCs (17). Ion channel activity, and therefore SFO neuronal excitability, is 

modulated by central and peripheral signals which monitor homeostatic state. These signals can 

be characterized by changes in the properties of the circulating fluid (such as osmolarity, calcium 

concentration, pH, and sodium concentration (18)), or of particular interest to this study, by 

molecules and peptides used as signalling molecules and indicators of homeostatic state. 

1.3.2 Physiological Functions 

There is a growing database of research which has catalogued the diversity of 

neuropeptides and molecules that influence SFO function. The SFO is sensitive to acetylcholine 

(19), α-MSH (Black and Ferguson, unpublished data), amylin (20,21), apelin (22) atrial 

natriuretic peptide (23), calcitonin (24,25), cholecystokinin (CCK) (26) endothelin (27-29), 

estrogen (30), ghrelin (20), interleukin 1-β (31), leptin (32), nesfatin-1 (33,34), oxytocin (35), 

prokineticin 2 (PK2) (36,37), prolactin (38) relaxin (39), vasopressin (40,41), as well as the 

gasotransmitter, nitric oxide (42). Furthermore, this wealth of data is further substantiated by 

previous microarray analyses performed in our lab which showed the expression of many 
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peptidergic receptors in SFO, suggesting that among these already documented signalling 

molecules there are perhaps dozens more which act to influence SFO neuronal excitability (43). 

Because of this bounty of signalling molecules, it is likely that the SFO actually integrates these 

signals before the information is passed along. As such, there are also local effectors which act to 

modulate the excitability of SFO neurons locally in an autocrine or a paracrine manner. Nesfatin-

1 has been hypothesized to act in this manner, as it is found only in dendrites and cell bodies 

instead of axon terminals (like traditional neurotransmitters). It may therefore act upstream to 

modulate incoming signals and either dampen or enhance the responsiveness of the SFO to other 

circulating peptides (33). Vasopressin may also work in a similar fashion, as it is suspected to be 

released dendritically from the SON to act upstream in the hypothalamus (44). 

 The SFO has classically been thought of as a site which regulated fluid balance, and 

perhaps its best known effector, ANG, plays a key role in this reflex. However, since their 

original discoveries, the SFO, ANG, and a wide array of peptides and signalling molecules have 

been implicated in a variety of other homeostatic pathways including immune regulation, 

reproduction, feeding and metabolism, and cardiovascular function (as reviewed by:(17)). 

 As mentioned above, much evidence has been uncovered implicating the SFO in the 

regulation of fluid balance and drinking behaviour. It was first demonstrated that ANG and 

carbachol act in the SFO to elicit drinking (45,46), and that ANG-induced drinking is abolished 

if the SFO is lesioned (47). Furthermore, SFO lesions also prevent water and saline ingestion in 

sodium-depleted rats (48,49). From a sensory aspect, SFO neurons are able to sense sodium and 

water content in the blood and respond to changes in sodium and osmolarity (50-52). SFO 

neurons are also activated by water deprivation (53), intravenous hypertonic saline (54), sodium 

restriction (55), and sodium depletion (56). Perhaps most convincingly, acute, low-intensity 
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electrical stimulation induces drinking in satiated rats (57). A number of neuropeptides which 

have been associated with drinking behaviour have been shown to act, or have their receptors 

expressed, in the SFO. For example, leptin is known to decrease water intake when given 

systemically (58), and has recently been shown to influence 64% of neurons in the SFO (32). 

Among other identified signals are stanniocalcin (59), serotonin (43,60), and the involvement of 

free radicals (61).  

 Perhaps unsurprisingly, given the well-established role of SFO in fluid homeostasis, the 

SFO also plays significant roles in the regulation of metabolism and food intake. Similar to 

above, direct electrical stimulation of the SFO induces feeding in satiated rats (62). 

Comparatively speaking, many more signalling molecules have been identified to act in the SFO 

to regulate feeding than have been identified for drinking behaviours. These SFO-influencing 

signals include substances which inhibit feeding, such as amylin (21,63), nesfatin-1 (33,34), 

leptin (32), CCK (26), and glucose (64), as well as the only known stimulator of food intake, 

ghrelin (20). Interestingly, ghrelin has been shown to affect a different subset of SFO neurons 

than amylin (20), while leptin and amylin (which are both anorexigenic peptides) affect the same 

subpopulations of neurons (32). These findings suggest that different subpopulations in the SFO 

exert differential effects on feeding, and that these subpopulations are differently affected by 

neuropeptides. Furthermore, microarray and RT-PCR analyses suggest the expression of 

adiponectin (65), neuropeptide Y (43,66), and the melanocortin 4 receptors (43,67) in the SFO, 

which point to potential roles for these feeding peptides as well.  

 The SFO has also been shown to be involved in the regulation of cardiovascular function. 

Studies have reported that direct stimulation of the SFO by either electrical or chemical means 

induces biphasic increases in blood pressure followed by secretion of vasopressin and oxytocin 
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(68-70), findings which support the notion that the SFO plays a role in regulating cardiovascular 

function. Furthermore, this increase in blood pressure is abolished by lesion of the PVN (7), 

which implicates the PVN as the major efferent outflow pathway by which cardiovascular 

function is regulated through the SFO. Interestingly, ANG (a well-established regulator of fluid 

balance) was the first neuropeptide implicated in influencing cardiovascular function through 

SFO, as microinjections of ANG into the SFO were shown to increase blood pressure (71). ANG 

has since been shown to influence SFO neurons which project to PVN, implying that ANG acts 

to control the PVN via actions in the SFO. Furthermore, neurons which project to PVN from the 

SFO actually use ANG as a neurotransmitter (72).  

 While ANG was the first neuropeptide found to influence cardiovascular function 

through SFO, many others have since been identified. To date, vasopressin (73), atrial natriuretic 

peptide (74), relaxin (75), orexin (76), leptin (77), and apelin (22) have been shown to influence 

cardiovascular function by exerting actions in the SFO, and it is likely that many more have yet 

to be discovered. In this study, we focused on a previously identified mediator of cardiovascular 

function, hydrogen sulfide, and investigated its actions in SFO.   

1.4 Hydrogen sulfide  

1.4.1 A Brief History of Hydrogen Sulfide 

The existence of hydrogen sulfide (H2S) has been known for centuries, and it was first 

officially characterized in 1777 by Carl Wilhelm Scheele. We think of H2S as a mildly 

obnoxious gas with a distinct odour that most of us only encounter when we visit a farm, drive 

by factory, or swim in a naturally heated spring. Actually, the truth is that H2S can be found 

almost anywhere where elemental sulfur and organic materials are exposed to each other at high 
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enough temperatures. For the majority of humanity‟s knowledge of the existence of H2S, it has 

been characterized as a poison.  

The early 20
th

 century was when people first documented the hazardous effects of H2S, 

and in the early 1930s the first scientific papers emerged detailing the toxicology of the gas (78). 

It was not until the 1960s when research pertaining to this molecule really took off and 

laboratories began to study everything related to H2S from its biochemical properties to its 

environmental effects. But perhaps what stands to be the most interesting discovery pertaining to 

H2S since its first documentation in 1777 was the notion that H2S was actually produced in the 

human body endogenously, and was used as a signalling molecule to regulate physiological 

functions in healthy individuals. This discovery came from the Kimura lab in 1996 (79), and 

suggested the possible role of H2S as an endogenous gasotransmitter acting to facilitate long term 

potentiation (LTP) in the hippocampus. Since that time, the amount of research that has gone 

into investigating this molecule as a mediator of physiological function has increased 

substantially, and H2S has now been implicated in a variety of physiological functions ranging 

from smooth muscle contraction and relaxation to neuromodulation and protection.  

1.4.2 Endogenous production and concentration 

H2S is produced endogenously in different parts of the body through a variety of 

pathways involving four different enzymes. Cystathionine β-synthase (CBS) is highly expressed 

in the brain and produces H2S from cysteine (79). Cystathionine γ-lyase (CSE) also produces 

H2S from cysteine, but is mainly expressed in the liver, pancreas, aorta, kidney, ileum, portal 

vein, and uterus (80-83). 3-mercaptopyruvate sulfur transferase (3MST) works in tandem with 

cysteine aminotransferase (CAT) to produce H2S via the breakdown of cysteine and α-

ketoglutarate in the mitochondria (84). Previous microarray analyses performed in our laboratory 
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suggested the existence of all four of these enzymes in the SFO, implying that the machinery 

necessary for the production of H2S is indeed present in the SFO. Furthermore, aside from 

endogenous production, H2S can be obtained through dietary means via the ingestion and 

degradation of polysulfide containing foods, such as garlic (85).  

Endogenous concentrations of H2S are notoriously difficult to measure accurately. 

Originally, whole tissue levels in the brain were believed to be between 30 µM and 160 µM (86-

88), with plasma levels of approximately 40 µM (89,90). However, these concentrations have 

been debated due to the diversity of methodologies used to measure H2S levels, and presently 

accepted values range anywhere from 10 nM to 160 µM (88). It has been suggested that the 

lower end of this spectrum of values may be representative of total tissue levels, while the higher 

end of the spectrum may represent the concentration of H2S present in endogenously released 

local active pools of H2S, through which H2S actually exerts its physiological functions (88). It is 

known that H2S is produced and released endogenously; however, the mechanisms underlying 

cellular production, storage, and release are not clearly understood. H2S is stored in the brain as 

either acid-labile sulfur (mitochondria) or bound sulfane sulfur (cytoplasm) (91). Neurons (under 

physiological concentrations of glutathione and cysteine in a slightly alkaline environment) and 

astrocytes (under high K
+
 conditions) release H2S from bound sulfur, while H2S is released from 

acid-labile sulfur under acidic conditions (92). This free H2S is then able to mediate 

physiological processes in the brain.  

1.4.3 Chemical Properties 

 H2S is a weakly acidic reducing agent which dissolves in water. In solution, at a pH of 

7.4 and 37°C, H2S exists as an equilibrium of H2S ↔ HS
-
 ↔ S

2-
. Approximately 20% exists as 

H2S, 80% exists as HS
-
, with a negligible amount of S

2-
 (93). Since it is uncertain which form is 
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the physiologically active one, the term „hydrogen sulfide‟ has consistently been used to 

encompass all 3 of the equilibrium states. H2S is a volatile gas, and dissipates with a t1/2 of 5 

minutes (94). Furthermore, the pH of a solution increases by 0.048 ± 0.011 pH units per 

millimolar NaHS (an H2S donor) added (93).   

1.4.4 Physiological functions 

H2S has important physiological effects in both the nervous system and the 

cardiovascular system. Although extremely high concentrations have been shown to have toxic 

effects, in vivo and in vitro studies have demonstrated important physiological effects at 

endogenous concentrations of H2S. Mechanisms of H2S actions are currently unknown however, 

and a wide range of potential effects have been documented and will be discussed in the 

remainder of this introduction.  

As previously mentioned, H2S was first demonstrated to facilitate LTP in the 

hippocampus through actions at the NMDA receptor (79). H2S enhances NMDA-mediated 

currents, resulting in LTP induced by weak tetanic stimulation (which does not typically cause 

LTP without H2S). Subsequently, since the original demonstration of beneficial physiological 

effects, H2S has been shown to have a wide array of neuromodulatory and neuroprotective 

effects. It has now been identified as a neuromodulator by eliciting effects on a variety of ion 

channels. By affecting ion channel function, H2S can have diverse effects on membrane 

potential, action potential characteristics, and overall neuronal excitability. A number of different 

studies have demonstrated effects of H2S on the KATP channel. H2S has been shown to enhance 

the current passing through this channel, causing a hyperpolarization of the membrane. These 

effects have been implicated as the mechanism by which H2S: exerts vasodilatory effects in 

vascular smooth muscle, contributes to myocardial protection against ischemia/reperfusion 
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injury, controls insulin secretion from the pancreas, and regulates inflammation (90,95). Studies 

performed by Telezhkin and colleagues have also demonstrated inhibitory effects of H2S on the 

large conductance Ca
2+

-activated K
+
 channel (BKCa) in the carotid body (96), a channel which is 

widely expressed in the CNS. Another study, however, demonstrated an increase in the activity 

of this channel in a pituitary cell line in response to H2S (97). Further work must be done to 

elucidate the reason underlying these opposite effects of H2S on the BKCa channel. Another 

potassium channel shown to be influenced by H2S is the delayed rectifier potassium conductance 

(IK), a channel which plays a role in influencing neuronal excitability by modulating action 

potential frequency. IK has been shown to be suppressed by H2S when bath-applied to trigeminal 

ganglion neurons (98). Certain voltage-gated calcium channels are also influenced by H2S. T-

type Ca
2+

 channels, specifically the Cav3.2 channel subtype, are activated by H2S application. T-

type Ca
2+

 channels are widely expressed in the CNS as well as the periphery, and contribute to 

neuronal excitability by modulating pacemaker and oscillatory activity in neurons. They are 

important in nociception, and H2S-induced hyperalgesia is thought to be mediated by H2S actions 

on T-type Ca
2+

 channels (99,100). The L-type Ca
2+

 channel is also affected by H2S. Neuronal L-

type Ca
2+

 channel activity is enhanced by H2S, as measured by fluorometric detection of [Ca
2+

]I 

(101). Interestingly, cardiac L-type Ca
2+

 channels are actually inhibited by H2S (102), and further 

study will be required to decipher the differences in the mechanism of action. One type of 

sodium channel (Nav1.5) is also influenced by H2S. Application of NaHS in the jejunum caused 

a shift in steady-state activation and inactivation of the Na
+
 current (103). H2S has indirectly 

been shown (based on channel blockade) to inhibit chloride channels in a neuronal cell line 

(104), an effect which is suspected to contribute to protection against oxidative stress. Finally, 

emerging evidence has also shown that H2S can activate the transient receptor potential vanilloid 
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(TRPV1) channel in sensory nerves (105). While the effects of H2S are wide-ranging and not 

always uniform, it is clear that H2S can profoundly increase the excitability of neurons by 

differentially modulating ion channel activity.  

H2S exerts neuroprotective effects by protecting against oxidative glutamate toxicity 

(106), and increases glutathione levels in the neuron by increasing the availability of cysteine 

and by enhancing the activity of glutathione producing enzymes (107). Furthermore, H2S also 

protects against H2O2 induced oxidative stress (108), and against rotenone-induced cell death in 

Parkinsonian disease models (109). In the mitochondrion, a critical site in the cell death cascade, 

H2S has been suggested to scavenge reactive oxygen species, because cells which express CAT 

and 3MST (which are localized in the mitochondria) are resistant to glutamate toxicity (108). 

H2S has also been reported to both reduce tissue damage and enhance functional recovery 

following spinal cord injury (110). 

In the cardiovascular system, H2S has important effects on blood pressure regulation both 

peripherally and centrally. Centrally, administration of H2S via intracerebroventricular (ICV) 

injection into the left ventricle induced transient hypotension followed by extreme hypertension 

(111). Further, microinjection of H2S into the rostral ventrolateral medulla (RVLM) elicited 

overall decreases in blood pressure (112). The role of H2S in the forebrain regulation of blood 

pressure has also recently been recognized, with Gan and colleagues showing cardiovascular 

effects of H2S on blood pressure and heart rate following microinjection of H2S into PVN (113). 

Our lab has reported cellular correlates of such action using electrophysiological recordings to 

show a depolarizing effect of H2S on the majority of PVN neurons (114). Peripherally, H2S plays 

a role in both vasodilation and vasoconstriction in the superior mesenteric artery. This is a 

concentration-dependent effect, where higher concentrations (1mM) cause vasodilation and 
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lower concentrations (10μM) caused vasoconstriction (115). Further, CSE knockout rats have 

increased blood pressure (116) and when H2S is administered via chronic intraperitoneal 

injections to hypertensive rats, their blood pressure is decreased (117), further supporting 

important roles for H2S in regulating cardiovascular function.  

1.5 Purpose of this study 

 This study was undertaken to investigate the potential roles of H2S in the SFO, a CNS 

site important in the control of blood pressure. We present data in the form of two manuscripts 

documenting the findings of a series of patch clamp electrophysiological, microinjection, and 

RT-PCR experiments which we used to investigate the effects of the fast H2S donor NaHS on 

dissociated SFO neurons. Our study set out to investigate four specific hypotheses: 

1) The enzymes responsible for endogenous production of H2S are present in SFO. We used 

RT-PCR to identify the mRNA expression of CBS, CSE, 3MST, and CAT in SFO.  

2) H2S influences autonomic cardiovascular regulation through actions in SFO. We used in 

vivo microinjection techniques to document the effect of H2S on blood pressure and heart 

rate. 

3) H2S influences the membrane potential and excitability of SFO neurons. We used whole 

cell electrophysiology in the current clamp configuration to identify changes in 

membrane potential and action potential properties of dissociated SFO neurons. 

4) H2S influences voltage-gated ion channels in SFO. We used whole cell electrophysiology 

in the voltage clamp configuration to investigate voltage-gated ion channel activation 

kinetics of potassium, sodium, and calcium channels in SFO.  
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Chapter 2: Hydrogen sulfide regulates cardiovascular function by influencing the 

excitability of subfornical organ neurons  
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2.1 Abstract 

Hydrogen sulfide (H2S), an endogenous gasotransmitter found in the central nervous 

system, has recently been suggested to act as a signalling molecule in the brain, having beneficial 

effects on cardiovascular function. This study was thus undertaken to investigate the effect of 

NaHS (an H2S donor) in the subfornical organ (SFO), a central nervous system site important to 

blood pressure regulation. We used male Sprague-Dawley rats for both in vivo and in vitro 

experiments. We first used RT-PCR to confirm our previous microarray analyses showing that 

mRNAs for the enzymes required to produce H2S are expressed in the SFO. We then used 

microinjection techniques to investigate the physiological effects of NaHS in SFO, and found 

that NaHS microinjection (5nmol) into SFO significantly increased blood pressure (mean area 

under the curve = 853.5 ± 105.7 mmHg*s, n=5). Further, we used patch clamp electrophysiology 

and found that 97.8% (88 of 90) of neurons depolarized in response to NaHS. This response was 

found to be concentration dependent with an EC50 of 35.6 µM. Coupled with the depolarized 

membrane potential, we observed an overall increase in neuronal excitability using an analysis of 

rheobase and action potential firing patterns. This study has provided the first evidence of NaHS 

and thus H2S actions and their cellular correlates in SFO, implicating this brain area as a site 

where H2S may act to control blood pressure. 
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2.2 Introduction 

Hydrogen sulfide (H2S), while classically thought of as a poisonous substance, has 

recently been classified as the third gasotransmitter and plays an important role in cardiovascular 

function through the regulation of blood pressure (111,113,115-117). H2S was first discovered to 

play important roles in the central nervous system through modulation of long term potentiation 

in the hippocampus (79). Endogenously, H2S is produced in different parts of the body through a 

variety of pathways involving four different enzymes. Cystathionine β-synthase (CBS) is highly 

expressed in the brain and produces H2S from cysteine (79). Cystathionine γ-lyase (CSE) also 

produces H2S from cysteine, but is mainly expressed in the liver, pancreas, aorta, ileum, portal 

vein, and uterus (80-83). In the mitochondria, 3-mercaptopyruvate sulfur transferase (3MST) 

works in tandem with cysteine aminotransferase (CAT) to produce H2S via the breakdown of 

cysteine and α-ketoglutarate (84). H2S is also obtained through dietary means by ingestion of 

polysulfide containing foods, which are then converted to H2S in the body by red blood cells 

(85). While difficult to measure, endogenous concentrations of H2S have been estimated to be 

between 10nM and 160μM, with the lower of these values believed to be representative of total 

tissue levels, while the higher values of approximately 160μM have been postulated to represent 

those found in local active pools through which H2S actually exerts its physiological actions 

(88). While a variety of effects of H2S have been identified in the body, cellular production and 

storage is still not fully understood. H2S is stored in the brain as either acid-labile sulfur 

(mitochondria) or bound sulfur (cytoplasm) (91). Neurons (under physiological concentrations of 

glutathione and cysteine in a slightly alkaline environment) and astrocytes (under high K
+
 

conditions) release H2S from bound sulfur, while H2S is released from acid-labile sulfur under 
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acidic conditions (92). This free H2S is then able to contribute to physiological processes in the 

brain.  

At physiological concentrations, H2S has important roles in the nervous and 

cardiovascular systems. In the nervous system, H2S acts as a neuromodulator by influencing 

neuronal excitability through K
+
 channels (96,98,112,114) and Ca

2+
 channels (102), by inducing 

Ca
2+

 waves in astrocytes (118), and by facilitating long term potentiation in the hippocampus 

(79). H2S exerts neuroprotective effects by protecting against oxidative stress (104,119), and has 

also been reported to both reduce tissue damage and enhance functional recovery following 

spinal cord injury (110). In the cardiovascular system, H2S has important effects on blood 

pressure regulation both peripherally and centrally. It plays a role in both vasodilation and 

vasoconstriction in the superior mesenteric artery, an effect found to be concentration-dependent 

with higher concentrations (1mM) causing vasodilation and lower concentrations (10μM) 

causing vasoconstriction (115). CSE knockout rats have increased blood pressure (116), and 

when H2S is administered via chronic intraperitoneal injections to hypertensive rats, their blood 

pressure is decreased (117), suggesting an important role for H2S in the control of blood 

pressure. Centrally, administration of H2S via intracerebroventricular (ICV) injection into the left 

ventricle induced transient hypotension followed by extreme hypertension (111). Further, 

microinjection of H2S into the rostral ventrolateral medulla (RVLM) elicited overall decreases in 

blood pressure (112). The role of H2S in the forebrain regulation of blood pressure has also 

recently been recognized, with Gan and colleagues showing cardiovascular effects of H2S on 

blood pressure and heart rate following microinjection of H2S into the paraventricular nucleus 

(PVN) (113). We have also reported cellular correlates of such action using electrophysiological 

recordings to show a depolarizing effect of H2S on the majority of PVN neurons (114). Although 
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the above studies all support clear roles for H2S in cardiovascular regulation, the precise roles of 

H2S in the global regulation of blood pressure are likely very complex and tissue specific, and 

thus have yet to be clearly elucidated. 

The subfornical organ (SFO) and other circumventricular organs (CVOs) lack a normal 

blood-brain barrier. They play important roles in sensing circulating signals from the periphery 

and sending such information to control centres behind the blood-brain barrier responsible for 

the regulation of autonomic responses (120). The SFO has been shown to play critical roles in 

the control of blood pressure by integrating signals from a wide range of circulating 

neuropeptides including vasopressin (41,73), orexin (76), apelin (22), angiotensin II (121,122), 

atrial natriuretic peptide (74), and leptin (77). It has also recently been shown that both NADPH 

oxidases and superoxide both play a critical role in the SFO regarding angiotensin II induced 

hypertension, with site specific knockdown in SFO reducing hypertension induced by 

angiotensin II infusion (123,124). Our recent transcriptomic analysis of the SFO demonstrated 

expression of the mRNA for all four enzymes responsible for H2S synthesis in this CVO (43), 

observations which suggest possible actions of H2S in the SFO. As such, the present study was 

undertaken to investigate the potential roles of this gasotransmitter in the SFO. We used sodium 

hydrosulfide hydrate (NaHS), a fast H2S donor, in both microinjection and electrophysiological 

experiments to determine the effects of H2S on cardiovascular control and the potential 

underlying influence on the excitability of SFO neurons.   

2.3 Methods 

Ethics Statement 

Male Sprague-Dawley rats (Charles River, QUE, Canada) were used in all experiments.  

All animal procedures were approved by the Queen‟s University Animal Care Committee: 
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Protocol 100821 entitled Central Nervous System Pathways Integrating Cardiovascular and 

Metabolic Function.    

RT-PCR Analysis 

The SFO from three rats were removed. The RNA was immediately isolated and purified 

using the RNAqueous–Micro Kit (Ambion, Burlington, ON, Canada), and the eluted RNA was 

treated with DNase (Fermentas, Burlington, ON, Canada). The cDNA was synthesized using the 

SuperScript II Kit (Invitrogen, Burlington, ON, Canada) using random primers. The cDNA 

obtained was then subjected to PCR for amplification using primers specific for certain 

neuropeptides (Table 2-1). Two microlitres of SFO cDNA was added to 25μL Qiagen Multiplex 

Mix, 5μL of Q solution, 16μL of sterile H2O and 2μL of the 10mM primer set, which resulted in 

a final volume of 50μL. In order to prevent the formation of misprimed products and primer 

dimers, we activated the HotStarTaq DNA polymerase (contained in the QIAGEN Multiplex 

PCR Master Mix) by incubation at 95°C for 15 minutes. The reaction tube was then cycled 35 

times through a protocol consisting of incubation at 94°C for 30s, 60°C for 90s, 72°C for 90s, 

and 72°C for 10 minutes. In order to create a negative, no template control, this protocol was 

then repeated using sterile H2O instead of template cDNA. This reaction was prepared five times, 

once for each primer set. The final PCR products were run and visualized on electrophoresis gel 

(containing 2% agarose and RedSafe nucleic acid dye), and were sequenced to confirm their 

identity (The Centre for Applied Genomics, Toronto, ON, Canada).  

Microinjection techniques 

Urethane-anesthetized (1.4g/kg) rats (200-350g) were fitted with indwelling femoral 

arterial catheters for the measurement of blood pressure (BP) and heart rate (HR). The animals 

were then placed in a stereotaxic frame and an incision into the skin of the skull was made. A 
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small burr hole was made such that a microinjection cannula (150μm tip diameter; Rhodes 

Medical Instruments) could be advanced into the region of SFO according to the coordinates 

(Bregma −0.7mm, ventral 4.5mm, midline) of Paxinos and Watson (125). After a minimum of 2 

minutes baseline BP and HR recording, 5nmol (0.5µL of 10mM) NaHS was microinjected by a 

pressure-driven 5μl Hamilton micro-syringe over 10s into this region, and effects on BP and HR 

were assessed. We also determined the effects of microinjection of varying doses of NaHS into 

the SFO on BP and HR. In the same animals that received 5nmol microinjections of NaHS, 

effects of 1nmol (0.1µl of 10mM NaHS) and 10nmol (1µl of 10mM NaHS) NaHS on BP were 

assessed while, in a separate group of animals, the effects of 100pmol (0.1µl of 1mM NaHS) and 

500pmol (0.5µl of 1mM NaHS) NaHS on BP were determined. 

At the end of the experiment, the animal was overdosed with anesthetic, perfused with 

saline followed by 10% formalin through the left ventricle of the heart, and the brain removed 

and placed in formalin for a minimum of 24 hours. Using a vibratome, 100µm sections through 

the region of SFO were cut, mounted, and cresyl violet stained. The anatomical location of the 

microinjection site was verified at the light microscopic level, by an observer unaware of the 

experimental outcome. 

Based on histological verification of microinjection cannula placement, animals were 

assigned to 1 of 3 anatomical groups (SFO, non-SFO, or ventricle). Ventricle sites included both 

microinjections in which electrode went through the SFO into the underlying 3
rd

 ventricle, as 

well as deliberate microinjections into the 3
rd

 ventricle (Bregma -0.7mm, midline 0.7mm, ventral 

4.5mm). Animals with injection sites that were not wholly confined within any of these regions 

were excluded from analysis. Vehicle (aCSF) injections were not performed for this study, as our 

laboratory has previously shown that 0.5μL vehicle injections into SFO are without effect on BP 
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and HR (22,77). Further, as the lowest concentrations of NaHS we microinjected were without 

effect on BP and HR, they effectively serve the function of vehicle controls. Normalized BP and 

HR data (calculated by subtracting the mean baseline BP and HR data for 60s before injection 

from all data points before and after injection) were obtained for each animal 60s before the time 

of microinjection (control period) until 120s after microinjection. Area under the curve (AUC, 

area between baseline and each BP and HR response) was calculated for each animal for the 

120s time period immediately following NaHS microinjection. Mean AUC for BP and HR 

responses for each group were then calculated. A one way analysis of variance (one way 

ANOVA, followed by Neuman-Keuls post hoc analysis) was used to determine whether BP and 

HR responses observed in response to NaHS administration were different based on anatomical 

location (SFO, non-SFO and ventricle) of NaHS microinjection, or the amount (100pmol, 

500pmol, 1nmol, 5mol, and 10nmol) of NaHS administered.   

SFO neuron preparation 

SFO neurons were dissociated as previously described (126). The rats (125-150g) were 

decapitated and their brains were quickly removed and placed in an oxygenated, ice-cold 

artificial cerebrospinal fluid (aCSF), which contained (in mM): NaCl (124), KCl (2.5), KH2PO4 

(1.24), CaCl2 (2.27), MgSO4 (1.3), NaHCO3 (20), and glucose (10). The SFO was identified 

using a dissecting microscope, and micro-dissected away from the brain. The isolated SFO was 

then placed in 5ml of Hibernate media (Brain Bits, Springfield, IL) containing 10mg papain 

(Worthington Biochemical, Lakewood, NJ, USA). It was then incubated for 30 minutes at 31ºC. 

Using hibernate media supplemented with B27 (Invitrogen), the SFO was then rinsed twice and 

triturated gently three times in order to fully dissociate the cells. The solution was then placed in 

a centrifuge and spun at 200g for 8 minutes. The supernatant was then removed, and cells were 

re-suspended in Neurobasal A media (Invitrogen) containing 100U/ml penicillin-streptomycin 
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and 0.4mM L-glutamine (Invitrogen), and supplemented with B27. The newly dissociated 

neurons were then aliquoted on 35mm plastic bottom dishes (MatTek, Ashland, MA, USA) and 

incubated at 37ºC in 5% CO2 for 2.5-3 hours until the neurons adhered to the bottom of the dish. 

Approximately 2ml of Neurobasal A (containing B27) was added to each dish and the cells were 

returned to the incubator. Dissociated neurons were maintained in culture for at least 24h prior to 

being utilised for electrophysiological recordings, and these recordings always took place within 

4 days of dissociation.  

Electrophysiological techniques 

Whole cell patch clamp recordings were obtained from the SFO neurons using a 

Multiclamp 700B patch clamp amplifier (Molecular Devices, Sunnyvale, CA, USA). Spike2 

(version 7.05b) and Signal (version 4.08) software programs (Cambridge Electronics Design, 

Cambridge, UK) were used to control the stimulation and recording parameters. Using a 

Cambridge Electronics Design Micro 1401 interface, membrane potential and whole cell current 

data were filtered at 2kHz and digitized at 5kHz. The external recording solution (aCSF) had a 

pH of 7.2 (adjusted using NaOH), measured 280-300 mOsm, and contained (in mM): NaCl 

(140), KCl (5), MgCl2 (1), CaCl2 (2), HEPES (10), mannitol (5), and glucose (5). Electrodes 

were made from borosilicate glass (World Precision Instruments, Sarasota, FL, USA) using a 

Flaming Brown micropipette puller (P47, Sutter Instrument Company, Novato, CA, USA) and 

always had a resistance of 3-6MΩ. The electrodes were filled with an internal recording solution 

which measured 280-300mOsm, had a pH of 7.2 (adjusted using KOH), and contained (in mM): 

potassium gluconate (125), MgCl2∙6H2O (2), EGTA (5.5), KCl (10), NaATP (2), HEPES (10), 

and CaCl2 (0.1). The free calcium concentrations where calculated to be in the low nM range as a 

result of the chelation by EGTA (http://www.stanford.edu/~cpatton/webmaxcS.htm).  
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SFO neurons were perfused with aCSF at 37ºC at an average rate of 1.5 ml/min. 

Perfusion set-up utilized a gravity perfusion system and a vacuum pump. Using an MP-225 

micromanipulator (Sutter Instrument Co., Novato, CA, USA) the recording electrode was 

positioned in the bath and the liquid junctional potential was offset. The pipette was then slowly 

lowered to touch the cell membrane of the targeted neuron. Negative pressure was then applied 

to allow the formation of a GΩ seal. Whole cell access was obtained by applying a consistent 

pulse of negative pressure. Voltage clamp protocols were initially run to confirm the presence of 

voltage-gated Na
+
 currents in the cell (thus confirming the cell as a neuron). The recording 

configuration was then switched to current clamp and a minimum of 200s baseline recording of 

the membrane potential was obtained prior to experimental manipulation. If the neurons did not 

establish a stable baseline for at least 200s, did not have action potentials greater than 75mV, or 

had an input resistance less than 500MΩ, or did not maintain any of these criteria throughout the 

entire length of recording, they were excluded from further analysis. NaHS (1μM–50mM) was 

then applied via gravity perfusion.  

Changes in membrane potential were assessed by comparing the mean membrane 

potential (from which a calculated liquid junction potential of 15.9mV was subtracted) over 50s 

periods before, during, and after NaHS administration. Effects were classified as significant if 

the mean change observed was greater than 2X the standard deviation (SD) of baseline 

membrane potential measured in the 50s period prior to NaHS application. Mean responses were 

compared between different concentrations of NaHS, and in all cases error values presented 

represent ± the standard error of the mean (SEM). The distribution of the proportion of neurons 

responding at each concentration was fitted with a Hill function. In experiments measuring 

changes in neuronal excitability in response to NaHS application, we followed protocols 
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previously described in the literature (98,127). We first determined the rheobase for each neuron 

(the minimum injected current required to induce one action potential), and then counted the 

number of action potentials induced by injections of 2X and 3X rheobase current injection 

(500ms steps). We then used 1s stimulating ramps of linearly increasing current from 0-200pA 

and 0-500pA to induce more than one action potential. Values were compared in both the control 

and NaHS (1mM) conditions. Only neurons which fired multiple action potentials with 

magnitudes greater than 75mV were included in this analysis. 

All statistical analyses were performed using GraphPad Prism 6.01 (La Jolla, CA, USA). 

Chemicals and Peptides 

Salts used in preparation of the aCSF and the internal solution, and NaHS were obtained 

from Sigma (Oakville, ON, Canada). 

2.4 Results 

Hydrogen sulfide-producing enzyme mRNA present in SFO tissue 

Our previous microarray analyses suggested that CBS, CSE, 3MST, and CAT were 

expressed in SFO (43). We therefore performed RT-PCR on cDNA reverse transcribed from 

mRNA which was harvested from SFO tissue to confirm that these enzymes were in fact 

expressed in SFO. The cDNA underwent PCR amplification using primer sets designed 

specifically to amplify CBS, CSE, 3MST, and CAT cDNA. As illustrated in the gel shown in 

Figure 2-1, the RT-PCR reaction amplified CBS, CSE, 3MST, and CAT. These observations 

indicate the mRNA responsible for the synthesis of CBS, CSE, 3MST, and CAT is present in 

SFO, suggesting the SFO as a potential site for both production and also action of H2S. 
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Table 2-1 - Primer sets used for RT-PCR analysis 

NaHS microinjection into SFO increases blood pressure 

 

Primer Accession No. Direction Sequence Product Size (b.p.) 

GAPDH NM_017008.4 Sense 5‟-TACCAGGGCTGCCTTCTCT-3‟  

  Antisense 5‟-CTCGTGGTTCACACCCATC-3‟ 360 

CAT NM_012571.2 Sense 5‟-CTGACTTCTTAGGGCGATGG-3‟  

  Antisense 5‟-TCACGTTTCCTTTCCACTCC-3‟ 624 

3MST D50564.1 Sense 5‟-ACCACTCTGTGTCGTTGCTG-3‟  

  Antisense 5‟-TGTCCTTCACAGGGTCTTCC-3‟ 536 

CBS NP_036654 Sense 5‟-AGACACCGACTGGTTTCCAC-3‟  

  Antisense 5‟-ACAGTCAGTCCAGGGTTTGC-3‟ 262 

CSE NM_017074 Sense 5‟-ACACTTCAGGAATGGGATGG-3‟  

  Antisense 5‟-TGAGCATGCTGCAGAGTACC-3‟ 174 

100 b.p. 

500 b.p. 

1000 b.p. 

Figure 2-1 – Expression of CAT, 3-MST, CBS, and CSE mRNA in SFO. RT-PCR analysis of SFO 

shown on an agarose gel with positive bands for the CAT, 3-MST, CBS, and CSE enzymes, as well as a 

positive control for the housekeeping gene GAPDH. 
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A total of 27 animals were used in this study, of which 9 animals had microinjection 

locations entirely within the SFO (SFO group), 4 animals had microinjection locations outside of 

the SFO (non-SFO group), and in an additional 5 animals NaHS was microinjected into the 

lateral ventricle (ventricle group) (Figure 2-2A,B). The remaining animals (n=9) were excluded 

from further analysis as microinjection locations could not be reliably classified into any of the 

above 3 groups. Microinjection of 5nmol (0.5μL of 10mM) NaHS into the SFO resulted in 

increases in BP (mean area under the curve (AUC) = 853.5 ± 150.7mmHg*s, n=5) (Figure 2-

2Ci). These pressor responses were of rapid onset (increase began within 10s of NaHS 

administration and peaked approximately 15s following NaHS administration) and short duration 

(returning to baseline values within 120s). These BP effects were found to be site-specific 

(ANOVA, *p<0.01) as NaHS microinjection into non-SFO regions or into the ventricle was 

without effect (non SFO mean BP AUC = -299.1 ± 140.9mmHg*s, n=4; ventricle mean BP AUC 

= 112.6 ± 93.98mmHg*s, n=5) (Figure 2-2Cii). No significant effects on HR were observed 

(SFO: mean AUC HR = 31.3 ± 8.1 beats (n=5); non-SFO: mean AUC HR = -9.23 ± 9.1 beats 

(n=3); ventricle: mean AUC HR = 9.4 ± 12.0 beats (n=5); ANOVA, P>0.05) (Figure 2-2Di,ii). 

In order to determine whether BP effects elicited in response to NaHS administration into the 

SFO were dose-related, different volumes of 10mM and 1mM NaHS were microinjected into the 

SFO. The cardiovascular effects observed in response to these different doses were shown to be 

dose-related (ANOVA p<0.01; see figure 2-2E). While 10nmol (1μL of 10mM, n=5) NaHS 

administration increased BP (mean BP AUC = 1061.0 ± 149.0 mmHg*s), this response was not 

significantly different from that of 5nmol (ns: Newman-Keuls post hoc analysis). While not 

different from each other, the pressor responses to 5nmol and 10nmol NaHS were significantly  
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Figure 2-2 – Hydrogen sulfide microinjection into the SFO increases BP. Individual microinjection 

locations in SFO (Blue circle) and non-SFO sites (red squares) are illustrated in the schematic (A). The 

photomicrograph (B) shows one of the SFO microinjection sites (scale bar: 100 μm) C) Normalized mean 

(±SEM) BP trace (i) and summary graph (ii) illustrating BP change in response to NaHS (5nmol) 

injection (arrow) into SFO (blue, n=5), non-SFO (red, n=4), or ventricle (green, n=5). D) Normalized 

mean HR trace (i) and summary graph (ii) illustrating HR change in response to NaHS (5nmol) injection 

(arrow). E) Bar graph illustrating dose-response relationship showing NaHS injections of 100pmol 

(boxed), 500pmol (white), 1nmol (crossed), 5nmol (solid), 10nmol (dashed). Significant differences are 

indicated by asterisks, *p<0.05. Error bars denote SEM. 
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greater than BP responses elicited by 1nmol (0.1μL of 10mM;  mean BP AUC = 266.1 ± 237.7 

mmHg*s, n=5; **Newman-Keuls post hoc analysis vs 10nmol; *Newman-Keuls post hoc 

analysis vs 5nmol), 500pmol (0.5µl of 1mM; mean BP AUC = 9.9 ± 130.0 mmHg*s, n=5; 

*Newman-Keuls post hoc analysis) and 100pmol (0.1µl of 1mM; mean BP AUC = 108.0 ± 42.1 

mmHg*s (n=4); *Newman-Keuls post hoc analysis), while BP responses observed at these lower 

doses (100pmol, 500pmol, and 1nmol) were not different from each other (ns: Newman-Keuls 

post hoc analysis).  

NaHS depolarizes SFO neurons in a concentration-dependent manner 

 We used whole cell patch clamp recordings in current clamp configuration to assess the 

effects of NaHS on the membrane potential of SFO neurons. Neurons which were included in 

our analyses were able to fire action potentials greater than 75 mV (either spontaneously or 

induced by a current pulse of up to 20pA), had an input resistance greater than 500 MΩ, and 

exhibited a stable baseline for at least 200s. Out of 126 neurons tested, 90 neurons met all criteria 

required for this study. They fired action potentials with mean amplitudes of 99.7 ± 1.6mV, had a 

mean input resistance of 1.3 ± 0.2GΩ, and were recorded from a mean membrane potential of -

58.2 ± 1.1mV. 

In the vast majority of neurons tested, 88 of 90 (97.8%), NaHS (10µM – 50mM) induced 

a rapid onset, short lasting depolarization which recovered to baseline shortly after washout of 

NaHS (mean: 49.8 ± 13.5 s), effects which were normally reproducible in response to a second 

similar application of NaHS and independent of resting membrane potential or spontaneous 

activity (Figure 2-3). 

NaHS concentrations ranging from 10µM to 10mM induced concentration-dependent 

responses in both the magnitude of the depolarization and the proportion of neurons responsive  

Figure 2-1 – Expression of CAT, 3-MST, CBS, and CSE mRNA in SFO. RT-PCR analysis of SFO shown 

on an agarose gel with positive bands for the CAT, 3-MST, CBS, and CSE enzymes, as well as a positive 

control for the housekeeping gene GAPDH. 
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Figure 2-3 – Hydrogen sulfide depolarizes SFO neurons. Current clamp recordings from 2 SFO neurons 

demonstrating depolarizing effects of 1mM NaHS (red bars indicate time of application). There was no 

difference in the depolarizing response observed in neurons that (A) fired spontaneously or (B) cells that 

were quiescent. In both cases there is a rapid-onset depolarization, followed by a recovery to baseline after 

return to vehicle aCSF. 
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to NaHS. Bath application of 10mM NaHS depolarized 32 of 32 (100%) neurons tested (mean: 

22.3 ± 1.4mV); 1mM NaHS depolarized 53 of 56 (94.6%) neurons tested (mean: 14.0 ± 0.9mV); 

100µM NaHS depolarized 15 of 19 (78.9%) neurons tested (mean: 7.6 ± 4.2mV); 10µM NaHS 

depolarized 2 of 7 neurons tested (mean: 2.2 ± 1.6mV); and 1µM NaHS affected 0 of 3 neurons 

tested. When recordings were maintained for long periods of time individual neurons were tested 

with multiple concentrations of NaHS. This resulted in 117 applications of H2S in 90 neurons. 

These data are illustrated in Figure 2-4A and summarized in Figure 2-4B. Furthermore, 4 

neurons were also tested with a concentration of 50mM NaHS, and in all cases large 

depolarizations were observed (mean: 57.9 ± 6.9mV), although the significant changes in pH and 

osmolarity in this test solution compared to control aCSF led us to exclude these data from our 

overall analysis. The proportions of responsive neurons were fitted to a Hill equation, which 

provided an EC50 of 35.6 µM (Figure 2-4C). 

NaHS increases the excitability of SFO neurons 

Finally, we examined the effects of NaHS on the excitability of SFO neurons using an 

analysis of rheobase and action potential firing patterns. Rheobase is the minimum amount of 

current required to induce one action potential, and we used current steps (2X and 3X rheobase) 

as well as current ramps (0-200 pA/s and 0-500 pA/s) to examine the firing patterns of action 

potentials before and during application of NaHS (1 mM) (Figure 2-5A). In all 6 neurons tested, 

the number of action potentials (APs) induced by the 2X and 3X steps and the 200pA and 500pA 

ramps increased in response to NaHS. The average numbers of APs in response to the 2X current 

injection in the control phase were 4.2 ± 1.1 AP/500ms compared to 6.6 ± 1.8 APs/500ms in the 

NaHS phase (paired t-test, *p<0.05). The average numbers of APs in response to the 3X current 

injection in the control phase were 5.8 ± 1.8 AP/500ms compared to 9.3 ± 2.9 APs/500ms in the  
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Figure 2-4 – Hydrogen sulfide depolarizes neurons in a concentration-dependent manner. (A) 

Current clamp recording illustrating the concentration-dependent effects of 4 different concentrations of 

NaHS (red bars indicate time of application) in a single SFO neuron. (B) Scatter plot indicating the 

membrane potential changes for all neurons recorded. Black bars indicate mean ± SEM. (C) NaHS 

concentration curve illustrating proportion of responding neurons at each concentration, EC
50

=35.6μM. 
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Figure 2-5 – Hydrogen sulfide increases the excitability of SFO neurons. An analysis of rheobase and 

action potential firing frequency revealed an increase in excitability. (A) Current clamp trace with red bar 

indicating application of NaHS (1mM), and blue bars (α and β) indicate periods when current injection 

protocol was performed. (B) The middle panel shows the current injection protocols for 2X and 3X 

rheobase steps, and 0-200 and 0-500pA ramps, while the spike patterns induced are shown for the control 

(left panel, α) and NaHS (right panel, β) conditions. Bar graphs displaying the mean number of action 

potentials before (black) and during (red) NaHS application for the current step (C) and ramp (D) 

protocols. Note the increase in action potential number in response to NaHS in all 4 cases. *p<0.05, paired 

t test.  
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NaHS phase (paired t-test, *p<0.05). The average numbers of APs in response to the 0-200pA 

current ramp in the control phase were 14.6 ± 3.2 AP/s compared to 19.0 ± 4.0 APs/500ms in the 

NaHS phase (paired t-test, *p<0.05). The average numbers of APs in response to the 0-500pA 

current ramp in the control phase were 8.7 ± 2.1 AP/s compared to 10.5 ± 1.8 APs/500ms in the 

NaHS phase (paired t-test, *p<0.05). These data are illustrated in figure 2-5Bα,β, and 

summarized in figure 2-5C,D. 

2.5 Discussion 

 This study provides the first evidence suggesting that H2S plays important roles in the 

SFO, acting as a gasotransmitter to influence cardiovascular function by modulating the 

excitability of single neurons. Our microinjection experiments, directly applying exogenous 

NaHS in vivo into the SFO of anaesthetised rats, demonstrated site-specific, dose-related effects 

for this gasotransmitter in controlling cardiovascular function through actions in the SFO. We 

have used patch clamp techniques as well as an analysis of rheobase and action potential firing 

frequency to demonstrate that NaHS depolarizes the majority of SFO neurons, while 

simultaneously increasing levels of excitability. We have thus uncovered significant H2S actions 

in the SFO, where it acts as an important modulator of cardiovascular function. 

 We first looked to validate our previous microarray analyses, which suggested the 

expression of the H2S-producing enzymes in SFO (43). Our RT-PCR analyses confirmed the 

presence of the mRNA of CBS, CSE, 3MST, and CAT in SFO, suggesting that the machinery for 

the production of H2S is in fact present in SFO. It should be emphasized, however, that detection 

of the mRNA for these enzymes does not confirm the production or presence of the enzymes, nor 

does it confirm the action of the enzymes necessary for H2S production. 
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 The effects of H2S on cardiovascular function have been investigated in a variety of sites 

in the central nervous system. In association with these studies, we have identified the SFO as a 

novel site at which H2S may act to regulate cardiovascular control systems. Importantly, the 

observed effects of NaHS on blood pressure were site-specific, as microinjection into the 

ventricle caused no detectable change in blood pressure, as would be expected due to the rapid 

dilution of NaHS in the ventricle. Furthermore, we saw no apparent baroreflex-mediated 

decrease in HR in response to the rapid increase in BP, suggesting that H2S actions result in a 

physiologically regulated increase in BP. H2S actions in SFO are comparable to the pressor 

responses elicited in PVN (113), but opposite to the depressor responses elicited in RVLM (112), 

suggesting anatomically distinct actions for this neural messenger in central cardiovascular 

control. Apparent conflicts in the literature, where other studies report no effects following H2S 

administration into PVN or RVLM (128), are most likely associated with lower concentrations 

used in these studies, similar to those at the lower end of our dose-response curve which were 

also without effect.  

 We next used whole cell patch clamp recordings to examine the cellular effects of 

exogenous NaHS application on the membrane potential of single dissociated SFO neurons. Our 

current clamp recordings showed an almost universal depolarizing (> 97%) action of NaHS. The 

homogeneity of these effects emphasizes an important role for this gasotransmitter in controlling 

the membrane potential of neurons in this specific brain area. These effects are similar to those 

recently reported on PVN neurons (80% responsive, with 96% depolarizing) (114), suggesting 

potentially common mechanisms of action at the membrane level. We extended these cellular 

observations using an analysis of rheobase and action potential firing frequency to determine if 

the NaHS effects on membrane potential were accompanied by increases in “excitability”. We 
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found that NaHS also increased the firing frequency of APs in 100% of the neurons tested. This 

combination of a depolarized membrane potential and an increase in AP firing frequency results 

in an overall increase in excitability of SFO neurons in response to NaHS. Stimulation of SFO 

neurons leads to an increase in BP (129), and it is likely that the uniform increase in excitability 

and the depolarization of the membrane potential in response to NaHS leads to the observed 

increase in BP. Our non-SFO microinjection sites were most likely located in the fibres of the 

hippocampal commissure, and predictably did not cause increases in BP or HR. As such, we 

believe that our microinjections and bath perfusion of NaHS caused site-specific, effects in SFO. 

Interestingly, individual SFO neurons have different projection sites and chemical phenotypes 

(differences our recordings could not distinguish between), and thus, a uniform effect on all 

neurons located within the SFO may seem physiologically paradoxical. However, the uniformity 

of responses suggests that H2S acts physiologically as a much more specific, locally produced 

and locally acting messenger. The profound effect on membrane potential may allow for H2S 

produced by one neuron to specifically alter the excitability of their immediate neuronal 

neighbours, or even themselves, in a rapid and reversible manner, thereby providing a much 

more precise way of regulating SFO neuron excitability. 

In our studies we have used NaHS as an H2S donor. Estimates of the amount of free H2S 

in a solution of NaHS in a closed system vary between 6% (personal communication: Dr. J. 

Wallace) and 18.5% (93) of the original NaHS concentration. Thus, in the open system used in 

our studies, we would expect a lower percentage (than these closed system estimates) of free H2S 

as a consequence of the even greater dissipation rates. We accounted for this passive loss as best 

we could by dissolving H2S immediately before its use, however 50% is still lost every 5 minutes 

when dissolved H2S is exposed to room air (94). Taking such considerations into account we 
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would estimate the actual concentrations of H2S achieved in this study were likely 3-10% of the 

NaHS concentrations, suggesting cellular response to H2S concentrations between 300nM and 

1mM. Endogenous active concentrations of H2S in the nervous system are even harder to 

estimate with any accuracy, although these have been suggested to lie between 15nM and 100μM 

(86-88,130), which would require NaHS concentrations of 150nM – 1mM (assuming 10% 

values) to mimic this environment. In accordance with such calculations, previous studies in cell 

expression systems report H2S effects on ion channels beginning at concentrations of 1mM 

NaHS (131-133). It is however important to interpret such estimates with caution as questions 

remain as to the mechanism of release of H2S from sulfur stores, concentrations in local pools of 

released H2S, and whether free or bound H2S functions endogenously to alter cellular function. 

We therefore used concentrations of NaHS ranging from 100µM to 10mM in accordance with 

previous studies showing reversible effects on membrane potential and ion channel activity 

(96,98,114,134), concentrations which in our hands elicited effects which were rapidly reversible 

and repeatable, suggesting that SFO neurons (in vivo and in vitro) were still viable and healthy 

after washout of NaHS. In view of these considerations, we believe that effective concentrations 

of H2S achieved in our studies likely fall within high physiological to pharmacological 

concentrations. When NaHS was dissolved in solution, the change in pH for concentrations 

≤1mM was negligible (<0.1 pH units), while we saw a change of 0.4 pH units to a pH of 7.6 for 

10mM NaHS. These observed changes agree with previously observed values (93). We bath-

applied a solution of aCSF adjusted with NaOH to a pH of 7.6 to mimic the pH change which 

results from dissolving NaHS into solution and saw no effect of this change in pH on membrane 

potential of SFO neurons. 
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In conclusion, our studies identify the SFO as an important site of action for H2S, and 

suggest potential implications for the regulation of central cardiovascular pathways. Not only 

have we demonstrated expression of the genes responsible for the production of H2S in SFO, but 

we also report that microinjection of NaHS directly into SFO caused increases in BP. These 

observations are in accordance with our patch-clamp analysis of NaHS actions in SFO, 

demonstrating rapid and reversible depolarizing effects that are associated with increases in 

excitability in the vast majority of SFO neurons. Future patch-clamp studies will be needed to 

elucidate the membrane events underlying the increase in excitability of these neurons in 

response to NaHS, and to describe the specific physiological relevance of these actions in the 

central regulation of the cardiovascular system. 
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Chapter 3: Actions of a hydrogen sulfide donor (NaHS) on transient sodium, persistent 

sodium, and N-type calcium currents on neurons of the subfornical organ 
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3.1 Abstract 

Hydrogen sulfide (H2S) is an endogenous gasotransmitter that has been implicated in a 

variety of beneficial physiological functions. The mechanisms underlying these actions, 

however, have not been thoroughly studied and are not well understood. This study was 

performed to investigate the cellular mechanisms underlying actions of H2S previously observed 

in subfornical organ (SFO), where H2S acts to regulate blood pressure through a depolarization 

of the membrane potential and an overall increase in the excitability of SFO neurons. We used 

whole cell patch clamp electrophysiology in the voltage clamp configuration to analyze the 

effect of 1mM NaHS, an H2S donor, on voltage-gated potassium, sodium, and calcium currents. 

We observed no effect of NaHS on potassium currents; however, both voltage-gated sodium 

currents (persistent and transient) and the N-type calcium current had a depolarized activation 

curve, and an enhanced peak induced current in response to a series of voltage step and ramp 

protocols run in the control and NaHS conditions. Our studies are the first to investigate the 

effect of H2S on a variety of voltage-gated conductances in a single brain area. We have 

provided evidence of a potential mechanism underlying the previously observed physiological 

actions of H2S in this important region.   
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3.2 Introduction 

 Hydrogen sulfide (H2S), a well-known toxic gas and recently characterized 

gasotransmitter, has been found to influence neuronal and cellular excitability throughout the 

body. From its first documentation as a beneficial neurological mediator influencing long-term 

potentiation in the hippocampus (79), the amount of research devoted to investigating this 

curious molecule has drastically increased. H2S has now been implicated in many physiological 

pathways in the central nervous system and periphery.  

 Endogenously, H2S is produced through one of three different pathways which involve 

one or more enzymes depending on the cell type. In the brain, cystathionine β-synthase (CBS) is 

highly expressed and produces H2S from cysteine (79). Cystathionine γ-lyase (CSE), on the other 

hand, is expressed in the liver, pancreas, aorta, ileum, portal vein, and uterus (80-83), and also 

produces H2S from cysteine. In the mitochondria, 3-mercaptopyruvate sulfur transferase (3MST) 

works with cysteine aminotransferase (CAT) to produce H2S by metabolizing cysteine as well as 

α-ketoglutarate (84). These pathways, along with the acquiring of H2S through the ingestion of 

polysulfide containing foods (such as garlic) (85), contribute to endogenous concentrations of 

H2S, which have been measured to be anywhere between 10 nM and 160 μM (88). It has been 

hypothesized that this range represents both the total tissue levels (the nM range), as well as the 

concentrations believed to be found in locally produced active pools of H2S (the μM range) (88).  

 Within this range of physiological concentrations, H2S has been found to have a wide 

variety of effects in the body. Perhaps one of the best documented functions of H2S is its ability 

to relax smooth muscle, a role particularly important for the functioning of blood vessels and the 

gut. H2S is oxidized and reduced easily, and can therefore act as an oxygen sensor in the blood. It 

is able to dilate or constrict arteries based on the oxygen concentrations (135). Furthermore, in 
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smooth muscle, only 3MST is expressed and not CAT, while the endothelium expresses both. 

This suggests a source of H2S in the endothelium, which would allow it to function as an 

endothelium-derived relaxing factor (EDRF) (136). H2S has also been shown to play important 

roles in the retina in regulating Ca
2+

 concentrations (137), as well as contribute to a variety of 

cytoprotective processes throughout the body (130).  

Of particular relevance to this study, H2S has been shown to act in the nervous system to 

have both neuromodulatory and neuroprotective effects. H2S exerts neuroprotective effects by 

protecting against oxidative glutamate toxicity (106). Further, H2S increases glutathione levels in 

the neuron by increasing the availability of cysteine and by enhancing the activity of glutathione 

producing enzymes (107). Additionally, H2S protects against H2O2 induced oxidative stress 

(108), and against rotenone induced cell death in Parkinsonian disease models (109). On the 

other hand, H2S functions in a neuromodulatory manner by influencing the activity of ion 

channels in neuronal membranes. By being able to modulate ion channel function, H2S has a 

variety of effects on membrane potential, action potential characteristics, and overall neuronal 

excitability. Initially, H2S was shown to enhance LTP by actions on the NMDA receptor (79). 

Since then, H2S has been implicated in the regulation of many ion channels in a variety of cell 

types. One of the most documented ion channels affected by H2S is the ATP-sensitive potassium 

(KATP) channel, whereby H2S enhances the current passing through the channel and causes a 

hyperpolarization of the membrane (90,95). Furthermore, H2S has also been shown to affect the 

large conductance Ca
2+

-activated K
+
 channel (BKCa). This channel is, in part, expressed in the 

CNS and has been shown to be either activated (97) or inhibited (96) by H2S. The delayed 

rectifier potassium current (IK) is thought to play a role in action potential frequency and has also 

been shown to be influenced by H2S (98). Furthermore, T-type and L-type Ca
2+

 channels have 
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also been shown to be acted upon by H2S (99-101), as well as one type of sodium channel 

(Nav1.5) in the jejunum (103). Finally, there is growing evidence to suggest that TRPV1 

channels (105) and chloride channels (104) may also be modulated by this signalling molecule. 

Previous work in our laboratory has identified a function of H2S in the subfornical organ 

(SFO), where it acts to regulate blood pressure by depolarizing the membrane and influencing 

the overall excitability of the neurons (138). The SFO is a circumventricular organ (CVO) of 

vital importance to the sensing of circulating signals which relay information about homeostatic 

state. CVOs are uniquely positioned outside the blood brain barrier and are able to sense signals 

that other brain areas cannot. This information is integrated in areas like the SFO and relayed to 

the relevant autonomic control centres. The SFO has been shown to play important roles in the 

regulation of cardiovascular function. H2S has also been identified as a contributor to central 

cardiovascular regulation. As a result, we investigated the SFO as a site at which H2S acted to 

regulate cardiovascular function. We observed a significant effect on blood pressure upon 

microinjection of H2S into SFO, presumably brought about by the observed change in neuronal 

excitability (membrane depolarization, action potential potentiation). However, the ionic 

mechanism of the function of H2S was left undiscovered, and will be the focus of the present 

study.  

As mentioned above, aside from the work of our own laboratory, there have been many 

other well-documented physiological effects of H2S, and the process of attempting to elucidate 

the mechanisms underlying these effects has begun. Although previous studies have certainly 

uncovered the wide range of ion channels that hydrogen sulfide acts upon, much of this work has 

been conducted utilizing cell lines or by isolating one conductance using specific blocking 

agents. By only evaluating one conductance in a study, the physiological relevance of the 
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findings is compromised. As such, we have conducted a study on a population of dissociated 

SFO neurons and individually evaluated the effect of H2S on 5 voltage-gated conductances: the 

transient and persistent sodium conductances, N-type calcium conductances, and transient and 

delayed rectifier potassium conductances. This study has uncovered potential mechanisms of 

action of H2S in the SFO having effects on multiple ion channels in the same cell.  

3.3 Methods 

Ethics Statement 

Male Sprague-Dawley rats (Charles River, QUE, Canada) were used in all experiments.  

All animal procedures were approved by the Queen‟s University Animal Care Committee: 

Protocol 100821 entitled Central Nervous System Pathways Integrating Cardiovascular and 

Metabolic Function. 

SFO neuron preparation 

SFO neurons were dissociated as previously described (126). 125-150g rats were 

decapitated and their brains were quickly removed. The brains were placed in an oxygenated, 

ice-cold artificial cerebrospinal fluid (aCSF), containing (in mM): NaCl (124), KCl (2.5), 

KH2PO4 (1.24), CaCl2 (2.27), MgSO4 (1.3), NaHCO3 (20), and glucose (10). Using a dissecting 

microscope, the SFO was isolated from the rest of the brain and placed in 5ml of Hibernate 

media (Brain Bits, Springfield, IL) which contained 10mg papain (Worthington Biochemical, 

Lakewood, NJ, USA). The SFO was put in an incubator for 30 minutes at 37ºC and 5% CO2. The 

SFO was then rinsed twice and triturated gently three times using hibernate media supplemented 

with the growth supplement B27 (Invitrogen). The solution was then spun in a centrifuge at 200g 

for 8 minutes. We then removed the supernatant, and re-suspended the cells in Neurobasal A 

media (Invitrogen) which contained 100U/ml penicillin-streptomycin 0.4mM L-glutamine 
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(Invitrogen), and again supplemented with B27. The neurons were then distributed into aliquots 

on 35mm plastic bottom dishes (MatTek, Ashland, MA, USA) and incubated at 37ºC in 5% CO2. 

The neurons were left for 2.5-3 hours in order to allow them to adhere to the bottom of the dish. 

Approximately 2ml of Neurobasal A (containing B27) was added to each dish. The cells were 

returned to the incubator and maintained in culture for at least 24h prior to being utilised for 

electrophysiological recordings. These recordings always took place within 4 days of the 

dissociation process.  

Electrophysiology 

Whole cell voltage clamp recordings were obtained from dissociated SFO neurons. 

Signals were obtained using a Multiclamp 700B patch-clamp amplifier (Molecular Devices, 

Sunnyvale, CA, USA). Data was collected and recording stimulation and parameters were 

controlled using Signal (version 6) (Cambridge Electronics Design, Cambridge, UK). Using a 

Cambridge Electroncis Design Micro 1401 interface, whole cell current data was filtered at 2kHz 

and digitized at 5kHz. A Flaming Brown micropipette (P47, Sutter Instrument Company, 

Novato, CA, USA) was used to make electrodes from borosilicate glass (World Precision 

Instruments, Sarasota, FL, USA), which had a resistance of 3-6MΩ. Recording solutions varied 

as to their make-up, however they were always adjusted to a pH of 7.2 using NaOH for the 

aCSF, and CsOH or KOH for the internal. During the recordings, series resistance was 

monitored and never changed by >25% throughout the recording. Different voltage-gated 

currents were isolated using various recording solutions and/or voltage protocols.  

SFO neurons were perfused with aCSF at 37ºC at an average rate of 1.5 ml/min. 

Perfusion set-up utilized a gravity perfusion system and a vacuum pump. Using an MP-225 

micromanipulator (Sutter Instrument Co., Novato, CA, USA) the recording electrode was 
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positioned in the bath, and slowly lowered to touch the cell membrane of the targeted neuron. 

Negative pressure was then applied to allow the formation of a GΩ seal. Whole cell access was 

obtained by applying a consistent pulse of negative pressure.  

Measurement of the delayed rectifier potassium currents (IK) 

To measure the voltage-gated delayed rectifier K
+
 current, external and internal recording 

solutions which blocked voltage-gated Na
+
 conductances were used. The external solution 

contained (in mM): NaCl (140), KCl (5) MgCl2 (1), CaCl2 (2), HEPES (10), glucose (5), 

mannitol (5), tetrodotoxin (0.0005). The internal solution contained (in mM): potassium 

gluconate (125), MgCl2 (2), EGTA (5.5) KCl (10), CaCl2 (0.1), HEPES (10), Na2ATP (2). These 

solutions resulted in a junction potential of 15.9mV, which was offset during the recording, and 

corrected for during data analysis. The free Ca
2+

 concentration was calculated to be in the low 

nM range (http://www.stanford.edu/~cpatton/webmaxcS.htm). We did not block voltage-gated 

Ca
2+

 currents, as the broad-spectrum calcium channel blocker Cd
2+

 reacts with H2S and 

precipitates out of solution. Further, the magnitude of the voltage-gated Ca
2+

 current is negligible 

compared to voltage-gated potassium currents, and could therefore be ignored in the 

measurement of peak IK. We utilized a voltage step protocol, where we held the neuron at -

75mV, stepped to -40mV, and then induced 250ms voltage steps from -80mV to +20mV in 

10mV increments. This protocol worked to inactivate the IA before the voltage steps, ensuring 

that the only current active was the IK. This was confirmed by running this protocol, then bath-

applying tetraethyl ammonium (TEA) (10mM), which blocks the IK, and observing the complete 

block of all induced current. The average outward sustained current in the final 50ms of the 

voltage step was measured and used as a measurement of the IK. Currents were plotted on an I-V 

curve. 
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Measurement of the transient potassium currents (IA) 

To measure the voltage-gated transient K
+
 current, the same external and internal 

recording solutions mentioned above were used. We utilized the same voltage step protocol as 

mentioned above, and then used another protocol where we held the neuron at -75mV, inducing 

250ms voltage steps from -80mV to +20mV in 10mV increments. The currents in the first 

protocol (where only IK is active) were then subtracted from the currents induced by the second 

protocol (where both IA and IK are active), which resulted in a current which was entirely the IA 

current. The peak current at each step was measured, normalized, and plotted on an I-V curve. 

This curve was then fit with a Boltzmann function.   

Measurement of the transient sodium current (INaT) 

To measure the transient sodium current (INaT), external and internal recording solutions 

which blocked voltage-gated K
+
 conductances were used. Again, we did not block voltage-gated 

Ca
2+

 currents, however, similar to above, the magnitude of the voltage-gated Ca
2+

 current was 

negligible compared to INaT and was ignored in the measurement of peak INaT. The external 

solution contained (in mM): NaCl (25), tetraethylammonium chloride (130), MgCl2 (1), CaCl2 

(1), CsCl (1), HEPES (10), glucose (5). The internal solution contained (in mM): CsMeSO4 

(125), MgCl2 (2), EGTA (5.5) CsCl (10), CaCl2 (0.1), HEPES (10), Na2ATP (2). These solutions 

resulted in a junction potential of 18.1mV which was offset during the recording and corrected 

for during data analysis. The free Ca
2+

 concentration was the same as mentioned above. The 

reduced [Na
+
]o was used in order to reduce the magnitude of INaT. The activation profile therefore 

gradually increased and took multiple steps to reach 100% conductance. We therefore did not 

compensate for series resistance, as an activation curve could already be accurately measured. 

Further, control vs. H2S comparisons were always made within the same neuron. We utilized a 
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voltage step protocol where we held the neuron at -75mV and then induced 250ms voltage steps 

from -80mV to -20mV in 10mV increments. Peak inward currents were measured, and 

normalized conductance values were calculated using the following formula: 

         
   

      
  

Where ENa is the calculated reversal potential for INa (+67.5mV). 

Measurement of the persistent sodium current (INaP) 

To measure the persistent sodium current (INaP), the same external and internal recording 

solutions were used as described above. We used a fast voltage ramp from -115mV to +25mV at 

a speed of 140mV/s. Peak currents were measured, and normalized conductance values were 

calculated using the same formula as above. The conductance was then plotted against the 

voltage step and fit with a Bolzmann function. 

Measurement of N-type calcium currents 

To measure the voltage-gated calcium current, external and internal recording solutions 

which blocked voltage-gated Na
+
 and K

+
 conductances were used. The external solution 

contained (in mM): NaCl (120), BaCl2 (10), tetraethylammonium chloride (10), 4-aminopyridine 

(1), MgCl2 (1), HEPES (10), glucose (5) tetrodotoxin (0.0005). The internal solution contained 

(in mM): CsMeSO4 (125), MgCl2 (2), EGTA (5.5) CsCl (10), CaCl2 (0.1), HEPES (10), Na2ATP 

(2). These solutions resulted in a junction potential of 11.5mV which was offset during the 

recording, and corrected for during data analysis. The free Ca
2+

 concentration was calculated to 

be in the high nM range (http://www.stanford.edu/~cpatton/webmaxcS.htm). Barium was used as a 

charge carrier to avoid the possibility of current rundown due to calcium-induced inhibition of 

the calcium channels. Accordingly, we observed no rundown of currents during the length of the 

recording. We utilized a voltage step protocol, where we held the neuron at -75mV, and then 
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induced 250ms voltage steps from -80mV to +20mV in 10mV increments. Peak inward currents 

were measured, plotted against test potential, and fit with a Bolzmann function. To avoid the 

complication of changes in driving force associated with a typical voltage step protocol, we then 

measured the tail current by measuring the peak current induced while stepping from each test 

pulse back to the holding potential (-75mV). This current was then plotted against the preceding 

voltage step and fit with a Bolzmann function.   

H2S administration  

We have used NaHS as an H2S donor at a concentration of 1mM. However, the estimated 

amount of free H2S in a solution when NaHS is dissolved and maintained in a closed system 

varies between 6% (personal communication: Dr. J. Wallace) and 18.5% (93) of the original 

NaHS concentration. We used an open system in our studies and we would therefore expect a 

lower percentage of free H2S than these closed system estimates due to the even greater 

dissipation rates. We dissolved H2S immediately before its use, which accounted for the 

estimated loss of H2S to the air as best we could. 50%, however, is lost every 5 minutes when 

dissolved H2S is exposed to room air (94). We would therefore estimate the actual concentrations 

of H2S which achieved in this study were likely 3-10% of our reported NaHS concentrations. 

This would result in H2S concentrations between 30μM and 100μM. Furthermore, the 

endogenous concentrations of H2S in the nervous system are even harder to accurately estimate. 

They have been suggested to be in the range of 15nM to 100μM (86-88,130), which would 

require dissolving 150nM – 1mM NaHS (assuming 10% values) to accurately portray this 

environment. Accordingly, previous studies in cell expression systems have used  1mM NaHS 

and report effects of H2S on ion channel activity (131-133). As such, we believe that the 

effective concentrations of H2S achieved in our studies likely fall within high physiological to 
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pharmacological concentrations. Additionally, when NaHS (1mM) was dissolved in solution, the 

change in pH was negligible (<0.1 pH units). These observed changes agree with previously 

observed values (93). 

Chemicals and Peptides 

Salts used in preparation of the aCSF and the internal solution, and NaHS were obtained 

from Sigma (Oakville, ON, Canada). TTX was obtained from Alamone Laboratories (Jerusalem, 

Israel, and Ω-conotoxin GVIA was obtained from Tocris (Bristol, United Kingdom). 

3.4 Results 

 

The voltage-gated potassium conductances IA and IK are not influenced by NaHS 

Voltage-gated potassium conductances are well known modulators of neuronal 

excitability and have previously been implicated as a site of action by which H2S functions to 

alter neuronal excitability (98). We first investigated two specific voltage-gated potassium 

conductances, the delayed rectifier potassium conductance (IK) and the transient (A-type) 

potassium conductance (IA). We ran voltage step protocols designed to activate the IA and IK 

currents in SFO neurons. These protocols were run in the presence of TTX (500 μM) to ensure 

there was no voltage-gated sodium current being conducted. As described in the Methods 

section, we used the sustained current over the final 50ms of the step as a measurement of the IK 

and a subtraction protocol to isolate the IA. Since IK does not reach a peak in the range of the 

voltage protocol we used, we were not able to normalize the curve and fit it with a Boltzmann 

function. Instead, we compared the current amplitudes at each step and found no significant 

difference in the control when compared to the NaHS conditions. Interestingly, we observed no 

effect on the activation curve of IK (Figure 3-1A), nor did we observe a change in the magnitude 

of the peak current (p>0.05) (Figure 3-1B) (n=8). Next, we compared the activation curve and  



51 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

M
e

a
n

P
e

a
k

  
C

u
r
r
e

n
t 

(n
A

)

C o n tr o l N a H S

0 .0

0 .5

1 .0

1 .5

2 .0

M
e

a
n

P
e

a
k

 C
u

r
r
e

n
t 

(n
A

)

C o n tr o l N a H S

0 .0

0 .5

1 .0

1 .5

2 .0

A) B) 

C) D) 

-20 mV 

-20 mV 

M e m b ra n e  P o te n tia l (m V )

I K
a

m
p

li
tu

d
e

  
(n

A
)

-8 0 -7 0 -6 0 -5 0 -4 0 -3 0 -2 0 -1 0 0 1 0 2 0

0 .0

0 .5

1 .0

1 .5

2 .0
C o n tro l

N aH S

M e m b r a n e  P o t e n t i a l  ( m V )

I/I
m

a
x

- 8 0 - 7 0 - 6 0 - 5 0 - 4 0 - 3 0 - 2 0 - 1 0 0 1 0 2 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

C o n t r o l

N a H S

Figure 3-1 – NaHS has no effect on the IK or IA potassium conductance. (A) Average I
K
 amplitude 

plotted against test potential for all neurons (n=8) in control (black) and NaHS (red) conditions. Inset raw 

traces of one neuron in control (black) and NaHS (red) conditions at the -20 mV voltage step. (B) Bar 

graph indicating mean peak induced current in control (black) and NaHS (red) conditions, (P>0.05). (C) 

Average normalized I
A
 plotted against test potential for all neurons (n=8) in control (black) and NaHS 

(red) conditions. Data are fitted with Boltzmann functions (control: V
50

=-17.4 ± 1.5 mV, slope=14.0 ± 

1.4; NaHS: V
50

=-15.1 ± 1.3 mV, slope=14.2 ± 1.2). Inset raw traces of one neuron in control (black) and 

NaHS (red) conditions at the -20 mV voltage step. Notice the lack of response to NaHS. (D) Bar graph 

indicating mean peak induced current in control (black) and NaHS (red) conditions, (P>0.05). All error 

bars indicate SEM. 
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magnitude of peak current of the IA current. We did this by fitting each cell with a Bolzmann 

function, and then averaging the V50 and slope values. We compared these values with a paired t-

test, and observed no shift in the activation curve (control: V50: -15.1 ± 2.5 mV, slope: 14.7 ± 

1.5; NaHS: V50: -14.8 ± 2.4 mV, slope: 13.7 ± 0.7; V50: p=0.938, slope: p=0.643). Furthermore, 

we observed no change in peak current magnitude (p>0.05) in control conditions compared to 

NaHS (n=8) (Figure 3-1C,D).   

The transient Na
+
 current (INaT) is influenced by NaHS 

Next, we investigated another important modulator of neuronal excitability, the transient 

sodium current (INaT). We used whole cell patch clamp recordings in the voltage clamp 

configuration to evaluate the effect of NaHS on the INaT. We utilized a voltage clamp protocol 

(see Methods), bath applied NaHS, and observed a rightward shift in the activation curve in 7/7 

neurons tested (as illustrated in Figure 3-2A and summarized in Figure 3-2B). We fit each cell 

with a Bolzmann function, averaged the V50 and slope values, and compared the control and 

NaHS conditions with a paired t-test. We found the V50 and slope shifted from -46.8 ± 3.5 mV 

and 3.1 ± 0.4, respectively in the control phase to -38.8 ± 3.1 and 3.1 ± 0.3, respectively in the 

NaHS phase (V50: P***<0.001; slope: P>0.05). Furthermore, the peak conductance increased 

from -0.010 ± 0.002 µS in the control state to -0.012 ± 0.002 µS in the NaHS state in 6/7 neurons 

tested (P*<0.05) (Figure 3-2C).  

The persistent Na
+
 current (INaP) is influenced by NaHS 

 The INaP has also been suggested to regulate the electrical activity of SFO neurons (139). 

As such, we investigated the effect of NaHS on this conductance. We activated INaP specifically 

by using a fast voltage ramp (140mV/s) in the presence of TEA in the aCSF. This protocol 

activated an inward current which activated near -70mV and peaked near -40 mV, which was 

identified as the INaP. We ran the protocol in control conditions and in the presence of H2S, and  
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Figure 3-2 – NaHS shifts the activation curve and increases the peak conductance
 
of I

NaT
. (A) Raw 

traces of current induced at 5 different voltage steps in control (black), NaHS (red) and recovery (blue) 

conditions. Note the shift in activation in the NaHS state. Scale bar represents 0.3 nA. (B) Average 

normalized conductance (n=7) plotted against test potential for control (black) and NaHS (red) conditions. 

Data are fitted with a Boltzmann function. Note the shift in the activation curve in the NaHS state (V
50 

= -

35.5 ± 0.8, slope = 4.4 ± 0.6) compared to the control state (V
50 

= -43.1 ± 0.7, slope = 4.6 ± 0.6). (C) Bar 

graph illustrating the mean peak conductance in the control (black) and NaHS (red) states for all 

responding neurons (n=6) (P*<0.05). Error bars indicate SEM.  
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observed a rightward shift in the activation curve of the current in 9/9 neurons tested, as 

illustrated in Figure 3-3Ai. Again, we fit each cell with a Bolzmann function, and compared the 

mean V50 and slope values with a paired t-test. The V50 and slope shifted from -62.4 ± 1.8 mV 

and 2.8 ± 0.4, respectively in control conditions to -51.7 ± 2.3 mV and 4.8 ± 0.6, respectively in 

NaHS conditions (V50: P****<0.0001, slope: P**<0.01) (Figure 3-3Aii,B). Similarly, there was 

also an increase in the peak current elicited by the voltage ramp in 8/9 neurons tested in control 

conditions (-0.018 ± 0.004 nA) compared to NaHS conditions (-0.023 ± 0.004 nA) (P*<0.05) 

(Figure 3-3C).  

NaHS shifts the activation curve and enhances the N-type calcium current 

In order to measure the voltage-gated calcium current in SFO neurons, we utilized a 

series of voltage steps while having TEA, 4-AP, and TTX in the aCSF. This induced a current 

which was exclusively calcium. It had previously been demonstrated that the majority of calcium 

channels in the SFO are N-type calcium channels (140). We therefore used Ω-conotoxin GVIA, 

a specific N-type calcium channel blocker to confirm this observation, and found that >80% of 

the induced calcium current was eliminated in the presence of this blocker (data not shown), 

which confirmed that the majority of calcium current in the SFO is in fact N-type calcium. 

We ran the step protocol in the control conditions and then again in the presence of 

NaHS, and found that 9/10 neurons tested showed a shift in the activation curve to the right (as 

illustrated in Figure 3-4Ai and summarized in Figure 3-4Aii). In order to avoid changes in 

driving force complicating the calculation of the activation curve, we then measured the tail 

current at each step. Because the measurements of the tail current were taken for each step at the 

same potential (the holding potential), the driving force for each step would be constant, as 

illustrated in Figure 3-4Bi. We plotted the measurement of the tail current against the magnitude 
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Figure 3-3 – NaHS shifts the activation curve and enhances the peak current of I
NaP

. (A) i Raw trace of 

the current induced by the voltage ramp shown (top) in one neuron in control (black), NaHS (red) and 

recovery (blue) conditions. Note the shift in activation. ii Average trace of the current induced by voltage 

ramp of all responding neurons (n=9). The activation curve is shifted to the right in the NaHS (red) state 

compared to the control (black) state. Boltzmann functions are shown in green for the control (V
50 

= -64.5 ± 

0.4 mV, slope = 2.9 ± 0.3) and NaHS (V
50 

=-54.0 ± 0.4 mV, slope = 5.1 ± 0.3) states. (B) Average normalized 

conductance is plotted against test potential for all responding neurons in the control (black) and NaHS (red) 

states. Both control and NaHS data are fitted with Boltzmann functions (Control: V
50 

= -65.8 ± 1.8 mV, slope 

= 3.6 ± 1.2; NaHS: V
50 

=-55.0 ± 1.8 mV, slope = 5.3 ± 1.5) (C) Bar graph illustrating the mean peak current 

elicited during the voltage ramps in the control (black) an NaHS (red) conditions for all responding neurons 

(n=8) (P*<0.05). 
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Figure 3-4 – NaHS shifts the activation curve and enhances the peak current of the N-type calcium 

current. (A) i Raw traces of current induced at 3 different voltage steps in control (black), NaHS (red), 

and recovery (blue) conditions. Note the shift in activation as well as enhancement of peak current in the 

NaHS state. Scale bar represents 0.1nA. ii Average normalized current values for all responding neurons 

(n=9) plotted against test potential. iii Bar graph illustrating an increase in the mean peak induced current 

in NaHS (red) compared to control (black) conditions (P*<0.05). Error bars indicate SEM. (B) Raw traces 

of tail currents elicited upon stepping the voltage back to the holding potential. Grey boxes in (A) indicate 

the time at which the tail current was measured. Note the reduction at the -20mV step. Scale bar represents 

0.1nA ii Normalized tail current values plotted against membrane potential for control (black) and NaHS 

(red) conditions. Data are fitted with a Boltzmann function (control: V
50

=-15.6 ± 1.9 mV, slope=7.8 ± 1.7; 

NaHS: V
50

=-9.7 ± 3.1 mV, slope=10.62 ± 2.9). 
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of the preceding voltage step and fit the data with a Boltzmann curve for each neuron, and 

compared the mean V50 and slope values with a paired t-test. The V50 and slope values shifted 

from -3.1 ± 2.0mV and 8.8 ± 1.7, respectively in the control condition to -2.6 ± 3.8 mV and 8.4 ± 

3.0, respectively in the NaHS condition (Figure 3-4Bii). Furthermore, 7/10 neurons tested 

showed a significant increase in peak current from -0.248 ± 0.069 nA in the control condition to 

-0.330 ± 0.082 nA in the NaHS condition (p*<0.05) (Figure 3-4Aiii).  

3.5 Discussion 

 This study has characterized the actions of NaHS, a fast H2S donor, on specific ion 

channels in the SFO. It is the first to investigate the effect of H2S on a range of voltage-gated ion 

channels and to make comparisons between the different currents. Our voltage clamp analyses 

have shed light on how H2S functions in the SFO to alter neuronal excitability, significantly 

influencing 3 out of 5 currents which we evaluated. 

 Our previous work with H2S in the SFO demonstrated not only physiological actions of 

H2S in SFO increasing blood pressure, but also actions on single SFO neurons to depolarize 

membrane potential and increase the excitability of these neurons (138). Increases in excitability 

are often caused by modulation of voltage-gated ion channels, and work done in trigeminal 

ganglion neurons found that H2S increased the excitability of neurons by inhibiting the IK 

conductance (98). As such, we first investigated two voltage-gated potassium conductances, the 

IK and the IA. Interestingly, we observed no effect on the activation kinetics or the magnitude of 

current elicited by a series of voltage steps in control conditions compared to NaHS conditions. 

This is somewhat surprising considering H2S has been shown to influence potassium 

conductances in other brain areas, but our data show that this is clearly not the case in the SFO. 
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As a result, we sought to investigate the effects of H2S on other voltage-gated ion channels that 

could potentially be responsible for the observed increases in excitability.  

We investigated the effects of H2S on voltage-gated sodium channels by isolating the 

transient and persistent sodium currents using specific voltage step or ramp protocols in solutions 

designed to isolate the currents. We found that the activation curve of both transient and 

persistent sodium channels was shifted to the right as a result of H2S application by 

approximately 7.6 mV and 10.8 mV, respectively, effects which were uniform (100% of neurons 

responded) and reversible. Furthermore, both currents appeared to be enhanced by the 

application of H2S. The transient sodium current plays a key role in action potential initiation 

(141). A shift in the activation curve of this current to a more depolarized range would function 

to make the cell less excitable by depolarizing the action potential threshold for activation. 

However, an increase in the amount of current passed through the channel suggests that the 

excitability of the neuron may actually be increased. While the action potential may be more 

difficult to initiate, increasing the peak sodium current flowing through the channels would most 

likely lead to an increase in action potential magnitude. Further, our previous work showed that 

in 98% of neurons, H2S caused a significant depolarization of the membrane potential 

(approximately 15mV). The observed shift in activation may act to compensate for the 

depolarization, ensuring that the reliability of action potential generation is maintained.  

 The persistent sodium current, on the other hand, makes up about 1% of the total sodium 

current, but still significantly contributes to the modulation of membrane excitability (reviewed 

by (142)). It passes through a different subset of sodium channels as INaT (143) and has different 

kinetics due to a unique gating mechanism (the incomplete inactivation of the sodium channel). 

Specifically, INaP has been shown to amplify subthreshold oscillation, modulate synaptic 
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potentials, and facilitate repetitive firing (144-146). The role of INaP in regulating neuronal 

excitability is clear, and such a profound effect on the activation of this conductance by H2S 

could have significant physiological effects. Similar to the potential effects of a depolarized 

activation of INaT, the depolarized activation of INaP could lead to lowered membrane excitability. 

INaP activation only being available at a more depolarized potential would reduce subthreshold 

oscillations, reduce the supplementary effect of INaP on synaptic potentiation and would also 

reduce the incidence of repetitive firing in the neuron. As was the case with the INaT however, it 

is possible that the depolarized membrane is related to the shift in activation of INaP, and makes 

the shift less meaningful. Again, the peak INaP passing through the channels is enhanced and 

would therefore likely increase the incidence of subthreshold oscillations, potentiate synaptic 

transmission, and increase repetitive firing in the neurons.  

  It is perhaps not surprising that both sodium currents were influenced by H2S, as both 

currents are passed through similar channels. These sodium channels are composed of α and β 

subunits, where each α subunit is composed of 4 homologous domains with 6 transmembrane 

segments (147). The positively charged S4 segment in each domain acts as the voltage sensor for 

the channel (147), and it is this segment that we hypothesize is being impacted by H2S. Both 

currents are affected, suggesting the actions are not occurring at the inactivation gate (the site 

which causes INaP). However, the enhancement of current suggests that subunits which make-up 

the pore may also be affected. H2S is a reducing agent, and it is possible that H2S may act to 

reduce key residues in these subunits, leading to a conformational change of the ion channel. 

 Finally, we evaluated calcium currents in the SFO by using solutions and voltage step 

protocols designed to specifically isolate and activate this current. The calcium current elicited 

was confirmed to be of the N-type, as it was almost completely blocked after application of the 
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specific N-type calcium channel blocker Ω-conotoxin GVIA. Similar to the sodium channel, the 

activation curve of the N-type calcium channel was shown to shift to the right. We were able to 

avoid one of the challenges of measuring a calcium activation curve, the changing driving force, 

by measuring the tail current in both control and NaHS conditions. In our solutions, the reversal 

potential for calcium was likely significantly less positive (near +30mV) than it has been 

theorized to be in vivo, and as such, our voltage protocol resulted in diminishing current after the 

-5mV step (or +5mV in the presence of H2S) due to the diminished driving force. We used a 

previously employed technique of measuring the tail current which results from repolarizing the 

membrane potential to the holding potential after completion of the step. This technique ensures 

that there is a constant driving force for all measurements of current. From this, we were able to 

plot an accurate activation curve, which was shown to shift to the right. Furthermore, the 

magnitude of this current was also enhanced by application of H2S.  

 The best established physiological function of N-type calcium channels is the regulation 

of synaptic potentiation through Ca
2+

 influx (148). Although this study was performed in 

dissociated neurons, where there were no synaptic connections, it can be theorized that N-type 

Ca
2+

 channels expressed on the axon terminals of SFO neurons may be influenced by H2S in a 

similar manner. Thus, while the shift of the activation curve for the channels to the right may act 

to decrease the excitability of the neuron, the increase in peak magnitude which accompanies the 

shift in activation would likely function to increase the excitability of the neuron. While these 

opposite effects may seem counterintuitive, it may actually be a functional mechanism for the 

regulation of synaptic transmission by N-type Ca
2+

 channels. The depolarization of the activation 

curve would cause the presynaptic neuron to become less excitable, due to the depolarized 

membrane potential required for activation of the current. Once that channel is activated, 
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however, there is a larger influx of current through the channel, and therefore greater 

neurotransmitter release into the synaptic cleft and subsequently an increased likelihood of 

postsynaptic initiation of an action potential. This suggests that H2S may alter N-type Ca
2+

 

channel properties in order to act as a „low-pass‟ filter for synaptic transmission. Secondly, N-

type calcium currents have also been implicated in the regulation of tonic firing in neuronal cell 

bodies (149,150). This is believed to function by the regulation of Ca
2+

-dependent K
+
 channels 

(BK and SK channels) or nonselective cation conductances due to the influx of calcium through 

N-type Ca
2+

 channels. BK and SK channels contribute to the afterhyperpolarization magnitude of 

action potentials and when N-type Ca
2+

 channels were blocked, tonic firing of neurons in the 

PVT, that is to say their action potential magnitude and firing frequency, profoundly decayed 

(149). Enhancement of the current by H2S may therefore act to increase the excitability of 

neurons by increasing the likelihood of tonic firing. Similarly, although the depolarized 

activation curve may make it more difficult for these channels to open, during an action potential 

the membrane potential is dramatically depolarized, and the comparatively minor shift in 

activation may actually be irrelevant compared to the increase in current magnitude seen as a 

result of H2S administration.  

 Calcium channels are thought to be made up of as many as 5 subunits (151). It has been 

suggested that the α subunits, specifically the voltage sensor S4 as well as S2 and S3 of sodium 

channels, have conserved charge residues when compared to subunits in the Ca
2+

 channel (152). 

This may explain why calcium channels have a similar shift in the activation curve as do sodium 

channels. It is possible that H2S acts at a residue which is conserved in both types of channels 

and elicits similar effects. H2S also acts to enhance the peak current passing through both types 
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of channels. We suggest this may be a result of H2S actions on a subunit which comprises of the 

pore of the sodium and calcium channel, which may also be conserved in both types of channels.  

 Taken together, it can be seen that H2S has a range of effects on a variety of ion channels. 

H2S can affect the excitability of neurons in a number of ways, being able to influence multiple 

aspects of the action potential. We observed profound effects on voltage-gated sodium and 

calcium channels, but interestingly no effect on potassium channels. These effects act to alter the 

excitability of the neuron, which may in fact underlie the increases in excitability we observed in 

our previous work with H2S in SFO. However, our previous work also found a significant 

depolarization of the membrane occurs when neurons are subjected to H2S treatment. We 

blocked each one of these conductances separately and together, bath applied H2S, and still saw a 

depolarization equal in magnitude to the depolarization observed when all conductances were 

active (data not shown). This finding underscores perhaps the most important aspect of the 

current study. While H2S certainly is a powerful mediator of neuronal function, attributing its 

effects to a single conductance can be misleading. Our observed changes in membrane potential 

were accompanied by effects on two types of voltage-gated channels passing three different 

currents. However, the currents are not reliant upon one another, and for all intents and purposes 

could be considered three separate ways by which H2S acts to influence neuronal excitability. In 

the future, it will be important to investigate a variety of pathways when studying H2S effects on 

an area, and other studies should also take into account the vast range of effects that H2S actually 

has on the membrane.  

 In conclusion, our experiments have identified potential mechanisms through which H2S 

modulates the excitability of SFO neurons through actions on persistent sodium, transient 

sodium, and N-type calcium currents. Future studies will be required to further identify other, 



63 
 

non-voltage-gated conductances which are affected by H2S in order to get a complete picture of 

the H2S mechanism of action in the SFO. 
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Whether bubbling from the surface of hot springs, or faintly occupying the air 

surrounding a petroleum refinery, the smell of rotten eggs has long been associated with 

hydrogen sulfide. H2S has been known as a toxic gas for the past century, but recent research has 

identified H2S as an endogenously produced „gasotransmitter‟, similar to nitric oxide and carbon 

monoxide. While H2S certainly is toxic at high concentrations (>500ppm) (153), it has now been 

identified in lower concentrations as an endogenous physiological mediator, implicated in a 

variety of physiological pathways in the CNS and in the periphery.  

4.1 Endogenous hydrogen sulfide and the challenges of detecting it 

While this certainly is an exciting time in research regarding H2S and its potential 

benefits, over the last 15 years a number of complications have arisen pertaining to the properties 

of H2S which have made the study of the molecule particularly challenging. 

Perhaps the most challenging aspect of H2S research is separating what would be 

believed to be toxic concentrations from physiological concentrations, as there is a great debate 

on what the endogenous concentrations of H2S actually are. The pioneering H2S study from the 

Kimura lab referenced work which used gas dialysis and ion chromatography to determine the 

endogenous concentrations of H2S in the brain to be in the 50-160 µM range (154-156). They 

found that LTP was enhanced by H2S at concentrations of 130 µM, but concentrations of >320 

µM caused inhibition of synaptic transmission in the hippocampus. This led to many studies 

using such concentrations to study physiological function. More recently, a study from the Levitt 

group in 2008 suggested that H2S levels in tissue are actually 1000X lower than previously 

reported (88). This group found that the rate of whole tissue catabolism of H2S exceeded the rate 

at which H2S could be produced from L-cysteine via enzymatic processes. They used gas 

chromatography and found the levels of H2S present in a mouse brain and liver to be 15nM, and 
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to be a negligible level (0-67 pM) in the alveolar air compared to the atmospheric levels (55 pM). 

Furthermore, it has since been reported that concentrations as low as 40 µM H2S cause inhibition 

of cytochrome c oxidase (157), and that concentrations of 200µM cause cell death in neurons of 

the NTS (158). Additionally, a recent review has sparked some debate as to the accuracy of 

techniques used to measure H2S concentrations (159). The review ultimately came to the 

conclusion that there is no ideal way of measuring H2S concentrations as each method has its 

own drawbacks. Furthermore, the cellular biology of H2S is not currently well understood, and 

there are many reports which suggest that H2S can actually be stored intracellularly as either acid 

labile sulfur or bound sulfane sulfur (92,160). Little is known about the conditions of storage or 

release of this H2S, and some have speculated that the higher range of concentrations needed to 

elicit beneficial physiological responses may be explained by incorporating these intracellular 

sources. It has been suggested that the concentrations which have been used to induce 

physiologic effects may be representative of the concentrations of H2S in locally active pools 

which actually exert physiological functions (88).  

4.2 Hydrogen sulfide donor and concentrations used in this study 

In our experiments, we used NaHS as a donor of H2S. NaHS is a „fast‟ donor, meaning 

that upon being added to solution, it dissolves rapidly and completely to form H2S. There are 

other donors which are more stable and which release H2S in a more gradual manner; however, 

we chose to use NaHS because of the simplicity with which it dissolves in solution and because 

it was the predominant donor used in previous studies. The study of H2S, again, does have 

complicating factors due to its physical properties. As mentioned above in both manuscripts, the 

amount of free H2S varies between 6% (personal communication: Dr. J. Wallace) and 18.5% 

(93) of the original NaHS concentration. In the open system used in our studies, we would expect 
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a lower percentage of free H2S even though we accounted for the passive loss as best we could 

by dissolving H2S immediately before its use. As 50% is still lost every 5 minutes when 

dissolved H2S is exposed to room air (94), we estimated the actual concentrations of H2S 

achieved in our studies were likely 3-10% of the NaHS concentrations we reported, suggesting 

actual levels between 30μM and 100μM.These concentrations are within the range of the already 

mentioned  endogenous active concentrations of H2S (between 15nM and 100μM (86-88,130)). 

We therefore believe that effective concentrations of H2S achieved in our studies likely fall 

within high physiological to pharmacological concentrations.  

4.3 Dissociated neuron preparation as an experimental model 

 Our study used a dissociated cell preparation to evaluate the effects of NaHS on SFO 

neurons. Neurons were cultured and kept in an incubator for a maximum of 5 days. The process 

of dissociation destroys synaptic connections to other neurons and isolates the neuron from any 

astrocytes or glial cells, while still maintaining the integrity of the neuron and its intrinsic 

properties (126). The major advantage of this preparation is that it allows us to investigate effects 

of H2S on the specific neurons we are recording from. Every response seen can be attributed to 

actions induced by H2S on the neuron in question. This differs from a slice preparation as slice 

preparations maintain the integrity of all connections the neuron has with surrounding cells. 

While a dissociated preparation does have the advantage of being able to attribute all effects to 

actions on a specific neuron, it does also have some limitations when compared to slice 

preparations. The slice preparation is a more physiological model as it maintains, at a minimum, 

all local connections of the recorded neuron. While the specific effects of a peptide are 

sometimes not as clear (due to the possibility of actions at other neurons having influence on the 

neurons being recording from), a slice preparation gives a clearer picture of what actually 
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happens to a neuron when that brain area is exposed to the signalling molecule. Furthermore, 

dissociated neurons lose axons and dendrites in the dissociation process. They continue to 

manufacture ion channels and insert them back into the membrane; however, it is unlikely that 

the expression of ion channels in the membrane of a dissociated neuron is the same as in a whole 

animal. That being said, for our purposes the dissociated cell preparation was the best way to 

evaluate the specific effect of a signalling molecule on the neuron in question, and as such, was 

the method we chose to employ in this study.  

4.4 Hydrogen sulfide actions in SFO are profound, uniform, and specific 

 As discussed above, H2S has been implicated in a wide range of physiological functions. 

Our studies are the first to uncover specific physiological and cellular effects of H2S in the SFO. 

We have used RT-PCR analyses to show that the enzymes required to produce H2S are likely 

present in the SFO, and have identified effects of H2S on the regulation of blood pressure 

through the actions in SFO by showing that microinjections of NaHS into the SFO increase 

blood pressure. Further, we have used electrophysiological techniques to demonstrate substantial 

depolarizations of nearly every neuron in the SFO in response to H2S, and shown that those 

effects were concentration dependent, repeatable, and reversible. These depolarizations are 

accompanied by increases in excitability, as demonstrated by an analysis of rheobase and action 

potential firing characteristics. We next investigated the cellular mechanisms underlying the 

depolarization and increase in excitability of SFO neurons by examining the effects of H2S on 

voltage-gated ion channels in the SFO. We demonstrated significant effects on voltage-gated 

sodium and calcium channels, where the activation curves were depolarized and the magnitude 

of the currents was enhanced. Interestingly, H2S had no effect on potassium channels.   
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 The present study is among the early work in what is an emerging field with a growing 

literature pertaining to the effects of H2S on specific brain regions and its mechanism of action 

through effects on ion channels. With much of this research still in its infancy, we are still not 

sure what category of physiological mediators H2S fits into; does it function the same way 

signalling peptides and hormones function, or does it function as a locally produced modulator of 

neuronal function? Our studies suggest evidence for both, and they will be discussed in the 

following pages.  

 Our laboratory has previously worked with many neuropeptides, mapping their effects on 

different brain areas which control metabolic and cardiovascular function. The SFO, in 

particular, is sensitive to dozens of neuropeptides involved in metabolic and cardiovascular 

function, and it expresses the receptors for many more which have not yet been investigated (43). 

Peptides such as ANG have been shown to activate neurons in the SFO leading to effects on the 

cardiovascular system (121). ANG, and many other neuropeptides, function in a traditional 

manner, whereby circulating levels change in response to a stimulus, and these levels are sensed 

by CVOs, such as the SFO, resulting in an autonomic adjustment. This is a typical, simplified, 

autonomic pathway employed in the CNS to maintain homeostasis.  

 It is certainly possible that H2S also acts in this manner. In chapter 2, we demonstrated 

the expression of the enzymes required to produce H2S in the SFO, and while not investigated in 

our study, it is possible that circulating cysteine (the precursor for H2S) may act as a messenger 

of homeostatic state providing the substrate for SFO neurons to produce H2S. There is evidence 

that plasma levels of cysteine are increased during obesity (reviewed by (161)); however, a 

specific role for H2S in the development of obesity has yet to be identified. Furthermore, 

endogenous H2S levels have been shown to be altered in disease states, including stroke, where 
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H2S is suspected to be a mediator of ischemic damage. Studies have indicated that administration 

of H2S significantly increased the size of the infarct volume, and  that H2S levels increase after 

middle cerebral artery occlusion (162). This study stemmed from the observations that elevated 

plasma homocysteine is strongly linked to increased risk of ischemic stroke (163), and further 

that cysteine is toxic to brain slices when neurons are deprived of glucose and/or oxygen. (164). 

Additionally, in Alzheimer‟s Disease (AD), the level of S-adenosylmethionine (a CBS activator) 

is reduced (165) and the level of homocysteine is elevated (166), suggesting that lowered levels 

of H2S would be observed in AD patients, although this has not been explicitly tested. Similarly 

altered levels of homocysteine are present in patients with Parkinson‟s Disease (PD) (167).  

 While the physiological role of H2S in the body is not yet understood, there is much 

preliminary evidence suggesting that levels of the H2S precursor cysteine are altered in disease 

states. Of particular relevance to our work, cysteine levels are different in obesity, and such 

changes may act as a blood-borne messenger of homeostatic status. We have uncovered 

profound effects of H2S on blood pressure, and it is possible that H2S may endogenously 

contribute to the regulation of blood pressure. If this is in fact the case, and H2S does act 

centrally to regulate cardiovascular function, our studies have certainly uncovered the power of 

H2S as a potential signal, being able to change peripheral blood pressure almost instantaneously 

and by a substantial amount. Physiologically, it is likely that much lower levels of H2S than were 

used in our study may act to regulate cardiovascular function (on a much smaller scale than the 

changes observed in our studies), and that changes in those levels may have profound effects. It 

is certainly possible that H2S (or some form of it) may act in a similar manner to neuropeptides 

such as angiotensin or leptin, whereby its circulating levels are sensed in the SFO in a manner 

that confers homeostatic status.  
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However, it would be naïve to think of neuropeptide-mediated regulatory pathways as so 

simple, and there is evidence to support the notion that signals are integrated at the SFO as well. 

It is becoming clear that many of these signals are not „all or nothing‟, but rather are graded, 

acting synergistically and in tandem, more like each signal representing a letter in the English 

language as opposed to a number in a sequence of binary code. These neurological signals 

interact and mediate each other, and as such, it is likely that H2S may act as a local mediator of 

neuronal function. 

We also demonstrated significant changes in membrane potential as a direct result of bath 

application of NaHS. As mentioned above, working with concentrations of H2S in the mM range 

which induce changes of 15mV on average in nearly 100% of SFO neurons is likely not 

representative of a physiological model. It does, however, speak to the power and significance of 

H2S as a neuronal modulator. The endogenous concentrations of H2S are not well known, and the 

physiological mechanism of release is also not understood. It has been hypothesized that H2S 

actually gathers in local pools which reach concentrations high enough to elicit effects (88). 

Furthermore, H2S is known to dissipate rapidly once in solution (94). This furthers the likelihood 

of H2S being locally released from intracellular stores (acid labile sulfur or bound sulfane sulfur), 

gathering immediately in a local pool where the concentration may reach a high enough level to 

elicit what would be a rapid, brief, but significant effect on the local membrane potential and 

excitability. 

Using voltage clamp recording techniques, we demonstrated significant effects of H2S on 

the gating of voltage-gated ion channels in the membrane of SFO neurons. We observed shifts in 

the activation curve as well as an enhancement of the current passed by both sodium and calcium 

channels (which gate persistent and transient sodium currents, and N-type calcium currents), 
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although we observed no effect on voltage-gated potassium currents. The three currents which 

were affected all contribute to the initiation and propagation of action potentials, and serve as a 

logical target for local regulation of excitability. If for instance, H2S was locally released near the 

axon hillock, the excitability of the hillock would be altered, but the excitability of the rest of the 

membrane would remain unchanged. The influence of H2S on these specific ion channels has 

great implications for its ability to regulate neuronal excitability.  

A particularly interesting and exciting possibility that was not investigated in this study, 

but will likely be the focus of future work, is the notion that H2S could directly or indirectly 

modify neuropeptides and their actions in the SFO. If H2S does in fact act as a local mediator of 

neuronal excitability, then it is likely that the effects of other signalling peptides would be 

influenced by its actions. This notion has the potential to open up a wide range of applications in 

drug development, clinical application, or even just basic research. As a simple example from 

previous work done in our lab, a study in 2008 by Fry et al (37) found that PK2 influences SFO 

neurons through the modulation of sodium channels. It stands to reason that if PK2 were co-

administered with H2S, a demonstrated effector of sodium channel excitability, that the effect of 

PK2 would be modified. In the future, research will need to be conducted in order to discover 

potential applications of the ability of H2S to so profoundly influence membrane excitability and 

in what possible combinations it could be used to enhance or dampen a desired response.  

Although our research has not specifically uncovered how H2S acts physiologically to 

influence neuronal excitability, we have certainly implicated H2S as a signalling molecule. Our 

work suggests that H2S could function either as an indicator of homeostatic state, due to its 

potent ability to regulate blood pressure, or as a local modulator of neuronal excitability, because 

of its ability to rapidly and reversibly change membrane potential and ion channel excitability in 
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nearly every neuron. Further research will need to be conducted to elucidate the true mechanisms 

by which H2S functions physiologically. 

4.5 Cellular effects of H2S are complex and encompass a variety of aspects pertaining to 

neuronal excitability 

   The literature regarding H2S and its beneficial actions in the body is growing, and more 

laboratories are beginning to investigate this curious molecule. Studies are exploring effects of 

H2S in areas as seemingly unrelated as neuronal membrane excitability in the brain and 

dysfunction of the kidney. An important finding of the present study that should be taken into 

account by all those who work with H2S, is that H2S has many cellular effects, and that 

attributing physiological actions entirely to one specific action can be misleading. Our study 

began by examining the effect of H2S on the membrane potential of SFO neurons. We observed 

a significant depolarization in nearly 100% of neurons, and endeavoured to uncover the 

underlying mechanism of the depolarizing actions of H2S. We used current and voltage clamp 

protocols to collect data which suggested possible ion channels which were being affected, 

however when we blocked each ion channel, we still observed H2S induced depolarization. 

While we still do not know the specific mechanism by which H2S exerts that action, we were 

able to uncover many other effects of H2S, demonstrating effects on central regulation of blood 

pressure, effects on neuronal excitability, and effects on activation kinetics of voltage-gated 

sodium and calcium channels. While it is interesting that blockage of neither of these channels 

separately, nor blocking all sodium, calcium, and potassium channels together resulted in the 

abolishment of the depolarization, there are still other ion channels, such as NSCCs or chloride 

conductances that are possible mechanisms of action for the H2S-induced depolarization. It is 

also possible that multiple ion channels contribute to the effects of H2S on the membrane 
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potential of SFO neurons, as appears to be the case in the NTS [Malik and Ferguson, 

unpublished results]. Although the mechanism of the depolarizing actions of H2S was not 

exposed, we have uncovered a range of other cellular actions of H2S in SFO neurons, and it 

would not be improper to suggest that H2S may have even more effects on other ion channels or 

intracellular messengers which were not investigated in this study. It is important that other 

studies take this into account when investigating H2S, and do not assume that H2S has only one 

effect in a certain area, but rather that H2S will have multiple, wide ranging effects in specific 

areas of the body, similar to the range of effects we observed in the SFO. As such, in order to 

fully understand the mechanism of action of H2S in the body, and therefore the physiological 

relevance of H2S, we must understand that H2S signalling may not be as simple as is often 

suspected.  

4.6 Conclusion  

The past two decades have certainly been important in the characterization of hydrogen 

sulfide. H2S has transitioned from a poisonous gas, to an endogenous physiological mediator, to 

a potential therapeutic. While there are complicating factors which make the study of this 

molecule a difficult task, many researchers are still contributing to the growing literature 

describing the physiological actions of H2S. The data contained within this thesis contributes to 

the already substantial database of research implicating actions of H2S in the nervous system. We 

are the first to demonstrate actions of H2S in the SFO, a circumventricular organ important in the 

regulation of autonomic processes. We have uncovered profound effects on blood pressure, and 

correlated those effects with cellular increases in excitability. Importantly, we have uncovered 

effects of H2S on a range of voltage-gated ion channels in the SFO, suggesting that H2S effects in 

other areas may be wide-ranging as well. This study by no means represents an endpoint in this 
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path of research, but actually quite the opposite. Future studies of H2S will continue to 

characterize this molecule‟s actions in different brain areas and uncover the role of H2S in the 

broader mechanism of autonomic regulation. While our studies are some of the first, they will 

certainly not be the last emphasizing the importance of this intriguing gasotransmitter.  
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